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A Message from the Honourable Shelley Martel 
Ontario Minister of Northern Development and Mines

Since 1989, geologists working on the copper-nickel deposits at Noril'sk, Siberia, have been 
visiting the deposits at Sudbury, Ontario; and geologists from Sudbury have been visiting 
Noril'sk. Samples exchanged as a result of these visits have been studied in both countries.

In October of 1992, an international symposium on these deposits was held to celebrate the 
completion of the Ontario Geological Survey's move into its new headquarters on the 
campus of Laurentian University in Sudbury. Eight distinguished Russian geoscientists were 
invited to present papers on the Noril'sk deposits, and sixteen authors were invited from the 
West to present papers on the Sudbury and Noril'sk deposits.

This book contains the papers presented at the symposium, and records the latest research 
efforts on the Sudbury and Noril'sk deposits. Taken together, they are expected to refine the 
models and methods for exploration in Sudbury and Noril'sk, and to stimulate ideas for 
mineral exploration in both the known and potential new mining camps.

The Symposium Organizing Committee wishes to thank Falconbridge Limited, INCO 
Limited, and the Ministry of Northern Development and Mines (of which the OGS is a part) 
for their financial and logistical assistance in hosting this conference. It was a great success; 
the 250 people in attendance, of whom half were industry representatives, provided a lively 
occasion for the exchange of information at both formal and informal functions.

The Ministry appreciates the work of the Symposium Organizing Committee, and recognises 
the efforts of the contributors and the editorial team. They have provided an immense service 
to the mineral exploration and development community in Canada and abroad, as well as to 
government scientists and academic researchers.

Shelley Martel
Minister
Northern Development and Mines
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Foreword

The Sudbury-Noril'sk Symposium was held in Sudbury, Canada on October 3-6, 1992. 
A multidisciplinary group of twenty-five invited speakers presented papers on the geology 
of the Sudbury and Noril'sk copper-nickel deposits. The papers on Sudbury expand on the 
information published by the Ontario Geological Survey in Special Volume No. l The 
Geology and Ore Deposits of the Sudbury Structure. The discussions of the Noril'sk deposits, 
presented here for the first time in Western literature, provide a remarkable insight into the 
processes responsible for the genesis of magmatic copper-nickel deposits, and increase our 
understanding and knowledge of the Sudbury deposits.

The eight Russian papers were delivered in Russian, with simultaneous translation into 
English for the audience. The efforts of the translators G. Rylkova and I. Tchaikov, were a 
tremendous undertaking, involving immense effort during the talks, question and answer 
periods, and informal discussions.

The talks on Noril'sk included: reviews of the regional geophysics and geology, magma 
evolution, ore-bearing intrusions; papers on the Talnakh Deposit, by V.I. Kunilov, the miner 
alogy of the ores, by A.I. Stehkin, the Oktyabr'sky mine geology by A.S. Torgashin, and the 
platinum group element mineralization in Noril'sk ores by W. Distler. Efforts to understand 
the Noril'sk deposits have also progressed in the west, and papers on the geochemistry of the 
Noril'sk rocks were presented by: J. Wooden on Pb-isotope studies at Noril'sk; R. Walker on 
Os-Re isotope studies of Noril'sk ores; G. Czamanske on isotope and trace element studies of 
Noril'sk intrusions; M. Zientek on the composition of the massive ores; A.J. Naldrett on the 
platinum group element content of the ores; and P.C. Lightfoot on the geochemistry of the 
Noril'sk basalts with implications regarding the origin of the nickel, copper, and platinum 
group elements.

Efforts on the Sudbury structure were focussed on the findings of new geophysical studies, 
the geology of deposits, the impact model for melt-sheet development, and a model for the 
development of compositional variations in the sulphide ores. B. Milkreit presented results of 
the LITHOPROBE seismic reflection transect, PH. McGrath presented a gravity model for 
the Sudbury Structure, and R. Hearst presented a magnetic interpretation along the line of the 
LITHOPROBE transect. Studies of the McCreedy East and Victor deposits were presented 
by G. Morrison and B. Jago; the Lindsley nickel-copper-platinum group element deposit, by 
P. Binney; and the Craig nickel deposit, by C. Moore. A.J. Naldrett gave a paper on the 
composition of North Range sulphides. R. Grieve presented an impact model for Sudbury; 
J. Cowan, on the geometrical origin of the Sudbury Basin; and R. James, on the nature and 
significance of the Levack gneiss complex. The paper by James and Dressler was not avail 
able for this volume; an introduction to the evidence presented in all the papers is presented 
by A.J. Naldrett, chairperson of the organizational committee.

It is the hope of the Ontario Geological Survey that this volume will not only shed light on the 
geology of the Sudbury and Noril'sk deposits, but will also stimulate further interest in 
Sudbury geology and initiate new research programs.

The symposium was supported by grants from INCO Exploration, Falconbridge Explora 
tion, and the Ministry of Northern Development and Mines. The publication of this volume 
was administered by the Mineralogical Association of Canada, and partially supported by the 
Symposium organisers and by the Ministry of Northern Development and Mines. The 
conference was co-sponsored by the Mineralogical Association of Canada and IGCP Project 
No 336.

I gratefully acknowledge the contributions by the organisational committee, the authors, 
reviewers and editors, translators, and the staff of the Publication Services Section, Ontario 
Geological Survey. The efforts of M. Grant, S. Armstrong, A. Weatherston, G. Kendrick and 
T. Watkins with the preparation of guidelines for authors and preparation of the final volume 
are greatly appreciated.

The efforts of the Symposium Organizing Committee are greatly appreciated. I would like to 
thank the efforts of the following individuals whose work made the symposium a success: 
A.J. Naldrett, University of Toronto; P. Severin and P. Johanson, Falconbridge Exploration; 
G. Morrison and A. Byte, INCO Exploration; P. Sheahan, Konsult International; and 
B. Dressler and P.C. Lightfoot, Ontario Geological Survey.



All papers of this volume were critically reviewed by geoscientists. It is a pleasant duty 
to thank all reviewers listed below for their constructive and thorough work: V. Gupta, 
K. Card, A.J. Naldrett, P.C. Lightfoot, R. Grieve, R. James, D. Rousell, G. Stott, J. Fawcett, 
E.W. Sawyer, A Fyon, T. Barrie, S-.J. Sawyer, L. Hulbert, D. Peck, R. Keays, J. Wooden, 
D. Vogel, M. Zientek, M. Lesher, B. Dressler, P. Golightly, and B. Krauss

P.C. Lightfoot was the scientific editor, with assistance from A.J. Naldrett on the Russian 
papers; technical editing was done by P. Sheahan, and S. Neufeld; and drafting of diagrams 
from the Russian authors was completed by B. Zyma. The Russian manuscripts were 
translated by G. Rylkova.

J. Wood 
Director 
Ontario Geological Survey
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Chapter l

The Sudbury-Noril'sk Symposium, An Overview

A.J. Naldrett1

Department of Geology, University of Toronto, Toronto, Ontario, Canada, M5S 3B1

INTRODUCTION
It is one of the mysteries of the Earth that a very large pro 
portion of each of certain key metals are found in minable 
concentrations in a very few restricted localities. Figure l. l 
illustrates this point for nickel sulphide deposits; it shows 
that Sudbury and Noril'sk stand out far above other major 
mining areas in terms of contained metal in reserves and 
resources. Noril'sk also stands out in Figure l .2, along with 
the Bushveld Complex and the Great Dyke of Zimbabwe, in 
being predominant with respect to world resources of the 
platinum group elements (PGEs).

As the political thaw spread eastward through the 
former USSR in the late 1980s, certain groups of western 
geologists were fortunate to be invited to visit Noril'sk.

1 0H behalf of the Organising Committee of the Sudbury-Noril'sk 
Symposium, Toronto, June 1993.

Research activity that had developed as a result of 2 agree 
ments, l between the University of Toronto (U of T), the 
Ontario Geological Survey (OGS), the Noril'sk Nikel Con 
cern and the USSR (now Russian) Academy of Sciences and 
a second between the United States (US) Geological Survey 
and the USSR Ministry of Geology (now Russian State 
Committee for Geology), was both increasing the data base 
on the Noril'sk camp and encouraging Russian workers to 
open up their work, which up to that point in time had been 
confidential to a non-Russian audience. A great deal of new 
information was also emerging in 1990 and 1991 about the 
Sudbury Structure, as a result of both the Lithoprobe vibro 
seis survey that was conducted in October 1990 and new 
discoveries of footwall orebodies by both Falconbridge and 
INCO. Those visiting Noril'sk realized how much could be 
accomplished if geologists who had spent their careers 
studying the deposits there had the opportunity of face to

10000 
PRODUCTION * RESERVES IN I06 TONNES

Figure 1.1. Plot of grade versus past production plus present reserves in the major nickel sulphide mining camps of the world. Figures against each 
point indicate tonnage in l O6 tonnes and grade in weight 9fc Ni. The diagonal lines indicate total contained nickel metal.
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face discussions with those working at Sudbury. In view of 
the predominance of the 2 mining camps, it seemed likely 
that such discussions would be interesting to a much wider 
audience than just those working on the 2 areas2 .

Dr John Gammon, Assistant Deputy Minister, Mines, 
of the Ontario Ministry of Northern Development and 
Mines, was very receptive to the idea of a joint Sudbury- 
Noril'sk symposium as early as the fall of 1990 and offered 
the then-to-be-built new headquarters of the Ontario 
Geological Survey as a venue. Mr A.V. Filatov, Chairman of 
the Management Board of the State concern "Noril'sk 
Nikel," was encouraging when the idea was broached with 
him in January 1991, and Mr Walter Curlock of INCO Ltd 
and Mr Michael Knuckey of Falconbridge Ltd were both 
very encouraging and promised financial support when 
approached 2 weeks later. The resulting "Sudbury-Noril'sk 
Symposium" was held from October 3rd-5th 1992, with the 
sponsorship of the Mineralogical Association of Canada 
and International Geological Correlation Programme Proj 
ect No.336, and the generous support of the Ministry of 
Northern Development and Mines of Ontario, INCO Ltd., 
Falconbridge Ltd. and the Geological Survey of Canada 
(GSC).

The organization of the symposium was undertaken 
by a committee composed of representatives of the

2This turned out to be true; the symposium attracted an audience of 250 
people.

different interested groups; namely Andy Bite (field 
trips, INCO), Burkhardt Dressler (OGS), Murray Duke 
(GSC), Peter Johannesen (field trips, Falconbridge), 
Peter Lightfoot (OGS), Gordon Morrison (field trips, 
INCO), Tony Naldrett (chairperson, U of T), Paul Severin 
(treasurer and field trips, Falconbridge), Patricia Sheahan 
(publication, Konsult International). This volume contains 
the papers presented at the symposium.

We are grateful to all of the speakers at the symposium 
for submitting manuscripts of their presentations, nearly all 
by the deadline. The Russian authors wrote their papers in 
Russian, and these were translated by Galya Rylkova. All 
papers, except those written in Russian (for which there was 
not enough time), have been reviewed by at least 2 referees. 
Those that successfully passed the review stage were edited 
for scientific content by Peter Lightfoot. I, myself, edited 
the Russian manuscripts. Editing for style, consistency, etc. 
was undertaken by Sandra Neufeld. Many of the figures 
have been redrafted by Barry Zyma. The costs of transla 
tion, stylistic editing and drafting have been defrayed by a 
grant from the Ontario Geological Survey to the Mineralog 
ical Association of Canada.

BACKGROUND TO THE SUDBURY 
PAPERS

The last comprehensive publication concerned with the 
Sudbury district was that of Pye et al. (1984). In this, many 
authors summarized the progress that had been made at that
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Figure 1.2. Plot of grade versus reserves for important sources and potential sources of platinum group elements (PGEs). The diagonal lines indicate 
total contained PGE in g. GD Great Dyke of Zimbabwe; J-M reef, Stillwater Complex; NOR Noril'sk; SUD Sudbury; UG-2 Bushveld 
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time toward understanding the geology of the district. The 
contributions included detailed descriptions of the various 
rock units of the Sudbury Structure, with a special emphasis 
on those features which supported the hypothesis that a cata 
strophic explosion, very likely due to meteorite impact, had 
given rise to the structure. Geophysical data were inter 
preted to indicate that the structure was underlain by a large 
but hidden layered intrusion (Gupta et al. 1984), which was 
called upon as the source of the mafic and/or ultramafic 
inclusions that occur closely associated with sulphide 
mineralization (Naldrett et al. 1984). Trace element and 
isotope data indicated that the Sudbury Igneous Complex 
(SIC) itself had been highly contaminated with country 
rocks. Naldrett (1984) proposed that primary, flood basalt- 
type magma, whose intrusion had been triggered by the 
impact, had mixed with an equal mass of country rock that 
had been melted by energy released during the explosion; 
this mixing depressed sulphide solubility (Li and Naldrett 
1993) and caused sulphide immiscibility, thus accounting 
for the numerous concentrations of sulphides. Faggart et al. 
(1985) and Deutsch et al. (1992) suggested that the whole of 
the SIC is an impact melt. At the time of Pye et al.'s (1984) 
publication, one of the major unresolved questions was that 
of the elliptical outline of the Sudbury Basin, something that 
was difficult to reconcile with it being an astrobleme. 
Shanks and Schwerdtner's (l 991 a, 1991 b) recognition of 
the major deformation that was associated with an extensive 
zone of shearing within the South Range of the SIC added 
support to the hypothesis that the lack of circularity was the 
result of later deformation, but did not define the extent of 
this deformation.

The reader of this volume will discover that some of the 
questions arising out of earlier work have been clarified, but 
that additional questions have been raised. Milkereit et al.'s 
(this volume) interpretation of the Lithoprobe seismic pro 
filing has shown that the contact between the granophyre 
and the felsic norite of the North Range can be distinguished 
clearly, and that the contrast between the SIC and rocks of 
the underlying Levack Gneiss Complex is also recogniz 
able. These surfaces can be traced, dipping southward at a 
constant angle from the surface, beneath the axis of the 
basin as far as the southern limit of the South Range. Analo 
gous contacts belonging to South Range rocks cannot be 
recognized (vibroseis surveys are normally only effective 
for reflectors dipping at less than 45), but numerous south- 
dipping reflectors, apparently belonging to reverse faults, 
are recognizable south of the long axis of the Sudbury 
Structure. Milkereit et al.'s conclusion is that the Sudbury 
Structure was originally very much larger than is suggested 
by its present surface expression, and that the South Range 
has been thrust northward over the centre of the original 
structure. This raises the question of why the South, North 
and East ranges appear to define such a complete, elliptical 
structure and why offsets resulting from the thrusting are not 
more apparent. Further Lithoprobe profiling scheduled for 
the summer of 1993 may help to answer this.

The control provided by the seismic data, coupled with 
new rock density and gravity data, has allowed McGrath 
and Broome (this volume) to re-evaluate the earlier

potential field modelling of the gravity data. Critical to their 
re-evaluation is the recognition that the ramp-like decrease 
in gravity anomaly which parallels the northern contact of 
the SIC, and lies just northwest of it, is due to the northwest 
dip of the contact between the Levack Gneiss and the less 
dense Cartier Granite. Gravity data support the seismic 
interpretation that the North Range of the SIC extends con 
tinuously at depth at least as far as the southern limit of the 
South Range. They conclude that the observed gravity field 
can be explained on the basis of the distribution of rocks 
currently exposed at surface, and that the hypothetical 
hidden layered intrusion is not required.

Evidence that the Sudbury Structure was originally 
very large (150 to 200 km in diameter) has allowed Grieve 
et al. (1991), Grieve (this volume) and Avermann et al. 
(1992) to conclude that the volume of the SIC is not too large 
for it to be an impact melt sheet. As stated above, this is 
entirely consistent with (although not required by) existing 
Sr and Nd isotope data and also accounts for the very radio 
genic nature of the osmium documented in a number of 
Sudbury ore deposits (Walker et al. 1991, this volume). 
Although these ideas simplify the Sudbury story to some 
extent, they leave the origin of the mafic and/or ultramafic 
inclusions unresolved and remove mixing of primary 
basalt magma and crustal melt as the trigger for sulphide 
immiscibility. It has been proposed (D.C. Peck, Laurentian 
University, personal communication, 1992) that the inclu 
sions, many of which contain forsteritic olivine and thus 
could not have crystallized from magmas giving rise to any 
of the phases of the SIC (which are either too SiO2-rich or 
too iron-rich to be consistent with forsteritic olivine), came 
from a pre-existing layered intrusion. This may have been 
one of a series of 2.4 billion-year-old bodies that accompa 
nied mafic volcanism at the start of the Huronian; they 
include the East Bull Lake Gabbro-Anorthosite Intrusion 
100 km west of Sudbury and the body responsible for the 
combined magnetic and gravity anomaly that lies between 
Lake Wanapitae and Temagami northeast of Sudbury. If this 
is true, where did the sulphides come from? Were they 
originally associated with the pre-existing intrusion, and is 
their association with the Sudbury impact event merely a 
coincidence?

BACKGROUND TO THE NORIL'SK 
PAPERS

Kunilov (this volume) provides us with welcome informa 
tion concerning the history of development in the Noril'sk 
region, from Urvantsev's perceptive exploration to 
Godlevsky's classic work in documenting the relationship 
between the ores, their associated intrusions and the Siber 
ian trap. The studies of Godlevsky and Grinenko (1963) 
and Grinenko (1985) have alerted western geologists 
to the intriguing possibility that these ores owe their origin 
to the assimilation of evaporite sulphur, or the incorporation 
of sulphur from sour gas by the intrusions that host them. 
However, others, including Godlevsky and Likhachev 
(1983) and Likhachev (this volume), have pointed out diffi 
culties with this hypothesis, maintaining that the sulphides, 
plus the nickel, copper and PGE associated with them, have
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come directly from the mantle source region of the silicate 
magma. The twenty-year study undertaken at the Institute 
for the Study of Ore Deposits (IGEM) of the USSR 
Academy of Sciences (now the Russian Academy of 
Sciences) and reported by Genkin et al. (1981) and Distler 
et al. (1988) have shown that the ores at both the Noril'sk 
and Talnakh ore junctions stand out amongst other magmat 
ic sulphide deposits in terms of their wide compositional 
range and complex mineralogy. The studies of Zolotukhin 
and Al'mukhamedov (1988, 1991), Fedorenko (1981) 
and Fedorenko et al. (1983) have shown the localized 
and unique nature of the basalts forming the lower 
(Ivakinsky, Sy verminsky and Gudchichinsky = phase I) and 
middle (Tuklonsky, Nadezhdinsky, Lower Morongovsky - 
phase II) phases of eruption at Noril'sk. This nature con 
trasts with that of basalts forming the upper phase (Upper 
Morongovsky, Mokulaevsky, Kharayelakhsky, Kumginsky 
and Samoedsky = phase III), which resemble basalts found 
throughout most of the Siberian trap. Lightfoot et al. (1990) 
showed on the basis of trace element data that the 
Nadezhdinsky basalts had been contaminated by interaction 
with crust, and Lightfoot et al. (1993) showed that at least 
2 sources existed l in the asthenospheric mantle for the 
lower sequence and the other in the ancient continental 
lithospheric mantle. Naldrett et al. (1992) emphasized the 
extremely nickel- and copper-depleted nature of the con 
taminated basalts, demonstrated on the basis of geologic 
and geochemical relationships that the ore-bearing intru 
sions just postdated extrusion of the Nadezhdinsky and sug 
gested that these intrusions had acquired nickel and copper 
that had been removed from the Nadezhdinsky basalts by 
sulphide segregation. Naldrett (1992) proposed this as a 
general model to be used in prospecting other flood basalt 
provinces for Noril'sk-type deposits. Wooden et al. (1992) 
showed from their Pb isotopic studies that the ores and 
ore-bearing intrusions have isotopic compositions that dis 
tinguish them from the contaminated basalt and require 
them to have been derived from magma with the character 
istics of the third phase of basaltic volcanism at Noril'sk. 
Brugmann et al. (1993) found that the contaminated basalts 
were highly depleted in PGE as well as nickel and copper, 
recognized that the intrusions involved mixing of contami 
nated magma with that forming the third phase of volcanism 
and proposed a model involving repetitive tapping, frac 
tional crystallization, assimilation and sulphide segrega 
tion, accompanied by replenishment with third phase-type 
magma. They were able to account for the differing compo 
sitions of the sulphides associated with the Noril'sk I, Main 
Talnakh and Northwest Talnakh intrusions in terms of the 
timing of the removal of the sulphides from the system dur 
ing this evolution.

Czamanske et al. (1992) studied the PGE content of 
individual minerals in the Noril'sk ores and the bulk PGE 
content of 20 samples of representative ore types. They 
observed a wide range of compositional variation, which 
they interpreted as the consequence of fractional crystalli 
zation of monosulphide solid solution (mss) from sulphide 
liquid. They attributed much variability in the distribution 
of the PGE with respect to base metal sulphides and discrete

PGE minerals as the consequence of the ore type and the 
speed at which it had quenched.

Rempel (this volume) summarizes the results of 
seismic, gravity and magnetic surveys made in the Noril'sk 
region over the past 20 years. Seismic data indicate the 
transcrustal nature of many of the major regional faults, 
including the Noril'sk-Kharayelakh and Imangdinsky 
faults. Gravity and magnetic data, when corrected for 
regional trends and for the effect of the lavas, reveal a num 
ber of anomalies lying close to the Noril'sk-Kharayelakh 
fault that are interpreted as being due to mid-crustal in 
trusions; these are thought to have served as intermediate 
level chambers for the ore-bearing intrusions. Both Rempel 
(this volume) and Simonov et al. (this volume) emphasize 
the difference between the structure of the Noril'sk region 
and the remainder of the Siberian Platform. Elsewhere, the 
basement is Archean and is overlain by thin, relatively 
undisturbed Proterozoic and Paleozoic sedimentary rocks. 
A north-trending trough occupied the Noril'sk area during 
the Vendian (Neoproterozoic), and the thick strata that accu 
mulated within it were deformed in an orogeny proceeded 
by island arc volcanism. Subsidence continued in the region 
during the Riphean and Paleozoic. The latter is marked by 
3 episodes of emergence, the last giving rise to the conti 
nental, coal-bearing, Tungusskaya formation.

Fedorenko (this volume) and Lightfoot et al. (this 
volume) document further the highly chalcophile 
element-depleted nature of the Nadezhdinsky basalts; they 
attribute this to between 6.5 (Fedorenko) and 8 weight 9fc 
(Lightfoot et al.) crustal contamination and fractionation of 
Tuklonsky basalt by a granodioritic melt and the consequent 
segregation of sulphide. They point out that the subsequent 
transition from contaminated Nadezhdinsky to uncontami- 
nated Upper Morongovsky basalt is due to progressive 
mixing with a low TiO2 , high ytterbium, moderate iron, 
phase III magma that characterized much of the remainder 
of the trap succession. Fedorenko shows that Lower 
Talnakh-type intrusions lie on a mixing line between 
Nadezhdinsky- and Upper Morongovsky-type magmas, 
while the Talnakh-type intrusions are of Upper Moron 
govsky-type magma. This leads him to support and further 
quantify the proposal of Naldrett et al. (1992) and 
Brugmann et al. (1993) that chalcophile elements removed 
by sulphide liquation from Nadezhdinsky magma have 
been inherited by the ore-bearing intrusions.

Czamanske et al. (this volume), on the contrary, note 
that their isotopic and trace element data indicate a very 
complex history for the ore-bearing intrusions. They find no 
obvious correlations between the Pb and Sr initial isotopic 
ratios of the intrusions and the basalts, find that the Lower 
Talnakh intrusions do not lie on a mixing line between the 
Nadezhdinsky basalts and the Upper Morongovsky basalts 
and reject the concept that crustal contamination and chal 
cophile element depletion of Nadezhdinsky magma is 
related to metal enrichment of the ore-bearing intrusions. 
Walker et al. (this volume) contrast their studies of the 
Noril'sk ores, for which they find no evidence either of 
crustally derived osmium, or of osmium derived from sub- 
continental, redepleted mantle, with those at Sudbury, for
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which, depending on the deposit in question, 60 to 10096 of 
the osmium may be crustal. Walker et al. do not address the 
question of whether their osmium study would be sensitive 
enough to detect mixing of primary basalt with 6.5 to 8 
weight Ve crustally derived granodiorite, since this would 
depend on the concentration and isotopic composition of 
osmium in the contaminant, which is unclear. What is clear 
is that a major argument is developing as to the origin of the 
Noril'sk ores. Is the association of very sulphide-rich intru 
sions with a large volume of chalcophile element-depleted 
basalt coincidental or of genetic significance?

Likhachev (this volume) addresses the question of the 
relationship between the apparently excessive amount of 
ore in the intrusions, the position of concentrations of 
massive ore relative to the geometry of individual intrusions 
and the size of the metamorphic and metasomatic aureoles 
around the intrusions. He concludes that these relationships 
can only be explained if the intrusions have functioned as 
open systems, rather as hot water radiators in a building 
function. Magma rose up continuously into the intrusions 
from a magma chamber at depth, moved along their upper 
contacts, cooling and depositing sulphide and returned 
along their lower contacts and then down the conduit back to 
the deep chamber.

Stekhin (this volume) and Torgashin (this volume) 
discuss the origin of "Copper Ore" at Noril'sk. Stekhin 
differs from Likhachev in maintaining that massive 
sulphide has been injected independently of the ore-bearing 
intrusions; it intruded as a number of separate streams, 
which cooled and crystallized as they advanced beneath the 
intrusions, fractionating and becoming enriched in copper 
as they proceeded. Ultimately, the copper-rich fractionated 
liquid crystallized at the end points of the streams to give 
rise to copper-rich, zoned orebodies. In places, particularly 
at the Oktyabr'sky No. l Mine described by Torgashin, a 
volatile- enriched, fractionated sulphide liquid intruded up 
through the overlying intrusion to give rise to mineraliza 
tion in dilatant breccia zones along the roof of the body. 
These are an important resource at the Talnakh ore junction.

Distler (this volume), Zientek et al. (this volume) and 
Naldrett, Asif et al. (this volume) discuss compositional 
variations in the Noril'sk ores. Like Stekhin (this volume), 
they believe that fractional crystallization of sulphide 
magma has been very important in the development of the 
range of ore types that are present. However, a sharp diver 
gence of opinion has also developed within these 
approaches. Distler notes that the disseminated ore has a 
very different composition (much higher copper, platinum, 
palladium and lower rhodium, ruthenium, iridium and 
osmium when calculated on the basis of metal content in 
1009fc sulphides) and attributes this to the introduction of 
sulphide magmas of different composition. Naldrett, Asif 
et al. and Zientek et al. maintain that the relationship 
between the compositions of the massive and disseminated 
ore is respectively that to be expected between ores that are 
composed dominantly of cumulus mss and those that lie 
close to the liquid line of descent. Naldrett, Pessaran et al. 
(this volume) apply this concept, which they term that of 
"dry" (cumulate-rich) and "wet" (towards liquid line of

descent) ores, to Sudbury, pointing out that there is a greater 
probability of there being a copper-, platinum-, palladium- 
and gold-rich footwall pod of massive sulphide ore near 
"dry" contact orebodies than near "wet" ones.

CONCLUDING STATEMENT
Since their development started in 1932, the nickel-copper- 
PGE deposits of the Noril'sk region have proved to be fasci 
nating both economically (those at Talnakh have over twice 
the nickel grade, 4 times the copper grade and 5 times the 
PGE grade of the Sudbury ores) and geologically (their 
diversity of ore types, ore mineralogy and ore textures is 
much greater than that at Sudbury). Although they lack the 
enormous appeal that Sudbury, with its association with an 
astrobleme, has for geologists in general, they have the great 
advantage for the explorationist that they are not located 
at the random site where an extraterrestrial projectile 
happened to impact. They provide a model in terms of their 
geologic associations and, hopefully (once this is 
understood), in terms of their genesis that is of worldwide 
application. It is the wish of the organizers of the Sudbury- 
Noril'sk Symposium that this volume will be helpful in this 
respect.

REFERENCES
Avermann, M., Bischoff, L., Brockmeyer, P., Buhl, D., Deutsch, A., 

Dressler, B.O., Lakomy, R., Muller-Mohr, V. and Stoffler, D. 1992. 
Volume of abstracts; in International Conference on Large Meteorite 
Impacts and Planetary Evolution, Lunar and Planetary Institute, 
Contribution no.790, p.5-6.

Brugmann, G.E., Naldrett, A.J., Asif, M., Lightfoot, PC., Gorbachev, N.S. 
and Fedorenko, V.A. 1993. Siderophile and chalcophile metals as 
tracers of the evolution of the Siberian trap in the Noril'sk 
region, Russia; Geochimica et Cosmochimica Acta, v.57, no.9, 
p.2001-2018.

Czamanske, O.K., Kunilov, V.E., Zientek, M.L., Cabri, L.C., Likachev, 
A.P., Calk, L.C. and Oscarson, R.L. 1992. A proton-microprobe 
study of magmatic sulfide ores from the Noril'sk-Talnakh district, 
Siberia; Canadian Mineralogist, v.30, p.249-287.

Deutsch, A., Buhl, D., Brockmeyer, P., Lakomy, R. and Plucks, M. 1992. 
Isotope systematics support the impact origin; in Volume of 
Abstracts, International Conference on Large Meteorite Impacts and 
Planetary Evolution, Lunar and Planetary Institute, Contribution 
no.790, p.21-22.

Distler, V.V., Grokhovskaya, T.L., Yevstigneeva, T.L., Sluzhenikin, S.F., 
Filimonova, A.A., Duzhikov, O.A. and Laputina, I.P. 1988. 
Petrology of sulfide magmatic mineralization; Nauka, Moscow, 
232p.

Faggart, B.E., Basu, A.R. and Tatsumoto, M. 1985. Origin of the Sudbury 
Complex by meteorite impact: Neodymium isotopic evidence; 
Science, v.230, p.436-439.

Fedorenko, V.A. 1981. The petrochemical series of volcanic rocks of the 
Noril'sk region; Geology and Geophysics, no.6, p.78-88.

Fedorenko, V.A., Makeyeva, L.V. and Yeliseyeva, R.A. 1983. Certain 
geochemical characteristics of the Noril'sk-Kharayelakh intrusive 
volcanic complex; Geologiya i Geofizika, no. 12, p.67-77.

Genkin, A.D., Distler, V.V., Gladyshev, G.D., Filiminova, A.A., 
Yevstigneeva, T.L., Kovalenker, V.A., Laputina, I.P, Smirnov, A.V. 
and Grokhovskaya, T.L. 1981. Sulfide copper-nickel ores of the 
Noril'sk deposits; Nauka, Moscow, 234p.

Godlevsky, M.N. and Grinenko, L.N. 1963. Some data on the isotopic 
composition of sulfur in the sulfides of the Noril'sk deposit; 
Geochemistry, v.l, p.335-341.



Sudbury-Noril'sk; OGS Special Volume 5

Godlevsky, M.N. and Likhachev, A.P. 1983. Copper-nickel mineralization 
in the Noril'sk region; in Genetic Models of Endogenic Ore Bodies, 
Nauka, Novosibirsk, v.l, p.47-54.

Grieve, R.A.F., Stoffler, D. and Deutsch, A. 1991. The Sudbury Structure: 
Controversial or misunderstood?; Journal of Geophysical Research, 
v.96, pt.ES, p.22 753-22 764.

Grinenko, L.N. 1985. Sources of sulfur of the nickeliferous and barren 
gabbro-dolerite intrusions of the northwest Siberian Platform; 
International Geology Review, p.695-708.

Gupta, V.K., Grant, FS. and Card, K.D. 1984. Gravity and magnetic 
characteristics of the Sudbury Structure; in The Geology and Ore 
Deposits of the Sudbury Structure, Ontario Geological Survey, 
Special Volume l, p.381-410.

Li, C. and Naldrett, A.J. 1993. Sulfide capacity of magma: a quantitative 
model and its application to the formation of sulfide ores at Sudbury; 
Economic Geology, v.88. no.5, p.1253-1260.

Lightfoot, P.C., Hawkesworth, C.J., Hergt, J., Naldrett, A.J., Gorbachev, 
N.S., Fedorenko, V.A. and Doherty, W. 1993. Remobilisation of the 
continental lithosphere by a mantle plume: major-, trace-element, 
and Sr-, Nd-, and Pb-isotope evidence from picritic and tholeiitic 
lavas of the Noril'sk District, Siberia; Contributions to Mineralogy 
and Petrology, v.l 14, p. 171-188.

Lightfoot, PC., Naldrett, A.J., Gorbachev, N.S., Doherty, W. and 
Federenko, V.A. 1990. Geochemistry of the Siberian Trap of the No 
ril'sk area, USSR, with implications for the relative contributions of 
crust and mantle to flood basalt magmatism; Contributions to 
Mineralogy and Petrology, v.l04, p.631-644.

Naldrett, A.J. 1984. Summary, discussion and synthesis; in The Geology 
and Ore Deposits of the Sudbury Structure, Ontario Geological 
Survey, Special Volume l, p.533-569.

   1992. A model for the Ni-Cu-PGE ores of the Noril'sk region and its 
application to other areas of flood basalt; Economic Geology, v.87, 
p.1945-1962.

Naldrett, A.J., Hewins, R.H., Dressler, B.O. and Rao, B.V. 1984. The 
Contact Sublayer of the Sudbury Igneous Complex; in The Geology 
and Ore Deposits of the Sudbury Structure, Ontario Geological 
Survey, Special Volume l, p.253-274.

Naldrett, A.J., Lightfoot, PC., Fedorenko, V.A., Doherty, W. and 
Gorbachev, N.S. 1992. Geology and geochemistry of intrusions and 
flood basalts of the Noril'sk region, USSR, with implications for the 
origin of the Ni-Cu ores; Economic Geology, v.87, p.975-1004.

Pye, E.G., Naldrett, A.J. and Giblin, P.E. eds. 1984. The Geology and ore 
deposits of the Sudbury Structure; Ontario Geological Survey, 
Special Volume l, 603p.

Shanks, W.S. and Schwerdtner, W.M. 1991a. Structural analysis of the 
central and southwestern Sudbury Structure, Southern Province, 
Canadian Shield; Canadian Journal of Earth Science, v.28, 
p.411^430.

    1991b. Crude quantitative estimates of the original north 
west-southeast dimension of the Sudbury Structure, south-central 
Canadian Shield; Canadian Journal of Earth Science, v.28, 
p.1677-1686.

Walker, R.J., Morgan, J.W., Naldrett, A.J., Li, C. and Fassett, J.D. 1991. 
Re-Os isotopic systematics of Ni-Cu sulfide ores, Sudbury Igneous 
Complex, Ontario: Evidence for a major crustal component; Earth 
and Planetary Science Letters, v.105, p.416-429.

Wooden, J.L., Czamanske, G.K., Bouse, R.M., Likhachev, A.P., Kunilov, 
VE. and Lyul'ko, V. 1992. Pb isotope data indicate a complex mantle 
origin for the Noril'sk-Talnakh ores, Siberia; Economic Geology, 
v.87, p.l 153-1165.

Zolotukhin, W and Al'mukhamedov, A.L. 1988. Traps of the Siberian 
Platform; in Continental Flood Basalts, Kluwer Academic 
Publishers, Dordrecht, p.273-310.

   1991. Basalts of the Siberian Platform: Distribution, mineral 
composition and mechanism of formation; in Traps of Siberia and 
Deccan: Similarities and Differences, Nauka, Novosibirsk, p.7-39.







Chapter 2

Implications of the Lithoprobe Seismic Reflection Transect
for Sudbury Geology
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Abstract
As part of the Canadian Lithoprobe project, more than 100 km of conventional and 40 km of high frequency 
vibroseis reflection data were acquired along 4 profiles in the Sudbury area. The main objectives of the study 
were to determine the shape of the Sudbury Structure at depth and to evaluate the performance of seismic 
exploration techniques in a complex, mainly intrusive, geologic setting. The seismic images show that the 
Sudbury Structure is markedly asymmetric at depth. Beneath the northern half of the Sudbury Structure, 
reflection seismic profiling images the Chelmsford-Onwatin, Onwatin-Onaping, granophyre-norite and 
norite-footwall lithologic contacts, confirming that the North Range of the Sudbury Structure comprises 
moderately (250 to 300 ) south-dipping layers of footwall gneiss and overlying rocks of the Sudbury Igneous 
Complex (SIC) and sedimentary strata with only minor superimposed structural relief. An important result 
of the high-frequency reflection profiling is the observed change in structural style beneath the centre of the 
basin. The sedimentary layers and upper layers of the SIC are interrupted or truncated by faults near the 
central axis of the SIC (i.e., the centre line through the Chelmsford Formation); whereas, the footwall gneiss 
and mafic units of the SIC continue dipping southwards to reach a depth of 4.5 km beneath the centre of the 
basin and 10 km beneath the South Range. The seismic image of the South Range is dominated by steep 
(greater than or equal to 450 ) north- and south-dipping reflections. Some of the south-dipping reflections 
project up into the South Range Shear Zone, a broad zone of pervasive ductile shear; other reflections are 
interpreted as major discrete shear and/or fault zones. Imbrication of lithologic units and considerable 
northwest-southeast shortening of the Sudbury Structure took place on these shear and/or fault zones. Near 
the southern rim of the Sudbury Structure, prominent near surface north-dipping reflections probably 
originate from the norite-granophyre contact.

INTRODUCTION

The Sudbury Structure is situated at the contact between 
Paleoproterozoic Huronian supracrustal rocks of the 
Southern Province and Archean basement rocks of the 
Superior Province. It is located within a band of broad, 
east-trending positive gravity anomalies and is outlined by 
an elliptical positive magnetic anomaly. While geologic 
concepts concerning the origin of the Sudbury Structure 
have changed over time (see review by Giblin 1984), both 
endogenic explosion or meteorite impact are still being con 
sidered (e.g., Peredery and Morrison 1984). Despite more 
than 100 years of mineral exploration along the rim of the 
Sudbury Structure, constraints from compositional varia 
tions observed in the Sudbury Igneous Complex (e.g., 
Naldrett 1984; Walker et al. 1991) and various cross sec 
tions based on the modelling of the pronounced potential 
field anomalies (e.g., Popelar 1972; Gupta et al. 1984), not 
much is known in detail about the deep crustal structure be 
neath the basin. Some critical structural information may be 
obtained from reflection seismic profiling.

During the past decade, reflection seismic profiling 
techniques have been improved to better image shallow 
structure in the crystalline crust (e.g., Green, Milkereit, 
Mayrandetal. 1990; Juhlin 1990;Milkereitetal. 1991)and 
have been adapted occasionally to mineral exploration (e.g.,

Dahle et al. 1985; Pretorius et al. 1989; Reed 1989). The 
results of these surveys were sufficiently encouraging to 
cause Lithoprobe, the Ontario Geological Survey, INCO 
Exploration and Technical Services Inc. and Falconbridge 
Ltd. to participate in a reconnaissance seismic study across 
the Sudbury Structure in the fall of 1990. Specific scientific 
objectives of the Sudbury Transect were to determine the 
crustal structure, including the base of the Sudbury Igneous 
Complex, by using a combination of regional and high reso 
lution reflection studies. In addition to seismic reflection 
profiling, a variety of geophysical studies such as physical 
rock-property studies (Salisbury 1992), vertical seismic 
profiling (Miao et al. 1992), electromagnetic profiling 
(Beemer et al. 1992) and multipararneter borehole geo 
physical surveys were conducted in 1991 and 1992. Results 
from this multidisciplinary approach will help to calibrate 
the seismic reflection data and to constrain their inter 
pretation. In addition, physical rock properties will also be 
used for modelling the gravity and magnetic anomalies 
associated with each geologic unit to determine the deep 
structure of the Sudbury Basin, thereby contributing to the 
regional synthesis of geophysical and geologic data.

SEISMIC DATA ACQUISITION
A key element of Lithoprobe's scientific program is 
multichannel vibroseis seismic reflection profiling. In the
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course of the Lithoprobe Sudbury survey, more than 100 km 
of conventional deep seismic reflection data (10 to 55 Hz 
sweep, sixty-fold, 18s recording time) were acquired along 
4 profiles (40, 41, 40-41 and 42; Figure 2.1) across the 
Sudbury Structure, the Huronian Supergroup and the 
Superior Province (see Figure 2.1). Coincident with the 
regional profiles, 40 km of high frequency seismic data (30 
to 140 Hz, 120-fold, 5 s recording time) were collected

Figure 2.1. Simplified geologic map of the Sudbury Structure and adja 
cent Superior Province, Grenville Province and Huronian Supergroup. 
Locations of seismic profiles, along with deep boreholes used for sonic 
and density logging. Triangles mark location of cross section shown in 
Figure 2.7. SRSZ South Range Shear Zone.

along 2 north-south segments: the first profile runs across 
the North Range into the Sudbury Basin (line 40), and the 
second profile runs across the basin and the South Range 
(line 41).

All vibroseis reflection data were collected using a 
240-channel telemetry acquisition system with in-field 
stacking, noise rejection and correlation capabilities. The 
high-frequency vibroseis data were acquired using source 
and receiver spacing of 20 m to give a nominal fold of 120. 
Geophones with a resonant frequency of 30 Hz were used to 
attenuate ambient low frequency noise. The seismic source 
consisted of 2 vibrator trucks sweeping 4 times at every 
station. For each individual field record, successive sweeps 
were recorded such that the external 60 Hz power line noise 
would be effectively cancelled in the vertical sum of 
4 sweeps. Further improvement of the signal-to-noise ratio 
during data acquisition was achieved by extending both 
bandwidth and sweep length (12s linear upsweep from 30 to 
140 Hz) and utilizing diversity stack to suppress random 
noise bursts. The regional data acquisition used 50 m 
geophone group spacing, 100 m source group spacing and 
geophones with a resonant frequency of 14 Hz. The seismic 
source consisted of 4 vibrator trucks sweeping 8 times using 
14 s linear upsweep from 10 to 56 Hz. The source-near 
receiver gap used for high frequency acquisition was O m, 
but 150 m for the regional data. Data acquisition parameters 
are summarized in Table 2.1.

By selecting acquisition parameters tailored to high 
frequencies, it was anticipated that improved seismic 
images would be obtained from upper crustal structures. 
The rationale for a high-frequency data acquisition 
approach is straightforward; with shorter seismic wave 
lengths, it may be possible to improve seismic resolution

Table 2.1. Acquisition parameters.

Regional High frequency

Source
Type 
Interval 

Sweep length 
Sweep frequencies 

Sweep repetition 

Source pattern

Receivers
Type

Group interval 
Group layout 
Receivers spread

Acquisition System
Instrumentation 

Gain type 

Field filter 

Record length 

Sample rate

Vibroseis, MERTZ Model 18
100m

14s

10-56 Hz

8
4 Vibrators, 50m, end to end

14 Hz MARK PRODUCTS L-410

50m
9 over 50 m

80/160, 150 m gap

240 Channels SERCEL SN368

Floating point

89 Hz High-cut

18s
4 ms

Vibroseis, MERTZ Model 18

20m

12s
30-140 Hz
4

2 Vibrators, 20m, end to end

30 Hz MARK PRODUCTS L-25

20m
9 over 20 m

80/160, no gap

240 Channel SERCEL SN368 

Floating point 

178 Hz High-cut

4s 
2ms
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Table 2.2. Data-processing sequence.

Regional High frequency

Spiking (19fc Prewhitening)

0.0-3.0s: 15/20-50/55 Hz 
1.0-4.0s: l O/15^5/50 Hz 

500 ms (AGC)

Automatic

400 m Above Sea Level

Every 3 km for 30 CMPs

Every 50 CMPs

BASIC PROCESSING 

Crooked Line Geometry 

Deconvolution 

Trace Editing 
Bandpass Filter

Scale 

Refraction Statics

First Break Analysis
Datum

Stacking Velocity Analysis 

NMO Corrections 

Mute Control

DMO PROCESSING 

Dip Moveout

Stacking Velocity Analysis 

CMP Residual Statics

Stack

DISPLAY 

Spectral Whitening

Scale

l.O-S.Os : 1000ms (AGC)

5.0-18.0s: 5000ms (AGC) 

FK Migration 

Coherency Enhancement

Abbreviations: AGC—automatic gain control; CMP—common midpoint; DMO—dip moveout; FK—frequency wave number; NMO—normal 
moveout.

0.0-18.0s: 10/15-55/60 Hz

0.0-1.0s : 500ms (AGC) 

1.0-4.0s : 1000ms (AGC)

6000 m/s

Spiking (19fc Prewhitening)

0.0-l.Os : 35/40-135/140 Hz 
1.0-4.08:30/35-135/140 Hz 

200 ms (AGC)

Automatic
400 m Above Sea Level
Every 1.2 km for 30 CMPs

Every 50 CMPs

Every 1.2 km for 30 CMPs

Window: 150-3500ms 
Maximum shift: 20 ms

0.0-4.05:25/30-110/115 Hz

0.0-1.0s: 300ms (AGC)

6000 m/s

and to tie better surface geology and borehole data with 
reflections observed on the regional (deeper) survey. 
However, scattering and intrinsic absorption place physical 
limits on the usefulness of such an approach by reducing the 
high frequency content of reflections from greater crustal 
depths. In the Sudbury area, results from high frequency and 
regional surveys had to be merged at about 10 km depth.

Corrections for highly variable overburden conditions and 
imaging of steeply dipping crustal structures were among 
the challenges encountered during the processing and inter 
pretation of seismic data from the Sudbury Transect. 
Various data processing options were evaluated, and a 
robust processing sequence consisting of computation of 
weathering static corrections, deconvolution, time variant 
bandpass filtering, crooked line binning, dip-moveout 
(DMO) processing and detailed stacking velocity analysis 
was selected. The data processing sequence and parameters 
for the regional and high-frequency seismic data are 
summarized in Table 2.2.

Static Corrections

In the centre of the Sudbury Basin, highly variable 
overburden thicknesses and lateral velocity variation 
in glacial drift pose major problems for the processing 
of the high frequency seismic data. A vibroseis 
field record (Figure 2.2) shows that reflected and 
refracted energy from basement (B) is delayed by as much 
as 200 ms. This is due to a thick cover of glacial drift in 
the vicinity of the Vermillion River. Reflections from 
within the overburden, R1t and the overburden basement 
contact, Rg, are indicated. Low velocities of less than 
600 m/s are observed for unconsolidated sediments 
(labelled V0 in Figure 2.2.); water saturated, consolidated 
sediments show velocities around 2400 m/s (V^), and 
basement velocities may be as high as 6000 m/s (V2). Much 
effort has gone into the computation of accurate static 
corrections in order to compensate for these near- 
surface inhomogeneities. The weathering model for the 
Sudbury Basin predicts corrections for sources and 
receivers ranging from O ms (basement outcrop) to more 
than 100 ms (one-way time). Large lateral variations in the
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1.0

Figure 2.2. Correlated high frequency (30 to 140 Hz, 20 m geophone 
group spacing) at two hundred and forty-channel vibroseis field record 
from line 41 near the Vermilion River highlighting several data acquisi 
tion problems. Note delay times of up to 200 ms due to highly variable 
overburden conditions and dispersive shear wave and/or ground roll. 
See text for explanation of symbols.

Figure 2.3. Poststack data example from the Sudbury Basin near the 
Vermilion River 600 m segment based on field record shown in Figure 
2.2. a) Stacked section (30 to 140 Hz) without weathering static correc 
tions, b) Stacked section with weathering static corrections applied. 
Prominent dipping reflections mark the granophyre-norite contact and 
reflective norite-footwall transition.

overburden thickness (ranging from O to 120 m) were 
observed along the line.

Velocities within the basement range from 5000 to 
6300 m/s. Lower velocities (5000 to 5800 m/s) are ob 
served in the Onwatin Formation in contrast to the Onaping 
Formation where velocities are generally higher (5900 to 
6200 m/s). Apparently, there is no significant velocity con 
trast between the Onaping and Upper Zone of the Sudbury 
Igneous Complex. It is important to note that, without appli 
cation of accurate static corrections, subsequent processing 
steps, such as 2-D filtering, velocity analysis, stacking and 
residual static corrections, result in low quality seismic 
images with poor signal-to-noise ratios (e.g., Milkereit et al. 
1991). Once these corrections are applied, images from 
shallow and deep targets are improved.

Figure 2.3, showing a data example from the north end 
of line 41, illustrates the importance of accurate static cor 
rections for processing high frequency seismic reflection 
data from the Sudbury Basin. The application of simple ele 
vation corrections (left panel) does not yield a high quality 
image. The seismic image improves only after applying the 
short and long wavelength static corrections. The data in 
Figure 2.3 show the typical reflection pattern of the Sudbury 
Igneous Complex in the North Range: the nonreflective 
(transparent) granophyre, the granophyre-norite contact 
and the highly reflective Footwall Breccia.

Steeply Dipping Reflections
Many prominent dipping reflections on the stacked sections 
can be traced directly to surface, and frequency analysis 
confirms that most shallow reflections are well imaged by 
high frequency events (greater than or equal to 70 Hz), 
while reflection amplitudes in the frequency band below 55 
Hz are significantly reduced.

For broadband seismic data sets with horizontal and 
steeply dipping reflections with variable frequency content,

stacking velocity analysis becomes a serious problem as 
different frequencies may image different structures. In 
order to overcome problems associated with dip-dependent 
stacking velocities, prestack migration or dip-moveout pro 
cessing can be applied to the seismic data, sorted by offset. 
For each offset range, dipping reflections are repositioned 
along a path to their zero-offset equivalent. A processing 
sequence of refraction static corrections, followed by DMO 
processing and a second round of stacking velocity analysis 
is capable of imaging horizontal and steeply dipping reflec 
tions, as well as preserving low and high frequency events. 
Figure 2.4 shows filter panels of DMO-processed seismic 
data from the South Range. Steeply dipping reflections 
associated with the South Range Shear Zone (SRSZ) and 
lithologic contacts within the Sudbury Igneous Complex 
are imaged by the broadband seismic data. Filter panels are 
shown for the 30 to 60,60 to 90 and 90 to 140 Hz frequency 
ranges. Each of the filter panels affirms that different infor 
mation can be gathered by different seismic frequencies; 
none of the panels represents the ideal seismic bandwidth to 
image such a complex structure in crystalline rocks. Images 
obtained for different frequency bands complement each 
other and together provide the most complete image of the 
subsurface.

INTERPRETATION
Seismic reflections are due to changes in seismic impedance 
caused by variations in the density and/or compressional 
wave velocity. Depending on the seismic wavelength, 
reflections in crystalline rocks may be caused by fluid-filled 
fractures, brecciated detachment surfaces, mylonites, 
compositional layering, mafic or ultramafic intrusions, lava 
flows or porosity changes (e.g., Green, Milkereit, Percival 
et al. 1990; Milkereit et al. 1991). Interpretation of the 
seismic data from the Sudbury Transect is based on promi 
nent, continuous reflections that can be traced directly to the
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0.2

Figure 2.4. Processing data example. Poststack filter tests applied to 
dip-moveout (DMO)-processed data from the Sudbury South Range: 
a) 30 to 60 Hz, b) 60 to 90 Hz, c) 90 to 140 Hz pass bands. Note that 
reflection response from complex geologic structures may be frequency 
dependent.

surface and on supporting information from deep drill holes 
(see data examples in Milkereit et al. 1992). In addition, the 
interpretation of the seismic data is constrained by informa 
tion from geophysical logging and vertical seismic profiling 
of selected boreholes on, or in the vicinity of, the seismic 
profiles, as well as physical rock property studies of repre 
sentative rock samples and electromagnetic profiling.

Physical Rock Properties
Compressional wave velocities were measured by Salis 
bury et al. (1992) as a function of pressure on 114 drill core 
samples representing all major rock types of the Sudbury 
Structure (Chelmsford wacke, Onwatin shale, Onaping tuff,

granophyre, norite, Footwall Breccia and Levack Gneiss) in 
order to provide a basis for interpreting the reflection 
seismic data. At pressures appropriate to the centre of the 
basin, compressional wave velocities in the Chelmsford 
grey wackes are high, nearly 6000 m/s, but decrease abrupt 
ly to about 5000 m/s in the Onwatin shales. The average 
velocity in the Onaping tuff is 6000 m/s and increases 
slowly to the base of the granophyre. High velocities of 
about 6500 m/s are observed in the norites and underlying 
gneisses. The average densities for rock types of the 
Sudbury Structure range from 2.65 g/cm3 to 2.85 g/cm3 and 
tend to vary in proportion to the seismic velocities, except 
that the granophyres have anomalously low densities 
(2.72 g/cm3), and the gneisses show a great deal of scatter 
(Salisbury et al. 1992). Seismic impedance, the product of 
velocity and density, determines reflection coefficients at 
lithologic contacts. The reflection coefficients calculated 
from the average velocities and densities indicate that the 
Chelmsford and/or Onwatin, Onwatin and/or Onaping and 
granophyre and/or norite contacts should generate promi 
nent reflections. Although the average reflection coefficient 
at the gabbro and/or gneiss contact is small, the variability in 
density in the Levack Gneiss suggests that the norite and/or 
Levack Gneiss contact will be locally a strong reflector. It is 
important to note that, based on average densities and velo 
cities, the Onaping and/or granophyre contact is not likely to 
generate prominent seismic reflections.

Borehole Geophysical Studies
Interpretation of the seismic data is aided by access to 2 deep 
boreholes (see Figure 2.1). The holes are located in the 
Sudbury North Range and probe up to 2000 m of the 
Sudbury Igneous Complex and underlying Footwall 
Breccia and Levack Gneiss. Density and full waveform 
seismic studies were performed in the holes, and density, 
compressional and shear wave velocities were determined 
at 0. l m intervals. The fine sampling was used to study the 
frequency-dependent reflection response of the crystalline 
crust. In general, sonic and density logging confirm the 
results from physical rock property studies. Important for 
the interpretation of seismic data are: the presence of open 
fractures in the upper 150 m; a homogenous low-velocity, 
low-density granophyre; an increase in density and velocity 
within the transition zone norite; a relatively homogeneous 
high-density, high-velocity Main Mass norite; and highly 
variable densities and velocities in the footwall of the 
Sudbury Structure. It is worth emphasizing that open 
fractures do not contribute to deep crustal reflectivity 
observed across the Sudbury Structure. The detailed 
geophysical logs reveal that fault zones (marked by reduced 
velocities and densities), alteration zones (marked by 
reduced velocities and high densities) and mineralized 
zones (marked by density readings above 3.5 g/cm3) 
contribute to the seismic reflectivity of the norite layer.

The thickness of the granophyre-norite transition is 
highly variable. Lithologic and compressional velocity logs 
from the granophyre-norite transition studied in 2 deep 
boreholes are shown in Figure 2.5. A common feature of the 
transition zone is the abrupt increase of compressional wave
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velocities in the upper part of the transition zone. Compres 
sional wave velocities in the granophyre are about 5900 m/s 
and increase to about 6300 m/s in the transition zone and 
norite. These in situ observations are in good agreement 
with the results obtained from representative core material 
(Salisbury et al. 1992). The significant change in physical 
rock properties in the upper part of the transition zone makes 
it a first-order discontinuity for reflection seismic profiling. 
The complete synthetic reflection response of the density 
and velocity logs from the Sudbury Igneous Complex is 
shown in Figure 2.6.

Interpretation of Seismic Data
The interpreted cross section for the Sudbury Structure 
(Figure 2.7) is based on the structure-density model by

Micropegmatite 
Transition zone 
Norite

Figure 2.5. a) Geologic log with narrow transition zone between grano 
phyre and norite based on core recovered along with compressional 
wave velocities from sonic waveform data, b) Geologic log and com 
pressional wave velocities from narrow transition zone. Note the abrupt 
increase of compressional wave velocities in the upper part of the transi 
tion zone (see arrows). FR fracture, F fault zone.

Milkereit et al. (1992). The model boundaries are deter 
mined from migrated high frequency and regional seismic 
reflection data observed on profiles 40 and 41 (see 
Figure 2.1) and are constrained by results from physical 
rock property and borehole geophysical studies. Based on 
the observed differences in physical rock properties, the 
model is defined by the footwall gneisses, norite, Onwatin 
shales, Chelmsford wackes and Huronian supracrustal 
rocks. At present, the reflection seismic data cannot differ 
entiate between the Onaping and granophyre units. The 
crustal model is markedly asymmetric at depth.

NORTH RANGE
The interpreted cross section from the North Range is based 
on the migrated seismic data along profile 40 and borehole 
information from the vicinity of the seismic transect (see 
Figure 4 in Milkereit et al. 1992). The North Range of the 
Sudbury Structure comprises moderately south-dipping 
layers of footwall gneisses and norite, a thick unit of grano 
phyre, breccia and melt bodies, and 2 sedimentary units. 
The granophyre-norite contact can be traced with confi 
dence from the outcrop to about a 2.8 km depth at the south 
ern end of the profile. The footwall-breccia contact is 
marked by an increase in crustal reflectivity, with reflec 
tions either dipping to the south or being subhorizontal. The 
increase in crustal reflectivity at the norite-footwall contact 
is consistent with the available borehole geophysical data 
from the Sudbury North Range. Intranorite reflections may 
be correlated with the felsic-mafic transition or may repre 
sent alteration zones in the felsic norite. The seismic data in 
dicate that the thickness of the norite layer increases from 
about 300 m at the northern end of line 40 to about 1000 m 
beneath its southern end.

SUDBURY BASIN
The crustal model for the transition from the North Range 
into the Sudbury Basin is based on seismic data from line 41

Figure 2.6. Interpreted seismic section, line 41, from centre of the Sudbury Basin constrained by borehole lithologic data from the vicinity of the 
seismic profile and synthetic seismogram derived from deep borehole geophysical data. Fault S marks the transition from a relatively layered 
subsurface (in the north) to a deformed one (in the south). Triangles mark borehole locations.
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and is constrained by information from deep boreholes 
between the seismic profile and the northern rim of the 
Sudbury Structure (see Figure 2.6). Lithoprobe Line 41 is 
located about 20 km west of line 40, along geologic strike. 
Line 41 traverses across the North Range into the Sudbury 
Basin where thick glacial drift prevents surface geologic 
control. The northern half of the section shows south- 
dipping reflections that can be traced into the boreholes and 
outcrop. These data confirm that the effects of macroscopic 
fracturing are only important to a depth of 200 m, and litho 
logic variations are the primary cause of reflections 
observed in the northern part of the Sudbury Igneous 
Complex. The synthetic seismogram for a 30 to 140 Hz 
source indicates that the granophyre is nonreflective, and 
prominent reflections can be expected from the grano- 
phyre-norite contact, structures within the norite and from 
the Footwall Breccia (see Figure 2.6).

In the basin, limited borehole geologic data from the 
vicinity of the seismic profile confirm the interpretation of 
gently south-dipping reflections as lithologic contacts. The 
seismic data indicate a maximum thickness of 500 m for the 
Chelmsford Formation beneath the centre of the basin and 
1500 m for the Onwatin Formation. Little can be said about 
the thickness of the Onaping and granophyre units, except 
that their total thickness reaches 2500 m beneath the centre 
of the basin. Thickness of the norite layer increases from 
about 1000 m beneath the northern end of line 41 to about 
1500 m beneath the centre of the basin. The seismic data 
confirm that the North Range of the Sudbury Structure com 
prises moderately (25 0 to 300) south-dipping layers of foot 
wall gneisses and overlying rocks of the Sudbury Igneous 
Complex (SIC) and sedimentary strata with only minor 
superimposed structural relief. A change in structural style 
beneath the centre of the basin is imaged by the high- 
frequency reflection profiles. The sedimentary layers and

upper layers of the SIC are interrupted or truncated by faults 
near the central axis of the SIC (i.e., the centre line through 
the Chelmsford Formation); whereas, the footwall gneisses 
and mafic units of the SIC continue dipping southwards to 
reach a depth of 4.5 km beneath the basin and l O km beneath 
the South Range.

Seismic data from the southern part of the Sudbury 
Basin show clear evidence of faulting (see Figure 2.6). 
While reflections from the Chelmsford-Onwatin and 
Onwatin-Onaping contact are continuous in the northern 
part of the basin, they are broken up and offset in the 
southern part. The interpreted cross section shows evidence 
for thrusting at the southern contact between the Onaping 
and Onwatin formations. The transition from the relatively 
simple layered subsurface to the deformed one is marked by 
a prominent, steeply dipping reflection (marked S in Fig 
ures 2b and 3a in Milkereit et al. 1992). We speculate that the 
pronounced magnetic anomaly pattern in the interior of the 
Sudbury Structure may be associated with the difference in 
structural style beneath the northern and southern half of the 
basin. Thrusting may have led to enhanced fluid migration 
and subsequent magnetization and may also explain higher 
levels of lead-zinc-type mineralization within the Onwatin 
Formation in the southern part of the Sudbury Basin. The 
migrated seismic data indicate some topography at the 
granophyre-norite contact beneath the centre of the basin. 
This may be associated with a thickening of the norite layer 
south of the centre of the basin.

SOUTH RANGE

The seismic image from the South Range of the Sudbury 
Structure is characterized by steeply (greater than or equal 
to 45 0) north- and south-dipping reflections that overly 
a highly reflective sequence of gently south-dipping 
reflections. The north-dipping reflections are interpreted to

CF SRSZ N

Q. 
0 
Q

\\\* Levack gneiss l 
Superior Province

Chelmsford

Onwatin

Granophyre l 
Onaping

Norite

Figure 2.7. Interpreted cross section based on migrated seismic data and surface geology. Model simplified after Milkereit et al. (1992). The model is 
defined by reflections from the reflective footwall complex, norite, Onwatin shales and Chelmsford wackes. Onaping and granophyre units are lumped 
together. The thrusted and/or steeply overturned southern norite-footwall contact is consistent with deep drilling results. SRSZ South Range Shear 
Zone, CF Creighton fault. See Figure 2.1 for location of cross section.
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originate from the South Range Norite-granophyre and 
norite-footwall contacts. These contacts are steeply dipping 
and may even be overturned in places. The deeper, 
south-dipping reflections are the continuation of the norite 
and underlying footwall and/or breccia layers as empha 
sized in Figure 2.7. The top of the norite can be traced from 
the outcrop in the North Range to a 9 km depth beneath the 
southern part of the Sudbury Structure. The prominent 
reflection pattern associated with the norite layer and its 
highly reflective footwall has not been imaged beneath the 
Huronian Supergroup, south of the Sudbury Structure. 
Thus, the mafic unit of the SIC appears to be tightly folded 
or truncated near the Creighton fault (CF in Figure 2.7). The 
norite thickness increases from 1000 m beneath the centre 
of the basin to about 3000 m beneath the southern rim of the 
Sudbury Structure.

Seismic data from the centre of the South Range are 
much more difficult to interpret. Here, a south-dipping zone 
of pronounced reflectivity, bounded above and below by 
relatively well-defined reflections, underlies the entire 
Sudbury Structure to a maximum depth of about 10 km. 
Some of the south-dipping reflections project up into the 
South Range Shear Zone (SRSZ), a broad zone of pervasive 
ductile shear (Shanks and Schwerdtner 1991 a, 1991 b); oth 
er reflections are interpreted as major discrete shear and/or 
fault zones. On these shear and/or fault zones, imbrication 
of lithologic units and considerable northwest-southeast 
shortening of the Sudbury Structure took place.

Results from a controlled-source electromagnetic 
survey (Boerner et al. 1992) indicate that the Sudbury 
Igneous Complex is highly resistive; whereas, there is a dis 
tinct south-dipping conductive layer at depth. The conduc 
tive zone is highly reflective and is approximately bounded 
by prominent reflections. The conductive and highly reflec 
tive zone is definitely not intact material from the Sudbury 
Igneous Complex, which displays much higher resistivities. 
If the original igneous complex were basinal, the presence 
of the south-dipping conductive zone suggests strong fold 
ing or thrusting in the southern part of the Sudbury Structure 
as the zone underlies the SRSZ. While the association of the 
conductivity anomaly is unclear, the conductive rocks may 
represent either the glide plane upon which shearing took 
place or may indicate an increase in thickness (due to 
stacking?) of more conductive rock units, such as found in 
the lower Onaping Formation. A complete restoration of the 
Sudbury Structure to its original form must explain both the 
deformation zone and the associated conductive material at 
depth.

SUMMARY AND CONCLUSION

As part of the Lithoprobe Sudbury Transect, significant 
progress has been made in 3 areas of research: 1) seismic 
data acquisition and processing, 2) calibration of reflection 
seismic data through geophysical studies and 3) integration 
of physical rock-property studies and electromagnetic 
profiling in the interpretation process.

1990-1992 Lithoprobe Studies

The primary objective of the seismic reflection surveys was 
to delineate lithology and structure at depth. The use of 
high- frequency reflection seismic studies helped to address 
some of the outstanding problems in crustal seismology: 1) 
the cause of reflections; 2) the meaning of patterns of crustal 
reflectivity; and 3) the provision of a better link between 
lithologic logs, surface geology and surface seismic data. 
From the seismological point of view, the results from high- 
frequency seismic data across the Sudbury Structure are 
surprising in that: firstly, the high input frequencies of the 
seismic data can be preserved through the processing 
sequence; and secondly, the high frequency data are capable 
of imaging complex shallow crustal structures, not seen by 
the low-frequency regional seismic survey. Short shot-re 
ceiver offsets, high seismic frequencies (up to 140 Hz) and 
high stacking fold (up to 120) are necessary to overcome 
problems associated with high levels of cultural noise and 
small reflection coefficients in a crystalline environment. 
Accurate refraction static corrections and DMO processing 
are necessary to preserve the high frequency content of the 
data, improve stacking velocity estimates and image steep 
ly dipping structures. Based on the experience gained dur 
ing the first phase of reflection seismic profiling across the 
Sudbury Basin, the use of a telemetry-based seismic 
acquisition system in conjunction with straight seismic 
profiles is highly recommended.

To calibrate the seismic data and further investigate the 
source of the observed reflections, a geophysical logging 
program has been completed utilizing 2 deep boreholes. 
Density logs and velocities determined from the full wave 
form sonic logs provide the most direct link between the in 
situ rock properties and the observed seismic reflection 
data; these logs can be used to calculate the expected seis 
mic reflectivity. Results from our detailed studies indicate 
that the effects of macroscopic fracturing on the seismic re 
flectivity are only important to a depth of 200 m, and that 
lithologic variations, at least within the northern part of the 
Sudbury Structure, are the primary cause of reflections 
observed on the seismic reflection profiles.

The seismic data, aided by physical rock-property and 
borehole geophysical studies, confirm prominent reflec 
tions from the Chelmsford-Qnwatin and Onwatin-Onap- 
ing contacts, the poor reflectivity of the Onaping-grano- 
phyre contact, the nonreflective nature of the granophyre, 
the well-defined granophyre-norite contact, reflections 
from within the norite layer and a highly reflective no 
rite-footwall contact.

The reflection seismic data provide important con 
straints on the thickness of lithologic units in areas where 
thick glacial drift prohibits surface geologic control. The 
data indicate a maximum thickness of 500 m for the 
Chelmsford Formation beneath the centre of the basin and 
1500 m for the Onwatin Formation. The total thickness of 
the Onaping and granophyre units is 2500 m beneath the 
centre of the basin and may reach 9000 m beneath the South 
Range. The norite layer and underlying highly reflective 
footwall complex can be traced as a southward-dipping unit
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from the outcrop in the North Range, to a depth of 4.5 km 
beneath the centre of the basin and to a depth of 10 km 
beneath the southern rim of the Sudbury Structure. In the 
northern part of the Sudbury Structure, the footwall com 
plex, the overlying Sudbury Igneous Complex and sedi 
mentary units exhibit only minor superimposed structural 
relief. A change in structural style occurs beneath the centre 
of the basin where the transition from the relatively simple 
layered subsurface to the deformed one is marked by 
steeply south-dipping reflections. Farther south, prominent 
south-dipping reflections project up to the South Range 
Shear Zone. Assuming that the Sudbury Igneous Complex 
was circular and that significant displacement occurred 
across the SRSZ, the continued southward dip of the North 
Range norite-footwall complex beneath the South Range 
suggests that the original crater of the structure extended 
farther south and the original north-south dimensions were 
at least twice their present values (e.g., Milkereit et al. 
1992).

Outlook

Lithoprobe's seismic program was highly successful in that 
high-frequency seismic reflection profiling has the demon 
strated potential for delineating lithology and structure at 
depth. The reconnaissance seismic studies revealed con 
siderable structural complexity beneath the South Range 
whereas continuous, moderately south-dipping lithologic 
contacts were imaged beneath the north half of the Sudbury 
Structure. The asymmetry of the Sudbury Structure at depth 
supports a crustal model in which shortening and imbrica 
tion has occurred (Milkereit et al. 1992).

There are clearly lateral variations in the gravity, mag 
netics and geology of the South Range (particularly in the 
SRSZ), and these may prove crucial to understanding the 
tectonic and metamorphic history of the structure. A 
three-dimensional approach to the interpretation is re 
quired, and this necessitates good areal coverage of seismic 
profiles. In light of the shape of the regional gravity anoma 
ly and the apparently closed surface geology of the Sudbury 
Structure, the "simple" crustal model of telescoping and 
imbrication of lithologic units and associated shortening as 
derived from the seismic data must be tested and modified. 
New high-frequency seismic reflection data could image 
lithologic contacts and deformation zones elsewhere, there 
by providing insight into the three-dimensional nature of the 
Sudbury Structure. The good correlation between the 
seismic reflection images and the mapped attitude of the 
South Range Shear Zone provides the unique opportunity to 
study the physical properties and lateral continuity of a 
prominent deformation zone. In addition, further studies are 
required to:

1. evaluate the relative roles and timing of south-north- 
directed thrusting, ductile deformation, crustal short 
ening and the deposition of the Onwatin and 
Chelmsford formations

2. establish the deep three-dimensional geometry of the 
Sudbury Structure and its relationship to the develop 
ment of mineral deposits

A second phase of Lithoprobe studies will be con 
ducted across the South Range of the Sudbury Structure in 
1993. The main goal of these studies is to probe the three-di 
mensional nature of the lithologic contacts and deformation 
zones imaged in phase I. Information derived from the new 
seismic data will further test and clarify the proposed 
crustal-shortening model for the Sudbury Structure.
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Chapter 3

A Gravity Model for the Sudbury Structure

P.H. McGrath and H.J. Broome
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Abstract
A new, 2.5 dimensional, model of the Sudbury Structure (1850 Ma) is derived from gravity observations 
made at an average spacing of l km along the north-south Lithoprobe seismic transect across the Sudbury 
Structure. The interpretation is constrained by: 1) surface geology, 2) density measurements of surface and 
borehole rock samples and 3) high-resolution seismic reflection data. Two additional profiles interpolated 
from gravity observations made at an average station spacing of 2 km are used to extrapolate the new model 
to the east. Results indicate: 1) density distributions constrained by the seismic model yield calculated gravity 
values that closely match the Bouguer gravity data; 2) the main sources of gravitational disturbance are 
external to the Sudbury Structure, and the effective density contrast between it and the enclosing country 
rocks is less than 0.1 g/cm3 ; 3) the large, ramp-like, gravity anomaly paralleling, but largely external to, the 
northwest margin of the Sudbury Structure is an expression of a boundary within an Archean terrain 
between the Levack gneisses and Cartier Granite, a boundary interpreted to dip regionally to the north and 
northwest; 4) the east-west linear zone of positive gravity anomalies south of the Sudbury Structure is 
explained in terms of the composite effect of Huronian mafic and ultramafic rocks, and Nipissing diabase; 5) 
a high-grade metamorphic zone of Levack Gneiss, which is interpreted to occur beneath the Sudbury. 
Structure, decreases in thickness from west to east; 6) there is a net west to east thinning of the Huronian 
sedimentary and mafic package of rocks south of the Sudbury Structure; and 7) a shallow westerly plunge of 
the South Range of the Sudbury Structure occurs in the vicinity of the gravity profiles. The presence of a 
hidden mafic layer with a density greater than 3.0 g/cm3 lying at depth beneath the Sudbury Structure is not 
required to model the Bouguer gravity data. An enigma is an 8 mGal, positive, gravity anomaly over the south 
central part of the Sudbury Structure.

INTRODUCTION
The Sudbury Structure (SS), a 60 km long and 27 km wide 
basin-like feature, is superposed on the boundary between 
an Archean (greater than 2600 Ma) terrain of granitic 
plutons and gneisses, "greenstone" belts and metasedimen- 
tary rocks, and a Paleoproterozoic terrain of supracrustal 
rocks including Huronian (2200 to 2500 Ma) metasedimen- 
tary and volcanic rocks intruded by granitic plutons 
(ea. 2390 Ma), anorthosite gabbro (ea. 2485 Ma) and 
extensive sheets of Nipissing diabase (2219 Ma, Corfu and 
Andrews 1986) (Figure 3. l, after Card et al. 1984; Dressler 
1984b). The SS consists of inward-dipping igneous layers, 
the Sudbury Igneous Complex (SIC in Figure 3.1), which 
entirely encloses the Whitewater Group (Wh), a concentric 
sequence of Paleoproterozoic strata. The Whitewater 
Group consists of an outer zone of breccias of uncertain ori 
gin, the Onaping Formation, which encloses in turn a slate 
unit, the Onwatin Formation, and a sandstone unit, the 
Chelmsford Formation. The cumulative stratigraphic thick 
ness of the Whitewater Group is 3 km (Muir and Peredery 
1984; Rousell 1984b). Levack gneisses of Archean age 
which outcrop to the north of the S S (L in Figure 3.1) have 
been subjected to amphibolite- to granulite-facies regional 
metamorphism (Card and Meyn 1969), while rocks of the 
SS exhibit subgreenschist mineralogy in the northern half 
and greenschist facies mineralogy in the southern half.

1 Geological Survey of Canada contribution 38792.

Huronian rocks south of the SS have been subjected to 
greenschist- to amphibolite-facies metamorphism (Card 
1978). Wilson (1956), Souch et al. (1969), Naldrett et al. 
(1970) and others have suggested that the rocks of the South 
Range of the SS have been up-faulted about 5 km with 
respect to the North Range along steep, southerly dipping 
faults, thus exposing a deeper section along the south side 
of the SS. This deformation is associated with north- to 
northwest-verging thrust faults which formed during the 
Penokean Orogeny (1.82 to 1.89 Ga) (Rousell 1984a). 
Shock-metamorphic features (Dressler 1984a), including 
shatter cones, occur in the rocks surrounding the SS up to a 
distance of at least 17 km (Guy-Bray et al. 1966). The SIC 
has been dated at 1850 3 Ma (Krogh et al. 1984). The nature 
of the event that produced the SS is controversial; consider 
ations favouring an endogenic origin are reviewed by Muir 
(1984), and an impact origin (Dietz 1964) by Peredery and 
Morrison (1984) and by Grieve et al. (1991).

Previous geologic models of the SS based upon gravity 
data were constrained by surface geology and by density 
measurements of surface and borehole rock samples. Miller 
and Innes (1955), in summarizing the results of 500 gravity 
measurements in the Sudbury area, concluded that the 
majority of the observed gravity features are controlled by 
variations in surface rock densities. The most obvious cor 
relations are: 1) regional gravity lows with large masses of 
granitic rocks; and 2) regional gravity highs with 
gabbro-anorthositic rocks of limited surface exposure but 
probably more extensive within the crust (Popelar 1971). 
Superimposed upon these regional features is the rather
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unspectacular gravitational effect of the SS, which is mani 
fest as a composite of local perturbations within a region of 
relatively positive Bouguer anomaly (Figure 3.2). The 
correlation of these local gravity features with geologic 
units of the SS is enhanced in vertical gravity gradient maps 
(Popelar 1972). The lack of a strong positive gravity 
anomaly associated directly with the S S suggests a weak 
positive density contrast (less than 0.1 g/cm3) between the 
SS and the enclosing country rock (Popelar 1972). Gupta 
et al. (1984) have attributed the regional positive gravity

anomaly to a hidden mafic layer. This layer is interpreted to 
have a density of 3.0 g/cm3 , to occur beneath the SS in the 
depth range of 5 to 8 km and to extend laterally at depth to 
the west and northeast beyond the surface expression of the 
SS. New high-resolution seismic reflection data along the 
north-south Lithoprobe profile across the SS (Milkereit 
et al. 1992) provide new geometrical constraints that are 
used to develop a new density model for the SS using new 
coextensive gravity data.

81 045'W 81 0 W

PROTEROZOIC

470 N

460 15' N

10 20 30 40 50

KILOMETRES
UNIVERSAL TRANSVERSE MERCATOR PROJECTION 

PROJECTION UNIVERSELLE TRANSVERSE DE MERCATOR 
CENTRAL MERIDIAN W61* MERIDIEN CENTRAL 81*W

Figure 3.1. The Sudbury Structure is located along the surface expression of an Archean-Proterozoic boundary. The structure consists of an outer oval 
ring, the Sudbury Igneous Complex (SIC), which encloses the Whitewater Group (Wh) and is bordered to the northwest and east by the Levack Gneiss 
(L) of Archean age. The Grenville Province occurs to the southeast, and the Cartier Granite (Gr) and the Benny greenstone belt (Gst) of Archean age 
occur to the northwest. The gravity profile (WEST) is located along the Lithoprobe seismic profile line. The locations of 2 additional gravity profiles are 
designated CENTRAL and EAST.
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ROCK DENSITIES AND 
REGIONAL BOUGUER GRAVITY

To interpret gravity data, a knowledge of the densities of the 
various rock types is essential. A large number of density 
determinations for the Sudbury area are summarized in 
frequency diagrams by Gupta et al. (1984, Figures 18.3a, 
18.3b and 18.4), and additional density information is 
provided by Salisbury et al. (in press). The arbitrarily 
selected density values presented in Table 3. l differ slightly 
from Gupta et al. (1984) but are well within the standard 
deviations determined by Salisbury et al. (in press).

To utilize the density data in the calculation of the 
gravity effect of a given model of the SS, it is 
computationally efficient to use a single density value to 
represent a particular rock type. The modelling process is 
simplified further by selecting the density of the most com 
monly occurring rock type as background. In the calculation 
process, each rock unit is represented by its density contrast 
with respect to the arbitrarily selected background density 
value as opposed to its real density value, and thus, any rock 
unit of background density value is ignored in the calcula 
tion process. The density value for Archean gneiss of 
2.73 g/cm3 (Gupta et al. 1984, Figure 18.4) was used in the 
present study. Obvious consequences of this decision are:

W80* 40.00

N46* 15.00 N46' 15.00

war 45.00 WBO* 40.00

CONTOUR INTERVAL 2 Ifillif ala 
O 10 20

EQUIDISTANCE 2 Uillif ala 
30 40 50

KILOMETRES
UNIVERSAL TRANSVERSE MERCATOR PROJECTION 

PROJECTION UNIVERSELLE TRANSVERSE DE MERCATOR 
CENTRAL MERIDIAN WBl* MERTOIEN CENTRAL 81*W

Figure 3.2. Bouguer gravity map of the Sudbury Structure area. The contour interval is 2 mGal. The Sudbury Structure, outlined by the black line, is 
located within an area of high regional gravity. Interpretations of the gravity profiles WEST(W), CENTRAL(C) and EAST(E) are shown in Figures 3.3 
to 3.6. Anomalies A, B, G, H, K, M and X are discussed in the text.
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Table 3.1. Densities used in gravity modelling.

Rock Unit Density (g/cm3)

Chelmsford Formation 2.75

Onwatin Formation 2.68

Onaping Formation ' 2.77
Granophyre 2.70

Norite 2.81

Huronian sedimentary rocks 2.70

Huronian mafic rocks 2.88

Nipissing diabase 2.85 

Cartier, Killarney and Creighton granites 2.65

Levack Gneiss 2.73, 2.77, 2.86
Background density 2.73

l) the calculated gravity anomaly tends to a zero value over 
model units representing Archean gneiss and 2) the value of 
the base level shift required to compare the observed and 
calculated gravity data is not independent of the selected 
background density value. Based on these criteria, and 
by fitting the observed gravity data to the calculated gravity 
data derived from the seismic model, appropriate back 
ground values of Bouguer gravity were determined 
(Figures 3.3 to 3.6). The background values employed in 
the present study are significantly different from the ap 
proximately -58 mGal regional surface employed by Gupta 
et al. (1984, Figure 18.5). Their regional surface is strongly 
influenced by the gravitational effects of the Cartier Gran 
ite, and thus is more compatible with a background density 
value of 2.65 g/cm3 .

BOUGUER GRAVITY DATA
Bouguer gravity data in the vicinity of the SS were obtained 
from the National Geophysical Data Centre, Geological 
Survey of Canada and include gravity data provided by the 
Ontario Geological Survey. This data set, which has an 
average station spacing of 2 km, was augmented in 1991 
with supplementary gravity observations at a nominal 
spacing of l km along most of the Lithoprobe seismic sur 
vey lines. The resultant gravity data are displayed in Figure 
3.2. The gravitational expression of the Sudbury Structure is 
dominated by laterally extensive gravity features related to 
density variations external to the SS. The regional negative 
gravity anomaly northwest of the SS (A in Figure 3.2) is spa 
tially associated with massive to foliated Archean granite. 
The local positive anomaly trend (B in Figure 3.2) is related 
to the Benny greenstone belt of Archean age. The linear, 
positive gravity anomaly trend located along the southern 
margin of the SS and extending 90 km to the west (M in Fig 
ure 3.2) correlates with mafic rocks of Proterozoic age. Far 
ther to the south, negative gravity anomalies (H and K) 
occur over Huronian sedimentary rocks and Killarney 
Granite. Southeast of the SS, a large gravity positive (G) oc 
curs within the Grenville Province and is apparently related 
to the gabbro-anorthosite bodies that outcrop locally 
within a terrain dominated by migmatitic rocks and 
quartzofeldspathic gneisses.

To develop a model of the S S from gravity data, a 
north-south profile line, WEST in Figure 3.1 (W in 
Figure 3.2), was selected crossing the SS close to the loca 
tion of the segmented Lithoprobe seismic line. Sixty- three, 
evenly spaced gravity values were interpolated at a l km 
interval along the selected line from Bouguer gravity values 
calculated at randomly spaced gravity stations, and within a 
10 km wide corridor adjacent to the gravity profile line. The 
two-dimensional interpolations were calculated employing 
a minimum curvature algorithm (Briggs 1974) with com 
puter software provided by Swain (1976). The resultant 
digital gravity profile was interpreted with the interactive 
computer program MAGRAV2 (Broome 1986, 1988), 
which uses Talwani's n-sided polygonal body with end cor 
rections (Rasmussen and Pedersen 1979) to model the vari 
ous geologic units. Two additional gravity profiles, CEN 
TRAL and EAST in Figure 3. l (C and E in Figure 3.2), are 
used to extrapolate to the east the gravity model developed 
for the Lithoprobe seismic line.

A GRAVITY MODEL OF THE 
SUDBURY STRUCTURE

Interpretation of the gravity data along the Lithoprobe seis 
mic line (W in Figure 3.2) was constrained by: 1) surface 
geology (Dressler 1984a), 2) rock density data (see Table 
3.1) and 3) subsurface geometry derived from the seismic 
reflection survey (Milkereit et al. 1992). Based on these 
constraints, it is apparent, as previously noted by others 
(e.g., Popelar 1972;Guptaetal. 1984), that the most impor 
tant geologic features with respect to gravity anomaly gen 
eration are external to the SS. Unlike the hidden body model 
of Gupta etal. (1984), our model indicates that a significant 
density contrast occurs within the Archean terrain at the 
boundary between the Cartier Granite and the Levack 
gneisses (Gr and L in Figure 3.1). This boundary is exposed 
irregularly to the northwest of the SS and is spatially asso 
ciated with a northeasterly trending, steep gradient in the 
Bouguer gravity field. This regional gravity feature indi 
cates a north- to northwest-dipping boundary extending to a 
depth of approximately 10 km assuming the constant 
density contrast value of 0.08 g/cm3 typical of the density 
contrast between Archean granites and gneisses. Given the 
northerly dip of this boundary, it is inferred that the northern 
half of the SS is floored by Levack gneisses as previously 
suggested by Card et al. (1984) and Dressler (1984a). The 
Levack gneisses are similar to the Kapuskasing gneisses 
(Percival and Card 1983) and, like those gneisses, were 
uplifted from mid-crustal depths into their present position. 
The time of uplift is uncertain; however, the presence of 
pseudotachylyte within the Levack gneisses suggests uplift 
occurred before the Sudbury Event (Card et al. 1984).

In our model, the Levack gneisses were assigned a 
density value of 2.73 g/cm3 typical of Archean gneisses 
(Gupta et al. 1984, Figure 18.4). To satisfy the gravity data, 
it was necessary to introduce a 2 to 3 km thick, denser phase 
of Levack Gneiss immediately below the SS. This layer, 
which represents the higher metamorphic grade and more 
mafic gneisses which occur next to the northwest boundary 
of the S S (Dressler 1984a), was arbitrarily assigned a
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density value of 2.77 g/cm3 (Gupta et al. 1984, Figure 
18.3b). The thickness of this layer is reduced to l km using 
the average density of 2.86 g/cm3 for the Levack Gneiss de 
termined by Salisbury et al. (in press). This denser layer 
within the Levack gneisses appears to correlate with a 
highly reflective seismic zone (Milkereit et al. 1992); how 
ever, the nature and extent of the gneisses at depth must re 
main problematic because of the large standard deviation in 
density (Salisbury et al., in press, Table 1), coupled with a 
limited surface exposure as contrasted with an apparently 
much larger subsurface extent.

A second significant density contrast external to the SS 
produces the linear zone of Bouguer gravity high anomalies 
paralleling the southern margin of the SS and extending to 
the west (M in Figure 3.2). As first suggested by Miller and 
Innes (1955), this zone of anomalies is related to the com 
posite effect of the Huronian mafic volcanic rocks, the 
gabbro-anorthositic plutonic bodies, the Nipissing diabase 
and, in part, the noritic phase of the Sudbury Igneous Com 
plex (SIC) of the South Range of the SS. For the purposes of 
modelling, the complex sequence of Huronian mafic units 
are represented in Figures 3.3 to 3.6 as a single unit with an 
effective density of 2.88 g/cm3 . These mafic rock units out 
crop along the northern edge of the Proterozoic terrain, and 
it is inferred from the gravity data that: 1) they underlie the 
Huronian sedimentary strata as far as 10 km south of the 
surface expression of the SS and 2) there is a vertical 
component to the displacement along the Murray Fault 
(MF in Figure 3.3). Assuming the basement underlying 
this complex package of Proterozoic rocks has a density of 
2.73 g/cm3, a 5 km vertical extent can be inferred from the 
gravity data, as is illustrated in Figure 3.3.

The residual part of the gravity field, after modelling 
these 2 major anomalous sources, consists of local anoma 
lies directly related to the SS. An elliptic ring of anomalies is 
associated with the surface expression of the noritic phase of 
the SIC. Small local negative anomalies occur over out 
crops of granophyre and of Chelmsford-On watin sedimen 
tary formations. The sharp negative anomaly at the 47 km 
position in Figure 3.3 is coincident with the general trend of 
the Vermilion River and is modeled as a valley of unconsol 
idated materials with a density of 1.98 g/cm3 and a 
cross-sectional area of 0.25 km2 . The small negative devi 
ation of the observed anomaly profile from the calculated 
anomaly profile at the 34 km position probably reflects the 
greater mass of granophyre, which crops out off-line imme 
diately to the west of the profile illustrated in Figure 3.3.

A region of ambiguity is represented by the mass of 
rocks (Y in Figure 3.3) that occurs below the surface expres 
sion of the southern exposures of granophyre and Onaping 
rocks. This zone, which is highly reflective of seismic en 
ergy (Milkereit et al. 1992) and possibly a zone of high elec 
trical conductivity (Boerner et al., in prep.), dips moderately 
to the south and may be related in part to the South Range 
Shear Zone (Shanks and Schwerdtner 1991). The average 
density of this package of rocks appears to be close to the 
background density value of 2.73 g/cm3 . This strong con 
straint is supportive of the inference that the zone is com 
posed of tectonically thickened granophyric and Onaping

rocks (Rousell 1984a). Boerner et al. (in prep.) note that 
graphite occurs in the Onaping Formation and is considered 
the likely cause of the electromagnetic conductor in this 
region. This adds additional support to Rousell's tectonic- 
thickening model.

The seismic data image neither an extension at depth of 
the North Range of the SIC south of the 23 km position, area 
represented by a symbol (?) in Figure 3.3, nor the Benny 
greenstone belt. The gravity data permit an extension of the 
North Range rocks to the south beneath the Huronian cover 
if the thickness of the Huronian mafic complex is reduced. 
This aspect of the structure cannot be resolved from the 
gravity data alone, and the model remains uncertain in this 
region. In Figures 3.3 to 3.6, the Benny greenstone was 
modelled using a density of 2.73 g/cm3 . Using the density of 
2.83 g/cm3 (V.K. Gupta, Ontario Geological Survey, 
personal communication, 1992) reduces the vertical extent 
of the Benny greenstone belt to approximately l km, but 
otherwise has no effect upon the interpretation of the 
Sudbury Structure.

Extrapolations of the western model to profiles located 
east of Figure 3.3 are illustrated in Figures 3.4 and 3.5. 
These interpretations were derived from gravity data inter 
polated at a l km sampling interval along the profiles C and 
E (see Figure 3.2). Although generally similar to the model 
derived along the Lithoprobe seismic line (W in Figure 3.2), 
it is inferred from these interpretations that: l) the denser 
phase of Levack Gneiss underlying the SS thins significant 
ly towards the east; 2) assuming a uniform basement density 
of 2.73 g/cm3, the overlying Huronian rocks thin towards 
the east; 3) the vertical extent of the South Range of the SS 
appears to decrease towards the east; 4) the near-surface dip 
of the Levack-Cartier boundary is variable, however, the 
regional dip is towards the north-northwest; 5) the density 
of rocks within the ambiguous zone (Y in Figure 3.3) ap 
pears to increase towards the east; and 6) significant vertical 
displacements are maintained at the Murray Fault. The 
source of the positive deviation of observed gravity at the 34 
km position in Figure 3.4 is unknown. An arbitrary increase 
in density of the granophyre to 2.73 g/cm3 does not signifi 
cantly improve the fit of the calculated to the observed 
gravity profile.

AN ALTERNATIVE GRAVITY 
MODEL

The 8 mGal positive gravity anomaly (X in Figure 3.2), 
while spatially associated in part with the surface expres 
sion of the Onaping Formation in the southern half of the 
SS (Popelar 1972, Maps l and 2), is much more 
extensive and transects the Onaping-Onwatin boundary. 
The large areal extent and relative smoothness of this 
anomaly, as contrasted with the anomalies of smaller areal 
extent directly associated with the outer elliptic ring of 
norite, suggest that the source is subsurface and possibly 
caused by a structural disturbance associated with reverse 
thrusting (Rousell 1984a; Shanks and Schwerdtner 1991). 
In Figures 3.3,3.4 and 3.5, this anomaly is modeled in terms 
of tectonically thickened Onaping rocks with a density 
value of 2.77 g/cm3 (Salisbury et al., in press). Using the
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density value of 2.73 g/cm3 for the Onaping Formation 
employed by Popelar (1972) and Gupta et al. (1984) com 
bined with the geometric constraints provided by the seis 
mic reflection data yields insufficient mass within the SS to 
model anomaly X. An alternative model presented in Figure 
3.6 explains anomaly X in terms of a melange of noritic 
rocks that have been uplifted from the buried extension of 
the North Range by northwest-directed thrusting during the 
Penokean Orogeny. This model is similar to that presented 
for the Lithoprobe transect (see Figure 2 in Hearst et al. 
1992) but suggests that the source of the gravity anomaly 
east of the Lithoprobe line is both deeper and relatively 
closer to the southern margin of the SS, as is indicated by the 
trend of anomaly X. There is insufficient information to 
resolve the differences between the models presented in 
Figures 3.4 and 3.6, nor in fact to resolve ambiguities arising 
from other possible models for anomaly X, for example, a 
feeder root to the SIC.

SUMMARY

The proposed models of the Sudbury Structure presented in 
Figures 3.3 to 3.5 are constrained by geometric control from 
seismic reflection data (west profile only), extrapolation 
from surface geology, regional and detailed gravity data and 
rock property measurements. These data are sufficient to 
allow the construction of density models that explain almost 
the entire gravity anomaly. Although similar in many 
respects to previous gravity models of the SS, important 
differences are: 1) the assumption that the SS rests on a 
basement of low density granite and Huronian sediments 
(Miller and Innes 1955), 2) that the Levack Gneiss-Cartier 
Granite boundary dips to the south (Popelar 1972) and 
3) that the SS is underlain by a 3 km thick hidden layer with 
a density of 3.02 g/cm3 (Gupta et al. 1984). The basis of the 
difference between the present interpretation and that of 
Gupta et al. (1984) is the significantly different base level 
values employed (Gupta et al. 1984, Figure 18.5). Their 
selection of a regional surface, which is strongly influenced 
by the gravitational effects of Archean granites and by mafic 
rocks within the Grenville Province, is not compatible with 
a background density value of 2.73 g/cm3 and has resulted in 
the necessity of a hidden mafic layer in order to provide 
what is essentially a base level shift so as to account for their 
resultant large amplitude, positive, residual gravity anoma 
ly. The 8 mGal positive gravity anomaly occurring over the 
south central part of the SS, although explained in terms of 
tectonically thickened Onaping Formation and/or a me 
lange of uplifted noritic rocks from the buried extension of 
the North Range, remains a enigma.
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Abstract
High-resolution seismic reflection data along the Sudbury Structure Lithoprobe Transect have provided a 
geometrical and lithologic framework for the development of a magnetic model. Adoption of this initial con 
straint was necessary because of the complexity of the magnetic properties exhibited by the rocks composing 
the Sudbury Structure. In many locales, remanent magnetization dominates over the induced magnetization, 
and the orientation and amplitude of the remanence vector can vary significantly both between and within 
the individual rock units. Measured magnetic susceptibility and natural remanent magnetization values 
from rock samples (in situ and laboratory) and borecores, obtained along the Lithoprobe Transect and across 
the North Range near Strathcona Mine, have afforded an important constraint on the modelling process, 
providing a valuable insight into the genesis of the various magnetic anomalies.

The magnetic anomaly profile along the Lithoprobe Transect across the Sudbury Structure appears to 
arise from 3 main sources: 1) a broad regional magnetic anomaly ascribed to a more magnetic layer of the 
Levack Gneiss Complex subjacent to the base of the Sudbury Igneous Complex (SIC); 2) a prominent mag 
netic high associated with the southern contact between the Onwatin and Onaping formations, believed to 
reflect a zone of hydrothermal mineralization; and 3) a magnetic high associated with the South Range con 
tact of the SIC produced by the juxtaposition of rock units produced by northward-directed thrusting and an 
enhanced remanence signature in the basal unit of the South Range Norite.

INTRODUCTION

The interpretation of high-resolution seismic reflection data 
along the Lithoprobe Transect across the Sudbury Structure 
(SS) (Milkereit et al. 1992) has provided new geometrical 
constraints for the modelling of magnetic and gravity data. 
Previous interpretations of these potential field data by 
Popelar (1972) and Gupta et al. (1984) had been governed 
essentially by surface geology and by rock property 
measurements of samples from surface exposures and a 
limited number of boreholes.

Preliminary modelling using the new seismic data to 
limit the subsurface position of lithologic boundaries 
indicates that the seismic model (Milkereit et al. 1992) was 
conditionally consistent with the gravity data (McGrath and 
Broome, this volume). Initial magnetic modelling based on 
rigid adherence to the geometries defined by seismic data 
together with the use of the then available measured 
magnetic parameters could not produce a satisfactory match 
to the observed magnetic data (Hearst et al. 1992). This 
incompatibility between the seismic model and an equiva 
lent magnetic model could result from: 1) the significant 
variations of the magnetic properties within individual rock 
units; 2) the use of magnetic rock-property data collected 
from off-transect locations; and 3) the fact that the magnetic 
data set is sensitive to structures that are possibly trans 
parent on the regional scale of the seismic and gravity data. 
A new magnetic model presented here incorporates the

results of new in situ susceptibility and remanent magneti 
zation measurements together with detailed magnetic struc 
tures within the broad geometric framework of the seismic 
and gravity models.

MAGNETIC DATA
The present study utilizes regional magnetic data provided 
by the Geophysical Data Centre of the Geological Survey of 
Canada (GSC) and the Ontario Geological Survey (OGS). 
This data set is presented in gridded, planimetric form cal 
culated using the minimum curvature algorithm of Briggs 
(1974) as implemented by Swain (1976). The magnetic 
data, gridded using a grid cell interval of 150 m, were en 
hanced through levelling with respect to the GSC 812.8 m 
national grid using the procedure described by Gupta et al. 
(1989). The magnetic images of the SS are presented in the 
form of a total magnetic field anomaly map (Figure 4.1) and 
a calculated vertical gradient of the total magnetic field 
anomaly (Figure 4.2).

Regional magnetic susceptibility and natural magnetic 
remanence values as determined by Morris (1984), and 
Tanczyk (1991), were used as an initial guide to 
the magnetic parameters to be used in modelling (Table 
4. l). The magnetic anomaly maps (see Figures 4. l and 4.2) 
indicate that there are rapid changes in magnetic properties 
both between and within the rock units composing the SS. 
It is also apparent that the Lithoprobe Transect crosses 
the SS in a magnetically complex section. Therefore, it was
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Figure 4.1. Total magnetic field map. Contour interval 100 nT. P-P' is the line of the modelling profile. Geologic base derived from Dressler (1984, 
OGS Map 2491).
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Figure 4.2. Pole-reduced first vertical derivative of the total magnetic field. Contour interval 0.025 nT/m. Geologic base derived from Dressler (1984, 
OGS Map 2491).
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GENERALIZED GEOLOGY

SUPERIOR AND SOUTHERN PROVINCE

Sudbury Diabase Dikes 

GRENVILLE PROVINCE

Gneisses and Intrusive Rocks 

SOUTHERN PROVINCE

Huronian Supergroup

Conglomerate, Wacke, Arkose, Limestone

Sudbury Igneous Complex

Sublayer, Granophyre, Quartz-Gabbro

Norite

Onaping Formation

Chelmsford Formation, Onaping Formation 

SUPERIOR PROVINCE

Archean Greenstones (Metavolcanic Rocks)

Granites and Gneisses

Geology based on OGS Map 2491 (after Dressler, 1984)

Figure 4.3. Generalized geology of the Sudbury area, after Dressler 
(1984, OGS Map 2491). This is the base on which the data of figures 4. l 
and 4.2 are plotted.

necessary to augment this regional rock-property data set by 
collecting new data along the Lithoprobe Transect. In situ 
susceptibility measurements were completed at 
approximately l km intervals along the transect, using 
an Exploranium model KT-5 susceptibility bridge. In 
addition, up to 6 oriented cores were collected at various 
sites along Lithoprobe Transect Line 40 and across the 
North Range contact of the SIC near Strathcona Mine. The 
remanence of these samples was measured on a Molspin 
spinner magnetometer, the susceptibility measured on a 
Bartington Instruments MS-2 susceptibility bridge. The 
induced magnetic field (Figure 4.4, in j/fw-induced B, 
specimens-induced A; Figure 4.5, induced) at each locality 
was calculated by multiplying the geometric mean sus 
ceptibility for the site by the Present Earth's Field (PEF) 
strength (0.586 Oersteds). The orientation and magnitude of 
the remanent field vector at each locality was found through 
calculating the vector sum of each specimen remanence 
vector, weighting each specimen by the logarithm of 
remanence intensity. The total magnetic field (see 
Figures 4.4 and 4.5) is the vector summation of the 
remanent and the induced magnetic field components. The 
importance of having remanent magnetization data is 
obvious considering: 1) the significant differences between 
the remanent magnetization (see Table 4. l) and the induced 
magnetization (inclination = 740 , declination s 351 0 ) vector 
especially for the South Range Norite; and 2) the magnitude 
of the remanent magnetization in most geologic units.

The lower part of the norite on the transect across 
the South Range is characterized by remanent magnetiza 
tion that is significantly stronger than the induced
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Table 4.1. Average rock magnetic properties.

Unit

Huronian:
Sedimentary Rocks
Mafic Rocks

South Range:
Norite
Norite (enriched)
Granophyre (enriched)
Granophyre
Onaping A
Onaping B
Onaping C
Chelmsford

Glacial Valley:

North Range:
Onaping D
Granophyre A
Granophyre B
Norite

Levack Gneiss:
Dense
Magnetic Dense
Less Dense
Depleted Less Dense

Cartier Granite:

Dikes: Dike (Sudbury type 1)
Dike (Sudbury type 2)

Benny Greenstone:

Abbreviations: DEC. — declination;

Susceptibility 
Observe Interpreted

(x KT6 SI)

10
20

60
63

150
25
10

150
30
10

N/A

8.4
78
78

7.5

N/A
N/A
N/A
N/A

N/A

N/A
N/A

N/A 

INCL. — inclination;

3
10

45
150
150

87.5
50

100
75

100

250

250
275
250
350

550
850
470
200

375

1750
300

Natural Remanence (NRM) 
Interpreted 
(x UT6 SI) 

DEC. INCL.

N/A
N/A

7.5
7.5
7.5
10
56
56
56
1.8

N/A

56
75
75
75

25
25
50
50

N/A

550
300

325 N/A 

NRM — natural remanent magnetization.

350
N/A

189
189
116
116
130
130
130
291

N/A

130
329
329
316

330
330
320
320

N/A

260
260

N/A

65
N/A

64
64
84
84
21
21
21
75

N/A

21
68
68
69

60
60
45
45

N/A

60
60

N/A

component (see Figure 4.4), and, hence, the total magnetic 
field vector for this part of the transect (inclination = 750 , 
declination = 2100) is quite different from the induced field 
direction. In the upper part of the norite, all of the grano 
phyre and the lower section of the South Range Onaping 
Formation, the induced magnetic field predominates. 
Consequently, the total magnetic field vector is oriented 
parallel to the PEF. Within both the upper norite and the 
granophyre, the susceptibility exhibits variations on the 
order of several magnitudes (see Figure 4.4). The upper part 
of the South Range Onaping Formation consists of 3 zones 
that exhibit enhanced induced and remanent field compo 
nents separated by 2 areas in which the susceptibility 
is reduced and the remanence is almost nonexistent. 
Individual specimens from this section of the Onaping do 
not exhibit a coherent, consistent remanence direction that 
is systematically divergent from the PEF direction. Demag 
netization of these specimens reveals that the characteristic 
remanence vector is directed at moderate inclination to the

east. This direction is similar to the typical Grenville Front 
overprint direction reported by Palmer et al. (1977).

The lower part of the norite on the North Range, the 
felsic norite, is composed of 2 magnetically distinct units: a 
lower, more magnetic unit; and an upper, weakly magnetic 
unit. In both phases, but especially in the lower, more 
magnetic phase, remanence again dominates over the 
induced magnetization. The resulting total magnetic field 
vector is divergent from the PEF's direction and from the 
orientation of the remanence-dominated total field vector 
found in the norite of the South Range. The difference in the 
orientation of the remanence vector in the North and South 
Range norites reflects postremanence acquisition deforma 
tion of the SS (Morris 1984). The Middle Zone (oxide-rich 
gabbro) of the SIC in the North and East ranges has an 
anomalously high total magnetic field that is dominated by 
the induced magnetic field as expected from a unit that is 
characterized by the presence of coarse-grained magnetite.
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Figure 4.4. Variations of: a) total magnetic field inclination; b) total magnetic field declination; and c) induced field A and total magnetic field A 
calculated from laboratory measurement of specimens and induced field B derived from in situ magnetic susceptibility measurements along the Litho- 
probe Transect across the South Range of the Sudbury Structure. PEF denotes the Present orientation of the Earth's magnetic field. Distances are along 
the actual route of the Lithoprobe Transect, O marks the southern contact of the SIC. CHELM Chelmsford Formation; GRAN granophyre; 
ONW Onwatin Formation.

37



Sudbury-Noril'sk; OGS Special Volume 5

150

-2 -1.5 -1 -0.5

SUDBURY IGNEOUS COMPLEX

-1 -0.5 O 0.5 1 
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Figure 4.5. Variations of: a) total magnetic field declination; b) total magnetic inclination; and c) induced and total magnetic field calculated from 
laboratory measurement of specimen susceptibility and remanence along a traverse across the North Range of the Sudbury Structure near Strathcona 
Mine. PEF denotes the orientation of the Present Earth's magnetic field, Zero (0) marks the northern contact of the SIC. TZ transition zone.
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The granophyre is represented by a magnetic low relative to 
other units of the SIC. Samples of the Levack Gneiss from 
within the thermal contact aureole of the SIC have magnetic 
intensities similar to those found in the oxide-rich gabbro. 
With increasing distance from the contact, the magnetic 
intensity shows a broad-scale reduction with a number of 
localized moderate highs and lows. From the limited extent 
of this profile line, it is not possible to define a background 
magnetic level for the Levack Gneiss. The observed varia 
tions of magnetization within the gneiss may correspond to 
compositional variations.

MAGNETIC ANOMALIES AND 
GEOLOGIC RELATIONSHIPS

The SS, as outlined on Figure 4.1, is an elongate elliptical 
structure with the major axis striking in a northeast direc 
tion. The total magnetic field anomaly map is dominated by 
a prominent, broad magnetic high, which lies mostly within 
and immediately northwest of the SS. This anomaly extends 
over a region that on surface encompasses outcrops of the 
Whitewater Group, the Onaping Formation, all the North 
Range units of the Sudbury Igneous Complex (SIC) and the 
Levack Gneiss Complex (LGC). The general increase of the 
background level over the same region in the vertical deriv 
ative plot (see Figure 4.2) suggests this magnetic anomaly 
could originate from a deep-seated source underlying the 
SS. A clue to the possible source of this large magnetic 
anomaly is provided by the association of the steep northern 
flank of this anomaly with the contact between the LGC and 
the Cartier Granite. Rock property measurements from the 
Strathcona Mine-Webfoot Lake section across the North 
Range contact document the presence of a strongly mag 
netic phase of the Levack Gneiss close to the contact with 
theSS.

The interior of the SS is marked by a distinct linear 
positive anomaly straddling the southern contact between 
the Onaping and Onwatin formations. This anomaly is more 
or less bounded by the Fairbank Lake Fault to the south and 
an unnamed subparallel fault to the north. The source of this 
anomaly is not readily apparent. Gupta et al. (1984) have 
suggested gabbroic intrusions within the Onwatin Forma 
tion as a possible source. Limited diamond drilling in this 
region has not substantiated this explanation. Magnetic 
susceptibilities determined along the Lithoprobe Transect 
suggest that much of this anomaly could come from locally 
mineralized zones in the Onaping Formation (see 
Figure 4.4). Within at least some of these zones of 
enhanced magnetization, remanence signatures of Grenvil- 
lian age are found residing in the mineral pyrrhotite, sug 
gesting that mineralization may have occurred as a result of 
fluid pulses related to the developing Grenville Orogen to 
the south. Having supported several past-producing mines, 
particularly in the Vermilion Lake area, this zone is of 
economic interest (Rousell 1984).

A correlation exists between the norite member of the 
SIC and an elliptical ring of high amplitude anomalies. Over 
the South and East ranges of the SS where this correlation is 
best developed, the anomaly lies predominantly along the

upper contact between the mapped norite and granophyre 
units and, therefore, as shown in Figure 4.5, is probably 
associated with the magnetite-rich, oxide-rich gabbro unit. 
The amplitude of the anomaly is significantly higher along 
the central South Range (greater than 2000 nT) than along 
the North Range (approximately 1000 nT maximum) 
reflecting primary compositional differences between the 
North and South Range Norite (Naldrett et al. 1970) and 
more extensive secondary alteration of the South Range 
Norite (Morris 1984). Dressler et al. (1991), following 
Naldrett et al. (1970), describe the standard geologic section 
through the SIC on the South Range with a gradational tran 
sition zone between the norite and the overlying quartz 
gabbro, which in turn is overlain by the granophyre. Along 
the Lithoprobe Transect across the South Range, there are 
no mapped outcrops of the quartz gabbro, suggesting that 
the exposed contact between the norite and the granophyre 
is actually a south-dipping thrust. Magnetic rock-property 
results from samples obtained along this stretch of the 
Lithoprobe Transect confirm the presence of a zone of 
enhanced magnetization at the base of the granophyre (see 
Figure 4.4). The norite in this location appears to be more 
magnetic in the lower part of the section corresponding to 
the "black" as opposed to the "green" norite varieties, in 
apparent conflict with the observed magnetic anomaly pro 
file data. A plausible explanation for this apparent 
contradiction is that the observed magnetic high may 
actually be originating from the more magnetic "black" 
norite phase, which is present at shallow depth below the 
thrust surface.

The South Range granophyre is, for the most part, coin 
cident with a magnetic low, while the granophyre of the 
North and East ranges is locally associated with magnetic 
highs. This pattern is replicated in the vertical derivative 
map (see Figure 4.2). Since the granophyre from all parts of 
the SIC is assumed to be lithologically equivalent, the 
magnetic anomaly differences within the granophyre are 
probably related to secondary process(es) that have prefer 
entially reduced the magnetite content on the South Range. 
The granophyre from the South Range (see Figure 4.4) has 
significantly lower total magnetic field than the equivalent 
North Range unit (see Figure 4.5).

A series of linear northwest- to west-northwest- 
striking anomalies, clearly evident on the vertical gradient 
map (see Figure 4.2), are best developed in the eastern half 
of the Sudbury Region. In this area, these anomalies extend 
from the Grenville Front in the southeast, passing through 
the SS into the Archean to the northwest. Mapped diabase 
dikes of the 1238 million-year-old Sudbury dike swarm cor 
relate with these anomalies. These dikes, which are pre 
dominately olivine tholeiites containing 5 to 109fc magne- 
tite-ilmenite, have been mapped with widths of generally 15 
to 30 m, although some have been mapped with widths of 
up to 100 m (Osmani 1991). Towards the western end of the 
SS, similar northwest-trending dikes are continuous and 
well defined around the southern perimeter; however, with 
in the SS, there are only sporadic indications of these dikes. 
The regional geology map (Dressler 1984, OGS Map 2491) 
indicates that these dikes are present in this region; 
however, they are not obvious on the total magnetic field
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map (see Figure 4.1) and only marginally enhanced on the 
vertical derivative map (see Figure 4.2). On more recent, 
unpublished high-resolution airborne and ground 
magnetic surveys, northwest-trending dike anomalies are 
also found in the southwest part of the S S. The general lack 
of definition of these anomalies in the magnetic data set 
presented in Figure 4. l can be attributed to a low rate of 
sampling in the original survey, in combination with a large 
grid-cell size with respect to anomaly width.

MAGNETIC MODEL OF THE 
SUDBURY STRUCTURE

The total magnetic field profile of Figure 4.6 has been 
extracted from the 150 m minimum curvature gridded data

set along a profile (see P-P' in Figures 4.1 and 4.2) 
coincident with the gravity model profile of McGrath and 
Broome (in press; Figure 4.7) and approximately parallel to 
the seismic transect.

The following criteria were used for the modelling:
1) the orientation of the representative remanence vector 
within each unit was fixed, but the amplitude of the rema 
nence contribution was allowed to vary (see Table 4.1); and
2) lithologic units of the seismic-gravity model were 
subdivided into more elements with contrasting rock 
magnetic properties, and a number of magnetic dikes were 
introduced into the model. These changes are consistent 
with the locally enhanced response resulting from the 
greater sampling detail of the magnetic data set and with the 
observed surface geology as outlined in OGS Map 2491
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(Dressler 1984). The resulting 2V2D magnetic model of 
Figure 4.6 gives a good match between the observed data 
and the calculated magnetic field profiles.

The progressive northward increase in the magnetic 
field along the magnetic profile can be explained in 
large part by assigning a slightly enhanced magnetic 
susceptibility (relative to the main mass of the LGC) to a 
northward-thickening wedge of Levack Gneiss that under 
lies the base of the SIC. By suggesting that it is more dense 
than other phases of the Levack Gneiss Complex, McGrath 
and Broome (this volume) attribute much of the regional 
Bouguer gravity anomaly over the SS to this same 
wedge-like feature (see Figure 4.7). While this interpreta 
tion satisfies the computational aspects of the gravity and 
magnetic models, it produces some geologic problems. 
Limited rock property sampling on a surface traverse across 
the North Range contact (see Figure 4.5) shows that the 
zone of enhanced magnetization is much narrower than the 
thick dense zone required by McGrath and Broome (this 
volume) for their gravity model.

An acceptable match between the observed and calcu 
lated magnetic fields for the North Range contact between 
the Levack Gneiss and the Cartier Granite cannot be 
achieved using only the northward-thickening wedge. In 
terpretation of the detail in the magnetic data suggests the 
LGC may comprise as many as 4 magnetically distinct units 
(see Figure 4.6). For example, to model the shoulder on the 
northern edge of the regional anomaly requires the 
introduction of an even more magnetic phase along the 
northern margin of the south-dipping wedge of more dense 
LGC. In addition, to reproduce the localized magnetic low 
close to the contact with the Cartier Granite, a small zone of 
reduced magnetic susceptibility has been included in the 
less dense phase of the Levack Gneiss. Evidence for the 
regional significance of these features is provided by broad 
scale zoning in the vertical derivative map (see Figure 4.2), 
which may be related to differentiation in the LGC. Correla 
tion of the vertical derivative anomalies to the regional 
geology as currently mapped is low. Further resolution of 
this feature will be developed as more rock property infor 
mation and detailed mapping of the Levack Gneiss and 
Cartier Granite becomes available (F. Feuten and 
R. Seabright, Brock University, personal communication, 
1993).

Sharp-peaked anomalies, found at 36 750 m and 
39 500 m on the profile, correlate with mapped outcrops of 
Sudbury diabase dikes (see Figure 4.5). The vertical deriva 
tive map clearly defines these dikes, which are magnetic 
highs in the Cartier Granite but predominately magnetic 
lows in the LGC, illustrating the potential for a highly 
magnetic near-surface phase of the LGC.

The total magnetic field map (see Figure 4.1) shows a 
pronounced magnetic high, superposed on the broad 
regional magnetic high, near the southern contact between 
the Onaping and Onwatin formations. Lying mainly within 
the Onaping, this anomaly is terminated where north 
west-trending structures cross the eastern end of the SS. The 
vertical derivative map shows this feature as separating into

2 subparallel west-southwest-trending anomalies in the 
vicinity of the Lithoprobe Transect (see Figure 4.2). The 
amplitude and width of the 2 peak anomalies suggest 
a structure that is of regional significance. Locally, 
these anomaly peaks may be enhanced by the presence of 
Sudbury dikes, one of which crosses the transect near 
the more northerly peak. Gupta et al. (1984) modelled 
this anomaly by introducing a gabbroic intrusive into the 
Onwatin Formation. Geologic evidence for the existence of 
such a unit can be found on OGS Map 2491 (Dressler 1984) 
where gabbroic rocks (map unit 35) form a west-southwest 
trend of isolated outcrops. However, these rocks outcrop to 
the north of the locus of the magnetic high and cannot con 
tribute to this anomaly. To explain a residual gravity high 
along the same boundary, McGrath and Broome (in press) 
appeal to a slice of tectonically emplaced neritic rocks. 
Limited diamond drilling in this region, however, has not 
substantiated these explanations. Our preferred model pro 
poses that the broad magnetic high (see Figure 4.6, Onaping 
B) represents a zone of enhanced magnetization within the 
Onaping Formation. Such a region of enhanced magnetiza 
tion could be produced by the hydrothermal introduction of 
sulphide-rich fluids (which could deposit pyrrhotite) along 
a regional fracture zone. Geologic logging, together with 
preliminary magnetic property measurements of drill cores, 
confirms that enhanced concentrations of pyrrhotite are 
present in this region of the Onaping-Onwatin, both in 
sulphide veins (fracture infilling) and disseminated 
throughout the rocks. Profiles of rock magnetic properties 
from the Lithoprobe Transect illustrate 2 (or more) distinct 
zones of magnetization enhancement (see Figure 4.4). 
Further evidence for the hydrothermal genesis of this 
anomaly can be found in the Errington and Vermilion 
copper-lead-zinc mineral deposits, which are located within 
this feature (Rousell 1984).

The South Range Norite anomaly is a magnetic high 
that straddles the boundary between the norite and the over 
lying granophyre. As noted above, the standard section 
through the SIC on the South Range usually contains a 
quartz gabbro unit between the norite and the overlying 
granophyre; however, no quartz gabbro crops out along the 
Lithoprobe Transect. The exposed contact between the 
norite and the granophyre could therefore delineate a 
south-dipping thrust. Modelling this anomaly, while at the 
same time maintaining the geometry of the seismic-gravity 
model, requires the introduction of subsidiary magnetic 
units with higher magnetic intensity at the top of the norite 
and base of the granophyre. Magnetic property results from 
the Lithoprobe section (see Figure 4.4) confirm the 
presence of a zone of locally enhanced magnetization at the 
base of the granophyre. Conversely, the most magnetic part 
of the norite appears to be the lower part of the section in 
apparent conflict with the observed magnetic anomaly data. 
The adopted explanation for this apparent contradiction is 
that the observed magnetic high is originating from the 
more magnetic phase of the norite, which is present at 
shallow depth below the thrust surface.

The location of this proposed thrust surface is broadly 
coincident with the southern margin of the South Range
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Shear Zone mapped by Shanks and Schwerdtner (1991). 
This whole zone is characterized by an anomalously low 
magnetic signature. Rock property measurements on 
samples from this zone describe a region of reduced 
magnetic mineral content.

CONCLUSION
Modelling of the observed magnetic anomaly requires a 
more complex geologic section than that provided by the 
seismic-gravity model developed by Milkereit et al. (1992) 
and McGrath and Broome (this volume). The observed 
magnetic profile can be matched closely when: 1) the mag 
nitude, but not the orientation, of the observed remanent 
magnetic parameters are varied; 2) the geometry of the seis 
mic-gravity model is subdivided to include discrete magne 
tization units; and 3) the model is modified to include 
discrete localized sources that are not apparent in the 
currently available seismic and gravity data sets. The mag 
netic data, as illustrated by Figures 4.1 and 4.2, have the 
advantage of containing more geologic information than 
either the regional gravity data set or the presently available 
seismic images. The increased detail is the result of a more 
complex, spatially variable relationship between magnetic 
properties and local geology (see Figures 4.4 and 4.5). Such 
detail arises from factors that include: magnetic mineral 
content and composition variations that may reflect primary 
minerology or local secondary alteration products in addi 
tion to induced and variably oriented remanence magnetiza 
tions; small-scale geologic features (i.e., dikes) that are 
magnetically distinct but seismically and gravitationally 
transparent; and increased data sampling as opposed to the 
regional nature of the gravity and seismic data sets.

In this model of the SS, we attribute the major part of 
the magnetic anomaly profile across the Lithoprobe 
Transect to 3 sources: 1) the Levack Gneiss Complex 
anomaly, 2) the Onwatin- Onaping contact anomaly and 
3) the South Range Norite anomaly. The broad regional 
magnetic high of the SS is attributed to a wedge of enhanced 
magnetization in the Levack Gneiss Complex, which paral 
lels the norite contact of the SIC. The genesis of this more 
magnetic wedge could represent the thermal aureole of the 
SIC as shown in Figure 4.5. This scenario requires the con 
tact aureole effect to be much narrower than the thick dense 
zone required by McGrath and Broome to satisfy their 
gravity model. Unfortunately, the geometry of this feature 
within the Levack Gneiss north of the North Range was not 
mapped by the currently available seismic data. Gupta et al. 
(1984), without the benefit of the recently acquired seismic 
data, interpreted this same broad anomaly in terms of a large 
south-dipping dense magnetic body underlying the North 
Range, which they consider represented a hidden layered 
phase of the SIC. The rationale behind the model by Gupta 
et al. (1984) is the requirement to find a potential source for 
the layered mafic xenoliths that are common in the Sublayer 
phase of the SIC. Geologically, the wedge model is prob 
lematical: 1) it requires an alternative source be found for 
these Sublayer xenoliths; and 2) the limited rock property 
measurements suggest the zone of more dense, more 
magnetic material that parallels the base of the SIC is much

narrower than required by the current gravity model, 
suggesting more dense material must be located elsewhere 
in the section. The gravity and magnetic potential field data 
do not provide a unique solution; either of the hidden layer 
or wedge models equally satisfy the mathematical aspects 
of matching the anomalies.

The elongate magnetic high that is spatially associated 
with the southern contact between the Onwatin and Onap 
ing formations cannot be explained by the presence of a hid 
den intrusive body as previously suggested by Gupta et al. 
(1984). To generate this broad magnetic high, it is necessary 
to invoke some mechanism that can locally produce 
enhanced magnetization. Our model to explain this anoma 
ly requires that the region between the Fairbank Lake Fault 
and a subparallel fault to the north was at some time prefer 
entially magnetized through the introduction of pyrrhotite. 
Evidence for such a pyrrhotite-residing magnetization has 
been found in both surface and core samples from this area. 
The problem with this interpretation is that we require 
3 alteration (magnetization) events: 1) hydrothermal 
emplacement of pyrrhotite in the region north of the Fair 
bank Lake Fault to enhance magnetization; 2) alteration of 
the granophyre south of the Fairbank Lake Fault to decrease 
magnetization by the oxidation of magnetite to a nonmag 
netic phase; and 3) enhancement of the remanence signature 
in the South Range Norite through the exsolution of magne 
tite. Formation of the enhanced magnetite was probably 
produced as a result of early fluid-rock interaction. During 
the second event, which was probably contemporaneous 
with the development of the South Range Shear Zone of 
Shanks and Schwerdtner (1991), fluids generated during the 
mylonitization and shearing possibly produced the oxida 
tion. During the third event, the sulphide mineralization was 
preferentially emplaced in a zone bounded by the 2 parallel 
faults. The relative (and absolute) timing of these events is 
uncertain. The prevalence of typical SIC remanence direc 
tions in the South Range granophyre suggests that the 
second event was of Penokean age. In a paleomagnetic 
study of the SS, Morris (1984) conclusively showed that, 
synchronous with the intrusion of the SIC, the SS was being 
progressively deformed. The first alteration event may rep 
resent the culmination of the syntectonic intrusion of the 
SIC. Any estimate of the timing of the third alteration event 
must be treated as speculative. One possible model could in 
volve fluid expulsion produced during Grenville age (ea. 
900 Ma) thrusting along the Grenville Front.

Our preferred model for the S S is broadly similar to 
Model A (profiles D-D' and E-E') of Gupta et al. (1984). 
Both models require remanently magnetized narrow bodies 
of less than 5 km depth extent to model the South Range 
magnetic anomaly; both models incorporate a more 
magnetic body in the Onaping Formation close to the 
southern Onaping-Onwatin contact; and the dense and 
magnetically enriched Levack Gneiss units of our model 
have some similarities with the large south-dipping 
magnetic body underlying the North Range as proposed by 
Gupta et al. (1984). The difference between this new model 
and that of Gupta et al.'s Model A lies in the geologic inter 
pretation of the processes that have resulted in these zones 
of enhanced magnetic response.
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Chapter 5

Fold Origin of the Sudbury Basin

E.J. Cowan and W.M. Schwerdtner
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Abstract
Evidence and support for producing the Sudbury Basin by orogenic folding are found mainly in early geo 
logic literature (1905-1960). We present 5 lines of supporting evidence: 1) concordance between structural 
elements within the basin and its footwall; 2) inclination of originally horizontal igneous contacts; 3) the areal 
pattern of metamorphism; 4) depositional and facies characteristics of the Onwatin and Chelmsford forma 
tions; and 5) the horizontal structural pattern. A fold origin of the Sudbury Basin accords with the nature and 
lateral extent of the South Range Shear Zone, as well as the seismically based vertical sections furnished by 
Lithoprobe. The folding occurred greater than 2.5 m .y. after the impact that generated a large flat-bottomed 
crater (horizontal diameter of nearly 200 km) and produced the Onaping fallback breccia.

INTRODUCTION

Proponents and supporters of an impact hypothesis view the 
Proterozoic Sudbury Basin as a distorted crater (Figure 5.1). 
To them, the size of the Sudbury Basin (27 by 60 km) 
together with its lithified sedimentary fill and a differen 
tiated igneous body all suggest a modest-sized crater 
(cf. Dietz 1964, Figure 3). Recent studies show, however, 
that: l) the maximum diameter of the original impact crater 
was on the order of 200 km, much larger than the north 
east-southwest diameter of the Sudbury Basin; and 2) the 
Sudbury Igneous Complex could have originated by differ 
entiation of an impact melt (Faggart et al. 1985; Lakomy 
1990; Grieve et al. 1991). In particular, the areal distribution 
of Sudbury Breccia, shatter cones and shocked minerals of 
the footwall rocks support hypotheses in which the original 
impact crater is much larger than the Sudbury Basin. Such 
hypotheses do not explain, however, how the basin structure 
formed, or to what degree its complicated geometry is 
derived from the morphology of the large impact crater. 
Two extreme possibilities offer themselves:

A. The geometry of the Sudbury Basin is wholly tectonic 
in origin, that is, the basin structure originated by 
folding and ductile shear of the quasi-horizontal floor 
of a large, complex impact crater.

B. At most localities, the moderate to steep dip of the basal 
contact of the Sudbury Basin corresponds to the slope 
of the original topographic depression in a large impact 
crater. Essentially, the South Range is the only area 
significantly affected by later tectonism; the North 
Range preserves the original crater form.

We suggest, in the present paper, that a fold origin of the 
Sudbury Basin (possibility A) is consistent with published 
geologic and seismic data and compatible with the complex 
impact crater model advanced by Grieve et al. (1991). We 
also discuss the timing of this folding by estimating the 
minimum time of deposition for the preserved Whitewater 
Group strata.

EVIDENCE FOR FOLDING
Based on Coleman's (1905,1907) original ideas, some early 
workers interpreted the apparent basin form of the present 
Sudbury Basin by folding of a stack of tabular units (Moore 
1930; Collins and Kindle 1935; Cooke 1948; Hamilton 
1960). But most workers regarded the crudely elliptical map 
pattern of the Sudbury Basin as a tectonic derivative of a 
subcircular volcanic feature or an impact crater (Knight 
1917; Burrows and Rickaby 1930; Thomson 1957, 1969; 
Thomson and Williams 1959; Dietz 1964, 1972; Naldrett 
and Hewins 1984; Dence 1972; French 1972; Brocoum and 
Dalziel 1974; Rousell 1975, 1984a; Muir 1984; Peredery 
and Morrison 1984; Lowman 1991, 1992). Although an 
impact origin for the Onaping Formation and the Sudbury 
Breccia is now accepted by most workers, the principal 
mechanism of basin development remains to be ascertained. 
This mechanism seems to be orogenic folding, which is not 
only required by the recently proposed impact structure 
model of Grieve et al. (1991) but is also consistent with the 
Lithoprobe transect of the Sudbury Basin (Milkereit et al. 
1992; Figure 5. l c herein).

Five lines of evidence support such fold origin for the 
Sudbury Basin: 1) the spatial parallelism of lithologic con 
tacts in the Sudbury Basin and the footwall rock types; 2) the 
dip of paleohorizontal contacts within the differentiated 
Sudbury Igneous Complex; 3) the overall metamorphic 
zonation of the Sudbury Basin; 4) the depositional and 
facies characteristics of the Onwatin and Chelmsford for 
mations; and 5) the horizontal structural pattern of the 
Sudbury Basin. Each of these points are discussed below. 
This is followed by a discussion on why the South Range 
Shear Zone can be interpreted as an integral part of this 
large-scale folding of the Sudbury lithologic units.

Parallelism of Lithologic Contacts
Several early workers attributed the oval map pattern of the 
Sudbury Structure and inward dip of its units to folding 
(Coleman 1907; Collins and Kindle 1935; Cooke 1948). 
Indeed, the parallelism of lithologic boundaries in the
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Figure 5.1. Simplified geologic patterns of the Sudbury Basin and its footwall, a) Lithologic pattern and major faults (FF—Fecunis Lake Fault; 
SF—Sandcherry Fault; GF—Garson Fault; CF—Creighton Fault; MF—Murray Fault; BF—Bailey Corners Fault; NF—NordunaFault; AF—Airport 
Fault' WF—Wanapitei Fault), based on Card (1978), Dressler (1984), Shanks and Schwerdtner (1991a), Davidson (1992) and Milkereit et al. (1992). 
b) Cleavage and foliation trajectories, based on own data, Rousell (1975), Shanks and Schwerdtner (l 991 a) and metamorphic pattern from Fleet et al. 
(1987). c) North-south vertical section of the Sudbury Basin (redrawn from Milkereit et al. 1992, Figure 2a). Dashed lines are inferred geologic 
boundaries; Huronian refers to the Huronian Supergroup.
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subsurface of the North Range and in the South Range 
(Milkereit et al. 1992) is consistent with the fold-basin 
hypothesis. Concordant lithologic boundaries are seen 
within the Sudbury Basin as well as in the footwall rocks. 
For example, the structural grain of the Huronian metasedi- 
mentary rocks south of the Sudbury Basin is subparallel to 
its southern margin (Card 1978). Moreover, the strike of the 
Archean greenstone slivers and mafic dikes, between the 
East Range Sudbury Igneous Complex and the west shore of 
Wanapitei Lake, follows the curvature of the Sudbury 
Igneous Complex in this region (Dressler 1982). Such struc 
tural concordance can be explained by folding and 
associated strain of coplanar units; whereby, initially 
oblique members may become quasi-concordant as a result 
of folding (Ramsay 1967).

In contrast to such a tectonic hypothesis, Dietz (1964) 
suggested that the overturning of the Huronian strata, im 
mediately south of the Sudbury Basin, resulted from over 
turn folding, analogous to phenomena at the collars of im 
pact and explosion craters (Shoemaker 1960; Jones 1977; 
Roddy 1977; Shoemaker and Kieffer 1978). Similarly, 
Peredery and Morrison (1984) and Rousell (1984a) 
suggested that the embayment on the East Range of the 
Sudbury Structure was caused by a Cenozoic impact 
centred on Wanapitei Lake. They attributed the ductile 
bending of the Archean tectonic units as well as the Sudbury 
Igneous Complex to impact- related physical processes.

Is it possible that indistinguishable fold features can be 
produced from both tectonic and impact-related processes? 
Since these 2 processes occur at vastly different strain rates, 
we believe that folds produced by the rival mechanisms can 
be distinguished. Budding of strata at tectonic strain rates 
leads to pressure solution, plastic distortion of clasts and 
local fracturing of buried rocks (Price 1975; Pfiffner and 
Ramsay 1982; Paterson and Tobisch 1992). Pressure solu 
tion cleavage and mineral schistosity may not form at the 
earth's surface where tectonic deformation may proceed 
mainly by fracturing or cataclastic flow, and this is expected 
to hold also for explosive deformation. The mechanisms of 
impact-induced folding are poorly known, but one may 
speculate on the structural style of deformation at high 
strain-rates. The extent of discontinuous (fracturing) and 
continuous inelastic strain (viscous flow, compaction) will 
depend on the rheology of the target media (Curran et al. 
1977). For example, explosion craters that formed within 
incompetent unconsolidated alluvial sands and clays are 
able to respond by continuous inelastic deformation, result 
ing in overturned flow folds (Short 1965; Jones 1977; 
Roddy 1977). In contrast, competent host rocks of impact 
and explosion craters are pervaded by fractures and 
displaced blocks (e.g., Milton et al. 1972; Offield and Pohn 
1977; Pohl et al. 1977; Shoemaker and Kieffer 1978; 
Vizgirda and Ahrens 1981). Although few details have been 
published concerning the deformation mechanism in 
impact-generated folds (but see Milton et al. 1972), we 
suspect that lithified target material will fold only by frac 
turing or cataclastic flow (cf. Curran et al. 1977). This is 
exemplified in the overturned lip of the Meteor Crater, 
Arizona (Shoemaker 1960; Shoemaker and Kieffer 1978),

where the dolomite target rock folded outward from the 
impact zone by brittle failure at the hinge and rigid-body 
rotation of the limbs. Similarly, the concentric, steeply 
dipping sedimentary strata that define the Gosses Bluff 
impact structure are also extensively faulted, accounting 
for the displacements needed for folding the originally 
horizontal layers (Milton et al. 1972).

No impact-generated folds are discernible on published 
maps of 2 large Canadian impact craters with gneissic host 
rocks (Figure 5.2). The structural trends in both the 
Clearwater-West Lake and Manicouagan impact structures

/

(b)

Figure 5.2. Foliation patterns (teeth-marked lines) in footwall of 
(a) Manicougan crater and (b) Clearwater-West Lake crater, Quebec 
(constructed from structural data of Currie 1972 and Bostock 1965, 
respectively). Black = water; grey = impact melt rock; white - footwall 
rocks. F = fault.
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show a linear system of foliation trajectories in the gneissic 
host rocks, with the absence of any marked deflection that 
may have been the result of impact. This indicates that 
pre-existing structures do not become concordant to the 
crater margins as a result of the cratering process, arguing 
against hypotheses that explain the embayment on the East 
Range of the Sudbury Structure by impact folding (Peredery 
and Morrison 1984; Rousell 1984a). The absence of abun 
dant fractures and faults attributable to an impact in the East 
Range further supports this interpretation.

Examination of the footwall rocks of the southeast lobe 
reveals axial-plane cleavage that strikes in the same direc 
tion as the metamorphic foliation developed in the Sudbury 
Igneous Complex (Figures 5. l b, 5.3). Anastomosing cleav 
age attributed to the process of pressure solution and synki 
nematic recrystallization occurs in both the Huronian rocks 
and the Sudbury Breccia and is undoubtedly the product of 
tectonic strain (Photo 5.1). Traces of bedding surfaces in 
Huronian rocks are subparallel to contact traces in the 
Sudbury Igneous Complex, implying that their curvature 
was attained during the tectonic deformation rather than 
impact-induced folding.

Differentiated Sudbury Igneous 
Complex

The tripartite subdivision of the Sudbury Igneous Complex 
is the product of magmatic differentiation (Coleman et al. 
1929; Collins 1934; Naldrett et al. 1970). This requires a 
subhorizontal orientation of the Sudbury Igneous Complex 
during differentiation. This point is particularly crucial for 
the recently proposed impact melt hypothesis of the 
Sudbury Igneous Complex (Grieve et al. 1991). Since an 
impact melt is ponded, it solidified with a record of the 
paleohorizontal plane. If the impact melt hypothesis for the 
Sudbury Igneous Complex is correct, then the presently 
observed dip of the northern Sudbury Igneous Complex as 
seen in the Lithoprobe section must have originated by sol 
id-body tilt (folding), thereby contradicting the notion that 
the North Range preserves the original geometry of the Sud 
bury Basin (Rousell 1984a; Muir 1984; Lowman 1991, 
1992).

Metamorphic Pattern

Another feature expected to occur in a large fold basin is 
the stratigraphic and structural variation in metamorphic 
grade as a result of folding of metamorphic isotherms 
(cf. Chamberlain 1986; Chamberlain and Karabinos 
1987). If the rate of folding is too fast for a steady-state geo 
therm to be established, the isotherms will bend and gener 
ate a fold-induced metamorphic zonation (Sleep 1979). 
This phenomenon is analogous to the exhumation of high- 
grade metamorphic rocks by the process of thrust faulting. 
The metamorphic pattern in the Sudbury Basin does adhere 
to the concentric structure (Fleet et al. 1987; see Figure 5. l b 
herein), with the lowest metamorphic assemblage (low 
greenschist) occurring in the sedimentary core (see also

Clendenen et al. 1988, p. 195) and higher metamorphic 
assemblages found at the perimeter of the Sudbury Igneous 
Complex (midgreenschist to low amphibolite). The pres 
ence of higher grade metamorphic rocks in the rim of the 
Sudbury Basin indicates that the Sudbury Igneous Complex 
was uplifted during folding with respect to the Whitewater 
Group rocks, which became the core of the syncline. 
Moreover, the raised rims of the Sudbury Basin may have 
undergone retrograde metamorphism, as a result of postfold 
relaxation of isotherms (cf. Chamberlain and Karabinos 
1987). Such a scenario is consistent with the retrograde 
overprint that is reported from the Sudbury Igneous Com 
plex and adjacent footwall zones (Shanks and Schwerdtner 
1991 a; James and Dressler 1992).

Geometry and Facies Characteristics
of the Onwatin and Chelmsford

Formations

Many workers have assumed that the Whitewater Group 
was deposited in a restricted sedimentary basin coincident 
with, or commensurate in scale to, that of the Sudbury Basin 
(Burrows and Rickaby 1930; Thomson 1957, 1969; 
Thomson and Williams 1959; Dietz 1964, 1972; Naldrett 
and Hewins 1984; Dence 1972; French 1972; Brocoum and 
Dalziel 1974; Rousell 1975; Muir 1984; Peredery and 
Morrison 1984; Lowman 1992). By contrast, the strata of 
the Whitewater Group need not be restricted to the present 
Sudbury Basin if the basin was formed by tectonic folding 
(Coleman 1907; Moore 1930; Collins and Kindle 1935; 
Cooke 1948; Yates 1948). The rocks of the Onaping Forma 
tion and the Sudbury Igneous Complex of the North Range 
have recorded little strain, and this fact is used as supporting 
evidence for virtual preservation of the original structure 
(Rousell 1984a; Muir 1984; Lowman 1991, 1992). If the 
topography of an original crater floor is indeed preserved in 
the North Range, then significant lateral facies changes 
should occur within the upper Whitewater Group in the 
North Range. No such changes are seen in the clastic strata.

Paleoflow analysis of the Chelmsford Formation indi 
cates that, at least during its deposition, the paleoflow was 
directed uniformly to the southwest, contrary to what one 
would expect from a circular basin (Cantin and Walker 
1972). In addition to the uniform paleocurrent trend, the bed 
thickness, detrital composition and high sand:mud ratio do 
not change significantly at the scale of the Sudbury Basin 
(Rousell 1972,1984b; Cantin and Walker 1972), consistent 
with the interpretation that the Chelmsford Formation was 
deposited as part of a large system of foreland-basin turbi- 
dites (Long 1992). The lack of widespread evidence for syn 
depositional deformation, breccias, conglomerates or sand 
bodies, in the underlying hemipelagic Onwatin Formation, 
is also incompatible with a pronounced crater topography 
(Long 1992). The facies character of the Onwatin and 
Chelmsford formations, lacking evidence for a localized de 
pression and consistent with a foreland basin succession, 
suggests that the starting geometry of the Whitewater Group 
was tabular, as implied by the fold-basin hypothesis.
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Horizontal Structural Pattern
The bilobate map pattern of the Sudbury Basin resembles 
Ramsay's (1967) interference pattern l(-1-2) and is expli 
cable by superimposing an upright fold on a northwest- 
verging syncline (Whitten 1966, Figure 304B; Stauffer 
1988). The bifurcating pattern of metamorphic foliation, 
which extends into the footwall of the southeast lobe (see 
Figures 5. Ib, 5.3) and relates to the state of total strain in the 
Whitewater Group strata, rules out the possibility that l fold 
form represents a curvature in the lithologic boundaries 
inherited from the impact crater. In the subsequent 
discussion, we will disregard the complication of super 
posed folding in order to be able to utilize a model that 
explains much of the tectonic deformation in the Sudbury 
Basin.

The South Range Shear Zone and the 
Fold Model of the Sudbury Basin

CENTRAL SOUTH RANGE SHEAR ZONE
The prevalence of highly deformed rocks in the South 
Range has been known for some time (Coleman 1907; 
Burrows and Rickaby 1930; Moore 1930; Rousell 1975), 
but the strain field was analyzed only recently by Shanks 
and Schwerdtner (l 991 a, 1991 b). They defined the South 
Range Shear Zone and interpreted it as a splay of a large lis 
tric thrust that underlies the Southern Province immediately

south of the Sudbury Structure (cf. Zolnai et al. 1984). 
Using S/C fabrics (Berths' et al. 1979) from the South Range 
Shear Zone, and assuming heterogeneous simple shear par 
allel to the dip direction, Shanks and Schwerdtner (1991b) 
integrated the finite shear strain across the zone and 
obtained a minimum reverse displacement of 8 km between 
the footwall and the hanging wall blocks. Milkereit et al. 
(1992) suggested that major faults apparent in the seismic 
section, together with the ductile strain in the South Range 
Shear Zone documented by Shanks and Schwerdtner 
(1991b), resulted in much larger net displacement.

Alternatively, the South Range Shear Zone may be a 
consequence of the asymmetric folding of the Sudbury lith 
ologic units (see Figure 5. l b). This can be illustrated by 
using folds produced in laboratory buckle fold experiments 
with soft materials (Kuenen and de Sitter 1938). Three 
stages of an experiment are shown in Figure 5.4a, where 
l limb of the fold progressively deforms by solid-body 
rotation and distortion, while the other limb records little 
strain but tilts slightly. Eventually a shear zone develops 
between the 2 limbs, probably because their strains are 
incompatible. The final geometric state resembles that in 
the northwest-southeast section through the Sudbury Basin 
(cf. Shanks and Schwerdtner 1991a, 1991b; Milkereit etal. 
1992; Figure 5.le). The weakly strained North Range is 
equivalent to the right limb of the experimental fold; where 
as, the South Range Shear Zone resembles the distorted and 
sheared left limb of the experimental fold (see Figure 5.4a). 
The change from weakly strained to highly strained model

Photo 5.1. Microphotograph of axial-plane foliation in Mississagi sandstone (northeast-southwest vertical cut) taken under plane-polarized light. 
Rock specimen locality in Figure 5.3 (UTM 516890E, 5157290N; sample number 1697). Note the dark mica seams defining the anastomosing cleav 
age. Planar quartz-mica seam boundaries (arrows) indicate grain size reduction by pressure solution and removal of quartz (cf. Borradaile et al. 1982, 
p.300). Schistosity is also defined by flattened percrystalline pseudomorphs after detrital quartz grains.
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material between the limbs is analogous to the north-south 
strain gradient found in the rocks of the Sudbury Basin 
(cf. Rousell 1975; Clendenen et al. 1988, Figure 1). 
Another fold experiment, illustrating the effects of buckling 
in an initially isotropic layer, is shown in Figure 5.4b. 
During progressive folding, layer parallel shears develop 
which facilitate buckling. With further lateral shortening, 
l limb fails by dip shear and reverse faulting. The final 
experimental structure (see Figure 5.4b) shows remarkable 
similarities to the seismic section of the Sudbury Basin 
(Milkereit et al. 1992, Figure 2b; see Figure 5. le herein). 
Four localities are marked in the model to facilitate the 
comparison with the Sudbury Basin (see Figure 5.4b).

The structure at point l resembles that in the north limb 
of the Sudbury fold basin, which is characterized by low

strain (cf. Rousell 1984a; Muir 1984) and large solid-body 
rotation. Point 2 is situated in the Onwatin and Chelmsford 
formations above the folded competent layer (assumed 
herein to represent the combined Sudbury Igneous Com 
plex and the Onaping Formation). Point 3 marks a fault sys 
tem which is comparable to that in the South Range 
Shear Zone and in the central parts of the Sudbury Basin 
(Milkereit et al. 1992; see Figure 5.1). Shear-sense criteria 
in the South Range Shear Zone indicate southeast over 
northwest transport, which is consistent with the shear sense 
seen in the model (see Figure 5.4b). Low strain and north 
west- over southeast-directed shears exist at point 4 above 
the main shear zone that truncates the fold (see Figure 5.4b). 
Such northwest-dipping shears are developed in the South 
Range Norite along with southeast-dipping shear zones

solid-body rotation and distortion 
(South Range)

zone of high strain

solid-body rotation (North Range)

NW

(b)

Figure 5.4. Clay models of monoclinic buckle folds (Kuenen and de Sitter 1938, p.222 and 234) with passive-marker grid (a) showing evolution of 
structure and (b) containing originally vertical passive markers (l shown in grey to indicate displacement magnitude). Model (b) is labeled for direct 
comparison with the cross section of the Sudbury Basin (seeFigure 5.le). Points l to 4 are localities of interest discussed in the text. Thin lines = faults.
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(Shanks and Schwerdtner 1991 a, Figures 18 and 20). Fur 
thermore, a prominent northwest-dipping seismic reflector 
is evident in the subsurface Sudbury Igneous Complex 
(Milkereit et al. 1992, Figure 2a), which may represent a 
northwest-dipping shear zone, much like the faults seen in 
the fold model (see Figure 5.4b).

The shear zone that truncates the southeast limb of the 
model fold (see Figure 5.4b, point 3) has the same attitude as 
the northwest limb and its early bedding-parallel faults. 
This effective coplanarity is seen also in recent structural 
models (Dixon and Tirrul 1991; Liu and Dixon 1990,1991) 
and in well-studied natural fold-thrust systems (Kulander 
and Dean 1986). Seismic sections through fold-thrust 
systems as simulated in Figure 5.4b should, therefore, be 
dominated by southeasterly dipping reflectors with the 
same attitude in both the northwest and southeast limbs. 
This is because steep layer-parallel slip planes in the south- 
east limb of natural equivalents to Kuenen and de Sitter's 
(1938) model (see Figure 5.4b) will be difficult to detect by 
seismic reflection methods. Indeed, the seismic section of 
the Sudbury Basin (cf. Milkereit et al. 1992, Figure 2b) is 
remarkably similar to the seismic image expected in such 
natural equivalents. In particular, the Lithoprobe seismic 
section is dominated by southeasterly dipping reflectors 
(Milkereit et al. 1992, Figure 2b), compatible with an over 
turned fold and a sheared southeast limb (see Figure 5. le).

EASTERN TERMINUS OF THE SOUTH 
RANGE SHEAR ZONE

Scaled structural models of fold-thrust systems demonstrate 
that thrust faults nucleate at high-strain points in progres 
sively folding competent units (Liu and Dixon 1991); 
whereby, the largest displacements occur in the zones of 
maximum fold shortening. In such regimes, it is not 
uncommon to find thrusts that terminate laterally by 
transferring their displacements to another mechanism that 
accommodates horizontal shortening (Liu and Dixon 
1991). In a doubly plunging syncline, the central part of the 
syncline should coincide with the maximum amount of 
thrust displacement; whereby, thrust displacement may die 
out laterally towards the plunging hinge zones of the 
noncylindrical syncline.

Southeasterly dipping thrust faults, which are charac 
teristic of the central South Range Shear Zone (Milkereit 
et al. 1992, Figure 2), end at steep, northeasterly and south 
westerly dipping conjugate faults, at the northeast end of the 
South Range Shear Zone (Dressler et al. 1991, p.614; 
see Figure 5. l a). In the vicinity of these eastern faults 
(Norduna, Airport, Bailey Corners and associated faults, 
Figure 5. l a), outcrop-scale conjugate shear systems 
(cf. Gapais et al. 1987) are pervasively developed in the 
Onaping Formation and the Sudbury Igneous Complex and 
are interpreted as higher-order structures that mimic the 
larger faults (Photo 5.2). The conjugate faults and 
outcrop-scale shear systems amount to bulk horizontal 
shortening and subvertical extension, similar to the 
layer-parallel shortening documented at the lateral terminus 
of fold-induced thrusts (Liu and Dixon 1991). A major

component of bulk horizontal shortening is also indicated 
by negligible strike separation of southeasterly dipping 
lithologic boundaries in the footwall rocks of the southeast 
lobe, and the presence of both northeast- and southwest-dip 
ping cleavages in the footwall (see Figure 5.3). Although 
the southwestern continuation of the South Range Shear 
Zone remains to be established (T. Little, Laurentian 
University, work in progress), the character of the north 
easterly termination is consistent with a thrust zone 
that developed as a consequence of folding the Sudbury 
lithologic units (see Figure 5.4).

TEMPORAL RELATIONSHIPS
The increase in detrital component, from the Onwatin to the 
Chelmsford Formation, most likely reflects increasing 
tectonic activity at the basin margin (Arengi 1977; Rousell 
1984b; Long 1992). The lack of both facies change in the 
northwest-southeast direction (Rousell 1972) or presence of 
inter- or intra-formational unconformities in the strata, 
implies that the preserved Onwatin and/or Chelmsford 
deposits were far from the original foreland-basin margin or 
from a site of syndepositional tectonic disturbance. This 
rules out the possibility of the folding of the Sudbury 
Igneous Complex during the deposition of the Whitewater 
Group and, furthermore, suggests that the South Range 
Shear Zone (Shanks and Schwerdtner 1991 a, 1991 b), which 
must have had a geomorphic expression at surface, post 
dates the Chelmsford Formation and its lithification.

The minimum age of the deformation, therefore, can be 
determined so long as the depositional rates for the White 
water Group strata can be estimated. The Onaping Forma 
tion is interpreted to have been deposited instantaneously 
(Muir and Peredery 1984; Avermann 1992). The fastest 
deposition rate of hemipelagic deposits is 300 m/m.y. 
(Pickering et al. 1989), so that approximately 450 m 
(estimated prestrain thickness) of Onwatin Formation cor 
responds to greater than l .5 m.y. deposition, and possibly as 
much as 6 m.y. of deposition, if sedimentation rates of 
anaerobic sedimentary basins are used (Long 1992). 
Turbidite complexes have sedimentation rates of 100 to 
1000 m/m.y., with foreland basin-fill systems typically 
ranging 400 to 900 m/m.y. (Ricci Lucci and Valmori 1980; 
Hiscott et al. 1986; Pickering et al. 1989). The minimum 
stratigraphic thickness of the Chelmsford Formation is 
550 m (estimated prestrain thickness of preserved strata), so 
that the depositional time required is greater than l m.y. This 
amounts to a time interval of at least 2.5 m.y. between the 
Sudbury Event that deposited the Onaping Formation and 
the tectonic deformation of the Whitewater Group and the 
Sudbury Igneous Complex.

CONCLUSIONS
Most modern workers try to explain the Sudbury Basin by 
impact cratering, but early workers regarded the basin struc 
ture as a syncline. Coleman (1905, 1907) and Collins and 
Kindle (1935) were the first to propose that the Sudbury 
Basin resulted from regional folding of essentially tabular 
lithologic units, and 5 lines of evidence support their 
hypothesis: 1) the concentric pattern of the Sudbury
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Photo 5.2. Conjugate narrow shears in eastern South Range Shear Zone, Bailey Corners (locality shown in Figure 5.3; UTM 513850E, 5161790N; 
viewing west-southwest). Two examples of the shears are indicated by arrows. Such steeply dipping (800W) anastomosing conjugate shears are devel 
oped in granophyre and attest to bulk northeast-southwest shortening. Mineral schistosity (parallel to hammer handle) bisects the lozenge-shaped 
shears, and steep mineral lineation indicates subvertical extension (cf. Gapais et al. 1987). The exposure surface is perpendicular to foliation and 
lineation.

lithologic units and surrounding footwall rocks; 2) the dip of 
originally horizontal contacts within the differentiated 
Sudbury Igneous Complex; 3) the broadly concentric 
pattern of metamorphism in the Sudbury Basin; 4) the lack 
of lateral facies change in the Whitewater Group; and 5) the 
horizontal structural pattern of the Sudbury Basin. Another 
piece of supporting evidence is the position and geometry of 
the South Range Shear Zone, a deformation zone facilitat 
ing the large-scale asymmetric folding of the Sudbury litho 
logic units. Estimates of the deposition rate of the Whitewa 
ter Group strata indicate that the deformation occurred 3 
m.y. or more after the impact event that created the Onaping 
Formation and the Sudbury Breccia. The delay could be as 
much as 10 m.y.
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Abstract
There are 3 main types of orebody environments associated with the Sudbury Igneous Complex (SIC). The 
base of the SIC, especially where it is associated with large depressions in the underlying wall rocks, is com 
monly host to ore deposits. These "contact"-type deposits generally have a Cu/Ni ratio less than l and have 
low platinum group element (PGE) values. Long, multikilometre dikes of predominantly igneous rocks that 
are genetically related to the Sudbury Igneous Complex, and extend out from it into the wall rocks, also are 
host to ore deposits. The "offset dike" deposits have a Cu/Ni ratio generally close to l and are usually enriched 
in PGE relative to contact deposits. Copper- and PGE-enriched orebodies, commonly associated with major 
contact-type ore deposits, occur within the footwall rocks of the Sudbury Igneous Complex. These "footwall" 
orebodies appear to be migrated segregations or differentiates of the contact ore. The contact mineralization 
that occurs in the vicinity of footwall deposits is generally copper-depleted; however, where a footwall deposit 
has a direct lead to a contact ore deposit, that particular contact ore will tend to be copper-enriched relative to 
other nearby contact deposits. The footwall deposits penetrate into the country rocks for hundreds and possi 
bly thousands of metres. They are generally small deposits relative to the contact and offset dike deposits, but 
their high-grade nature increases their total metal content to significant levels. The material that makes up 
the footwall deposits intrudes into the footwall rocks along Sudbury Breccia zones and associated fracture 
systems. The deposits themselves are invariably associated with thermally metamorphosed Sudbury 
Breccia.

All footwall deposits have higher PGE * gold * silver contents than the contact deposits. The sulphide 
assemblages that make up the footwall orebodies are generally lower in pyrrhotite than the contact deposits 
and are dominated by chalcopyrite and pentlandite with local concentrations of millerite, bornite and cuba 
nite. This is reflected in the Cu/Ni ratio usually being much greater than 1. Nickel arsenide assemblages are 
occasionally associated with those footwall orebodies in the South Range of the SIC.

A model is proposed for the formation and emplacement of the footwall deposits. The model suggests 
that the footwall orebodies are migrated differentiates of in situ-formed contact orebodies that were 
deposited within the trough and terrace environments of the Sudbury crater during the crystallization 
history of the SIC.

INTRODUCTION PGE * Sold * silver-enriched compared to contact-type
deposits.

Disseminated to massive nickel-copper sulphide min- In this paper, we describe the general characteristics of 
eralization at Sudbury occurs in 3 interrelated geological footwall deposits that have been identified at Sudbury. The 
environments: newly discovered McCreedy East and Victor footwall

deposits are described in detail, and a table of the major and
l . contact-type deposits that occur at or near the basal accessory minerals that have been identified in each deposit 

contact of the Sudbury Igneous Complex (SIC) with i s presented. Figure 6.1 serves as a location reference for 
Proterozoic and Archean basement any geographical points made in the text of this paper. The

2. offset dikes of SIC material that extend many Paper concludes with a comprehensive model for the gener- 
kilometres into the basement f on a"d emplacement of sulphide mineralization m the

footwall environment.
3. footwall-type deposits that occur as sheet-like veins

and vein stockworks within brecciated basement up to GENERAL DESCRIPTION OF ORE 
2 km outside the SIC and/or basement contact

Footwall-type deposits generally are smaller in size 
than contact-type or offset dike deposits, but their quantity Contoct-TVDC DCDOSitS
of contained metal is relatively high because of the presence
of copper, nickel and platinum group element (PGE)-rich Contact- type deposits occur at the base of the SIC in associ- 
sulphide assemblages. Footwall deposits generally are ation with a neritic to gabbroic inclusion-bearing contact 
viewed as being copper and PGE + gold 4- silver orebodies, phase, commonly known as the Sublayer; the inclusions 
however, most also contain substantial amounts of nickel, consist of footwall material, as well as a variety of mafic to 
Regardless of their Cu/Ni ratio, footwall deposits are ultramafic inclusions with no apparent footwall equivalent
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(Rae 1975; Scribbins 1978). Although granitic rocks are 
overwhelmingly the most abundant footwall rock type, 
especially in the North Range, granitic inclusions are poorly 
represented, perhaps because they have been almost totally 
assimilated by the Sublayer magma. The character of the 
Sublayer is quite variable; the matrix can be quartz free to 
very quartz rich, neritic or gabbroic and varies texturally 
from poikilitic to diabasic.

The volumetric distribution of the Sublayer appears to 
be controlled by the shape or morphology of the basal con 
tact of the SIC; the Sublayer is entirely absent in some areas 
but very thick in others (700 m or more). Sublayer thick 
nesses are greatest within kilometre-size radial depressions 
called "troughs", which are distributed at intervals around 
the basal contact of the SIC. Within these troughs, there are 
smaller, secondary, lateral embayments in the footwall 
which are called "terraces" (Morrison 1984).

Sulphide mineralization within the Sublayer ranges 
from extensive zones of disseminated sulphide to zones of 
massive sulphides. The highest concentrations of sulphide 
mineralization are found within Sublayer that is within a 
trough; within the troughs, the distribution of sulphides is 
controlled further by their position within the terraces. 
Although the Sublayer within trough-type environments

may contain substantial amounts of sulphides, the bulk of 
the economic mineralization is usually found within the 
metamorphic-textured Footwall Breccia below the Sub 
layer. The above setting is readily discernible in the North 
Range environments; however, some people believe that the 
South Range environments are somewhat different.

There are two main reasons for this. First, the Footwall 
Breccia on the North Range is predominantly derived from 
leucocratic gneisses, such that there is a high degree of 
contrast between the light-coloured matrix and the dark 
mafic inclusions. The South Range Footwall Breccia, on the 
other hand, is derived mainly from melanocratic metasedi- 
mentary rocks and metavolcanic rocks, and its matrix 
remains relatively dark and presents a low colour contrast 
with its inclusion population. In hand specimen, it is easily 
mistaken for Sublayer norite. Petrographically, however, 
the South Range Footwall Breccia is texturally very similar 
to the North Range Footwall Breccia. Second, South Range 
environments generally have undergone more deformation 
than the North Range environments, such that their original 
ore distribution has been modified. This is particularly true 
of the highly deformed areas in the southwest and southeast 
ends of the Sudbury Basin (Victoria, Crean Hill, Garson and 
Falconbridge). Taking into account the character of the

McCreedy East

McCreedy West

Sudbury Igneous Complex 

Fault

Figure 6.1. Map of the Sudbury area with geographic location of selected sites.
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South Range Footwall Breccia and the degree of deforma 
tion of the environments, it becomes apparent that the South 
Range is not very different from the North Range.

Often a complete continuum exists between the 
Sublayer and the underlying Footwall Breccia, both 
texturally and in terms of mineral zonation. Usually, the 
amount of nickel in 1009fc sulphide is lowest in the Sublayer 
and gradually increases across the transition to metamor- 
phic-textured Footwall Breccia and is highest in the transi 
tion between Footwall Breccia and nonbrecciated host rock. 
The volume of sulphide follows the same trend, and the 
greatest concentrations of massive sulphide are usually 
found at the base of the Footwall Breccia. The Cu/Ni ratios 
for contact-type deposits are variable. Sublayer norite- 
hosted deposits usually have a low Cu/Ni ratio (0.1 to 0.5). 
Some Footwall Breccia-hosted deposits along the SIC con 
tact have similar low Cu/Ni ratios; however, those Foot 
wall Breccia-hosted contact deposits that are directly or 
indirectly associated with footwall-type deposits have 
Cu/Ni ratios of 0.7 to l .0, and these are relatively enriched in 
copper compared to adjacent contact deposits.

Offset Dike Deposits
Offset dikes represent a significant mineralized environ 
ment in the Sudbury Structure. They consist of zones of 
Sublayer, in some cases, especially on the North Range, 
with an admixed Footwall Breccia component, and extend 
for many kilometres into the wall rocks (13 km for the Foy 
offset). These dikes may be radial or concentric to the con 
tact of the SIC and invariably have a very distinct, sharp 
contact with the wall rock. Some of the offset dikes host 
large sulphide deposits, for example, the Copper Cliff offset 
dike in the South Range. For a more complete description of 
the offset dike environment, see Grant and Bite (1984).

Footwall-iype Deposits
In certain cases, massive sulphide in the form of stringers, 
veins and massive sheets and/or disseminated sulphide has 
migrated from the base of the Footwall Breccia and pene 
trated deeply into the wall rocks to form footwall-type 
deposits. Footwall mineralization is highly fractionated 
with Cu/Ni greater than l compared to contact-type miner 
alization in which Cu/Ni is less than 1. The mineralized 
zones are emplaced within, or in close association with, 
thermally metamorphosed Sudbury Breccia. In some cases, 
the contact between Footwall Breccia and thermally meta 
morphosed Sudbury Breccia is transitional. The boundaries 
of the breccia zones that host the footwall deposits are 
generally diffuse but mappable. Metal zonation patterns 
also change gradually with Cu/Ni ratios increasing with 
increasing distance away from the SIC contact.

The footwall deposits are interpreted to be differen 
tiated phases of the contact sulphide that have migrated into 
the footwall environment. A physical connection with the 
parent contact deposit is postulated but may not always be 
preserved or recognized. Offset dike deposits and footwall 
deposits both intrude the wall of the crater. The offset dikes

are composed of igneous SIC material that cuts the footwall 
stratigraphy, while footwall deposits, on the other hand, are 
composed of massive sulphides and/or Footwall Breccia 
containing little, if any, SIC igneous silicate component that 
has been emplaced concordantly within a Sudbury Breccia 
zone. The similarities between some of the features of foot- 
wall-type deposits described below and deposits that occur 
in the contact-type and offset dike environments suggest 
that all three environments formed during one, protracted, 
period of ore generation.

SPECIFIC EXAMPLES OF 
FOOTWALL OREBODIES

North Range

MCCREEDY WEST
The McCreedy West deposit (Figure 6.2) is located on the 
west flank of the Levack trough. The footwall orebody is a 
vein system of massive chalcopyrite, pentlandite and 
millerite. The mineralized zone extends into a Sudbury 
Breccia zone from typical contact ore mineralization, which 
consists of disseminated and massive pyrrhotite, chalcopy 
rite and pentlandite within Footwall Breccia. The 
McCreedy West deposit provides an example of an environ 
ment exhibiting a continuum between a footwall orebody 
and a contact orebody. In Figure 6.2, a distinction is made 
between the contact ore and the vein-type ore, but in the 
actual mapping, there is a gradual transition between the 
two ore types. The Cu/Ni ratio increases from 0.73 at the 
contact to 5.00 in the footwall orebody. Vertical zonation is 
also evident across the footwall zone, with the Cu/Ni ratio 
increasing from 3.50 at the base to 6.75 at the top.

—Surface

400

Vein Type Ore 

Norite 

Oranite Qneim

Footwall Breccia 

Sudbury Breccia Zone 

Disseminated Ore

Figure 6.2. Sectional view of McCreedy West deposit showing the 
relationship of the contact ore and the footwall ore. The footwall ore is 
emplaced within a well-defined Sudbury Breccia zone.
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MCCREEDY EAST
The McCreedy East footwall deposit (Figure 6.3) lies on the 
east flank of the Levack trough. It is composed of a vein 
system of massive sulphide emplaced within a continuous 
zone of Sudbury Breccia. At this point in the exploration of 
the deposit, the connection between the footwall mineral 
ization and a particular contact deposit is not proven. This 
deposit is a good example of a highly differentiated massive 
sulphide vein system in the footwall environment with 
probable direct connections to contact ore. The Cu/Ni ratio 
varies from 0.71 in the contact environment to 15.3 in the 
footwall deposit.

VICTOR
The Victor footwall deposit (Figure 6.4) occurs on the east 
rim of the Sudbury Structure. It is a highly differentiated, 
massive sulphide, vein-type deposit which was emplaced 
within a Sudbury Breccia zone that has an inferred connec 
tion to a contact-type orebody. The Cu/Ni ratio of the con 
tact sulphide is 0.27, and the more distal part of the footwall 
deposit has a Cu/Ni ratio of 3.39. The mineralogy of this 
deposit is described in detail in Jago et al., this volume.

CHARACTERISTICS OF 
FOOTWALL DEPOSITS

Footwall orebodies are invariably emplaced within, or in 
close association with, relatively large zones of Sudbury 
Breccia that are in general proximity to contact-type ore. 
Figure 6.5 illustrates schematically the relationship of 
footwall orebodies to the general geological environment of 
the Sudbury Structure (after Morrison 1984).

Sudbury Breccia zones that have potential to host 
footwall orebodies differ from barren breccia zones in the 
following way:
1. They are proximal to contact ore that occurs within 

trough environments.
2. They possess petrographic and mineralogical charac 

teristics of rocks formed under extensive thermal
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Figure 6.3. Sectional view of the McCreedy East footwall ore showing 
its emplacement within a large Sudbury Breccia zone.

Figure 6.4. Longitudinal section through the Victor footwall deposit 
showing the relationship of the footwall ore to a well-developed 
Sudbury Breccia zone.

recrystallization in response to the migration of hot 
fluids, which contributed to the emplacement of ore 
within the Sudbury Breccia matrix. In South Range 
deposits, this relationship is usually observed by later 
regional metamorphism, which mimics the early stages 
of thermal recrystallization. In the North Range, where 
regional metamorphic effects are negligible, the 
process of recrystallization is recognized as the onset of 
significant thermal metamorphism, characteristic of 
the footwall ore emplacement process.
Sudbury Breccia zones are interpreted to have acted as 

conduits for the migration of contact ore that fractionated in 
situ and was emplaced into the footwall environment. The 
matrix of unaffected Sudbury Breccia is a very fine-grained 
to submicroscopic rock flour, which is black in hand 
specimen. Where thermal metamorphism associated with 
footwall ore emplacement has taken place, progressive 
textural and mineralogical changes are recognizable. 
Initially, the breccia matrix is recrystallized to form a fine 
grained, equigranular mosaic of microscopically visible 
minerals. As the breccia matrix coarsens in response to an 
increase in temperature as the fluid conduit is approached, it 
becomes lighter in colour. Along with a general recrystalli 
zation and coarsening of the breccia matrix, proximity to the 
heat source causes growth of poikiloblastic biotite and/or
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Figure 6.5. Schematic sectional view of Sudbury crater wall, showing 
orebody morphology.

amphibole within the matrix. As the process of recrystalli 
zation advances, the boundaries of mutually adjoining 
quartz grains become diffuse. These early recrystallization 
features are best observed petrographically because they are 
often unrecognizable in hand specimen. At the more 
advanced stages, the quartz grains become optically contin 
uous and form large patches, which are referred to as flood 
quartz. This probably is the first sign of anatexis within the 
breccia matrix. The anatectic process can continue to the 
point where patches of flood quartz become large, and small 
lathy plagioclase begins to grow within them. This stage 
also is characterized by the formation of granophyric 
patches and veins that are distributed throughout the matrix 
and which often contain mafic inclusions. At this stage of 
recrystallization, the Sudbury Breccia matrix looks very 
much like contact Footwall Breccia. In certain places, all 
stages are completely preserved (McCreedy West), and the 
continuum from Footwall Breccia to anatectic Sudbury 
Breccia to unaffected Sudbury Breccia is well documented.

It is common to find small patches and ovoid bodies of 
igneous-textured material where the Sudbury Breccia 
matrix shows signs of the thermal metamorphism asso 
ciated with ore emplacement. These are interpreted to have 
formed in situ from the melting of part of the breccia matrix. 
This is supported by the fact that some of the larger breccia 
inclusions are common to both the melt and the metamor 
phic matrix, and it is possible to find inclusions that straddle 
both phases (Savage 1945, INCO internal report). Mineral- 
ogically and texturally, these small melt bodies resemble 
some igneous phases of the offset dikes.

The zones of thermally metamorphosed Sudbury 
Breccia matrix, which are believed to have controlled the 
emplacement of footwall mineralization, contain anoma 
lous levels of ore metals (Cu, Ni, PGEs, Au and Ag). These 
anomalies commonly extend for several hundred metres 
beyond the limits of ore-grade mineralization and are 
caused by the presence of fine- to very fine-grained dissemi 
nated sulphides in the breccia matrix. Minor chlorite or 
epidote alteration may or may not be present. Background 
values for Cu and Ni usually are in the order of 100 ppm or 
less; anomalous values can range up to several thousand 
ppm. Non-ore-related Sudbury Breccia contains below 
detection limit concentrations of less than 50 ppb for PGE + 
Au and less than 100 ppb for Ag. Sudbury Breccia zones 
with thermal metamorphic signatures and anomalous 
amounts of Cu and Ni may or may not have anomalous 
levels of PGEs, Au and Ag although anomalous levels of 
PGEs, Au and Ag are invariably accompanied by anoma 
lous Cu and/or Ni. Base metal and precious metal halos ex 
hibit a weakly developed zoning around orebodies. Areas 
proximal to mineralization are enriched in Cu and/or Ni + 
Ag -l- Au -i- PGEs but, with increasing distance away from 
ore, first the PGEs, then Ag drop below the detection limits.

Detailed mapping and geochemical studies have shown 
that some footwall deposits are continuous with associated 
contact orebodies while others are located some distance 
from the interpreted source. The migration of the footwall 
ore through fracture systems in the Sudbury Breccia zones 
has occurred along variably developed fracture systems that 
have preferentially formed within zones of thermally meta 
morphosed Sudbury Breccia. The fracture systems appear 
to have formed while the breccia matrix was still poorly 
consolidated, as indicated by fractures (and the sulphide 
veins that fill them) that crosscut the breccia matrix but 
deflect around more competent rock fragments. The nature 
of the Sudbury Breccia as a product of frictional forces 
developed during the impact event suggests that the heat 
released as a result of these frictional forces would be con 
centrated in the Sudbury Breccia zones. If the breccia was 
poorly consolidated at the time of ore emplacement, then it 
probably also was still quite hot. As a result, the breccia 
zones would have had a high thermal gradient, which would 
have mobilized the sulphide into fractures that formed deep 
within the footwall environment.

DISCUSSION
The formation and emplacement of the Sudbury orebodies 
is a direct product of the complex and protracted crystalliza 
tion history of the SIC and its effects on the underlying foot 
wall rocks. The footwall orebodies are merely fractionated 
phases of the contact ore that have migrated into the wall 
rocks along permeable Sudbury Breccia zones. Under 
standing the nature of the footwall deposits therefore 
requires a comprehension of the nature of the contact 
deposits and the associated Sublayer norite.

The Sublayer is a discontinuous, inclusion and 
sulphide-bearing, contact phase of the SIC. It is texturally 
and compositionally highly variable. The inclusion 
population of the Sublayer is predominantly of 2 types:
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1) footwall-derived inclusions; and 2) a series of cognate 
inclusions that form part of a layered series genetically 
related to the SIC (Rae 1975;Scribbins 1978). If the conclu 
sions of both Rae and Scribbins are correct, the implications 
are very important. The crystallization of the SIC occurred 
after the impact and therefore, the cognate inclusions within 
the Sublayer are also postimpact and, as such, not derived 
from pre-existing target lithologies. Support for this con 
clusion is present in the rare earth element (REE) data for 
SIC rocks (Kuo 1975). As pertains to the Sublayer norite 
inclusions, Kuo states that the

RE characteristics of the ultramafic sublayer inclusions 
suggest the presence of varying amounts of intercumulus material 
with RE properties similar to the main Irruptive magma. Further 
more, the pronounced light REE enrichment of the Irruptive magma 
suggests mixing of a basic melt with a siliceous partial melt from the 
gneissic basement. It is tentatively proposed that the crystallization 
of the ultramafic and mafic cumulates and the incorporation of 
siliceous melt into the initial (basic) Irruptive magma were more or 
less contemporaneous. Thus, the RE properties of settled 
ferromagnesian cumulates may have been affected by an inter 
cumulus liquid which became progressively more silic as mixing 
with crustal melt continued.

The quartz-free and inclusion-free Basic Norite unit of 
the Sublayer is interpreted to be a relatively uncontaminated 
chill of the SIC that does not contain cumulate minerals. It 
should be the closest approximation of the original SIC 
composition. The type example of this unit occurs within 
the Whistle embayment, on the northeast corner of the com 
plex. The chemical composition of the Basic Norite from 
Whistle is given in Table 6.1, along with the chill com 
positions for other layered complexes. In comparison to the 
other layered complexes, the initial composition of the SIC 
does not appear to be unusual. However, the crystallization 
of the SIC did not produce a typical looking layered igneous 
complex. The conditions under which the SIC crystallized 
contributed to this fact.

The crystallization history of the SIC was controlled by 
a number of factors. Important among these are:
1. the SIC magma (possible impact melt sheet) could 

have been superheated (ie., well above its liquidus 
temperature)

2. the distribution of the troughs and terraces along the 
crater wall strongly influenced the early crystallization

history of the SIC due to rapid cooling and assimilation 
of impact breccia by the border phase

3. the possible incorporation of water into the impact 
melt sheet and surrounding breccias given that the 
impact may have taken place in a continental shelf 
environment
These factors suggest that the cooling and solidifi 

cation of an impact melt enclosed in a crater with irregular 
walls would be quite different from that of a normal sill-like 
or lacolithic intrusive body. Jaeger (1964) showed that melts 
will lose heat more rapidly through concave inflections in 
the wall rocks than through flat or convex contacts. For 
Sudbury, this means that the melt within the troughs and 
terraces would cool more rapidly. As a consequence, early 
crystallization of mafic minerals and sulphides would 
preferentially take place within the troughs.

A MODEL FOR THE FORMATION 
OF FOOTWALL OREBODIES

Given the above, a model for the generation and emplace 
ment of the footwall orebodies can be developed as follows:

STAGE l

Figure 6.6a—Deposition of early crystallized cumulate 
minerals to form mafic and ultramafic layers began within 
terraces that occur inside the troughs. This is caused by 
lower temperatures of the SIC in these areas due to the 
greater heat loss to the footwall, greater degrees of 
contamination within the SIC due to the large volume of 
impact breccia within these areas and the ability of terraces 
to trap the cumulate phases deposited by gravity and/or 
convection currents. A sulphide liquid probably was 
forming at this early stage and being trapped as an intersti 
tial phase within the cumulate layers. The heat of the SIC 
would have already caused partial anatexis of the under 
lying impact breccia. This impact breccia could also have 
contained precursor ultramafic rocks and sulphides derived 
from the target lithologies, as suggested by Pattison 1979 
and Golightly, this volume.

Table 6.1 Comparison of the composition of the chilled margins of mafic layered complexes and the Whistle Basic Norite (Whistle BSNR) from 
Sudbury. All values in percentages.

Unit SiO2 FeO MgO CaO A1203 K2O Na2O TiO2

Whistle BSNR*

Bushveld chill 1

Stillwater chill2

Skaergaard chill 1

Muskox 1

48.50

50.55

50.68

48.08

51.33

12.93

11.22

10.17

9.91

11.93

8.09

8.30

7.71

8.62

8.94

10.50

11.30

10.47

11.38

11.60

14.10

15.23

17.64

17.22

13.69

0.55

0.19

0.24

0.25

0.50

2.36

2.24

1.87

2.37

1.84

0.74

0.66

0.45

0.70

1.01

'Whistle Basic Norite: Chilled border phase of SIC.

'Bigger 1974

2 Wager and Brown 1968
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STAGE 2

Figure 6.6b—The accumulation of the cumulate layers 
within the terraces formed a capping over the underlying 
breccia, which was progressively thermally metamor 
phosed by the heat of the overlying melt. The anatectic 
effects on the breccia caused it to diapir up against the 
overlying cumulate layers, sandwiching them between an 
underlying mobile breccia and an overlying fluid melt. 
Overpressure in either direction caused cracking of these 
crystallized layers resulting in the escape of the trapped 
volatiles that were present within the breccia upwards into 
the melt. This resulted in further precipitation of sulphides 
from the melt. These volatiles (water, halides ...) also, 
locally, lowered the viscosity of the melt, which promoted 
easier disruption of the cumulate layers.

STAGE 3

Figure 6.6c—The continued thermal effects of the melt, as it 
lost heat through the floor of the terrace, caused anatexis 
within the crater wall, which accentuated the concave form 
of the terrace. Continued anatexis of the underlying rocks as 
well as tectonic readjustment and instability of the crater 
walls caused complete rupturing of the cumulate layers. The 
lower specific gravity of the anatectic impact breccia helped 
to increase the extent of rupturing by the upward pressure 
the lighter breccia exerted on the mafic cumulate layers.

STAGE 4

Figure 6.6d—The complete rupturing of the cumulate 
layers coupled with the interaction of the SIC with the 
anatectic breccia resulted in the formation of a mixed, inclu 
sion-rich border magma containing inclusions derived from 
the ruptured cumulate layers as well as fragments of the 
footwall lithologies formed by the impact breccia. This 
inclusion-rich border magma is recognized as the Sublayer.

Deposition and break-up of the cumulate layers may 
have taken place more than once in certain environments. 
This type of process would explain the numerous conflict 
ing crosscutting relationships exhibited by various rock 
types at the base of the SIC. It also explains the continuum 
between Sublayer, Footwall Breccia and Sudbury Breccia 
that is sometimes preserved.

The sulphides that formed during the processes out 
lined above eventually migrated to the base of the terraces, 
where they fractionated and subsequently migrated into 
the footwall along fractures formed within zones of the 
Sudbury Breccia during periodic tectonic readjustment 
of the crater walls. In some places, only small fractures 
developed, and the sulphides did not migrate very far. At 
other places, very large dilatant zones formed in Sudbury 
Breccia, and the entire contents of terraces migrated into the 
footwall.

Acknowledgment
The authors want to point out that the ideas expressed in this 
paper are the result of numerous discussions with other

Footwal Rocks 

Anatectic Breccia

V/A Sudbury Igneous Complex 

f l Cumulate Layers 

H Sulphides 

\/\ Sublayer Norite

Figure 6.6. a) Model, stage l—Deposition of cumulates from the 
Sudbury Igneous Complex (SIC) within the terraces that occur inside the 
troughs as well as the start of anatexis of the underlying impact breccia. 
Sulphides could also be accumulating at this early stage, b) Model, stage 
2—The cumulate layers form a capping over the underlying impact 
breccia, which is now completely anatectic due to the heat of the SIC. 
The cumulate layers crack in response to their instability, being sand 
wiched between the overlying melt (SIC) and the underlying, mobile, 
anatectic breccia. Significant amounts of sulphides have now accumu 
lated on the terrace, c) Model, stage 3—Anatexis proceeds below the 
terrace and accentuates the concave shape of the terrace. The cumulate 
layers completely fragment. Early crystallized sulphides also fragment 
at this stage, d) Model, stage 4—The complete fragmentation of the 
cumulate layers and interaction with the underlying anatectic breccia 
leads to the formation of the inclusion-bearing contact igneous phase 
known as the Sublayer. The liquid sulphides migrate to the base of the 
terrace. Fractionation and migration of the sulphides takes place into the 
footwall rocks along zones of Sudbury Breccia.

63



Sudbury-NorU'sk; OGS Special Volume 5

exploration personnel within INCO Ltd. and IETS, but do 
not necessarily represent the unanimous view of this group. 
The authors would like to thank those people, without 
whose technical help this paper would not be possible; 
Bonnie Halbert and Ron Johnson for preparing the 
illustrations and Danielle Hawley for typing the text. 
The authors express their appreciation to INCO Ltd. for 
allowing publication of this paper.

REFERENCES
Biggar, G.M. 1974. Phase equilibrium studies of the chilled margins of 

some layered intrusions; Contributions to Mineralogy and Petrology, 
v.46, p. 159-167.

Grant, R.W. and Bite, A. 1984. Sudbury quartz diorite offset dikes; in The 
Geology and Ore Deposits of the Sudbury Structure, Ontario 
Geological Survey, Special Volume l, p.275-300.

Jaegar, J.C. 1964. Thermal effect of intrusions; Review of Geophysics, 
v. 2, no.3, p.443-466.

Kuo, I-Y. 1975. Rare earth elements in the Sudbury Iruptive; unpublished 
PhD thesis, McMaster University, Hamilton, Ontario, 242p.

Morrison, G.G. 1984. Morphological features of the Sudbury Structure in 
relation to an impact origin; in The Geology and Ore Deposits of the 
Sudbury Structure, Ontario Geological Survey, Special Volume l, 
p.513-520.

Pattison, E.F. 1979. The Sudbury Sublayer; Canadian Mineralogist, v.17, 
p.257-274.

Rae.D.R. 1975. Inclusions in the Sublayer from Strathcona Mine, Sudbury 
and their significance; unpublished MSc thesis, University of 
Toronto, Toronto, Ontario, 194p.

Savage, W.S. 1945. Position of the offsets in the time sequence; 
unpublished internal report, INCO.

Scribbins, B.T. 1978. Exotic inclusions from the South Range Sublayer, 
Sudbury; unpublished MSc thesis, University of Toronto, Toronto, 
Ontario, 104p.

Wager, L.R. and Brown, G.M. 1968. 
W.H. Freeman, San Francisco, 588p.

Layered igneous rocks;

64



Chapter 7
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Footwall copper mineralization in the Sudbury Igneous Complex is dominated by chalcopyrite, cubanite and 
pentlandite with local concentrations of millerite and bornite. Pyrrhotite is notably a minor phase in contrast 
to its overwhelming abundance in contact deposits. The trace element mineralogy includes galena, sphaler 
ite, stannite and a diverse suite of minerals that are rich in platinum group elements, tellurium, bismuth, lead, 
zinc and tin. Arsenic-rich minerals are rarely observed at Victor Deep and McCreedy East but are very 
common amongst South Range deposits such as Garson, Frood-Stobie and Creighton.

Mineralogical and metal zonation patterns in the footwall orebodies are interpreted to have formed 
by crystal fractionation of a relatively primitive, pyrrhotite-rich sulphide melt resident in the contact 
environment.

Microtextural and micromineralogical evidence strongly suggests that the sulphide melt was saturated 
with a calcium-sodium-halogen-rich aqueous fluid at or near the time of final crystallization. Trace element 
enrichment of footwall mineralization appears to be related to the late stage evolution of this fluid phase and 
its concentration into discrete zones in the massive sulphide veins that can be traced for at least several 
hundred metres.

INTRODUCTION

Disseminated to massive nickel-copper sulphide mineral 
ization at Sudbury occurs in 3 interrelated geologic environ 
ments that show strong spatial and geochemical links:

1. Contact-type deposits occur at or near the basal contact 
of the Sudbury Igneous Complex (SIC) with Protero 
zoic and Archean basement. These deposits consist of 
pyrrhotite-rich, disseminated to massive sulphide that 
contains minor amounts of pentlandite and trace 
amounts of chalcopyrite. The Ni/Cu ratio is always 
greater than l (Naldrett 1984).

2. Offset-type deposits comprising pyrrhotite-rich dis 
seminated and massive sulphide occur in dikes of SIC 
material, which may extend up to 10 km or more into 
the basement. They differ from contact mineralization 
in having a higher proportion of pentlandite and chal 
copyrite and a Ni/Cu ratio of about l (Grant and 
Bite 1984).

3. Footwall-type deposits occur as sheet-like massive 
sulphide veins, vein stockworks and disseminated 
sulphides within thermally metamorphosed Sudbury 
Breccia zones up to 2 km outside the SIC and/or base 
ment contact. The sulphide assemblage is dominated 
by chalcopyrite and cubanite; minor amounts of

millerite, bornite and pentlandite are present. The 
Ni/Cu ratio is less than l (Morrison et al., this volume).
This paper describes mineralogical and geochemical 

zonation patterns within footwall mineralization at the 
McCreedy East and Victor Deep footwall deposits. Micro 
mineralogical and microtextural evidence is presented to 
suggest that platinum group elements (PGEs), gold, silver, 
tin, tellurium, bismuth, zinc, lead, alkalies, halogens and 
water were concentrated into highly fractionated copper- 
rich assemblages that eventually become fluid saturated.

GENERAL DESCRIPTION OF 
FOOTWALL-TYPE DEPOSITS

Footwall mineralization is interpreted as a highly differen 
tiated phase of contact sulphide mineralization that has 
migrated into Sudbury Breccia zones in the footwall envi 
ronment (e.g., Morrison et al., this volume; Li and Naldrett 
1992). Migration occurred along a physical connection with 
the parent contact deposit to form stringers, veins, massive 
sulphide sheets and disseminated bodies. Footwall deposits 
are viewed as being Cu -f- PGE -i- Au -i- Ag deposits because 
the sulphide assemblage is dominated by copper-rich 
sulphides and typically contains up to l ounce per ton PGE 
plus Au and Ag. Many also contain substantial amounts of 
nickel and grades of up to T.% Ni over several metres width 
are common in drill intersections.

65



Sudbury-Noril'sk; OGS Special Volume 5

MINERALOGICAL AND METAL 
ZONATION PATTERNS

Victor Deep

The Victor Deep footwall orebody (Figure 7.1) is a 
vein-type massive sulphide body located on the east rim of 
the Sudbury Structure at a depth of 7000 to 8800 feet. It was 
emplaced within a zone of Sudbury Breccia that is currently 
orientated at a high angle to the SIC contact. There is an 
inferred, direct connection to a contact-type orebody. 
Massive sulphide and sulphide-silicate breccias intersected 
at shallow depths, (Table 7.1) close to the inferred con 
tact-type orebody, contain major chalcopyrite and minor to 
accessory amounts of pentlandite, cubanite and bornite. 
Trace amounts of millerite, pyrrhotite, magnetite, sphalerite 
and seleniferous galena (Se-galena) are present. Ore inter 
sections from near the periphery of the orebody and at a 
greater distance from the inferred contact-type orebody, 
contain a greater proportion of bornite, silver-rich bornite, 
millerite and galena. Trace element-rich phases in all parts 
of the orebody include platinum- and palladium-rich plati 
num group minerals (PGM) and silver-, bismuth-, tellu 
rium- and tin-rich minerals; the compositional variation and 
the mineralogical variety increases with increasing dis 
tance, and depth, away from the contact-type mineraliza 
tion. Native silver and a diverse suite of silver-telluride 
minerals are the commonest trace element-rich phases. 
These usually occur in very coarse-grained, highly inter- 
grown aggregates and as narrow discontinuous veinlets in 
massive sulphide. Only trace amounts of sperrylite and 
arsenohauchecornite (?) have been found. In contrast to the 
copper-rich footwall mineralization at McCreedy East, tin 
minerals are virtually absent at Victor.

Galena and sphalerite are ubiquitous accessory phases 
in footwall mineralization but are more abundant in samples 
containing chlorine-rich grunerite and iron ± manganese 
chloride. All sphalerite occurs as an interstitial phase with 
primary chalcopyrite, bornite, pentlandite and pyrrhotite 
and is interpreted to have crystallized as part of the primary 
sulphide assemblage. Two generations of galena are indi 
cated by textural evidence. Galena that occurs at the inter 
stices of coarse-grained primary sulphide is interpreted to 
be primary. A second generation has been remobilized and 
occurs with chlorine-poor grunerite in late microfractures 
that crosscut primary sulphide assemblages. The tin-rich 
accessory minerals, stannite and cassiterite, are more abun 
dant in samples with chlorine-rich phases. Stannite occurs at 
the interstices of primary sulphide minerals and, for this rea 
son, is considered to be part of the primary sulphide assem 
blage. Cassiterite and magnetite occur together, and 
cassiterite often occurs on the walls of micropores in the 
sulphide host (see MICROMINERALOGICAL AND 
MICROTEXTURAL EVIDENCE FOR STRONGLY 
FRACTIONATED, TRACE ELEMENT- AND HALO 
GEN-RICH RESIDUAL MELTS).

Greenschist-facies metamorphic minerals such as 
epidote, actinolite, chlorite, sphene and albite are present in
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Figure 7.1. Longitudinal section of the Victor Deep footwall deposit. 
Open rectangles (2) in mineralization show intersections examined in 
detail; closed boxes (1) show zones with the greatest concentration of 
"bleeding fractures", fluid inclusions and chlorine-bearing phases. 
Cu/S, Cu7(Cu -t- Ni) and Pt7(Pt + Pd) ratios and silver contents increase 
towards the basal contacts in each intersection reflecting an increase in 
native silver, bornite, millerite, and platinum- versus palladium-rich 
platinum group minerals and a decrease in pentlandite. Heavy lines 
represent trace of drill holes and numbers at the base of the figure refer 
to bore hole numbers.

accessory amounts throughout the massive sulphide 
mineralization. Near the upper and lower country rock con 
tacts, they occur in equigranular, contact-metamorphosed 
country rock inclusions. In massive sulphide, some distance 
away from the contact regions, they occur as idiomorphic 
single crystals which superficially resemble igneous pheno- 
crysts. A distinct iron-manganese-chlorine-fluorine-rich 
assemblage including fluorite, sellaite, jacobsite, chlorine- 
manganese-rich grunerite, pyrosmalite and iron-manganese 
chloride also occurs but is more common in deeper ore inter 
sections. This assemblage occurs as irregular interstitial 
grains and euhedral macrocrysts which are not associated 
spatially with disaggregated inclusions of contact- 
metamorphosed country rock.

Mineralogical and metal zonation patterns have 
been established in the Victor footwall mineralization 
along the longitudinal section illustrated in Figure 7.1. 
As the base and top of the mineralized zone is approached 
from the centre of the ore intersection, the Cu/S ratio 
increases from approximately 0.7 to 2.0 in response to 
an increasing proportion of bornite in the ore. This 
increase occurs largely at the expense of pentlandite as 
suggested by Cu7(Cu + Ni) ratios which increase from 
0.6 to 1.0. Pt7(Pt H- Pd) ratios follow a similar pattern and 
increase from 0.3 to 1.0; this ratio appears to peak in
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a complex zone characterized by abundant fractures 
containing chlorine-rich precipitates (see MICROMINER- 
ALOGICAL AND MICROTEXTURAL EVIDENCE 
FOR STRONGLY FRACTIONATED, TRACE ELE 
MENT- AND HALOGEN-RICH RESIDUAL MELTS), 
which occurs before the mineralized contact is reached. 
Silver contents change systematically within the mineral 
ized intersection and are highest in bornite-bearing assem 
blages at the upper and lower contacts. Zinc and lead show 
the opposite zonation pattern and are concentrated near the 
centre of the mineralized zone, particularly if chlorine- 
blaring phases are present there. Data for tin are lacking, but 
examination with a scanning electron microscope (SEM) 
suggests that tin and tin minerals are concentrated near the 
upper contact of the orebody and are not present at the basal 
contact or the periphery of the mineralized zone.

McCreedy East Footwall Deposit

The McCreedy East footwall deposit (Figure 7.2) lies on the 
east flank of the Levack trough in the North Range. The 
deposit has been intersected between the 3000 and 5000 foot 
levels. The connection between footwall mineralization and 
a particular contact deposit, of which there are several in 
close proximity, has not been proven. Massive sulphides 
occur as continuous and discontinuous veins within a 
continuous zone of Sudbury Breccia. The sulphide assem 
blage is dominated by chalcopyrite and cubanite (see 
Table 7.1); accessory to major amounts of pentlandite and 
millerite, and rarely bornite, pyrrhotite, galena, Se-galena 
and sphalerite, are also present. Magnetite is a ubiquitous 
accessory phase. In contrast to the Victor Deep deposit, 
there is little difference in the major sulphide mineral as 
semblage with increasing depth in the orebody. The trace 
mineral and PGM suite is tellurium- and tin-rich (see Table 
7.1). Bismuth-rich PGM are less abundant and 
arsenic-bearing phases are slightly more abundant com 
pared to the footwall mineralization at Victor. Trace 
amounts of native silver, electrum, tetradymite and acan- 
thite-aguilaritess are present in the most fractionated bor- 
nite-rich assemblages, which are concentrated in micro- 
veinlets and as disseminated grains in alteration selvages at 
vein contacts and vein terminations. Spectacular swarms of 
native silver and more rarely electrum (approximately Au0.s 
Ago.s) veinlets occur in bornite-mineralized country rock 
and may represent one of the most highly fractionated 
ore-fluid compositions at Sudbury. Composite grains with 
up to 7 different silver, bismuth, tin, tellurium and PGE 
minerals are abundant in the McCreedy footwall ores.

Partially disaggregated xenoliths of contact-metamor 
phosed country rock occur throughout massive sulphide 
zones. Upper-greenschist-facies metamorphic mineral 
assemblages are similar to those found in the Victor Deep 
deposit (see Victor Deep). The microphenocryst assem 
blage comprises trace amounts of rare earth element- 
iron-manganese-chlorine-rich phases such as manganese- 
rich garnet, jacobsite, manganese-chlorine-rich grunerite, 
allanite, iron-manganese chloride and pyrosmalite.

Mineralogical and metal zonation patterns were 
established for footwall mineralization along the composite 
section illustrated in Figure 7.2. From the core of the miner 
alized zone outwards, Cu/S and Cu7(Cu + Ni) ratios 
generally increase from values in the range 0.7 to 0.8 as the 
vein contacts are approached where values increase to 
approximately l .0. This relationship is not uniformly devel 
oped across the section or along a single borehole, and 
reversals in these trends are common. The cause of this 
variability has not been firmly established but is most likely 
due to there being several distinct stages of mineralization. 
Changes in these metal ratios reflect changes in the modal 
abundance of pentlandite and to lesser extent millerite and 
bornite relative to chalcopyrite. In general, the Pt7(Pt + Pd) 
ratios increase from the top of the mineralized zone to the 
bottom (0.1 to 0.9) but fall sharply at the contact (0.7) and 
within disseminated mineralization (less than 0.5). Here, 
Cu/S ratios increase to values greater than 1.0 (approx. 1.2) 
and Cu7(Cu -f- Ni) ratios closely approach l .0. Also at the 
contact, the modal abundance of bornite (and sometimes 
native silver) increases at the expense of chalcopyrite and 
pentlandite. Zinc, lead and silver contents increase from 
background levels in footwall lithologies (60 ppm Zn, 
20 ppm Pb, less than 0.2 ppm Ag) to peak within chalcopy- 
rite-rich ore (G.35% Zn, G.05% Pb, 6 ounces Ag per ton) 
that contains the greatest concentration of iron-manga 
nese-chlorine-rich accessory phases (see MICROMINER- 
ALOGICAL AND MICROTEXTURAL EVIDENCE 
FOR STRONGLY FRACTIONATED, TRACE ELE 
MENT- AND HALOGEN-RICH RESIDUAL MELTS). 
These zones contain the greatest mineralogical diversity, a 
trend which increases with depth (see Table 7.1) along the 
section illustrated in Figure 7.1. The modal abundance of 
bismuth and tin minerals is greatest within the contact 
region; however, the modal abundance of galena and simple 
tellurium minerals is low at the contact compared to zones 
within chalcopyrite-rich ore that have the highest trace 
element contents.

MICROMINERALOGICAL AND
MICROTEXTURAL EVIDENCE

FOR STRONGLY FRACTIONATED,
TRACE ELEMENT-AND

HALOGEN-RICH RESIDUAL
MELTS

Massive sulphide footwall mineralization at Victor 
Deep (see Figure 7.1) and, to a lesser extent, at McCreedy 
East (see Figure 7.2) contains stratabound zones 
which host a suite of unusual interstitial phases, micro- 
phenocrysts (?) and microveinlets of alkali- and halogen- 
rich minerals. These include discrete grains and 
microveinlets of halite, sodium-chlorine- and calcium- 
potassium- copper-nickel-sulphur-chlorine- and calcium- 
chlorine-rich precipitates (Photos 7.1, 7.2 and 7.3), 
which partially fill microfractures in the polished face of 
drill-core samples.
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Title 7.1. Summary table of deposit geology and mineralogy.

Mine/Prospect Sulphide 
Mineralization

Trace Metal Mineralization
(PGE +AU *Ag +BJ +TC +AS +MO *cd)

Primary-Secondary
Silicates and/or Oxides

in Sulphide

Victor Deep
BH85519-0/8039-8184' Cpy ^ Pn > Bn = Cub

>>> Gal * Se-Gal -t- Mill + Sph

BH85519-0/8365-8387' Cpy >> Bn > Cub >>>
Ag-Bn * Mill * Gal + Se-poor 
Gal

BH81175-1/8262.5-8784' Cpy >> Pn > Bn > Mill + Sph 
Cub> 4-Gal H-Se-Gal + Cc

McCreedy
BH85531-0/3921-3925'

BH85526-4/5034.7-5065.3'

Mass. Cpy > Cub >> Pn >>>
Gal -i- Se-Gal * Sph + Mill

Mass. Cpy, Cub > > Pn >>
Bn > Gal 4- Se-Gal + Sph + Mill

Altaite PbTe,
Arsenohauchecornite NiisBi3AsSi6.
Bi-Kotulskite Pd(Bi,Te),
Cassiterite SnO2,
Froodite PdBi2,
Geversite PtSb2,
Hessite Ag2Te,
Merenskyite PdTe2,
Moncheite PtTe2,
Native Ag,
Niggliite PtSn,
Paolovite Pd2Sn,
Parkerite, Ni3(Bi,Pd)2S2 ,
Sobolevskite PdBi,
Sperrylite PtAs2,

Tellurohauchecornite NigBiTeSs,

Bi-Kotulskite Pd(Bi.Te), 
Electrum (Au.Ag), 
Hessite Ag2Te, 
Moncheite PtTe2, 
Native Ag, 
Niggliite PtSn, 
Paolovite Pd2Sn, 
Parkerite Ni3(Bi,Pd)2S2 , 
Sb-Sperrylite (Pt,Sb)As2 , 
Sperrylite PtAs2,

Acanthite Ag2S,
Altaite PbTe,
Bi-Kotulskite Pd(Bi,Te),
Cassiterite SnO2,
Empressite AgTe,
Froodite PdBi2 ,
Hessite Ag2Te,
Mertieite II Pd8Sb3,
Moncheite PtTe2,
Native Ag,
Niggliite PtSn,
Parkerite, Ni3(Bi,Pd)2S2,
Sb-Sperrylite (Pt,Sb)As2 ,
Sobolevskite PdBi,
Sperrylite PtAs2,
Stannopalladinite Pd3Sn2 ,
Stuetzite Ag5-xTe3
Unknown (Pd,Pt)3Bi2Te2,
Unknown Pt(Sn,Bi)Te or Pt3Sn3(Te,Bi)4,
Unknown (Pb,Ag)(Te,S)2 ,
Unknown PbaTe,
Unknown Ag(Te,S),
Unknown (Ni,Pd)4(Te, Sb)5
Unknown PtPdNi2BiTe5
Unknown PtgBi

Altaite PbTe,
Bohdanowiczite or unknown BiAgSeS,
Hessite Ag2Te,
Michenerite-Merenskyitess PdBiTe-Pd(Te)2 ,
Tetradymite Bi2Te2S,

Hessite Ag2Te, 
Maslovite (Pt.Pd)BiTe, 
Moncheite PtTe2, 
Niggliite PtSn, 
Sobolevskite PdBi,

Act, Qtz, Fe-Chl, 
Fe-Mg-Chl, Ser, Bio, 
F-Cl-Bio, Grun, Cl- 
Mn-Grun, Alb, Or, Epi, 
Mt, Mn-Ilm, Zir, Bio, 
Ap, Ct, Sphn, Jacob, 
Fe ± Mn chloride, Sell, 
Fluor, Sr-Bar, Fe-Mn- 
Cu-Ni-Cl-S-Pptte, 
Fe-Ni-Cl-S-Pptte

Epi, Qtz, Ap, Act, 
Fe+M+Cl-Chl, Grun, 
Fe+Mn-Cl-Grun, Fe- 
K-Al-Amph, Sphn, 
NaCl, Fe-Mn-Cu-Ni- 
Cl-S-Pptte, Ca-Cl-O- 
Pptte, Ca-K-Cl-S- 
Pptte, Fe-Cu-Ca-Cl- 
S-Pptte

Grun, Mn-Cl-Grun, 
Hnbld, Bio, Cpx, Epi, 
Sphn, Qtz, Ct, Dol, 
Allan, Fe-Chl, Fe-Mg- 
Chl, Na-Plag, Mn-Ilm, 
Mt

Hnbld, K-Grun, Epi, 
Act, Sphn, Fe-Mg-Chl, 
Qtz, Mt, Ap, Alb, Ct 
NaCl, Na-Ca-Cl-S 
Pptte (rare)

Qtz, Fe-Chl, Ilm, Plag, 
Act, Epi,
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Table 7.1. Summary table of deposit geology and mineralogy.

Mine/Prospect Sulphide 
Mineralization

Trace Metal Mineralization
(PGE +AU *Ag +BJ +TC +AS +MO *Cd)

Primary-Secondary
Silicates and/or Oxides

in Sulphide

BH85527-0/4809.5-4846.5' Mass. Cpy , Cub >>> Pn >>
Bn > Sph > Gal > Se-Gal > Mill

Bi-Kotulksite Pd(BiTe), 
Cassiterite SnO2, 
Electrum (Au.Ag), 
Froodite PdBi2 , 
Gersdorffite (Ni.Fe.Co)AsS, 
Hessite Ag2Te, 
Kotulskite PdTe, 
Maslovite (Pt,Pd)BiTe, 
Melonite NiTe2, 
Merenskyite PdTe2, 
Niggliite PtSn, 
Paolovite Pd2Sn, 
Sobolevskite PdBi, 
Sperrylite PtAs2,

Qtz, Or, Mn-Ilm, Bio. 
Mn-Gnt, Allanite, Mt, 
Jacob, Mn-Cl-Grun,

Volynskite or unknown Ag(Bi,Te)3,

Abbreviations: Act—actinolite; Alb—albite; Allan—allanite; Amph—amphibole; Ap—apatite; Bar—barite; Bio—biotite; Bn—bornite; Cc—chalco 
cite; Chl—chlorite; Cpx—clinopyroxene; Cpy—chalcopyrite; Ct—calcite; Cub—cubanite; Dol—dolomite; Epi—epidote; Fluor—fluorite; Gal— 
galena; Gnt—garnet; Grun—grunerite; Hnbld—hornblende; Ilm—ilmenite; Jacob—jacobsite; Mill—millerite; Mt—magnetite; Or—orthoclase; 
Plag—plagioclase; Pn—pentlandite; Pptte—precipitate; Qtz—quartz; Sell—sellaite; Ser—sericite; Sph—sphalerite; Sphn—sphene; and Zir—zircon.

4000L

Sudbury Breccia

Figure 7.2. Composite section of McCreedy East footwall copper 
deposit. Open rectangles (2) centred on mineralization show parts of the 
core that were examined in detail; closed boxes (l) are zones with heavy 
concentrations of "bleeding fractures", fluid inclusions and a 
chlorine-bearing phase. Cu/S, Cu7(Cu -i- Ni) and Pt7(Pt + Pd) ratios 
increase towards the basal contact in each intersection reflecting an 
increase in bornite and platinum- versus palladium-rich platinum group 
minerals and a decrease in pentlandite. Heavy lines represent trace of 
drill holes and numbers at the base of the figure refer to bore hole 
numbers.

Occasionally, euhedral crystal forms (Photo 7.4) have 
developed, and these unidentified precipitates contain 
higher concentrations of base metals and sulphur compared 
to irregular-shaped mounds of precipitate. Textural 
evidence obtained with the SEM suggests that these precipi 
tates may have formed from a liquid which oozed out from 
microfractures in the massive sulphide. These fluids 
crystallized as a solid on the polished face of the drill-core 
specimens leading to the descriptive term "bleeding frac 
tures" to describe this texture. Similar precipitates also are 
present on the surface of grunerite and chlorite crystals 
(Photo 7.5) and along sulphide-oxide (Photo 7.6) and sul 
phide-silicate grain boundaries, especially where they are 
spatially associated with chlorine-bearing grunerite and 
iron-chlorite. Sulphide grains usually are very porous in 
samples with "bleeding fractures".

Open cavities can be lined with or contain protruding, 
euhedral grains of sphalerite, galena, magnetite, cassiterite, 
chalcopyrite or pentlandite (Photos 7.7 and 7.8). The crystal 
faces of these cavities sometimes contain abundant euhedral 
cubic pits (see Photo 7.8) similar in size and form to pits 
on the polished section surface. Occasionally, trails 
or swarms of similarly shaped pits sweep across the face of 
the polished section and in this respect are similar to fluid 
inclusion trails often seen in vein quartz. Their cubic form 
strongly suggests that a salt, perhaps NaCl or CaC^, had 
been present.

SEM examination also has identified coarse, euhedral 
crystals of chlorine-bearing grunerite (Photo 7.9), iron 
± manganese chloride (Photo 7.10) and cassiterite 
(Photo 7.11) that are spatially associated with euhedral 
magnetite and in some instances jacobsite. In some crystals, 
chlorine-rich grunerite cores are mantled by epitaxial over 
growths of chlorine-poor grunerite (Photo 7.12). These 
chlorine-bearing silicate and nonsilicate phases were
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described by Springer (1989) in footwall mineralization 
at the Strathcona deposit and have been identified in 
mineralized intersections in the Duluth Complex by 
Saini-Eudukat and Kucha (1991).

Primary fluorite (Photos 7.13 and 7.14) and sellaite 
(Photo 7.15) have been found in trace amounts in samples 
containing chlorine-rich minerals. In all examples, these 
fluorides occur as subhedral to euhedral crystals that are 
spatially associated with chlorine-bearing grunerite, iron 
± manganese chloride and "bleeding fractures" containing 
alkali-, chlorine- and sulphur-rich precipitates.

THE DISTRIBUTION OF 
HALOGEN-RICH ROCK TYPES

Strong geochemical enrichments in chlorine and fluorine 
occur in Sudbury Breccia zones, especially where these are 
strongly mineralized with massive sulphide ores. Chlorine- 
and fluorine-enrichment in massive sulphide is greatest in 
zones of "bleeding fractures" and where iron-manganese- 
chlorine and fluorine-rich accessory minerals have been

found. These zones are correlatable between drill holes up 
to several hundred metres apart (Figures 7.2 and 7.3) and 
generally coincide with the greatest enrichment in the PGM, 
sphalerite, galena, cassiterite, stannite and bismuth 
tellurides.

Preliminary geochemical data show a broad range in 
chlorine and fluorine contents from a wide variety of rock 
types in the contact and footwall environment. In general, 
chlorine occurs at anomalous concentrations (300 to 
4000 ppm) within mineralized, thermally metamorphosed 
Sudbury Breccia but is low (less than 200 to 300 ppm) in the 
fragment population and in barren Sudbury Breccia. Fluo 
rine shows a similar distribution to chlorine, and values 
range up to approximately 1200 ppm in mineralization com 
pared to less than 400 ppm in barren rock types. Early results 
showed that sampling for both chlorine and fluorine was not 
cost-effective, so detailed data were collected only for chlo 
rine. Analytical results are not tabulated here because the 
study is at a preliminary stage, and there is a large range of

No. 5 Orebody 

Contact Mineralization 

Footwall Mineralization 

Sudbury Igneous Complex

Y/A Sublayer Norite

m Footwall Breccia

Sudbury Breccia Zone

l l Footwall Gneiss

Figure 7.3. Contoured chlorine abundances in a composite section through the McCreedy East footwall copper deposit. The highest chlorine values 
occur near the projected position of the McCreedy East No. 5 east contact orebody and extend updip along a Sudbury Breccia zone.
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values in each rock type depending on the sample location 
relative to the interpreted fluid source, which is the 
McCreedy East No.5 west contact orebody (see Figure 7.3, 
below).

Figure 7.3 shows the distribution of chlorine along a 
composite section of the McCreedy East footwall deposit 
(drill locations omitted for clarity) including the contact 
region of the SIC with the footwall gneiss. The hachured 
area is the projected position of pyrrhotite-rich, con 
tact-type mineralization of the McCreedy East No.5 west 
orebody, which is located about 150 m to the east of this 
section. The data clearly show that chlorine-enrichment is 
greatest within the Sudbury Breccia, especially where this is 
strongly mineralized. Regardless of the rock type, the 
highest chlorine contents are centred near the projected 
position of the No.5 west orebody, and anomalous concen 
trations occur in the Sudbury Breccia at least 1200 m up 
dip and are not cut off by the drilling illustrated in this 
composite section.

DISCUSSION

Formation of Alkali- and 
Halogen-Rich Interstitial Phases and 
Precipitates in "Bleeding Fractures"

Detailed SEM studies have shown a strong correlation 
between the occurrence of alkali-, halogen- and metal-rich 
precipitates in microfractures and the occurrence of halo 
gen-rich interstitial phases such as iron-manganese chlo 
ride, chlorine-bearing grunerite and fluorite. In the absence 
of the halogen-rich solid phases, it might be concluded that 
the precipitates formed from fluids that were introduced 
into the drill core from foreign sources such as percolating 
saline groundwaters, which are known to be present in the 
Canadian Shield (e.g., Fritz and Frape 1987), drilling fluids, 
or fluids used during sample preparation. None of these is a 
viable source of contaminants given the strong coincidence 
noted above. It is most likely that alkali- and halogen-rich 
solid phases were at one time in equilibrium with the fluids 
that are now present in microfractures and micropores and 
that upon retrieval from the ground and exposure to air, the 
fluids dried and precipitated any dissolved cations as inter- 
grown halide- and sulphate-rich minerals. Similar precipi 
tates also have been observed on samples recovered 
from the mine environment that have been allowed to dry 
naturally (E.F. Pattison, INCO Exploration and Technical 
Services Inc., personal communication, 1992). It is possible 
that some precipitates found in "bleeding fractures" formed 
in sample preparation. This could occur if soluble, primary 
alkali-, halogen- and sulphate-rich phases dissolved during 
sample preparation, then reprecipitated in a hydrous form 
when the sample dried. In either case, there is evidence that 
these rocks contained anomalous levels of halogens and 
alkalies.

Apart from the common copper-, nickel- and iron-rich 
sulphide minerals that form the bulk of the footwall copper 
ores, a number of unusual iron-, manganese-, chlorine- and

fluorine-rich phases are present including chlorine-bearing 
grunerite, jacobsite, magnetite, iron-manganese chloride, 
fluorite and sellaite. These minerals form a conspicuous 
assemblage that is largely unexpected in a magmatic 
sulphide environment. The textural relationships, euhedral 
habit and distinctive composition of this suite compared to 
greenschist-facies minerals suggest that they are true 
igneous phenocrysts that have crystallized from an 
oxygen-bearing, copper-rich sulphide melt, which con 
tained minor amounts of silicon, iron, magnesium, calcium, 
manganese, chlorine, fluorine and water. Alternatively, 
some of these phases may be porphyroblastic and formed by 
the partial assimilation, recrystallization and disaggrega 
tion of wall rock xenoliths. This is unlikely as wall rock 
xenoliths are composed of hornfelsic intergrowths of chlo 
rine-poor actinolite, quartz, plagioclase ± biotite ± epidote ± 
zoisite ± ilmenite, an assemblage which is similar to the 
regional, greenschist-facies metamorphic suite and the 
mineralogy of alteration selvages formed around massive 
sulphide veins in the footwall environment (Farrow and 
Watkinson 1992).

The identification of fluorite and sellaite in the footwall 
environment provides the first evidence for the Sudbury 
area deposits that the dissolved fluid phase also contained 
minor amounts of fluorine. There is no textural evidence to 
suggest that these fluorine-rich minerals were deposited in 
late crosscutting fractures by low temperature fluids, and 
they are interpreted to be part of a primary micropheno- 
crystal population or a late stage differentiate that 
crystallized at sulphide-sulphide interstices. Unfortunately, 
the solubility and effect of halogens on phase relations in 
sulphide-rich systems is not known.

Trace Element Enrichment and 
Chlorine-Rich Assemblages

The strongest development of alkali-chloride-sulphate pre 
cipitates and iron-manganese-chlorine-fluorine-rich micro- 
phenocrysts almost always coincides with the highest con 
centrations of trace element (PGE, bismuth, tellurium, lead, 
zinc, tin, arsenic)-rich minerals. This suggests that small 
amounts of alkalies, chlorine, fluorine and water became 
concentrated into the most fractionated, copper-rich sul 
phide melts near the end of their crystallization history. 
Upon fluid saturation, these residual fluids became trapped 
to form fluid inclusions that are lined by trace element- 
rich daughter phases and interstitial pore fluids which later 
crystallized to form alkali- and halogen-rich precipitates. 
The principal exception is the occurrence of highly fraction 
ated bornite-native silver assemblages which commonly 
occur at vein contacts. Here, late fluids would be expected 
to migrate into fractures within the host rocks and not 
be trapped as fluid inclusions. Although Farrow and 
Watkinson (1992) argue to the contrary, the limited 
development of hydrothermal alteration assemblages in the 
Sudbury Breccia accords well with the very low solubility 
of water in sulphide-oxide melts (e.g., Naldrett and 
Richardson 1968) and indicates that a hydrothermal origin 
for the copper-rich footwall ores is unlikely.
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Photo 7.1. Backscatter electron image of sodium-calcium-chlo 
rine-sulphur-oxygen-rich precipitates in microfractures ("bleeding 
fractures") and as irregular mounds on chalcopyrite. Lamellar grain 
is a moncheite and/or altaite intergrowth. Note trail of cubic pits 
(arrow). Field of view—280 by 420 |Im.

Photo 7.2. Backscatter electron image of euhedral NaCl grains in 
fractured pentlandite. Field of view—30 by 45 firn.

Photo 7.3. Backscatter electron image of partially dissolved NaCl 
veinlet in bornite. Medium grey phase is chalcopyrite. Field of 
view—130 by 190 Jim.

Photo 7.4. Backscatter electron image of euhedral sodium-cal 
cium-chlorine-sulphur-oxygen-rich precipitate on the pentlandite in 
chalcopyrite. Central grain (arrow) is NaCl. Field of view—80 by 
120(Im.

Photo 7.5. Backscatter electron image of sodium-calcium-chlo 
rine-sulphur-oxygen-rich precipitates on the surface and along the 
edge of a lamellar chlorite grain in sulphide. Field of view—450 by 
650 (Im.

Photo 7.6. Backscatter electron image of sodium-calcium-chlo 
rine-sulphur-oxygen-rich precipitate on chalcopyrite and at the con 
tact with magnetite and cassiterite (arrow). Pore spaces surrounding 
chalcopyrite may have been filled by a salt which was dissolved 
during sample preparation. Field of view—1.0 by 1.5 mm.
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Photo 7.7. Backscatter electron image of euhedral, lamellar cassiter 
ite and equant sphalerite grains protruding into a fluid inclusion void 
in chalcopyrite. Fine-grained, porous phase in the base of the cavity is 
an iron-manganese-chloride mineral. Trails of tiny, euhedral pits lead 
away from the corners of the cavity (arrow). Field of view—200 by 
300 JJ. m.

Photo 7.8. Backscatter electron image of euhedral, cubic pits on the 
striated crystal face of pentlandite exposed in a fluid inclusion cavity 
in massive pentlandite. Field of view—100 by 150 (J.m.

Photo 7.9. Backscatter electron image of microphenocrystal chlo 
rine-rich grunerite in chalcopyrite. Irregular veinlets of chlorine-poor 
grunerite crosscut the sample surface. Note mound of sodium-chlo 
rine-sulphur-oxygen-rich precipitate (arrow) near euhedral pits in the 
sample surface. Field of view—0.75 by l. l mm.

Photo 7.10. Backscatter electron image showing close spatial rela 
tionship between magnetite (large central grain) and subhedral iron i 
manganese chloride (dark grey) microphenocrysts in chalcopyrite. 
Bright white grain is primary galena. Note the abundance of 
sodium-calcium-chlorine-sulphur-oxygen-rich precipitate that has 
formed along the traces of microfractures and as irregular mounds. 
Euhedral cubic pits occur at several locations in the sample surface. 
Field of view—350 by 500 Jim.

Photo 7.11. Backscatter electron image of euhedral cassiterite (bright 
white) at the contact between magnetite and host chalcopyrite. Note 
sodium-calcium-chlorine-sulphur-oxygen-rich precipitate which 
occurs along microfractures. Field of view—350 by 500 (J.m.

Photo 7.12. Backscatter electron image of euhedral micropheno 
crystal chlorine-bearing grunerite overgrown epitaxially by chlo 
rine-poor grunerite. Field of view—120 by 175 Jim.
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Photo 7.13. Backscatter electron image of composite fluorite 
(black)-sphalerite (medium grey)-galena (bright white) grain in massive 
chalcopyrite. Field of view—50 by 75 Jim.

Photo 7.14. Backscatter electron image of subhedral fluorite (black), 
euhedral michenerite and irregular interstitial sphalerite in massive chal- 
copyrite-bornite mineralization. Bright specks on the sample surface are 
sodium-calcium-chlorine-sulphur-oxygen-rich precipitates. Note trails 
of euhedral pits which sweep across the sample surface. Field of 
view—400 by 600 |i iru

Photo 7.15. Backscatter electron image of sellaite (dark grey) and 
cassiterite (bright white) at the contact between chlorine-rich grunerite 
(medium grey) and chalcopyrite. Field of view—60 by 100 firn.

Evolution of an Alkali- and
Halogen-Rich Fluid Phase During

Late Stage Fractionation of a
Copper-Rich Sulphide Liquid

Micromineralogical and microtextural evidence that halo 
gen-bearing aqueous fluids were present during the crystal 
lization of footwall copper-rich ores is abundant at 
McCreedy East and Victor Deep. Mineralogical evidence 
strongly suggests that these fluids were concentrated within 
relatively wide zones near, but not at the bottom or top of, 
the mineralized horizon and that there is good lateral conti 
nuity of these zones over relatively large distances (200 to 
300 m). Limited compositional data and mineralogical evi 
dence demonstrate that these zones also are enriched in trace 
metals such as zinc, lead, bismuth, tellurium, tin and to a 
very small degree antimony. The overall abundance of PGM 
shows a strong correlation with trace metal contents and the 
occurrence of halogen-bearing phases, but the dominance 
of platinum- versus palladium-rich mineralogies is inde 
pendent of these factors and closely reflects the bulk Pt7(Pt * 
Pd) ratio of the host sulphide. In the footwall environment, 
this ratio shows an increase towards the base of the mineral 
ized zone (this study and Li and Naldrett 1992) which can be 
related to changes in the Cu/S and Cu7(Cu ± Ni) ratios. 
Changes in these ratios can result from crystal differenti 
ation and fractionation of "primitive", high temperature, 
pyrrhotite-rich assemblages to produce highly fractionated, 
low temperature sulphide assemblages containing major 
amounts of chalcopyrite and bornite (e.g., Naldrett 1984).

The role that halogen-bearing aqueous fluids may have 
played in the evolution and emplacement of copper-rich 
footwall ores in Sudbury is not understood. Exploration 
geologists with INCO have recognized for some time that 
chlorine was present in anomalous concentrations in some 
facies of the SIC, but there was no clear spatial association 
between the occurrence of chlorine-bearing minerals, such 
as scapolite, and footwall mineralization. A close spatial 
relationship was demonstrated by Springer (1989) and more 
recently by Li and Naldrett (1992) who described a total of 9 
chlorine-bearing silicate and nonsilicate minerals within 
footwall copper-rich ores at Strathcona Mine. Farrow and 
Watkinson (1992) also recorded salinities of up to 
34.4 weight 9fc NaCl equivalent in PGE-rich, quartz- 
sulphide veins that occur on the periphery of massive 
chalcopyrite veins in the footwall environment. These are 
believed to represent the most extreme differentiates of the 
copper-rich ores.

Li and Naldrett (1992) have suggested that the halogen- 
rich fluids were exsolved from a highly fractionated 
sulphide melt as it approached its solidus. It is proposed here 
that this process occurs in a manner similar to models that 
have been used to explain the exsolution of an aqueous fluid 
from granitic melts. In granitic melts, exsolution of a fluid 
phase and the formation of chloride-metal complexes are 
the principal mechanisms for the concentration and trans 
port of incompatible trace elements such as tin, tellurium, 
bismuth, molybdenum and antimony, and this is the most
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plausible explanation for the concentration of incompatible 
trace elements in the footwall environment at Sudbury. In 
addition, a dissolved fluid phase might be expected to 
extend the temperature range over which crystal 
fractionation could operate and perhaps also decrease the 
already low viscosity of the sulphide melt. This would 
explain the close spatial relationship of halogen- and trace 
metal-rich mineralogies with highly fractionated copper- 
rich assemblages and the great distance (maximum 2 km) 
that copper-PGE-gold-silver-rich assemblages are found 
away from contact orebodies in the footwall environment. 
The effect of a dissolved fluid component on liquidus 
temperatures and the sulphide solidus, however, is not 
known. Although Naldrett and Richardson (1968) have 
reported that the liquidus temperature of pyrrhotite-rich 
sulphide-oxide liquids is unaffected by the addition of small 
amounts of water, no experimental data exist for 
copper-rich systems or systems containing any halogens.
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The Craig Deposit, Sudbury, Ontario
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Abstract
The Craig nickel-copper deposit is located in the Onaping-Levack area on the North Range of the Sudbury 
Igneous Complex. The current mineral inventory plus past production total 14 700 0001 grading 2.019fc Ni 
and Q.74% Cu. The deposit consists of 9 discrete zones stretching over a strike length of 1000 m and lying 
between 650 and 1700 m below surface. The ore zones are quite variable in dimension and attitude but gener 
ally strike north to northeast and dip 400 to 450 to the east and southeast. A distinct southeast plunge is 
common to most zones, and a secondary northeast plunge is also evident.

Host rocks to the ore zones include the Sublayer at the base of the Sudbury Igneous Complex, Footwall 
Breccia beneath the Sublayer contact and gneissic footwall rocks adjacent to the Footwall Breccia. In 
contrast to other North Range orebodies, the Craig deposit does not have an association with a large 
embayment structure and substantial thickening of the Sublayer. Approximately 10 "^ of the ore is hosted in 
relatively minor Sublayer em bay men ts, where it consists of sulphide disseminations, blebs and irregular 
stringers in the norite matrix of the Sublayer. The greater proportion (75 "^0 of Craig ore is found within the 
Footwall Breccia, where disseminations, blebs, irregular stringers and massive sulphides occur within or 
entirely replace the matrix of the host breccias. The remaining ore occurs as massive sulphide veins cutting 
the footwall gneisses immediately adjacent to Footwall Breccia ore zones. The sulphides are composed of the 
typical Sudbury assemblage of pyrrhotite, pentlandite and chalcopyrite, with minor amounts of magnetite 
and pyrite usually present.

A distinct pattern of metal zonation is evident across the deposit. While nickel values are essentially 
uniform, copper values increase below the Sublayer contact into the footwall. An initial study of platinum 
group element (PGE) abundances showed the relative depletion of osmium, iridium and rhodium and the 
enrichment of platinum, palladium and gold in ores away from the Sublayer contact. Metal zonation within 
an individual ore zone was also confirmed. In No. 6 Zone, copper values are highest in the vein-type ore that is 
situated farther into the footwall. The metal zonation at Craig is compatible with the theoretical behaviour of 
metals during the fractionation of a sulphide melt.

INTRODUCTION

The Craig nickel-copper deposit is located in Levack Town 
ship on the North Range of the Sudbury Igneous Complex 
(SIC), approximately 33 km northwest of the city of 
Sudbury. The deposit is one of a series of nickel-copper 
sulphide orebodies occurring at the base of the complex in a 
10 km belt in the Onaping-Levack area (Figure 8.1).

Outcrops of nickel-bearing sulphide mineralization 
were discovered in the Onaping-Levack area in 1888, and 
the first ore was extracted from the Levack Mine in 1913. 
The claims covering the Craig deposit were acquired by 
Falconbridge Nickel Mines Limited in 1935. During the 
years 1950-1952, a widely spaced surface diamond-drill 
program encountered subeconomic mineralization on the 
property, and in the 1960s, 2 hanging-wall drifts were 
driven eastward from the Onaping Mine as a base for under 
ground exploration. Diamond drilling from these drifts 
during the years 1972-1981 located the ore zones that now 
compose the Craig deposit. Preliminary surface and under 
ground development began in 1981 but was halted 
following the economic downturn in 1982. Development 
was reactivated 2 years later, and the first ore from the Craig 
deposit was mined in November 1985. Limited production 
of ore continued in subsequent years in conjunction with a 
comprehensive program of underground exploration, mine

planning and economic evaluation. In 1989, the decision 
was made to bring the Craig deposit to full production at an 
estimated cost of S300 million. Current mineable reserves 
and past production total 14 700 0001 grading 2.019fcNi and 
Q.74% Cu. The deposit is presently being mined at a rate of 
900 000 tonnes per year (t/a) using both cut-and-fill and 
blasthole methods. The mining rate will reach l .2 million t/a 
in 1994 when full production is attained. The Craig Mine is 
named in honour of Ernest Craig (1888-1960), the first 
General Manager of Falconbridge Nickel Mines Limited.

This description of the Craig deposit is presented as an 
initial picture of the ore zones to allow comparison with 
similar occurrences in the area. At this time, the ore has only 
been accessed at a few widespread locations, with much of 
the known information coming solely from diamond dril 
ling. Further detailed geological studies will be completed 
as additional data and resources become available.

REGIONAL GEOLOGY
The regional geology of the North Range of the SIC has 
been extensively described by many authors and is effec 
tively summarized by Coats and Snajdr (1984). The princi 
pal rock units in the Onaping-Levack area consist of the 
Archean Levack Gneiss Complex, which forms the 
footwall, and the Main Mass of the SIC in the hanging wall. 
Both of these units have been cut by younger diabase dikes.
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In addition, irregular dikes and masses of pseudotachylyte, 
known as Sudbury Breccia, cut the footwall gneisses. The 
zones of the SIC consist of an upper granophyre unit, a 
middle quartz gabbro unit and a lower norite unit. The norite 
unit is mainly made up of felsic norite with discontinuous 
zones of mafic norite at its base. In most locations, a distinc 
tive, intrusive unit called the Sublayer is located beneath the 
norite unit at the base of the SIC. Footwall Breccia, which 
consists of a discrete but irregular zone of breccia of vari 
able dimensions, is located between the Sublayer and the 
Levack gneisses.

Along the North Range, ore occurs in the Sublayer unit 
of the SIC, within the Footwall Breccia, and as massive vein 
deposits injected into fractures in the footwall gneisses. The 
most significant amount of ore is hosted by the Footwall 
Breccia. Most deposits are associated with large embay 
ment structures and a thickening of the overlying Sublayer.

MINE GEOLOGY
Since the ore at Craig occurs along and below the Sublayer 
contact, rock units exposed within the mine consist of the 
Lower Zone of the SIC, the Footwall Breccia and the 
Levack Gneiss Complex. Mapping and analysis to date have 
shown these units to be similar to those described from other 
areas along the North Range.

Levack Gneiss Complex
The Archean footwall gneisses at Craig can be character 
ized as medium-grained, medium to light grey rocks con 
sisting of oriented bands of amphibole and pyroxene inter 
mixed with layers of feldspar and minor quartz. The 
gneisses closest to the SIC are generally described as 
pyroxene granulite with retrogressive amphibole. The 
gneissosity is irregular. Moderately developed in most 
exposures, it ranges from quite prominent and tightly folded 
to a very faint, almost massive texture. Brecciation of the 
gneisses and boudinage of the mafic layers has been noted. 
The mafic content is variable, and within the mine, the 
gneisses are subdivided into 2 units: felsic gneiss (less than 
5096 mafic minerals) and mafic gneiss (greater than 5096 
mafic minerals). Felsic gneisses predominate with mafic 
gneisses making up approximately 3096 of the total. The 
compositional variations suggest a metasedimentary and/or 
minor metavolcanic origin (Dressler 1984).

Associated with the gneisses are scattered mafic and 
ultramafic rocks and occasional pegmatite veins. The mafic 
and ultramafic units represent pre-SIC intrusive bodies of 
gabbroic to pyroxenide composition and compose 596 of the 
footwall rocks at Craig. The most common of these is a 
dark grey-black, glomeroporphyritic rock locally called 
Matachewan Diabase. Large fragments and broken trails of 
these resistive rocks are common in the Footwall Breccia.

All rocks of the Levack Gneiss Complex, including 
associated Sudbury Breccia, have undergone thermal meta 
morphism resulting from the emplacement of the SIC. The 
contact aureole extends approximately 500 m into the foot 
wall at Craig.

Sudbury Breccia
Sudbury Breccia is represented by narrow vein-like zones 
of pseudotachylyte found at many locations in the Levack 
gneiss. They consist of gneissic fragments in a dark 
fine-grained matrix and although widespread, no large 
dikes or extensive zones have been located. Occasional 
fragments of Sudbury Breccia can be found in the Footwall 
Breccia near its lower contact.

Olivine Diabase
Olivine diabase dikes of the Sudbury dike swarm cut all 
rock formations in the Craig area. Their overall northwest 
trend is fairly consistent, but locally dip and width can vary 
greatly, and bifurcation is a common feature. The main im 
pact of the dikes on mining occurs where ore zones are split 
into separate blocks or poor ground conditions are created in 
mining areas.

Lower Zone of the Sudbury Igneous 
Complex

As exposed in the mine, the lower part of the complex con 
sists of 3 map units: felsic norite, mafic norite and Sublayer.

Felsic norite is a grey, medium- to coarse-grained rock 
composed of up to 7096 plagioclase, 10 to 3096 pyroxene, 
3 to 1096 potassic feldspar, 5 to 1596 granophyre and quartz 
and 2 to 596 biotite. Minor minerals include magnetite, 
ilmenite, apatite, zircon and sulphides. The contact with the 
underlying mafic norite is gradational over a few metres.

Mafic norite is a medium- to coarse-grained, dark grey 
to dark brown rock consisting of 20 to 4096 euhedral plagio 
clase, 30 to 6096 hypersthene, 5 to 1096 clinopyroxene and 
2 to 596 biotite. Minor minerals include quartz, grano 
phyre, apatite, magnetite and disseminated sulphides. Large 
coarse-grained, anorthositic segregations exhibiting grada 
tional margins are common. These irregular bodies do not 
appear to be xenoliths but are thought to represent the final 
stages of differentiation of the norite.

The Sublayer at Craig is a continuous unit occurring 
gradationally below the mafic norite at the base of the com 
plex. It is a fine- to medium-grained heterogeneous rock 
containing a wide variety of fragments in a fine-grained 
norite matrix. Xenoliths in the Sublayer include a wide 
range of rock types from the footwall gneiss complex as 
well as scattered ultramafic fragments of diverse origin. 
Mafic norite inclusions are preferentially found near the 
upper contact. A common feature close to the lower contact 
of the Sublayer is zones containing large amounts of white, 
feldspathic fragments. These xenoliths can compose up to 
95 96 of the rock. In mine terminology, this unit is referred to 
as Leucocratic Norite Breccia and Xenolithic Norite.

Both the upper and lower contacts of the Sublayer are 
complex and gradational, usually over a distance of several 
metres. There is evidence of mixing of the Sublayer with 
adjacent units. Observed bulges of the Sublayer can 
penetrate into both the mafic norite and the underlying foot 
wall to form small embayments. These downward bulges 
occasionally host sufficient concentrations of sulphides to
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be of economic interest, but in general, the Sublayer at Craig 
contains only small amounts of disseminated sulphides.

Due to the complex contact relationship and obvious 
mixing of the two units, the mafic norite and Sublayer are 
combined into one unit on the accompanying plans and 
section.

Footwall Breccia
Footwall Breccia occurs as an irregular zone up to 150 m 
thick between the Levack Gneiss Complex and the 
overlying SIC. It has intruded into both units and often 
encircles immense blocks of footwall material. Contact 
relationships are variable but are usually gradational over a 
short distance. The rock consists of a variety of fragment 
types and sizes in a light to dark grey granitic matrix. The 
fragments range in size from l cm to 5 m across, and much 
larger mafic fragments are common. Fragments of ultra 
mafic rock and Sudbury Breccia have been observed close 
to the footwall contact, while xenoliths of altered dark norite 
are found along the upper contact. The more refractory 
mafic and ultramafic fragments tend to maintain their form, 
while felsic fragments show less distinct boundaries and 
texture. Compositionally, the matrix resembles the felsic 
units within the footwall. While the amount and size of the 
fragments can adversely affect mining grades, Footwall 
Breccia is the most important host of ore in the Craig Mine.

THE ORE ZONES
The mineral inventory at Craig is present in 9 discrete zones 
(Figure 8.2) located over a strike length of 1000 m between 
650 and 1700 m below surface. Individual zones are quite 
variable in shape, dimensions and metal contents. The 
orebodies are generally lenticular but can be curved, 
irregular, or bowl-shaped. Strike directions are subparallel 
to the Sublayer contact in a north to northeast direction. 
Dips vary locally but average 400 to 45 0 to the east and 
southeast. Most of the zones exhibit a southeasterly plunge, 
but a secondary northeasterly plunge is also evident in Zone 
No. 6 and parts of Zone No. l.

Structural and Lithologic Setting
The structural and lithologic setting of the ore zones is 
shown most clearly on the accompanying plans and section. 
Figure 8.3 is a schematic composite cross section, which 
illustrates a fairly smooth contact between the felsic norite 
and the Sublayer. The Footwall Breccia is continuous below 
the Sublayer with a maximum thickness of 175 m. In con 
trast to other parts of the North Range, there is no apparent, 
well-defined large embayment feature or thickening of the 
Sublayer unit. Most of the ore is located proximal to a 
thickening of the Footwall Breccia that bulges up into the 
overlying Sublayer. As a general feature, the Craig zones 
are contained within the consistent but relatively narrow 
horizon of Footwall Breccia immediately below the 
Sublayer contact.

Zone No. 9 West is shown on Figure 8.3 as a curved lens 
of ore associated with a lobe of Sublayer almost completely

surrounded by Footwall Breccia. This lobate structure also 
exists in the third dimension, along strike, giving rise to a 
bowl-shaped ore zone. An abrupt flattening and slight 
reversal of dip to form step-like features in the ore zones can 
be seen towards the bottom of the No. l Zone. Step features 
have also been encountered during mining in the No. 9 and 9 
West zones. These features range in size from a few metres 
to tens of metres across. The part of the ore zone occupying 
the flat area of the step is normally quite massive but 
becomes ragged and discontinuous where the normal dip is 
resumed.

Figures 8.4 and 8.5 illustrate the general geology in 
plan view on parts of the 3050 and 4025 levels. It is evident 
that there is a smooth but undulating contact between the 
felsic norite and the Sublayer. The latter unit is relatively 
narrow and features minor embayments into the footwall. 
Footwall Breccia is present as a narrow continuous horizon, 
which locally thickens into the overlying Sublayer. 
Sulphide ores occur in small embayments at the Sublayer 
contact and near the base of incursions of Footwall Breccia 
into the footwall gneisses. It is also apparent that the Foot 
wall Breccia and included ore zones have a slightly 
discordant relationship to the Sublayer contact. Rather than 
being situated parallel to the Sublayer contact, a number of 
apophyses of Footwall Breccia diverge in a northerly direc 
tion away from the contact. Ore zones lying within these 
apophyses have their southern ends at or near the Sublayer 
contact and their northern ends projecting out into the 
footwall. In the No. l and 6 zones, the ore continues north 
ward beyond the contact of the Footwall Breccia into the 
footwall gneisses.

An inclusion of Footwall Breccia is present in the felsic 
norite northeast of the Craig shaft on the 4025 level plan. 
This represents the upper part of a finger of Footwall 
Breccia that has intruded upwards from below the level. The 
finger is oriented at right angles to the Sublayer contact and 
contains ore grade material, which is designated as part of 
the No. 9 Zone.

A post-ore fault has been recognized within the Craig 
Mine, which appears to follow the northern contact of the 
main diabase dike. It has been intersected in drifts on the 
3050 level and by diamond drilling below the 4025 level. 
Where the fault is visible, it varies in width from 0.5 to l .5 m 
and is filled with schist and fault gouge. No displacement of 
rock units or ore zones is evident from the data currently 
available.

Ore Types
Six types of mineralization for deposits in the North Range 
are listed by Coats and Snajdr (1984) and are summarized as 
follows: 1) disseminated sulphides in mafic norite; 2) dis 
seminated to massive lenses in the Sublayer; 3) stringer to 
massive sulphides at the Sublayer contact; 4) disseminated, 
stringer, breccia and massive sulphides in the Footwall 
Breccia; 5) massive veins of sulphides in footwall rocks; 
and 6) dike-like veins of copper sulphides in the footwall 
gneisses. Ore zones at Craig are limited to the narrow range 
of geological environments from the Sublayer contact, 
through the Footwall Breccia, to a few tens of metres into 
the footwall gneisses. Mineralization hosted entirely within
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the mafic norite or Sublayer unit is not known to be present 
at Craig, and footwall copper-rich veins perhaps remain to 
be discovered.

Sulphide mineralization within the Sublayer at the con 
tact with the Footwall Breccia represents less than 109fc of 
the total mineral inventory. The sulphides occur as blebby 
disseminations, irregular stringers and masses in the neritic 
matrix of the Sublayer. No. 2,8,9 and 9 West zones contain 
ores of this type.

Sulphide mineralization within the Footwall Breccia 
makes up approximately 7596 of all ore at Craig. Most zones 
exhibit a distinct sulphide distribution pattern from the 
hanging wall to the footwall. Near the hanging wall side of 
the zone, sulphides occur as disseminations, blebs and 
ragged stringers in the matrix of the host breccia. Towards 
the central part of the zone, the sulphides occur as larger 
blebs, fragments and more continuous stringers, which 
occupy a larger part of the breccia matrix. Nearer the foot 
wall side, sulphide stringers and masses coalesce to replace 
the entire matrix of the breccia. Nearly massive to massive 
sulphides are usually present immediately above the foot 
wall contact. No. l, 3, 4, 6, 9 and 10 zones are mainly 
composed of this Footwall Breccia-hosted ore.

No. l and 6 zones also contain the third type of ore, 
which is massive sulphide veins in footwall gneisses. Ore in 
sulphide veins represents approximately 159e of the total 
metal inventory. Vein development occurs as an extension 
of the ore zone immediately beyond the northern limit of 
breccia ore. The transition from one type to the other is 
abrupt, and the veins can extend up to 75 m into the gneissic 
rocks of the footwall. Veins show extreme variability in size 
and continuity and range in thickness from a few centi 
metres to several metres. Larger veins can be mapped along 
lengths exceeding 50 m. The vein system as a whole strikes 
north and dips to the east parallel to the adjacent Footwall 
Breccia ore. In the No. 6 Zone, preliminary investigation of 
individual veins shows some obvious preferred orienta 
tions. Vein sets tend to strike in a north, northeast, or north 
west direction. Upper No. 6 Zone shows 3 vein orientations 
(strike/dip) of 045/45SE, 315/65SW and 360/75W. Lower 
No. 6 Zone has 4 vein sets with similar orientations of 
045/70SE, 045/60NW, 340/70W and 360/70E. The vein 
system surrounds and encloses large fragments of footwall

gneisses and can form large masses abutting mafic footwall 
units.

Sulphide Mineralogy
The study of a selected suite of ore samples from the upper 
No. 6 Zone revealed the standard North Range assemblage 
of pyrrhotite, pentlandite and chalcopyrite with accessory 
amounts of magnetite and pyrite. Both monoclinic and 
hexagonal pyrrhotite are present in the samples, with the 
monoclinic variety always dominant and constituting 
an average of 919& of the total. An average content 
of 1.07 weight 9fc Ni is present in solid solution in the 
pyrrhotite.

Pentlandite is the principal nickel-bearing sulphide, 
occurring as exsolution flames in pyrrhotite and as 
grains and network infillings between pyrrhotite grains. 
Microprobe analyses show pentlandite to contain 36. l to 
37.4 weight 9fc Ni together with 0.49 to 0.75 weight 9o Co.

Chalcopyrite is found throughout all the ore zones, 
becoming more abundant in zones farther away from the 
Sublayer contact. In the Sublayer and Footwall Breccia- 
hosted ore, chalcopyrite occurs as blebs and infillings asso 
ciated with the other sulphides. Relatively larger amounts of 
chalcopyrite occur in vein-type ore in the footwall gneisses, 
where separate stringers and masses of chalcopyrite are 
common.

Gangue minerals accompanying the sulphide assem 
blages include quartz, plagioclase, biotite, chlorite, actino 
lite and apatite. No platinum group metal mineral grains 
have been identified.

Metal Distribution
Table 8.1 lists the content of the major metals in the ores 
normalized to 1009fc sulphide, as well as calculated metal 
ratios for each ore zone in the Craig deposit. The reported 
metal values are based on undiluted ore reserve totals 
(1991) for the individual zones and represent the averages 
of thousands of diamond-drill core analyses. The number of 
analyses per zone would be proportionate to its size. Values 
were normalized to 100*^ sulphide to facilitate comparison 
between the zones.

Figures 8.6a and 8.6b are graphical representations of 
the data presented in Table 8.1. The ore zones have been

Table 8.1. Metal distribution, normalized to 10096 sulphide.

Zone wt*7c Ni v/1% Cu Co wt%S CuX(Cu + Ni) Co/Ni

1
2
3
4
6
8
9
9W

10

Total

6.24
6.41
6.78
6.49
6.44
5.56
6.41
6.18
6.38

6.31

2.50
0.75
0.83
0.90
2.82
1.40
1.97
0.65
1.70

2.28

0.144
0.198
0.158
0.127
0.212
0.160
0.190
0.196
0.189

0.180

38.76
38.98
38.91
38.95
38.69
38.97
38.82
39.01
38.86

38.78

0.286
0.105
0.109
0.122
0.305
0.201
0.235
0.095
0.210

0.265

0.023
0.031
0.023
0.020
0.033
0.029
0.030
0.032
0.030

0.029

85



Sudbury-Noril'sk; OGS Special Volume 5

O

8.00-

6.00- 

4fif\.00-

.uu

0.00-

m

t
t 
t 
t 
t 
t 
t 
t 
t 
t' "~ '"f 
t 
t 
t 
f 
t 
t 
t 
t
t
i
t 
t 
t 
f 
t 
f 
t

"

PI
,;

.' 
- 

^ 
- 

,"- 

-

p

W 
*" 

t 
f 
t 
t 
f 

i

f

t 
t
t
t
t

t 
t

  t

S
s
t

f 
t 
f
f
tr

n. .

p

t ^ f t t
r

t 
tt tt * 
f t 
t p p"

p t t
t f tp p
rt 
t 
t t
p 
t

i

. -

;

' 

-

p
t
t 
t 
t 
f
t 
t
t 
t
t

t 
t
t 
p
t 
f 
t 
t
t

t
t 
t 
t 
f
t

f

- 
\-

-

' 
.' 
' 
"

-

F
t 
f 
t
t 
f 
t 
f 
t 
t 
t 
t 
t

f 
t 
f 
t 
t 
t 
t 
t 
t
t 
t 
p 
p 
t 
p 
t 
t 
t

1

fm

. 

' 

.

P r'

X
X
t 
f 
t 
t 
t 
t 
f 
t

t
t 
t 
t 
t
p 
t
p 
X
t 
p 
t 
t 
f 
t 
t 
t 
p

t

.
;- 
- 

;-

~- 

,-

C
t 
t 
t 
t 
f 
f 
t 
t 
t
x 
x 
t 
t
t 
t 
t 
p 

.. f
t
t 
t 
t
t 
x 
t

t
r

P 
t
f f t 
tx x t t 
t"" t
t t t 
t 
t t p

:' t 
:- t 
 ' t 
:- t 
: : t 

f 
t

i

-
.
- - 

-

"'
~.'

;-

\-
~-

i

O finn.\j\j\j

-0.400

0.200

-0.000
8 9W 9 10 3 4 1 6 

ORE ZONES
(increasing in distance below Sublayer)

Nim
Cu 

Co

0.40-

4-

o 0-20

O

0.00

0.040

Co/Ni

-0.020 o 
O

0.000
2 8 9W 9 10 3 4 1 6 

ORE ZONES

(increasing in distance below Sublayer)

Figure 8.6. Ore-zone metal values (a) and metal ratios (b) in 1009fc sulphide. Craig Mine.

86



C. M. Moore and S. Nikolic

arranged in order of increasing distance below the Sublayer 
contact. The metal values plotted in Figure 8.6a show nickel 
as being relatively constant across the ore zone sequence 
irrespective of the distance from the contact. Copper values 
do exhibit an undulating trend of increasing abundance with 
distance into the footwall. The contact zones No. 2, 8 and 
9 West have much less copper than the deeper footwall 
zones No. l and 6. Intermediate footwall zones No. 3, 4, 9 
and 10 show variable amounts of copper, but these are 
situated in similar environments in a fairly narrow range 
below the Sublayer contact. Slightly lower cobalt values 
for zones No. l and 4 can be interpreted as indicating a 
decreasing trend into the footwall, but the high value of 
Zone No. 6 is at variance with this observation.

The metal ratios plotted in Figure 8.6b exhibit identical 
trends to the metal values. The Cu7(Cu + Ni) ratios are 
lowest in the ore zones at the Sublayer contact and 
are highest in the deeper footwall ore zones. The 
intermediate ore zones are quite variable. Except for Zone 
No. 6, the Co/Ni ratios are lower in the zones farther from 
the contact into the footwall.

Chondrite-normalized metal plots offer another 
method of determining differentiation trends in an ore 
deposit. Figure 8.7 is a plot of the averaged values of 46 
samples from the Craig Mine collected and analyzed by 
Naldrett and Pessaran (1992). The metal values were

converted to 10096 sulphide and have been normalized 
with chondrite values. The 3 zones sampled were chosen 
primarily because access was available, but they do repre 
sent a suitable cross section from the Sublayer contact into 
the footwall. A trend of depletion of osmium, iridium and 
rhodium and enrichment in platinum, palladium, gold and 
copper is evident in the footwall zones No. l and 9.

Examination of metal values and metal ratios for all the 
ore zones have shown that a rudimentary metal zonation 
exists across the Craig ore sequence. Metal values for Zone 
No. 6, which contains a significant part of the ore reserve 
total, were contoured to see if the same zonation occurs 
within an individual ore zone. Figures 8.8a and 8.8b are con 
tour plots of nickel and copper values (converted to 1009e 
sulphide) from diamond-drill holes on the 4025 level. 
Nickel values in Figure 8.8a are relatively uniform in both 
the breccia and footwall ore types and do not increase with 
distance away from the contact. The higher values appear to 
be more closely associated with the hanging-wall and foot 
wall contacts of the zone. The constant level for nickel in 
Zone No. 6 is comparable to the overall trend in the entire 
deposit.

Copper values in Figure 8.8b exhibit a linear pattern 
that parallels the hanging-wall and footwall contacts. While 
elevated values do exist in the breccia-hosted ore, there is a 
definite enrichment of copper in the vein-type ore. This

1000.

100i

0,1s

0.01s

0.001 —,————J————J—
Os ir Ru

—i———j———i— 
Pd Au Cu

Figure 8.7. Averaged chondrite-normalized metal values for zones l, 9 and 9 West, Craig Mine.
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increase in copper in the ores more distant from the Sublayer 
contact reflects the overall trend for copper abundance in 
the Craig deposit.

DISCUSSION
The Craig deposit is similar to other nickel-copper 
orebodies along the North Range. It occupies a position 
marginal to the Main Mass of the SIC and is primarily 
hosted by the Footwall Breccia and Sublayer rocks. Ore 
types ranging from stringer sulphides at the Sublayer 
contact to stringer and massive sulphides in the Footwall 
Breccia, and massive sulphide veins in the footwall 
gneisses, are similar to those of other deposits. Sulphide 
assemblages are also typical of the principal North Range 
deposits.

The Craig deposit differs from other North Range 
deposits in having no large embayment structure or 
associated thickening of the overlying Sublayer. Embay 
ment structures at Craig are small, and most of the ore is 
proximal to an upward bulge of the Footwall Breccia into 
the Sublayer. The majority of the ore is hosted by the Foot 
wall Breccia, with lesser amounts occurring in the footwall 
gneisses or at the Sublayer contact. Preliminary studies of 
metal zonation indicate that nickel values are essentially 
uniform overall and do not vary greatly in any one direction. 
Cobalt values show a slight decrease towards the footwall, 
but the highest average values occur in the No. 6 Zone, the 
zone farthest away from the contact, and this represents an 
unresolved anomaly.

Copper contents provide the strongest evidence for 
metal zonation. The relative amounts of copper increase in 
the ores outwards in the footwall direction. An initial study 
of gold and PGE content has revealed a depletion of 
osmium, iridium and rhodium and enrichment of platinum, 
palladium and gold in ores away from the contact. Although 
this paper represents a preliminary study of the Craig ore 
body, the present data obtained on metal zonation are com 
patible with the expected results from the fractionation of a 
sulphide melt.
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Chapter 9
The Lindsley Ni-Cu-PGE Deposit and its Geological Setting

W.P. Binney, R.Y. Poulin, J.M. Sweeny and S.H. Halladay

Falconbridge Limited, P.O. Box 40, Falconbridge, Ontario, POM ISO

Abstract
The Lindsley deposit is one of many nickel-copper orebodies hosted by the Sudbury Structure on the 
northern margin of the Penokean Fold Belt in Central Ontario. Surface and underground diamond drilling 
has delineated a mineral inventory of 7.0 million tonnes containing t.7% Ni, t.7% Cu, Q.07% Co, 0.34 g/t Au, 
1.14 g/t Pt and 1.39 g/t Pd.

The Lindsley deposit shares many characteristics with other nickel-copper-platinum group element 
(PGE) deposits of the South Range of the Sudbury Igneous Complex (SIC). Most of the mineralization occurs 
in the Sublayer, a breccia located at the base of the SIC. The sheet-like Sublayer appears continuous along the 
contact where investigated by underground drilling. Surface mapping demonstrates the discontinuous dis 
tribution of the Sublayer over the property as a whole. The Sublayer, or basal contact of the SIC, strikes 
northeast and dips -450 NW from the surface to a depth of 1200 m. Below this depth, the dip of the contact 
reverses to between -450 SE and -900 . Sublayer-hosted mineralization comprises a mixture of pyrrhotite, 
chalcopyrite and pentlandite with minor pyrite and magnetite. The mineralization is associated with 
fine-grained norite in the matrix of a breccia, which includes norite, basalt, granite and ultramafic rock 
fragments.

The footwall rocks to the SIC at the Lindsley deposit comprise Huronian metavolcanic and intrusive 
rocks of the Elsie Mountain Formation, intruded by granite of the Murray Pluton. The footwall-hosted 
mineralization occurs in the granite adjacent to the reversal in dip of the SIC contact and between 2 m and 
80 m from the base of the Sublayer. The zones are irregular to vein-like bodies of massive sulphides, with 
pyrrhotite * chalcopyrite * pentlandite, lithic xenoliths and minor magnetite. The metal content of the foot 
wall ore averages 2.2 ̂  Ni and 4.2 9fe Cu. Sperrylite, michenerite, merenskyite, other platinum group 
minerals and native gold contribute approximately 1.11 g/t Au, 2.86 g/t Pt and 7.36 g/t Pd to the value of the 
ore. Lithic fragments, including granite, Sudbury Breccia, basalt, quartz diorite and amphibolite, make up 
less than 20*7c of the ore.

Systematic variations in the grade and proportions of metals occur within the Sublayer and between the 
footwall ore zones at Lindsley. No internal zoning is observed within individual footwall zones. The mode of 
occurrence of mineralization appears compatible with crystallization of a sulphide melt, with partial frac 
tionation and migration of copper-PGE-enriched sulphides into pre-existing zones of structural weakness 
within the adjacent granite footwall.

INTRODUCTION Coincident with the "roll over", the Elsie Mountain vol 
	canic rocks pinch out, and the granite of the Murray Pluton

The Lindsley nickel-copper-platinum group element (PGE) forms the footwall to the SIC. The Murray Pluton intrudes
deposit, located on the south rim of the Sudbury Igneous the Huronian sequence, cropping out southwest of the Little
Complex (SIC), is one of many nickel-copper orebodies Stobie Mine (see Figure 9. l) and plunging to the northeast at
hosted by the Sudbury Structure. The deposit, now being about -200 .
mined by Falconbridge Limited, is adjacent to INCO's At Lindsley, granite of the Murray Pluton hosts small
Blezard deposit and Little Stobie Mine and Falconbridge's but economically attractive massive sulphide bodies (zone
past-producing Mount Nickel Mine (Figure 9.1). In com- 4). This footwall mineralization comprises an in situ
mon with these deposits, most of the sulphide mineraliza- mineral inventory of 930 000 t of 2.2396 Ni, 4.21*70 Cu,
tion occurs in the Sublayer, a breccia zone at the base of the o. 1249fc Co, l. 11 g/t Au, 2.86 g/t Pt and 7.36 g/t Pd (Binney
SIC. At Lindsley, four zones lie at depths of 660 to 1700 m and Poulin 1992). The Lindsley footwall ore zones belong
below surface. The Sublayer mineralization in zones 1,2 to a group of fractionated, copper-PGE-enriched, footwall
and 3 comprises an in situ mineral inventory of 6.14 million Ore deposits, which include the Strathcona Deep Copper
tonnes with an average grade of l .5896 Ni, 1..349& Cu, Z0ne (Coats and Snajdr 1984; Li and Naldrett 1989) and
Q.07% Co, 0.34 g/t Au, l. 14 g/t Pt and l .39 g/t Pd (Binney parts of the Victor and McCreedy East deposits (Morrison
and Poulin 1992). et al., this volume).

At Mount Nickel, updip from the Lindsley deposit, the VT&T n-n A T"Tr^*j A vrr* 
SIC is in contact with basalt of the Elsie Mountain Forma- EXPLORATION AND 
tion. The contact at the base of the SIC strikes 055 0 and dips DEVELOPMENT 
-45 0 to the northwest from the surface to a depth of 1200 m.
Below this depth, the contact steepens rapidly then "rolls The Lindsley Mine is named in honour of Thayer Lindsley, 
over" to dip between -45 0 and -900 southeast (Figure 9.2). first president of Ventures Limited and founder of
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Falconbridge Nickel Mines Limited in 1928. In 1937, 
Falconbridge acquired the land that includes the Lindsley 
deposit and the Mount Nickel Mine. The latter deposit 
crops out and had been previously developed by a pit and 
shaft. It was in this area that Falconbridge concentrated their 
first development work on the property, and the orebody 
was mined from 1953 to 1957, producing 360 000 t of 
1.069fcNiand0.899fcCu.

The Lindsley deposit was initially tested by diamond 
drilling between 1941 and 1956. This work delineated zone 
l, the down-plunge part of the INCO Blezard deposit (see 
Figure 9.2). Additional drilling from 1971-1974 intersected 
zone 2, a down-plunge extension of the zone l Sublayer 
mineralization. In 1970, mine site construction and shaft 
sinking began. The work was stopped in 1971 for economic 
reasons, and the plant was dismantled and sold. Final depth 
of this initial shaft at Lindsley was 311 feet (94.8 m).

It was not until 1986 that exploration resumed. This 
program established the presence of a roll in the SIC contact 
and provided the impetus for further drilling in 1987 and 
1988. The 1986-1988 campaign of drilling intersected the 
extensions of Sublayer mineralization down-plunge from 
zone 2 and established a mineral inventory for the copper- 
PGE-enriched footwall zone 4 in the Murray granite. Drill 
ing was stopped in 1988 with the decision to further explore 
the footwall sulphides and part of the Sublayer with an 
underground program of drifting and diamond drilling. An 
exploration shaft was collared in 1989 and completed to a

final depth of 1637 m by March 1991. The Sublayer and 
footwall ore zones were intersected in underground drifting, 
and the footwall 4b zone was developed by a spiral ramp in 
ore. Underground diamond drilling commenced in October 
1991 and continued until June 1992. The information 
provided as a result of the 40 153 m of drilling that was 
completed during this interval forms the basis of this paper.

GENERAL GEOLOGY
The geology of the Lindsley deposit is described below, 
beginning with the Huronian footwall rocks to the south and 
progressing through to the hanging-wall rocks of the SIC to 
the north (see Figure 9. l). Average whole rock analyses for 
the principal rock types are presented in Table 9. l. Samples 
of norite, granite and basalt are from surface and under 
ground diamond drilling in the immediate vicinity of the 
deposit. Quartz diorite samples are from diamond drilling of 
an loffset on the Lindsley East property, approximately 
l km from the deposit.

Footwall rocks to the SIC on the Lindsley property 
include Huronian volcanic and sedimentary rocks of the 
Elsie Mountain and Stobie formations, which young to the 
south and dip between -750 and -900 south. Major rock 
types in the Elsie Mountain Formation, which forms the 
immediate footwall to zones l and 2 of the Lindsley deposit, 
are tholeiitic basalt, mafic tuff and gabbro.

Outcrops of the Elsie Mountain Formation, south of the 
Lindsley deposit, include polysutured basalt and an

"9 W VVVVVVVVVVVVVVVVVV 
VVVVVVVVVVVVVVV WWWvwwwvvwwwwwwVVVVVVVVVVVVVVVVVV 

VVVVVVVVVVVVVVVVVV 
VVVVVVVVVVVVVVVVVV

Sudbury Igneous Complex 
Murray Pluton (granite)
Footwall (volcanic rocks, 
sedimentary rocks)

Figure 9.1. General geology in the vicinity of the Lindsley deposit.
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MINE SOOTH Table 9. l. Whole rock analyses of principal rock types at Lindsley.

DIAMOND DRILL V 
HOLE TRACE

Figure 9.2. Generalized cross section from surface showing distribution 
of ore zones.

irregular sill of poly sutured gabbro immediately underlying 
the SIC. Pillows, flow breccia and patches with an amygda 
loidal fabric are seen in weathered outcrops of basalt, 
although alteration obscures primary volcanic features in 
drill core and thin section. The mineralogical composition 
of altered basalt includes 55 to 609fr amphibole, 20 to 309fc 
feldspar, 2 to 109fc quartz and lesser amounts of sericite, 
epidote, carbonate, zircon and oxides. Trace amounts of 
pyrrhotite and chalcopyrite are present. The 15 basalt 
samples analyzed (see Table 9.1) are close to the 
mineralized Sublayer. High total iron, nickel, copper, 
platinum and palladium contents are attributed to small 
sulphide veinlets and disseminated sulphides that occur 
throughout basalt in the vicinity of the ore zones. Gabbro 
sills range from fine to medium grained and consist of 7096 
amphibole, 25 to 309fc feldspar and l to 29fc quartz. The Elsie 
Mountain Formation pinches out downdip, and at the 
1310 m level, only a narrow section of massive basalt 
remains at the basal contact of the SIC (see Figure 9.2).

Huronian rocks are intruded by biotite granite of the 
Murray Pluton (2388 Ma, Krogh et al. 1984). The average 
mineralogical composition of this pink, fine-grained, equi 
granular rock is 55 to 609& feldspar (microcline, albite, 
cryptoperthite), 25 to 309fc quartz, 2 to 89fc biotite, 19fc mus 
covite, 29fc epidote and minor carbonate, sphene, zircon and 
other oxides. The granite contains numerous l to 2 m size

Norite 
Main 
Mass

No. of samples 10 
SiO2 53.9
A1203 ^

MgO 
CaO
Na2O 
K2O 
TiO2

MnO
LOI

18.7 
6.55
6.36 
7.62
2.85 
1.28 
0.35 
0.09
0.09
1.40

Norite 
near 

Sublayer

6
55.0
14.9 
9.38
7.24 
6.69
2.66 
1.74 
0.67 
0.16
0.13
1.31

Quartz 
Diorite

5 
59.6
16.2 
9.80
2.60 
4.50
1.90 
2.10 
1.00 
0.10
0.10
-

Granite

8 
75.1
12.4 

1.75
0.34 
1.53
3.82 
3.82 
0.28 
0.03
0.03
0.20

Basalt

15
45.4
12.6 
18.66
6.68 

10.52
1.86 
0.42 
1.60 
0.20
0.25
0.77

Total (wt9fc) 99.21 99.81 97.90 99.24 98.96

Ni (ppm)
Cu (ppm)
Co (ppm)
Pt (ppb)
Pd (ppb)
Au (ppb)

43
28
30

9
2
6

271
190
42
-
6
8

73
202

33
-
5

11

4
20

4
-
1
3

417
946

64
169
120
91

* total iron as Fe2O3

basalt xenoliths and less common gabbro xenoliths near its 
contacts with the respective Huronian units. Xenolith 
margins are typically irregular with evidence of partial 
melting and digestion of the fragments. Where exposed in 
underground workings (Figure 9.3), the granite is per 
vasively epidotized with l to l O mm epidote veins and l mm 
carbonate + epidote veins. This strong epidote alteration is 
not observed in outcrops, but no information is available on 
the regional distribution of epidote and its possible relation 
ship to the ore forming processes. In close proximity to the 
ore zones, the granite can be sheared, silicified, cut by 
quartz or chalcopyrite veins up to 10 cm wide, or impreg 
nated with disseminated chalcopyrite.

Sudbury Breccia (pseudotachylyte) forms an anasto 
mosing network of irregular l mm to 3 m wide veins in the 
granite. Individual areas of Sudbury Breccia appear to 
extend over distances in excess of 100 m and can occur up to 
250 m beneath the contact of the SIC. The limitations of 
underground drilling and drifting prevent a complete under 
standing of the distribution of the breccia zones. The matrix 
of Sudbury Breccia includes a retrograde metamorphic 
assemblage of biotite, muscovite, chlorite, epidote, quartz, 
feldspar and carbonate. Fragments within the breccia are 
predominantly granite but do include many other footwall 
rock types.

On the Lindsley property, the SIC (1850 Ma, Krogh 
et al. 1982) includes Sublayer, South Range Norite and 
quartz gabbro. Sublayer, the main ore host at Lindsley, 
forms an irregular, discontinuous sheet up to 60 m in 
thickness at the base of the SIC. The unit includes sub 
rounded fragments, up to 10 m across, of norite, basalt, 
gabbro, granite and ultramafic rock, in a fine-grained matrix 
of quartz-rich norite. Where mineralized, sulphides in 
the matrix of the breccia include pyrrhotite, pentlandite, 
chalcopyrite and pyrite (Photo 9.1).

93



Sudbury-Noril'sk; OGS Special Volume 5

MOON

cHSHAFT

1310 Level
Ni-Cu Sulphides
Granite
Metabasalt

Norite
Diabase
Sublayer

A ASTRONOMIC

V

4- + -PX.4- 4-2 4-4-4-4- 
4-4-4- NV + 43 4- 4- 4- 4- 4-

7800N

7COON

Figure 9.3. Plan of geology, ore zones and workings on the 1310 level (2045 m elevation).

Photo 9.1. Sublayer ore with pyrrhotite 4- pentlandite 4- chalcopyrite as a matrix to numerous subrounded fragments of basalt. Specimen from 1310 
level.
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South Range Norite overlies either Sublayer or foot 
wall rocks at Lindsley and is approximately 1800 m thick. 
The composition of the norite is variable with grey-green 
colour variations reflecting changing proportions of feld 
spar and ferromagnesian minerals. Both orthopyroxene and 
clinopyroxene are altered to amphibole in most samples that 
were examined. The average mineralogical content for the 
norite is 40 to 509b feldspar (An45.50), 25 to 30^) amphibole 
(after pyroxene), 4 to 129fc biotite and 6 to S7c quartz. Minor 
constituents include chlorite, apatite, zircon, scapolite, 
oxides and disseminated sulphides. Whole rock analyses of 
the SIC rocks (see Table 9. l) are subdivided into main mass 
norite (20 to 500 m above the Sublayer), norite within 20 m 
of the Sublayer and quartz diorite from an offset dike adja 
cent to the Lindsley deposit. Several trends are apparent. 
Systematic increases occur in SiO2 , K2O and TiO2 , and cor 
responding decreases occur in CaO and Na2O, from the 
main mass of norite through to the quartz diorite. The trace 
metal content (nickel, copper) also increases in the basal 
part of the norite and in quartz diorite.

Quartz gabbro overlies the South Range Norite to the 
north. This medium- to coarse-grained light grey rock com 
prises 409fc feldspar, 40^o amphibole (after pyroxene) and 
lesser quartz, apatite and iron-titanium oxides.

All of the preceding rock types at the Lindsley deposit 
are cut by late mafic dikes and olivine diabase dikes. These 
dikes are associated with northwest-trending brittle defor 
mation zones within the footwall and rocks of the SIC.

A 250 m wide zone of shearing in the norite and Sub 
layer parallels the dip of the SIC (-45 0 south) below the 
granite nose. Kinematic indicators within this zone suggest 
the granite has moved upward relative to the SIC (Shanks 
1992). Local north- and south-dipping shear zones are 
developed in Sudbury Breccia and/or biotite schist within 
the granite. These zones bound the 4b orebody in some areas 
and form a conjugate set of shears with a north-dipping 
shear on the south side of the orebody and a south-dipping 
shear on the north side of the ore. Kinematic indicators sug 
gest the ore has moved upward relative to the surrounding 
granite.

SUBLAYER ORE DEPOSITS
The Lindsley Sublayer ore deposits are broadly similar to 
other South Range deposits as described by Souch et al. 
(1969) and Davis (1984).

The Sublayer, located at the base of the SIC, is an irreg 
ular, discontinuous, mineralized breccia (see Photo 9.4) 
containing 5 to 65^c sulphides. The breccia matrix com 
prises pyrrhotite, chalcopyrite, pentlandite, minor quartz 
and magnetite disseminated, or as ragged masses and veins, 
within fine-grained norite. The basal contact of the Sublayer 
is sharp, and the breccia is dominated by footwall lithol- 
ogies, while the contact of the Sublayer with the base of the 
overlying norite is gradational and dominated by fragments 
of norite. At Lindsley, subrounded breccia fragments 
include norite (4096), gabbro (2596) and basalt (259fc) with 
lesser amounts of granite, other mafic and ultramafic clasts. 
Fragment size is variable from l mm to greater than 10 m in

length. The drift in the Sublayer on the 1310 level (see 
Figure 9.3) encountered blocks of granite and basalt up to 
5 m in cross section and 15 m in length. The long direction 
of these large fragments is parallel to the strike of the SIC. 
Granitic blocks are rimmed by chalcopyrite and may 
contain veinlets and disseminations of chalcopyrite. Ultra 
mafic inclusions, generally less than 10 cm in size, are 
usually altered to talc 4- tremolite, actinolite, or chlorite.

The sulphide mineralogy of the Sublayer ore zones is 
dominated by pyrrhotite, chalcopyrite and pentlandite 
(Table 9.2). Pyrrhotite, composing 80 to 90*7c of the total 
Sublayer sulphide, occurs in randomly oriented grains up to 
4 mm in size and surrounded by grains and rims of pentlan 
dite (less than 500 |0.m). Pentlandite exsolution flames (less 
than 100 jim) also occur within pyrrhotite. Nickel as a solid 
solution within pyrrhotite ranges from 0.56 to 1.10 weight 
9fc and averages 0.89 weight 9/0. An x-ray diffraction analy 
sis on l sample shows the pyrrhotite to be monoclinic. Pent 
landite, 5 to 109fc of the total Sublayer sulphide, forms 
chain-like and isolated grains (less than 500 Jim) interstitial 
to pyrrhotite and occurs as flames within pyrrhotite. 
The nickel content of pentlandite ranges from 28.0 to 
38.2 weight 9fc and cobalt content ranges from 1.09 to 
3.36 weight 9fc. Chalcopyrite is a highly variable constitu 
ent of the Sublayer ore, composing l to 709fc of the total 
sulphide. It occurs interstitial to pyrrhotite and in veins 
crosscutting other sulphides and intruding lithic fragments. 
The copper content of chalcopyrite is relatively constant, 
ranging from 33.6 to 34.4 weight 9fc.

Pyrite is a minor constituent of the Sublayer ore, aver 
aging less than 19fc of the total sulphide. The euhedral cubic 
grains have a wide range of nickel (0.46 to 4.81 weight 9fc) 
and cobalt (0.15 to 1.18 weight 9fc) contents. Michenerite 
and sperrylite have both been identified in polished sections 
of Sublayer ore (Launspach and Springer 1988). Secondary 
alteration minerals in the ore include violarite and marcasite 
replacing pyrrhotite where Sublayer ore is cut by late faults. 
Galena and sphalerite occur in late north-trending, vertical- 
dipping, crosscutting veins associated with calcite and 
marcasite. Veins are from l to 10 cm wide and include 
euhedral calcite and galena crystals indicative of open space 
filling. Sphalerite and marcasite occur primarily in the 
vein walls; marcasite occurs as an alteration product of 
pyrrhotite.

At Lindsley, most ore occurs at the base of the Sublayer, 
directly overlying the Elsie Mountain Formation or Murray 
Pluton footwall rocks. Zones l and 2 plunge steeply to the 
west from 660 m below surface to 1310 m below surface. 
Although an actual break in sulphide content of the 
Sublayer occurs between zones l and 2, the division 
between zone 2 and 3 is arbitrarily placed at the 1310 level 
(+2045 m elevation). Below the granite nose, the sulphide 
horizons form a more complex pattern within the Sublayer 
(Figures 9.4 and 9.5). Some ore occurs well above the base 
of the Sublayer unit, and other zones of mineralization occur 
within narrow tongues of Sublayer protruding into the foot 
wall granite. In keeping with established terminology, these 
protrusions of Sublayer (± norite) are referred to as "offsets" 
(Barlow 1907).
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Table 9.2. Distribution of metallic minerals among ore types. Dominant sulphide mineralogy is pyrrhotite, chalcopyrite and pentlandite.

Name

Altaite
Argentian Pentlandite
Bismuth
Bornite
Bravoite
Cassiterite
Chalcopyrite
Galena
Gold
Ilmenite
Mackinawite
Magnetite
Marcasite
Merenskyite
Michenerite
Millerite
Moncheite
Pentlandite
Pyrite
Pyrrhotite
Sperrylite
Sphalerite
Violarite

Formula

PbTe
(Fe,Ni)8AgS8
Bi
Cu5FeS4
(Ni,Fe)S2
SnO2
CuFeS2
PbS
Au
FeTiO3
(Cu,Ni)FeSi-x
Fe304
FeS2
(Pd,Pt)(Te,Bi)2
(Pd.Pt)BiTe
NiS
PtTe2
(Fe,Ni)9S8
FeS2
Fei -xS
PtAs2
(Zn,Fe)S
FeNi2 S4

Sublayer

4
4

4

4
4

4

4
4
4
4

Footwall

4
4
4

4
4
4
4
4
4
4
4
4
4

4
4
4
4
4
4
4

Late Veins Alteration

4
4 (4b zone)

4
4

4 4

4
4 (Sublayer)

4
4

4
4(Sublayer,4b)

A marked change in the thickness of the Sublayer 
occurs below the granite nose (see Figure 9.4). This area of 
south-dipping contact is strongly sheared parallel to the dip 
of the SIC contact (Shanks 1992). Shearing in drill core 
makes it difficult to identify lithic fragments (particularly 
neritic fragments) which characterize the Sublayer. In these 
areas, the limits of the Sublayer are based more on the 
presence or absence of sulphides. The thinning of the 
Sublayer may, therefore, be more an artifact of core logging 
than a real lithologic or structural thinning.

FOOTWALL ORE DEPOSITS
Footwall mineralization at the Lindsley deposit consists of 
4 zones occurring as large irregularly shaped pods up to 
56 m wide, or as narrow vein-like lenses of massive 
sulphide (see Figures 9.3 and 9.4). Footwall ore is relatively 
homogeneous with major sulphide minerals including 
pyrrhotite, chalcopyrite and pentlandite. Although the 
mineralogy is similar to Sublayer ore, the percentage of 
sulphides in the ore and the content of platinum group 
minerals and gold is distinctive. Sulphides compose 80 to 
959o of the ore, the remainder is xenoliths of granite, 
Sudbury Breccia, basalt, quartz diorite and amphibolite. 
Monoclinic pyrrhotite forms 80*70 of the total sulphides, 
occurring as 4 to 5 mm randomly oriented grains. Nickel in 
solid solution within the pyrrhotite ranges from 0.46 to 
Q.94%. Chalcopyrite concentration in the ores is highly

variable but can exceed 409fc of the total sulphides in some 
drill intersections and underground exposures. Grains of 
chalcopyrite less than l mm in size occur interstitial to pyrr 
hotite and pentlandite grains, or coalesce to form massive 
bands (Photo 9.2) or rims surrounding lithic fragments. 
Pentlandite generally constitutes 3 to 59o of the ore, occur 
ring as discontinuous, chain-like aggregates interstitial to 
the pyrrhotite and as exsolution flames within the pyrrho 
tite. Pentlandite has a nickel content between 27.3 and 
36.996 and contains between 1.18 and 2.699c Co.

Quantitatively minor minerals identified within the ore 
include pyrite, sperrylite, michenerite, moncheite, meren 
skyite, and native gold (see Table 9.2). Up to 39fc subhedral 
to euhedral octahedrons of magnetite occur disseminated 
and in bands within the sulphides. Silicate gangue minerals 
compose less than 19fc of the ore and include biotite, 
muscovite and epidote.

Late veins of calcite * galena * sphalerite with asso 
ciated marcasite altered from pyrrhotite cut the footwall ore. 
These veins, exposed in the ramp in the 4b ore zone about 
8000E (see Figure 9.3), strike north and dip vertically.

Of the 4 sulphide zones identified in the granite foot 
wall, zone 4b (see Figure 9.3) is the largest and best 
exposed. It has been crosscut by the exploration drift, drilled 
on 12.5 m centres, developed by a spiral ramp to the base of 
the ore zone and is currently in production.
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SL l Sublayer

Diamond Drill 
Hole Trace

Figure 9.4. Cross section along 8000E showing diamond drilling, 
geology and ore zones.

Zone 4b lies approximately 30 m south of the base 
of the SIC, wholly within granite of the Murray Pluton. 
Sudbury Breccia occurs throughout the granite in this loca 
tion and forms a broad envelope enclosing the ore zone. 
Individual veins of Sudbury Breccia appear to control the 
narrow protrusions of the orebody to the east, west and up 
wards toward the top. Maximum dimensions of the mineral 
ization are 125 m parallel to the strike of the SIC contact, 
110 m parallel to the dip of the SIC and 56 m in width.

Contacts between the ore and the enclosing granite 
are either passive and undeformed, or highly sheared 
with sulphides bounded by strongly sheared granite 
or biotite schist. In passive contact zones, the ore and/or 
granite relationships are sharp, but contacts can be irregular 
with clearly defined intrusive relationships of ore into 
the granite. Adjacent to the ore, the granite contains veins 
and disseminations of chalcopyrite (see Photo 9.2) and 
elevated platinum and gold values. Massive chalcopyrite 
veins up to 30 cm in width extend from the ore into the 
granite for several metres. These veins terminate in narrow 
quartz-carbonate + chlorite H- biotite * muscovite-filled 
fractures. The massive ore zones are mantled by a zone of 
silicification, with both pervasive silicification of the

granite and an anastomosing network of quartz veins, 
locally extending for 15 m away from the ore. The veins do 
not cut the ore, only the surrounding rock. Where quartz 
veins are abundant, chalcopyrite appears to have been 
remobilized, producing a chalcopyrite-quartz-rich contact 
zone. Other quartz veins extend out from the contact 
in ladder vein structures and include chalcopyrite, 
carbonate, green muscovite, garnets and platinum group 
minerals (D.H. Watkinson, Carleton University, personal 
communication, 1992). Passive contacts of ore with granite 
occur along the northwest and west sides of zone 4b.

Shearing at the ore contacts is recognized as discrete 
zones of biotite schist, interpreted to be sheared Sudbury 
Breccia, or as shear deformation in the granite adjacent to 
the sulphides. Shearing in the granite can be accompanied 
by sulphide disseminations and silicification, similar to the 
passive contact zones. This type of contact may represent 
a primary structural deformation associated with ore 
emplacement. Where ore is bounded by biotite schist shear 
zones, structural deformation is interpreted as post-ore 
emplacement. A conjugate set of shears is identified as 
bounding parts of both the north and south flanks of the 
4b zone (Shanks 1992). The amount of movement on these 
shears is limited, and no major offsets of the sulphide zones 
are identified. Examples of sheared contacts occur on the 
northeast and east part of the zone, while on the north side 
passive and sheared contacts are in close proximity.

Metal zonation in the 4b zone is poorly developed. On a 
small scale, the ore comprises a mass of pyrrhotite ± pent 
landite with l to 10 cm bands of chalcopyrite. The orienta 
tion of the chalcopyrite bands forms a weak northeast trend. 
Chalcopyrite bands have a relatively uniform distribution in 
the ore, producing a compositionally homogenous zone. As 
an example, the initial chip sampling of the crosscut on the 
1310 level gave nickel, copper, cobalt and gold values that 
are within 159fc of the final ore reserve grade for the com 
plete zone. The primary zonation observed is the abundance 
of copper in the marginal parts of the ore zone, with some 
marginal areas containing in excess of 109fc Cu. Attempts to 
contour all metal data in plan (1310 level) and section 
(7975E) failed to provide any additional trends or evidence 
of zonation.

Zone 4b\ extends 130 m parallel to the strike of the 
SIC, 210m parallel to the dip of the SIC and has an average 
width of 3 m. The zone appears to represent the physical 
connection between the Sublayer mineralization and the 4b 
footwall ore zone (see Figure 9.4). On most sections from 
7937.5E through to 8025E when all chalcopyrite-rich 
intersections are considered, this physical connection can 
be demonstrated. -At several locations, the 4b\ zone is 
separated from the Sublayer by a narrow band of sheared 
granite. The footwall ore is easily distinguished from that of 
the Sublayer by its morphology and metal content. 
Although the upper parts of the 4b\ zone are within an 
envelope of Sudbury Breccia veins, the lower part of the 
zone occurs as a sulphide vein in granite. Quartz veining and 
pervasive silicification accompany the sulphide veins.
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1585 Level
MINE

ASTRONOMIC
7IOOM —

7SOON-

Ni-Cu Sulphid 

Granite 

Norite 

SL Sublayer

Figure 9.5. Plan of geology, ore zones and workings on the 1585 level (l765 m elevation).

Photo 9.2. Passive contact of the 4b zone with adjacent granite of the Murray Pluton. Banding of chalcopyrite (cp) and pyrrhotite + pentlandite (po-pn) 
occurs in the massive ore. Disseminated chalcopyrite (diss cp) rims the ore zone and follows fractures into the granite. Specimen from ramp in 4b ore 
zone. Abbreviation frag—fragment.
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Table 9.3. Metal distribution—normalized to 1009fc sulphide.

Cu-poor 
Sublayer
Cu-rich
Sublayer
Offset

4bl
4b
4b
Margin

No. of 
samples

9

14

2
6

91
16

Ni 
9fc

4.29

4.19

3.78
3.31
2.84
1.82

Cu
7*

0.63

2.73

3.15
3.05
4.74

15.17

Co
7c

0.18

0.28

0.16
0.16
0.15
0.10

Pt
g/t

2.26

3.10

1.28
2.94
3.28
8.17

Pd
g/t

1.84

3.19

3.69
7.22

10.05
12.07

Au 
g/t

0.15

0.30

0.33
0.45
1.20
1.32

Ir*
g/t

0.14

0.11

0.02
0.06
0.05
0.04

Ru'
g/t

0.36

0.19

0.07
0.12
0.15
0.11

Rh
g/t

0.23

0.23

0.21
0.30
0.28
0.20

Pt/ 
Pt+Pd

0.55

0.49

0.26
0.29
0.25
0.40

Cu/ 
Cu+Ni

0.13

0.39

0.45
0.48
0.63
0.89

* Ir, Ru data for lOQ^h sulphides are not reliable due to proximity of data to detection limit of analytical method

Zone 4b2 is a small zone of footwall mineralization east 
of the main footwall ore zone (see Figure 9.3). The mineral 
ization is similar in grade and appearance to zone 4b, but it 
wraps around, and extends out from, a small offset of Sub 
layer and/or norite into the granite. Where intersected by the 
8150E drill station on 1310 level, the zone is enclosed by 
sheared Sudbury Breccia and may represent a disconnected 
extension of, or perhaps a feeder for, the 4b zone.

A narrow, chalcopyrite-rich vein, designated zone 4b3, 
extends out from a small protrusion of the Sublayer on the 
1585 level (see Figure 9.5). This mineralization is similar in 
character and position to zone 4bl but is hosted within a 
large granite remnant between the Sublayer and an offset 
norite body to the south. Correlation of drill data indicates 
the mineralization extends into the norite offset.

In summary, a number of features serve to characterize 
footwall mineralization:

The ores contain a high proportion of sulphides (80 tol .

2. Elevated copper and PGE values occur in the ore.

3 . The dominant sulphide assemblage is pyrrhotite + chal 
copyrite + pentlandite, with banding of chalcopyrite in 
most ore.

4. Fragments in the ore are locally derived granite, or 
pieces of mafic dike adjacent to the ore zone. No 
SIC-type fragments occur in the ore except for frag 
ments of quartz diorite from SIC-associated offset 
dikes, which are cut by the ore zones.

5. The footwall ore (zone 4b) is separate from the Sub 
layer, but some zones (4bl, 4b2) show an apparent 
physical link between 4b and the Sublayer.

6. The larger zones of footwall ore are associated with 
areas of Sudbury Breccia, while smaller zones occur as 
veins in granite.

7. Quartz veining and silicification of adjacent granite is 
common in peripheral parts of the footwall ore zones.

METAL DISTRIBUTION AND
RELATIONSHIP OF THE ORE

TYPES
All samples of Lindsley mineralization were analyzed for 
Ni, Cu, Co, S, Pt, Pd and Au to provide information for 
the economic evaluation of the deposit. These analyses 
were done by the Metallurgical Technology Centre at 
Falconbridge. Classic fire assay techniques with lead 
bead collection and inductively coupled plasma (ICP) 
spectrometer finish are used for Pt, Pd and Au. Suites of 
samples were selected from Sublayer and footwall 
environments to provide an indication of the variation of Ir, 
Ru and Rh both within and between ore zones. Lakefield 
Research completed these analyses using a nickel sulphide 
bead collection followed by ICP analysis. All analytical 
data (Table 9.3) are recalculated to lOQVc sulphides using 
the method of Naldrett and Duke (1980) for ores comprising 
principally pyrrhotite, pentlandite and chalcopyrite.

The extent of metal zoning within individual environ 
ments is examined by plotting variations in either abso 
lute values, or metal ratios. For the Sublayer, the ratio of 
Cu7(Cu + Ni) was plotted for all drill intersections from the 
underground program. The Sublayer in this area is general 
ly depleted in copper, but does contain some large, irregular 
to steeply plunging zones with Cu7(Cu + Ni) greater than 
0.5. Areas where footwall ore zones approach the base of the 
SIC are coincident with parts of the copper-enriched Sub 
layer.

For the footwall mineralization, 91 samples from zone 
4b provide the most complete documentation of internal 
metal distribution within l ore zone. Plots of the absolute 
data for nickel, copper, platinum, palladium, gold and 
rhodium in plan (1310 level) and cross section (7975E) 
through the zone show no systematic internal variations in 
the content of these metals.

To examine the genetic relationship of the Sublayer 
and the footwall ore zones, analyses are grouped together 
and average values for the zones of mineralization 
are compared. The 2 sample groups, copper poor and 
copper rich, for Sublayer ore in Table 9.3 represent only part 
of the total variation in metal content within the Sublayer.
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Mineralization from the offset environment appears to share 
characteristics of both the copper-rich Sublayer and foot 
wall zone 4bl, although more samples are needed to con 
firm the relationships. Footwall ores are represented by 
samples from zones 4bl, 4b and the chalcopyrite-quartz- 
rich margins of 4b. The normalized data for the zones 
indicate a progressive decrease in nickel content and an 
increase in copper content from the copper-poor Sublayer, 
through the proximal footwall ores of zone 4bl, to the 4b 
margin. These relationships, shown by the ore zone average 
values, are accompanied by a decrease in the ratio of Pt7(Pt * 
Pd). The platinum-palladium trend reverses in the 4b mar 
gin zone where the ratio Pt7(Pt -i- Pd) is once again near the 
Sublayer levels. These metal content variations are coinci 
dent with spatial differences, in that the succession includes 
zones that are progressively farther into the granite footwall 
and away from the basal SIC contact.

Another way to ascertain the relationship between ore 
zones is using a plot of chondrite-normalized metal 
abundances recalculated to 1009fc sulphide (Figure 9.6). All 
sample data exhibit the typical Sudbury ore trends described 
by Naldrett (1989), with platinum and palladium more 
abundant than chondrite levels and iridium and ruthenium 
strongly depleted relative to chondrites. Copper is highly 
enriched relative to nickel in the normalized data. Copper- 
poor and copper-rich ores of the Sublayer contain the most 
nickel, cobalt, iridium and ruthenium and the least plati 
num, palladium and gold. With increasing distance from the 
Sublayer, the ore zones show a progressive decrease in nick 
el, cobalt, iridium and ruthenium accompanied by a system 
atic increase in platinum, palladium, gold and copper.

The Lindsley data can be quantitatively compared with 
other mines genetically related to the SIC using Figure 9.7 
(adapted from Naldrett 1984a). The trend of increasing 
platinum and palladium relative to iridium and ruthenium 
from the Sublayer ore to the footwall ore is clearly demon 
strated for Lindsley. Farther away from the copper-poor 
areas of the Sublayer, a steady increase in the Cu7(Cu -l- Ni) 
ratio occurs. The data for Lindsley clearly demonstrate the 
range of ore types and their metal differentiation. Lindsley 
offset-hosted mineralization and the 4bl zone plot in a simi 
lar location on the diagram. The Strathcona Mine data of 
Naldrett (1989) show a similar wide spread of Cu7(Cu -J- Ni) 
ratios, but an even greater differentiation of the platinum 
group metals. As with Lindsley, the trend is related to the 
distance the ore zones occur away from the base of the SIC, 
with SI being equivalent to the Lindsley Sublayer ore, S2 
occurring in a footwall breccia at Strathcona and S3 and S4 
hosted by the footwall gneiss complex. In contrast, the data 
for Little Stobie from Davis (1984) indicate little differenti 
ation of either copper and nickel, or the platinum group 
elements.

DISCUSSION AND ASPECTS OF 
GENESIS

Any discussion of the Lindsley ore deposit must focus on 
the physical and chemical relationships between the Sub 
layer-hosted and the footwall-hosted mineralization. All
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Figure 9.6. Analytical data for Sublayer (SL) and footwall ore zones at 
the Lindsley deposit. Data are presented recalculated to 1009^ sulphides 
and then normalized by the chondritic abundances for each element. 
Chondrite abundances are from Naldrett (1989).
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Figure 9.7. Plot of (Pt + Pd)AIr + Ru) versus Cu7(Cu + Ni) for Lindsley, 
Strathcona Mine and Little Stobie Mine; adapted from Naldrett (1984a). 
Individual ore zones are plotted; the connecting lines indicate trend- 
lines for compositional changes believed to result from differentiation 
of a sulphide melt. For Strathcona, the ore zones represented are 
SI—hanging-wall ore, S2—granite breccia ore, S3—footwall ore and 
S4—copper zone (data from Naldrett 1989). Little Stobie data are from 
Davis (1984). SL—Sublayer.

zones have similar pyrrhotite + pentlandite + chalcopyrite 
sulphide mineralogy. That is, perhaps, where the similarity 
ends. Footwall ore contains in excess of SOWc sulphides, 
while most Sublayer ore contains about 309fc sulphides. 
Both Sublayer and footwall ore contain fragments of local 
derivation, but Sublayer ore also contains some ultramafic 
fragments with no known local equivalents in the footwall. 
Analysis of both ore types demonstrates the higher levels of
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Cu, Pt, Pd and Au in the footwall ores. Analyses of the Sub 
layer for Cu and Ni can be used to define areas of high and 
low Cu7(Cu * Ni). No similar systematic variations are 
observed within the footwall ore zones.

Although physically and chemically distinct, the 
genetic relationship of footwall ores to the Sublayer can be 
demonstrated by mapping out the physical connections 
between the 2 ore types and examining the chemical trends 
from one zone to another. As illustrated in Figure 9.4, foot 
wall mineralization can be traced upward from small pro 
trusions and offsets of the Sublayer as a series of narrow 
chalcopyrite-rich veins (zone 4bl). These veins within the 
footwall granite trend up to the base of the 4b ore zone. 
Differences in the overall morphology and tonnage of the 
footwall zones can be accounted for by variations in the 
host rock. The larger 4b zone is hosted by granite cut by 
numerous veins of Sudbury Breccia, providing an area of 
structural weakness receptive to a mineralizing system. A 
similar physical association is suggested for zone 4b2 where 
sulphides at the end of a Sublayer and/or norite offset 
extends along a zone of Sudbury Breccia toward the main 4b 
zone. The proximity of chalcopyrite-rich ore to the margin 
of the 4b orebody and the presence of a bounding siliceous 
zone both indicate the fracture systems in the footwall were 
limited in extent.

The chemical evidence provided by chondrite- 
normalized plots of 1009fc sulphides confirms the genetic 
relationship of Sublayer and footwall ores zones. Pro 
gressive depletion of nickel, cobalt, iridium and ruthenium 
is accompanied by enrichment of platinum, palladium, gold 
and copper (see Figure 9.6) in a sequence from the copper- 
poor Sublayer through to the extreme margins of the foot 
wall 4b zone. These trends result from the increasing differ 
entiation of a sulphide melt by crystallization of mono- 
sulphide solid solution (MSS) and the progressive 
enrichment of the remaining melt in copper, platinum, pal 
ladium and gold (Naldrett 1984b). The movement of this 
enriched melt farther into the footwall could have been 
assisted by a process of "filter pressing" (Naldrett 1989), 
or perhaps by simple gravitational settling into active 
structural zones within the granite. Differentiation and 
migration may be aided by a decreasing thermal gradient 
away from the SIC. The thermal aureole about the SIC, and 
a more local thermal imprint of the hot sulphide melt, could 
produce small hydrothermal zones about the footwall ore 
deposits. This limited hydrothermal system would account 
for silicification and quartz veining about zone 4b.

The importance of brittle footwall rocks amenable to 
fracturing is demonstrated by the comparison in Figure 9.7 
of differentiation trends for Lindsley, Strathcona and Little 
Stobie. Sublayer sulphides at Little Stobie may have differ 
entiated, but ductile footwall rocks underlying the Sublayer 
did not provide any structural pathways for migration and 
continued differentiation of the copper-rich melt to form 
separate ore zones. On cooling, the bulk composition of the 
original melt is retained within the ore zone. At Lindsley, 
structural pathways into the footwall granite were provided 
by fractures and reactivated zones of Sudbury Breccia. 
These zones did not extend a great distance into the footwall

(in the known system of ores) but provided an opportunity 
for limited differentiation and deposition of progressively 
copper-PGE-enriched ores. At Strathcona, the footwall to 
the SIC is a granite breccia underlain by a felsic gneiss 
complex cut by zones of Sudbury Breccia. The rather 
porous and permeable nature of this footwall to the SIC pro 
vided numerous pathways for sulphide melt migration, and 
the ores are strongly differentiated.

A genetic model for the Lindsley deposit must provide 
mechanisms to account for the source of the sulphides, the 
documented sulphide differentiation and the fracture zones 
in the Murray Pluton, which provide pathways and deposi 
tional environments for the sulphide melts. The model must 
respect the time constraints, which indicate some of the sili 
cate rocks associated with the SIC had cooled sufficiently to 
fracture at the time of sulphide emplacement in the footwall.

A framework for discussion of the proposed model is 
presented in Figure 9.8. Time relationships indicated for 
each of the frames in the figure are only relative; the time 
span indicated for t s l could be a matter of seconds, while 
t = 4 may require millions of years.

An initial explosive event at time O is the main require 
ment for the current genetic model. This explosive event 
could have resulted from either exogenic or endogenic 
causes. Compression from the initial explosion generated 
zones of Sudbury Breccia (Spray 1992), while rebound into 
the basinal depression created zones of tension and open 
fractures in the surrounding rocks (see Figure 9.8a). A sili 
cate melt, generated by impact melting, release of magma 
from deep in the crust, or a combination of both, filled the 
depression, and at time 2 (see Figure 9.8b) sulphides began 
to segregate, coalesce and settle into depressions at the base 
of the silicate melt. The footwall was not a passive substrate. 
Fracturing and readjustment resulted from isostatic rebound 
due to the removal of a large quantity of overlying rock by 
the initial event. Fracturing of the overlying marginal 
crystallized norite of the SIC produced the Sublayer, 
and both silicate and sulphide melts began to move down 
ward and exploit fractures in the footwall at time 3 (see 
Figure 9.8c). As the sulphide melts began to differentiate 
and migrate, early nickel-, iridium- and ruthenium- 
bearing monosulphide crystal cumulates were left behind 
in the Sublayer. Isostatic adjustment, silicate crystallization 
and sulphide differentiation continued at time 4 (see 
Figure 9.8d). Higher temperature silicate magmas crystal 
lized in the footwall while lower temperature sulphide melts 
were still mobile. The migration of the sulphide continued 
with later deposited mineralization becoming progressively 
enriched in copper, platinum, palladium and gold. The sul 
phide melts encountered reactivated and porous zones of 
Sudbury Breccia, where they cooled and crystallized to 
form larger ore zones. Some small fractures led out into off 
set environments, where sulphides cut already crystallized 
norite and quartz diorite. Major structural movement asso 
ciated with the Penokean Orogeny (Rousell 1984) had over 
turned the southern margin of the SIC by time 5 (see Figure 
9.8e). Shearing along the contact of the SIC and the footwall 
displaced the footwall ore zones upward relative to the Sub 
layer and accentuated a small primary "terrace" at Lindsley.
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The sulphide-filled fractures feeding the mineralized foot 
wall zones were distorted by shearing until they lay almost 
parallel to the Sublayer contact.
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Chapter 10

The Sudbury Igneous Complex as an Impact Melt: Evolution
and Ore Genesis

J.P. Golightly

INCO Exploration and Technical Services, Copper Cliff, Ontario, POM l NO

Abstract
The evolution of the Sudbury Structure and its ores is explained assuming that it represents an impact crater 
with a 100 km transient diameter emplaced during the Penokean Orogeny, and that the Sudbury Igneous 
Complex is an impact melt.

Unfolding the crater floor reveals valleys in the Footwall, defined by orebody outlines, which, in original 
plan view, form acute-angled vee or chevron configurations flanking major mafic Footwall units. Interpreted 
as primary crater excavation features, the inwardly directed apices of the vee's are taken to point toward the 
crater centre. Prior to the subsequent folding of the basin by northwesterly directed tectonic stresses, 
the centre must have laid 5 to 25 km south of the surviving outline of the igneous complex in an already 
tectonically thickened wedge of Huronian rocks.

The impact probably did not strongly mix large (kilometre scale) lithologic units, and the melt sheet 
immediately separated into a two-layered mafic and/or felsic pluton. The bulk composition of the South 
Range mafic unit is depleted in nickel and enriched in MgO compared to mixtures of mafic Footwall units 
from the south side of the structure that should represent components of the impact melt. The nickel depletion 
is adequate to produce the known ore, while the excess of MgO probably derives from more mafic and ultra 
mafic precursor rocks exposed at greater depths in the crater floor and moved by the crater excavation 
process up the valleys now occupied by orebodies. The mixture of sulphur-rich mafic precursor rocks, 
probably including some proto-ores, with more siliceous precursors in the superheated impact melt, 
produced mafic magma with lower sulphur solubility, thus facilitating ore precipitation.

INTRODUCTION
More than 25 years of accumulated evidence such as shatter 
cones, shock metamorphic effects and the Sudbury and 
Onaping impact breccias has led to the current view that the 
Sudbury Structure is an impact crater emplaced during 
the Penokean Orogeny and subsequently collapsed into 
its present kidney shape under tectonic stresses. Although 
many are reluctant to conclude that it does not contain 
a significant component of contemporaneous, mantle- 
derived mafic melt, the idea that the Sudbury Igneous 
Complex (SIC) represents a differentiated impact melt 
entirely derived from local crustal rocks has recently 
been highly favoured, mostly on the basis of crustal 
Sm/Nd, Rb/Sr (Faggart et al. 1985; Naldrett et al. 1985) and 
Re/Os (Dickin 1991; Walker etal. 1991) isotope ratios in the 
SIC and also on the basis of crater melt volume to diameter 
scaling relationships (Grieve et al. 1991). The present paper 
explores the evolution of the SIC as an impact melt and its 
bearing on ore formation.

MODELLING THE SUDBURY 
CRATER

In Figure 10. l, a map showing the less-deformed half of the 
Sudbury Structure is juxtaposed with a sketch of the Lunar 
crater Langrenus, a crater in the same general size range. 
Attention is drawn to corresponding features such as the 
crater fill (breccia * melt), shatter cone-lined transient

cavity and the half grabens formed during the gravitational 
collapse of the transient rim. The centre of the Sudbury 
Structure has not been exposed, but according to Grieve 
et al. (1991) a terrestrial crater with a 100 km transient 
crater would be a ringed basin without a central peak and 
would have a final gravity-modified diameter of 200 km, 
considerably larger than the 135 km diameter of Langrenus.

Constraints on the geometry of the Sudbury crater are 
listed in Table 10.1. Grieve et al.(1991) have reinterpreted 
the evidence to show that the Sudbury crater had a transient 
rim diameter of approximately 100 km. The strongest con 
straint is that it must lie between the graben ring and 
the aureole of shatter cones (see Table 10.1, lines 2 and 
3). Based on these considerations, the transient crater was 
taken to be about 100 km in diameter coincident with a ring 
in the final basin. This central basin is taken to have been 
occupied by an impact melt sheet 80 km in diameter. 
This diameter is used, in conjunction with maximum 
stratigraphic thicknesses, to estimate the maximum possible 
volume of the SIC as follows:

Rock 
Type

Granophyre

Norite

Total

Weight
Ve

73-fc

279k

Volume

^10 053 km3

3848 km3

^13 900 km3

Model

80 km diameter
disk ^ 2 km thick
70 km diameter
cone 2 km deep
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Sudbury

Lunar Crater 
Langrenus

WHITEWATER SEDIMENTS 

CRATER FILL

ONAPING BRECCIA 

SUDBURY IGNEOUS COMPLEX

CRATER FOOTWALL

Upper
Lower HURONIAN

ARCHEAN
LEVACK GNEISS 

TRANSIENT RIM - U\NGRENUS 
OUTER LIMIT SHATTER CONES

S FAULTS
S SLUMP FAULTS- HALFGRABENS 
Q CENTRAL PEAK

100km

Figure 10.1. A comparison of the Sudbury Structure and Langrenus.

The total melt found in this model exceeds that used 
by Cintala and Grieve (1992a, 1992b) and Grieve et al. 
(1991) in their recent reassessments of the melt-volume 
to crater-diameter dependence for terrestrial craters. 
Empirical volume to diameter correlation could be exagger 
ated because volume estimates usually rely on the apparent 
diameter squared times an average thickness. To be certain 
that the relationship is real, the average melt thickness was 
calculated from their data and our estimate of the SIC 
volume and was plotted in Figure 10.2 against the crater di 
ameter. There is an excellent power law relationship that is 
indistinguishable from theoretical scaling relationships.

A very important conclusion is that the total melt is 
equivalent to the volume of a hemisphere 18 km in radius or 
larger.

Table 10.1. Crater size constraints.

Feature

1. Crater fill: length of basin.
2. Maximum extent of shatter cones.
3. Gravity modified crater rim: 

graben ring < 16 km beyond 
edge of the SIC. Project graben 
faults up a 450 dip to surface 
11 km above.

4*. Strength crater: = Sudbury 
Breccia 240 km diameter. 
Sudbury Breccia at Temagami.

Diameter 
(Kilometres)

Inner ring rim > 70-80 
Transient rim 100 
Ultimate rim M24-134

Transient crater > 80

*The estimate in line 4 uses a scaling relationship from Croft (1985).

The starting point for the reconstruction is a Sudbury Basin 
compilation of longitudinal projections of Footwall ore- 
bodies prepared by A.C.Gourley (INCO) in the 1960s,

updated with more recent discoveries and overlain by a 
generalized geologic map.

The present form of the Sudbury Structure is a 
kidney-shaped basin. The North Range dips south about 
400 , and the middle of the South Range dips north about 500 
to 600 . The East Range and the east and west thirds of the
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South Range dip very steeply. The east and west thirds of the 
South Range are cut by numerous south-dipping thrust 
faults and shear zones (Milkereit et al., this volume) and 
by the South Range Shear Zone (SRSZ) (Shanks and 
Schwerdtner 1991 a). This form is thought to have devel 
oped from a shallow bowl shape soon after the emplacement 
of the SIC, by inward rotation of the North, South and East 
ranges, further rotational steepening of the South Range and 
finally by ductile deformation by the SRSZ. In the recon 
struction, steeper Footwall attitudes on the central North 
and South ranges were rotated down to the 200 inward dip 
that is the earliest configuration suggested by paleomag 
netic data (Morris 1984). In the South Range, the less-dis 
turbed central sector from east of Lockerby to Whitson Lake 
was retained in place, and the southwestern sector was ro 
tated clockwise eastward into a similar orientation about the 
northeast-plunging axis common to these planes. Finally, 
the dips were rotated back to the horizontal. Because of the 
numerous faults that cut the Footwall periphery in the south- 
east and southwest extremities of the Sudbury Structure, the 
reconstruction is left incomplete giving 2, unequal halves 
shown in Figure 10.3.

Footwall contact ore deposits (as distinct from deposits 
hosted in offset dikes and breccia zones deep within the 
Footwall) occupy terraces and troughs first related to impact 
crater morphology by Morrison (1979, 1984). These 
terraces and troughs are located at the bottom of broader 
"embayments" filled by the SIC Sublayer, which is thinner

J. P. Golightly

or absent between the embayments. The troughs, rather than 
being strictly radial, seem to form vee shapes on the crater 
floor. This is particularly noticeable in the outlines of the 
Creighton orebody, the cluster of orebodies at Crean Hill 
and Lockerby and the large number of orebodies in the 
Levack sector (see Figure 10.3, inset) on the North Range. 
The author thinks the vee-shaped arrays may represent 
erosional grooves formed in the crater excavation flow field 
around major relatively dense and incompressible, and 
therefore slowly moving, Footwall units. The association of 
the major ore deposits and the vees with greater than 
l km-scale dense, mafic Footwall lithologic units is sug 
gested by the crater floor map and, as shown in Figure 10.4, 
by their association with first and second derivative gravity 
anomalies.

It is proposed that the apices of these vees point toward 
the centre of the impact. Following this assumption, we 
arrive at a structure in which the South Range Footwall lies a 
minimum of 17 km and the North Range about 37 to 39 km 
from the centre. Somewhat closer distances to the centre, 
12 and 25 to 27 km for the North and South ranges respec 
tively, are suggested when the offset dikes are regarded as 
radial fractures formed in each half.

Shanks and Schwerdtner (l 991 b) recently attempted 
to reconstruct the pretectonic diameter of the preserved 
Sudbury Structure by reversing the ductile strain recorded 
by the SRSZ. They found a predeformation distance 
between the North and South ranges of 40 to 52 km in

MELT THICKNESS IN TERRESTRIAL CRATERS
10,000

1,000

O

5 100
UJ

lil 
O
DC 10

b -Brent 
Z-Zapadnaya 
l - ll'nets 
K-Kaluga 
L-Lapajarvi 
B-Boltysh 
M-Mistastin 
W-West Clearwater 
k -Kara
G-Manicouagan (Grieve A Head, 1977) 
D-Manicouagan (Grieve et al. 1982) 
P-Popigai 

- Sudbury
EXCLUDED: 

L- Logoisk R-Ries

10
TRANSIENT CAVITY DIAMETER km

100

Figure 10.2. Average melt thickness versus crater diameter for terrestrial craters: melt thickness = melt volume l U (transient diameter)2 . Data other 
than Sudbury from Cintala and Grieve (1992a, 1992b).
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agreement with the distance of 37.5 to 57 km suggested by 
the crater floor reconstruction.

A very important conclusion is that, according to these 
reconstructions, the original, precollapse centre must have 
laid 5 to 25 km southeast of the surviving SIC.

The Lithoprobe traverse (Milkereit 1992; Hearst et al. 
1992) identified south-dipping SIC and underlying Levack 
gneisses about 10 to 12 km below the western part of the

Sudbury Structure. This south-dipping autochthonous limb 
ends against a thrust fault complex in which the overall 
orientation of the SIC is steeply north-dipping to vertical. If 
this picture can be projected eastward and probably slightly 
downward to the centre of the South Range, the original 
impact centre deduced from the above reconstruction must 
lie down the dip of the SIC Footwall below the vicinity of 
the Copper Cliff offset at about the projected depth of the 
autochthonous SIC Footwall. Nothing is known about the

Foy

VVhistle

Trill 
TrotiigJ

Cameron Lake 
Fault\

ABUNDANT 
FAULTS

Flett 
Shear

Worthington 
Offset-
Crean 

LockertJ

Y Centre?
ABUNDANT 

FAULTS

Creight

Copper Cliff Offset-^ Murray

V Ore-bodies
-— Offset Dyke

le Stobie 
rood-Vermillion 

Breccia Zone

To Centre

Mafic Rocks 
Felsic Rocks
Granites

Figure 10 J. Reconstructed Sudbury crater floor map: Note the vee-shaped configurations of orebodies flanking mafic footwall units. The configura 
tion in the Levack district is enlarged in the inset. The "vees" are taken as primary excavation features indicating the direction to the centre of the impact 
as indicated by the hollow triangles. The alternate locations of the centre are based on the "vee" configurations and the radial offset dikes.
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geology of the central South Range Footwall below about 
the 3 km depth. The Lithoprobe traverse data are not closer 
than 20 km to this centre. Therefore, the crater floor geology 
and topography in a 10 to 20 km zone about the inferred 
centre is unknown.

RECONSTRUCTION OF 
PREIMPACT GEOLOGY

It is instructive to attempt to reconstruct a preimpact geo 
logic section of the site (Figure 10.5). Assumptions include:
1. Using the crater floor map in Figure 10.3, the centre is 

placed well south of the South Range where the 
Huronian sequence thickens dramatically.

2. The peak of the Penokean Orogeny had passed, and 
regional folding was largely complete. Evidence 
includes: 1) relict staurolite clasts in the SIC Sublayer 
(Morrison 1978) and 2) inclusions of metamorpho- 
genic quartz veins by Sudbury impact breccia. The 
grossly coherent pattern of shatter cone axes in the 
Huronian, pointing toward the inferred crater centre

(Guy-Bray et al. 1966), demonstrates that the shock 
preceded the major folding.

3. The section of the Penokean Fold Belt presented in the 
Ontario Geological Survey compilation map for the 
Sudbury region (Card and Lumbers 1976) was 
projected to the east, and local features such as the 
Creighton and Murray granites, basal Huronian 
volcanic rocks and Nipissing gabbro sills added.

4. About 8 km of now eroded, folded Huronian rocks 
were assumed to have covered the area. This is an 
assumption based on the palaeomagnetism of the circa 
1200 million-year-old Sudbury dike swarm interpreted 
by Schwarz and Buchan (1982) as indicating 9.5 km of 
subsequent erosion at Sudbury and about half that at 
Timmins. This is also consistent with the amplitude of 
fold structures shown in the section.
The most important suggestion arising from this recon 

struction is that the felsic Archean gneisses may underlie 
only the north half, and the basal Huronian volcanic 
rocks and associated intrusive rocks underlie the south half 
of the target zone. The southerly placement of the centre in 
a tectonically thickened zone of sediments suggests that

SECOND DERIVATIVE 
GRAVITY 

ANOMALIES

8
Km

QUARTZ GABBRO

GRANITE 
HURONIANWHITEWATER 

SEDIMENTS

Figure 10.4. Gravity anomalies (after Popelar 1972) and orebody distribution in the Sudbury Basin. SIC—Sudbury Igneous Complex.

109



Sudbury-NoriVsk; OGS Special Volume 5

Huronian rocks are a more important component of the 
impact melt than postulated by Grieve et al. (1991) who 
derive the SIC largely from Archean basement.

PROCESS OF FORMATION OF SIC 
FROM MELT ROCK

The crustal isotope signature and melt volume to diameter 
scaling relationship are so consistent with the hypothesis 
that the SIC is all impact melt that this should be taken as a 
starting point for further considerations of the evolution of 
the complex.

Most terrestrial impact melts comprise an igneous 
matrix loaded with shocked but unmelted target rock clasts. 
The xenolith-laden Sublayer at the base of the SIC 
resembles the usual melt sheet, but the main units of the SIC 
comprise a coarsely layered pluton. The difference results 
from the relatively large scale of the Sudbury crater. Grieve 
et al. (1991) show that the volume of the impact melt 
scales upward more rapidly—proportional to the diameter 
D3 8—than the excavated volume and volume of broken 
rock. Thus, in smaller craters, the superheated impact melt 
is quenched by the clasts, whereas in larger craters, the ratio 
of melt to rock fragments is high enough to cause efficient 
melting of most xenoliths, opening the way for a continuing 
history of crystal differentiation. Sudbury clearly is large 
enough. This however is not the entire story. The SIC, with a

bulk composition equivalent to two-thirds granophyre and 
one-third quartz diorite, is clearly too felsic to produce 
mafic norite differentiates. Furthermore, the SIC Sublayer, 
a credible sample of the undifferentiated impact melt at the 
crater floor, has a quartz diorite composition similar to the 
bulk composition of the mafic part of the SIC (Table 10.2).

Briefly, it is postulated that mafic clast-melt mixtures 
sank and felsic clast-melt mixtures floated rapidly enough 
before complete assimilation to form the norite and/or 
granophyre pair, a process that continued during the 
differentiation of the pluton and the gravity modification 
of the crater cavity. Centimetre-scale, marked units in 
metre-scale cratering experiments in sand described by 
Piekutowski (1977) and by Oberbeck (1977) maintain their 
coherence in the crater wall despite transport for a large 
fraction of the crater diameter. Scaling this observation up 
by a factor of 100 000 suggests that equivalent, kilometre or 
larger scale, major mafic and felsic units in the Sudbury 
target rocks probably are not mixed by the excavation 
dynamics. Immediately after the dynamic excavation stage 
of crater formation, large- and medium-scale lithologic 
units shattered and injected by melt but otherwise left intact 
by the excavation dynamics would be expected to separate 
very rapidly creating a layered melt pool, as shown in 
Figure 10.6, stage l, probably with a zone of mixing (not 
shown) between them.

NORTH
POINT OF 
IMPACT c RANGE km 

10 ,20 30 SOUTH

LJJ 
O

~20

30
L Limit of excavated or 

Melted Footwall

Modern Surface 
in Section
Projected from Wall

Nipissing Gabbros 
Upper-Huronian 
Middle-Huronian 
McKim Greywacke 
Copper Cliff Rhyolite 
Murray A Creighton Granites 
Stobie ft Elsie Mtn. Basalt 
Archean

Figure 10.5. Hypothetical cross section of the Sudbury site prior to the impact, the curved surface shows the zone that will become impact melt and/or 
ejecta.
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Table 10.2. Possible combinations of Huronian rocks equivalent to South Range mafic Sudbury Igneous Complex.

Case
Weights
A1203
CaO
Fe2O3 **

K2O
MgO
MnO
SiO2
TiO2
Ni* (ppm)

Metagabbro

1
.23

15.22
10.70
8.35

.60
6.58

.18
50.39

.96
128

Nipissing 
Granophyre

1&2
.18

13.85
1.37
2.82
1.20
1.03
.05

70.13
.65

10

Pyroxenite

1
.08

13.75
12.39
7.15

.46
8.24

.17
51.84

.51
160

Stobie 
Basalt

2
.34

14.79
9.20
9.37

.68
4.63

.22
52.21

1.28
91

Copper-Cliff 
Rhyolite

2
.01

13.32
1.04
1.01
4.23

.23

.02
75.72

.12
12

Stobie 
Pelite

1
.04

23.40
.77

4.54
2.93
2.27

.05
59.42

1.02
73

Pelite

1
.13

19.05
1.55
6.30
2.73
3.44

.09
56.85

1.23
80

Standard Deviation Log Transformed Data 0.758 

* Nickel not used in regression

A1203
CaO
Fe2O3 **

K2O
MgO
MnO
SiO2
TiO2
Ni

Estimated 
Mafic SIC

15.51
7.04
7.17
1.11
4.44

.15
55.98

1.01
88

Actual 
Mafic SIC

16.44
7.32
6.47
1.22
5.67

.13
53.81

.99
63

Relative 
Deviation

-0.97
-0.65

1.72
-1.58
-4.09

2.39
0.66
0.33
5.59

South Range 
Sublayer

15.93
6.48
7.10
1.67
5.28
0.13

57.43
0.99
-

Offset QD 
Proximal

14.50
6.50
7.90
1.72
4.57
0.15

56.00
0.91
-

Standard Deviation Log Transformed Deviations 0.059

All oxide values as vv/% and trace elements (Ni) in ppm. 
** Total F e expressed as
Mixing of components by linear least squares regression. Samples in case l included automatically, and in case 2 forced into mixture. Tabulated 
weights are a final mixture of the two cases. The relative deviations between estimated and actual are 2 times t-deviates from the mean. Values 
greater than or equal to 2 are probably significant.
Sources: SR-SIC is the mean of 256 samples along Hwy 69 BlezardTownship, INCO unpublished X-ray fluorescence data. Huronian data from 
Pattison and Card (1973) and INCO (unpublished). South Range Sublayer (Naldrett et al. 1984) and Proximal Offset QD = quartz diorite (Grant 
and Bite 1984) are included for comparison as possible equivalents of the undifferentiated SIC; visual examination suggests they may be silica- 
rich compared to the actual SR-SIC and magnesium-rich compared to the estimate.

Figure 10.6, envisioning the initial stage of differenti 
ation of the SIC, points out a number of features:
1. The heat of the mafic melt pool begins remelting felsic 

Footwall units, such as the Creighton and Murray 
granites to the south and Archean gneisses to the 
north. These highly shattered units shed melt blobs 
which float up to neutral buoyancy at the base of the 
granophyre where they will supplement that unit.

2. Melted breccia matrix and melt rock have been injected 
along the offset dikes.
Figure 10.6, stage 2, shows the middle stages. The 

superheated noritic melt provides heat to the base of the

granophyre, which ultimately melts and assimilates Basal 
Member Onaping Formation material in its roof. According 
to Muir (1984) the plagioclase-rich member of the grano 
phyre may correspond to such assimilated material. Mafic 
blocks are released to sink down to the norite where they are 
assimilated as the granophyre enlarges upward. According 
to Muir and Peredery (1984), mafic blocks are a minority in 
the Onaping Formation. Their spatial distribution has not 
been published, but distinct nickel and copper anomalies, 
perhaps related to a mafic component, occur along the base 
of the Onaping Formation in the North Range in locations 
overlying the embayments in which the mafic inclusion- 
filled Sublayer is thickest.
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Gravitational collapse of the peak rings and crater rim 
by slumping should continue through this stage, and 
the level of the crater floor will be flattened to some degree. 
The resulting change in shape of the cavity housing the 
melt may cause the mafic SIC to thin in some areas and 
invade areas such as peak rings and toward the rim where 
the floor initially may have been too high. Meanwhile 
inclusion- laden Sublayer may slump down slopes and to a 
limited distance up into the norite. Such movements could 
account for the ambiguous, mutually intrusive relationship 
between the norite and the Sublayer (Naldrett et al. 1984). 
The floor movements cause dilation of the offset dikes 
allowing a second intrusion of magma from the crater floor 
(ore bearing) as is readily recognizable in the Copper Cliff 
(Grant and Bite 1984) and Victoria offset dikes.

Blobs of melted Footwall felsic units continue to float 
up to the top of the norite until the build-up of cumulus 
orthopyroxene in the crystallizing norite prevents it. This 
process appears to have continued longer in the South 
Range where the norite is thicker; stranded rafts of melted or 
partially melted Creighton and Murray granites seem to be 
confined to this area.

Figure 10.6, stage 3, shows the final stage in which the 
main body of norite has solidified, and the crystallization 
differentiates of the norite, the quartz gabbro and a small 
part of the granophyre are forming. Remelted parts of the 
South Range Footwall felsic units are still liquid at this stage 
and are injected as tabular dikes and sills in the norite above 
the Murray Granite. The most prominent dikes are the 
Murray offshoots described by Gibbins and McNutt (1975); 
the curved outcrop pattern of these 2 dikes suggests a ring 
dike formed in response to buoyancy pressures of the under 
lying Murray Granite.

The granophyre in the end is a complex assemblage 
of components of varying origins including: l) immediate 
impact-melted felsic target rocks; 2) assimilated Onaping 
roof rocks; 3) late stage remobilized Footwall granitoid; 
and 4) final differentiate of the underlying mafic SIC. The 
unit comprises at least 3 rock types not readily distinguish 
able in the field: l) a plagioclase-rich rock; 2) a true grano 
phyre; and 3) a nongranophyric, zirconium-rich granitoid. 
Peredery and Naldrett (1975) thought the true granophyre 
corresponds to the final differentiate; according to Peredery 
(INCO, personal communication, 1988) the zirconium-rich 
granitoid may represent the remobilized SIC Footwall 
granitic rocks.

PRECURSOR ROCKS OF THE 
MAFIC SIC

The arguments of the previous section suggest that the mafic 
and felsic units of the SIC each represent mixtures of mafic 
and felsic rocks dominated by the adjacent Footwall, 
with some limited admixture of mafic rock into the felsic 
rock and vice versa. A preliminary observation in support 
of this contention is that the apparent ratio of norite + Sub 
layer to granophyre in the SIC of 27:73 is in rough 
agreement with the 80:20 ratio of felsic gneiss, granites and

quartzose metasedimentary rocks to mafic Huronian and 
Archean rocks in the terrain immediately surrounding 
the SIC.

The symmetry of the crater flow field (assuming a steep 
angle of impact) suggests that the units in each limb of 
the Sudbury Structure should largely be derived from 
rocks underlying that limb. In other words, the 
composition of the SIC should show radial sector zoning. 
Existing lithochemical data are insufficient to test this 
hypothesis in detail. Enough information is available to 
show that the norite in the Levack area (northwest North 
Range), in the Wisner area (east end of the North Range) and 
Blezard Township (east-central South Range) each are 
significantly different. Grant and Bite (1984) show them 
plotting in separate fields on AFM and many other 
petrochemical diagrams. With this in mind, a preliminary 
attempt was made to match the average composition of the 
South Range mafic SIC with a mixture of typical South 
Range Footwall rocks.

In Table 10.2, the mafic SIC, defined as the Main Mass 
norites -f transition zone gabbros, was fitted to a mixture of 
rocks using linear regression. The anorthositic gabbros of 
the Chicago Mine intrusion, the Elsie Mountain Formation 
and the granites of the South Range are not represented in 
the analytical data. These are thought to be coeval with and 
genetically related to the Stobie basalts and Copper Cliff 
rhyolite, respectively. The chemistry of the Elsie Mountain 
basalt is very similar to that of the Stobie basalts (Card et al. 
1977). According to Table 10.2, the mafic SIC is signifi 
cantly enriched in MgO compared to most Footwall rocks.

Nickel was not included in the fitting algorithm 
because of the possibility that the nickel in the mix may have 
segregated out of the SIC. In fact, the nickel content of 
the calculated mixture of Footwall rocks is 88 ppm, 25 ppm 
in excess of the actual SIC nickel content of 63 ppm. The 
nickel depletion and the anomalously magnesian character 
of the mafic units in the main body of the SIC are also quali 
tatively evident in Figure 10.7.

As calculated in Table 10.3, the nickel depletion in the mafic 
SIC is more than enough to supply the nickel in the ores. 
This said however, the distribution of orebodies is not con 
sistent with a uniform "rain" of sulphides from the 
mafic SIC.

The mechanism by which nickel-copper deposits 
should form from the impact melt is as follows. The 
high degree of superheat of the impact melts should 
dissolve any sulphides present in the parent rocks. 
Partial mixing of sulphur-rich mafic melts with felsic 
melts would lead to a final mafic liquid with a more 
siliceous composition than the precursor mafic rocks 
and therefore a lower sulphur solubility. Immiscible 
sulphides should precipitate out during cooling, accumulat 
ing initially in the Sublayer and thence percolate 
along the Footwall into topographic lows, into offset dikes
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Figure 10.7. Ni-MgO variation in the Sudbury Igneous Complex (SIC) and South Range Footwall rocks. The curve is a nearly quadratic regression 
fitted to a collection of average Phanerozoic rift and mid-ocean ridge basalt (MORB) volcanic rocks.

Table 10.3. Ratio of nickel in ore to overlying mafic Sudbury Igneous 
Complex (SIC).

SIC Mafic feasibly providing South Range contact footwall 
orebodies
Volume of mafic SIC to 193.82 km3 
2 km down dip
Density 2.83 g/cm3 
Mass (tons) 5.485 x 1011
South Range (Victoria Ore 
Mine to Hwy.69) Mass (tons) Grade^o 
excluding distal offsets 339415070 1.46
Ore 1 Overlying Mafic SIC
Percent 0.0619 
Parts per million 619

Nickel
Mass (tons) 

4 973 905

0.00091 
10

and into Footwall breccias. The mechanism producing 
"vee"-shaped troughs during crater excavation, by con 
trolling the negative topographic features on the Footwall, 
leads to the observed large-scale association of ores with 
major dense mafic lithologic units.

However, it does not explain the observed association 
of orebodies with the presence of ultramafic inclusions in 
the Sublayer or evidence of the existence of proto-ores. The 
occurrence of ore clasts in the Sublayer, and of sulphide 
droplet compositions that are not typical of sulphide 
magma, has been interpreted by Pattison (1979) to indicate 
the existence of pre-existing sulphide ore concentrations in 
the target rocks, perhaps associated with the unexposed (or 
now destroyed) parent body of the ultramafic inclusions. 
Additional evidence suggesting the prior existence of proto- 
ores in the target rocks is the high concentration of sulphides 
in the Onaping Formation and its anomalously high nickel, 
copper, cobalt and chromium concentrations in comparison 
to intermediate igneous rocks (Rousell 1984, Table 9.1).

A mechanism that could produce all these associations 
is illustrated by the cartoon in Figure 10.8. Mafic and ultra 
mafic feeders to shallow level Nipissing and Huronian 
mafic rocks, including possible proto-ores, laid bare to 
the crater floor at depth would be moved up the crater 
walls by the excavation flow field along the "vee"-shaped
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configurations of troughs. This would lead to a spatial corre 
lation between basal Huronian mafic bodies and ultramafic' 
inclusions. This also has the effect of preferentially pro 
ducing mafic impact melt and the initial rain of sulphides in 
the general vicinity of the major Footwall mafic units and 
their associated troughs. Unrelated Archean mafic-ultra- 
mafic bodies could also lie in this position.

The most likely sources of proto-ores in the Sudbury 
region stratigraphy are twofold: 1) anorthositic gabbro, 
layered intrusions at or below the Archean unconformity; 
and 2) Nipissing gabbro sills and dikes or their feeders in the 
Archean and Lower Proterozoic. Sulphide concentrations 
are known in both. The most voluminous are found in the 
basal Huronian intrusions, interpreted as the feeder systems 
for the Stobie and Elsie Mountain basalts in a continental- 
edge rift system. They form a nearly linear, continuous 
chain of intrusions from the east end of the Quirke Syncline 
through the East Bull Lake and Shakespeare-Dunlop 
Gabbro-Anorthosite to the Drury (Chicago Mine) Intrusion 
at the southwest edge of the Sudbury Structure and finally as 
far east as the major River Valley Anorthosite pluton within 
the Grenville Front Tectonic Zone 15 to 45 km east of the 
SIC. Low-grade disseminated sulphides with high levels of 
platinum group elements (PGEs) are known in the East Bull 
Lake and Shakespeare-Dunlop bodies (Peck et al. 1991). 
Minor amounts of olivine-bearing rocks are known to be 
associated with these bodies, and peridotites could be 
expected at depth. The subvolcanic pluton sketched in the 
cartoon of Figure 10.8 is modelled after the known cross 
section of the East Bull Lake Gabbro-Anorthosite (Ejeckam 
et al. 1990).

CONCLUSIONS
The volume of data that are compatible with the origin of the 
SIC as an impact melt strongly suggest that this be taken as 
a starting point. The present paper adds the following 
observations and suggestions:
1. Reconstruction of the crater floor shows a radially 

arranged "vee"-shaped configuration of orebodies rep 
resenting crater floor valleys that are probably primary 
excavational features. It is suggested that these repre 
sent scour features flanking major, greater than l km- 
scale mafic Footwall lithologic units.

2. The "vee" features indicate that the centre of the impact 
originally was in the already existing Penokean belt of 
folded Huronian rocks south of the surviving SIC. 
Huronian rocks therefore probably were a major com 
ponent of precursor rocks for impact melt on the south 
side of the structure.

3. It is proposed that the mafic and granophyric compo 
nents of the SIC originate by rapid density separation of 
greater than l km-scale target mafic and felsic rocks * 
impact melt that were only slightly mixed in the crater

flow field. Most of the observed features of the SIC are 
readily evolved from the resulting layered magma 
chamber.

4. Sector zoning of the composition of the mafic SIC is 
suggested based on the distinct mixtures of mafic Foot 
wall precursors. The composition of the South Range 
mafic SIC is simulated by a mixture of Huronian and 
Nipissing rocks. The mafic SIC is shown to be enriched 
in MgO and depleted in nickel relative to the mixture of 
mafic precursors. The depletion in nickel is adequate to 
supply the nickel in the underlying deposits.

5. Finally it is suggested that the deposits formed by pre 
cipitation of sulphide liquid caused by the mixing of a 
limited amount of quartzose and felsic rocks into the 
remelted mafic (and ultramafic) precursors. A spatial 
correlation of Footwall troughs formed preferentially 
in the vicinity of Footwall mafic units, in turn asso 
ciated with the mafic rocks actually melted and may 
provide the reason for the observed localization of ore.
Most of the ideas presented here should be regarded as 

working hypotheses. In particular, the theory of crater flow 
field around massive target units and the hypothesis that the 
mafic and/or granophyre pair in the SIC resulted from the 
incomplete mixing and gravity settling of large-scale target 
lithologies needs experimental, scale model or numerical 
simulation. The principal strength of the development of the 
Sudbury Structure as an impact crater and the SIC as an 
impact melt is that the idea provides a consistent framework 
into which the main features of Sudbury geology fit easily.

The only improbable or rare event in the scenario is the 
large-scale impact—clearly the largest in Earth's history for 
which we have a well-studied record. The magnitude of 
the ore deposits in themselves demands one rare event or 
phenomenon. The character of the target rocks that is 
thought to be essential for producing the ores, a mafic-felsic 
dichotomy with a minor ultramafic component and a limited 
amount of proto-ores in some of the mafic rocks, is not 
an unusual situation. Indeed, almost any granite-green 
stone terrane or Proterozoic continental margin might 
suffice. Adding features such as mantle-derived melt or 
other crustally derived melts on the site, or major pre 
existing ore deposits seems to be unnecessary, difficult to 
support with evidence and seems to make the scenario 
improbable.

Acknowledgments
The author is grateful to his colleagues at INCO Exploration 
and Technical Services for many ideas and discussion over 
the years of the material in this paper. In particular Andy 
Bite, Hayden Butler, Carl Gourley, Bob Grant, Cord 
Morrison, Ed Pattison and Walter Peredery have all 
contributed.

115



Sudbury-Noril'sk; OGS Special Volume 5

H 
11

11
.2 3
'C 2
-g o
O '35•a S

li
li

tt S
O M

*^ x
^ w

Si

i J u-f
so 3
O u, 
-H D

So

116



J. P. Go lightly

REFERENCES
Card, K.D., Innes, D.G. and Debicki, R.L. 1977. Stratigraphy, sedi 

mentology, and petrology of the Huronian Supergroup in the 
Sudbury-Espanola area; Ontario Division of Mines, Geoscience 
Study 16, 99p.

Card, K.D. and Lumbers, S.B. 1976. Sudbury-Cobalt sheet, Ontario; 
Ontario Geological Survey, Map 2361, scale 1:253 440.

Card, K.D. and Pattison, E.F. 1973. Nipissing diabase of the Southern 
Province, Ontario; in Huronian Stratigraphy and Sedimentation, 
Geological Association of Canada, Special Paper no. 12, p.7-30.

Cintala, M.J. and Grieve, R.A.F. 1992a. Melt production in large-scale 
impact events: planetary observations and implications (abstract); in 
Large Meteorite Impacts and Planetary Evolution, Lunar and 
Planetary Institute, Contribution no.790, p.13.

——— 1992b. Melt production in large-scale impact events: calculations 
of impact-melt volumes and crater scaling (abstract); in Large Mete 
orite Impacts and Planetary Evolution, Lunar and Planetary Institute, 
Contribution no.790, p. 14.

Croft, S.K. 1985. The scaling of complex craters; in Proceedings of 15th 
Lunar and Planetary Science Conference, Journal of Geophysical 
Research, v.90, p.C828-C842.

Dickin, A. P. 1991. The role of the crust as a source of PGE in the Sudbury 
nickel deposits; in Geoscience Research Grant Program, Summary 
of Research 1990-1991, Ontario Geological Survey, Miscellaneous 
Paper 156, p.99-104.

Ejeckam, R.B., Sikorsky, R.I., Kamieni, D.C. and McCrank, G.F.D. 1990. 
Geology and summary of results from borehole EBL-1 in the East 
Bull Lake research area. Algoma District, northeastern Ontario; 
Atomic Energy of Canada Ltd., Technical Report 409-1, 82p.

Faggart, B.E. Jr., Basu, A.R. and Tatsumoto, M. 1985. Origin of the 
Sudbury Complex by meteoritic impact: neodymium isotopic 
evidence; Science, v.230, p.436-439.

Gibbins, W.A. and McNutt R.H. 1975. The age of the Sudbury Nickel 
Irruptive and the Murray Granite; Canadian Journal of Earth 
Science, v. 12, p. 1970-1989.

Grant, R. W. and Bite, A. 1984. Sudbury quartz diorite offset dikes; in The 
Geology and Ore Deposits of the Sudbury Structure; Ontario 
Geological Survey, Special Volume l, p.275-300.

Grieve, R.A.F, Dence, M.R. and Robertson, P.B. 1977. Cratering pro 
cesses as interpreted from the occurrence of impact melts; in Impact 
and Explosion Cratering, Pergamon Press, p.791-814.

Grieve, R.A.F., Stoffler, D. and Deutsch, A. 1991. The Sudbury Structure: 
controversial or misunderstood?; Journal of Geophysical Research, 
v.96, no.E5, p.22 753-22 764.

Guy-Bray, J.V. and Geological Staff 1966. Shatter cones at Sudbury; 
Journal of Geology, v.74, p.243-245.

Hearst, R.B., Morris, W.A. and Thomas, M.D. 1992. Potential field inter 
pretation and modelling along the Sudbury Lithoprobe transect 
(abstract); Canadian Mineralogist, v.30, p.482.

Milkereit, B. 1992. Third dimension of the Sudbury Structure: results from 
reflection seismic profiling (abstract); Canadian Mineralogist, v.30, 
p.481.

Morris, W.A. 1984. Palaeomagnetic constraints on the magmatic, tectonic, 
and metamorphic evolution of the Sudbury Basin region; in The 
Geology and Ore Deposits of the Sudbury Structure, Ontario 
Geological Survey, Special Volume l, p.411-427.

Morrison, G.G. 1978. PGE's at Sudbury—Controls on their location; 
unpublished internal report, INCO.

———1979. The Sudbury Basin: the evidence for the astrobleme 
hypothesis; unpublished internal report, INCO.

———1984. Morphological features of the Sudbury Structure in relation 
to an impact origin; in The Geology and Ore Deposits of the Sudbury 
Structure, Ontario Geological Survey, Special Volume l, p.513-520.

Muir, T.L. 1984. Discussion of the Onaping Formation; in The Geology 
and Ore Deposits of the Sudbury Structure, Ontario Geological 
Survey, Special Volume l, p. 199-204.

Muir, T.L. and Peredery, W.V. 1984. The Onaping Formation; in The 
Geology and Ore Deposits of the Sudbury Structure, Ontario 
Geological Survey, Special Volume l, p.139-210.

Naldrett, A.J, Hewins, R.H., Dressler, B.O. and Rao, B.V. 1984. The 
Contact Sublayer of the Sudbury Igneous Complex; in The Geology 
and Ore Deposits of the Sudbury Structure, Ontario Geological 
Survey, Special Volume l, p.253-274.

Naldrett, A.J, Rao, B.V. and Evensen, N.M. 1985. Contamination at 
Sudbury and its role in ore formation; in Metallogeny of Basic and 
Ultrabasic Rocks, Institute of Mining and Metallurgy, p.75-91.

Oberbeck, V.R. 1977. Application of high explosion cratering data to 
planetary problems; in Impact and Explosion Cratering, Pergamon 
Press, p.45-65.

Pattison, E.F. 1979. The Sudbury Sublayer: its characteristics and relation 
ships with the Main Mass of the Sudbury Irruptive; Canadian Miner 
alogist, v.l 7, p.257-274.

Peck, D.C., Chubb, P.T. and James, R.S. 1991. Magmatic platinum group 
elements and copper -t- nickel sulphide mineralization along the base 
of the East Bull Lake gabbro-anorthosite intrusion; in Summary of 
Field Work and Other Activities, Ontario Geological Survey, Miscel 
laneous Paper 157, p.64-72.

Peredery, W.V. and Naldrett, A.J. 1975. Petrology of the upper Irruptive 
rocks, Sudbury, Ontario; Economic Geology, v.70, p.164-175.

Piekutowski, A.J. 1977. Cratering mechanisms observed in laboratory- 
scale high-explosive experiments; in Impact and Explosion 
Cratering, Pergamon Press, p.67-102

Popelar, J. 1972. Gravity interpretation of the Sudbury area; in New Devel 
opments in Sudbury Geology, Geological Association of Canada, 
Special Paper no.10, p.103-115.

Rousell, D.H. 1984. Mineralization in the Whitewater Group; in The 
Geology and Ore Deposits of the Sudbury Structure, Ontario 
Geological Survey, Special Volume l, p.219-232.

Schwarz, E. J. and Buchan, K.L.I 982. Uplift deduced from remanent mag 
netization: Sudbury area since 1250 Ma ago; Earth and Planetary 
Science Letters, v.58, p.65-74.

Shanks, W.S. and Schwerdtner, W.M. 1991a. Structural analysis of the 
central and southwestern Sudbury Structure, Southern Province, 
Canadian Shield; Canadian Journal of Earth Science, v.28, 
p.411-430.

——— 1991 b. Crude quantitative estimates of the original northwest- 
southeast dimension of the Sudbury Structure, south-central 
Canadian Shield; Canadian Journal of Earth Science, v.28, 
p. 1677-1686.

Walker, R.J., Morgan, J.W., Naldrett, A.J., Li, C. and Fassett, J.D. 1991. 
Re-Os isotope systematics of Ni-Cu sulfide ores, Sudbury Igneous 
Complex, Ontario: evidence for a major crustal component; Earth 
and Planetary Science Letters, v.l05, p.416-429.

117





Chapter 11
An Impact Model of the Sudbury Structure

R.A.F. Grieve

Geological Survey of Canada, Ottawa, Canada, K1A OY3

Abstract
Most models of the Sudbury Structure call for a major impact event followed by impact-induced igneous 
activity to account for the Sudbury Igneous Complex (SIC). Based on the spatial relations of shock and 
impact-related features, the original Sudbury Structure is estimated to have been approximately 200 km in 
diameter. Given the preserved supracrustal rock types within the Sudbury Basin, logic dictates that a massive 
impact melt sheet must be present at the Sudbury Structure, with the only viable candidate being the SIC. 
Evidence is presented from both calculated and observed impact melt volumes at terrestrial craters that 
previous volumetric arguments against the SIC being an impact melt are in error. The major element, trace 
element and isotopic geochemistry of the SIC and the overall stratigraphy of the Sudbury Structure are also 
consistent with the SIC being part of an impact-melt system with an original volume of greater than l O4 km 3. 
In the impact model, the ores are also crustal in origin, which is, in fact, indicated by their isotopic 
composition. A time-sequence outline of the Sudbury impact is presented, based on current knowledge of 
cratering mechanics. Observations at the Sudbury Structure fit within this framework and suggest that 
previous complex hybrid impact-igneous models can be discarded.

INTRODUCTION
The geology of the Sudbury area is considered by many 
earth scientists as enigmatic and the origin of the features 
observed as controversial. The Sudbury Igneous Complex 
(SIC) and its associated ores are a unique occurrence of 
igneous rocks, and considerable effort has been made to 
determine its genesis. While the SIC has been the obvious 
focus of work, an understanding of the overall genesis of the 
Sudbury Structure is required to understand the genesis of 
specific rock types such as the SIC. The most recent and 
comprehensive compilation of work on the Sudbury Struc 
ture is Pye et al. (1984). Early work related the origin of the 
SIC to igneous processes, with the associated breccias 
related to explosive volcanic activity. A major turning point 
in interpretation occurred when Dietz (1964) suggested that 
the Sudbury Structure was the site of a major impact event 
and later recognized the occurrence of shatter cones in the 
basement rocks. This interpretation was highly contro 
versial at the time. It was followed by a number of works 
describing shock metamorphic effects in various rock types 
(French 1967, 1968, 1970; Dence 1972; Guy-Bray et al. 
1966; Peredery 1972) and promoting the involvement of 
impact. These additional observations did not, however, 
remove the controversy, so that in Pye et al. (1984) there 
still remains a difference of opinion as to the genesis of the 
Sudbury Structure. In the summary paper, Naldrett (l984a) 
is equivocal as to the origin of the Structure but favours the 
conventional view that the SIC represents an igneous body.

Some of the misunderstanding surrounding the 
Sudbury Structure stems from poor usage of term 
inology. For example, the terms Sudbury, Sudbury Igneous 
Complex and Sudbury Structure are sometimes used 
inter-changeably, but they are not synonymous. The 
terminology recommended by Giblin (1984) is used here, 
where the Sudbury Structure is a collective term for an area

of greater than 15 000 km2 containing 3 main elements: 
1) the Sudbury Igneous Complex; 2) the area enclosed by 
the SIC and known as the Sudbury Basin; and 3) the brec 
ciated country rocks of the Superior and Southern provinces 
surrounding the SIC.

The basic features of the geology (Figure 11.1), mov 
ing up section, are: 1) an extensive area of Archean and 
Huronian basement rocks, in part brecciated and containing 
various breccia bodies with the collective term Sudbury 
Breccia that extend up to 80 km for the SIC (Dressler 
1984a); 2) increasing brecciation as the SIC is approached, 
with the development of a thermally metamorphosed poly 
mict breccia known as the Footwall Breccia at the lower 
contact of the SIC (Dressler 1984a); 3) the SIC, consisting 
of a xenolithic Sublayer, which occurs as a discontinuous 
lens at the base and as so-called offset dikes in the Footwall 
(Naldrett et al. 1984) and the Main Mass of the SIC, which is 
a 2.5 km thick differentiated sequence of various noritic 
rocks passing into quartz gabbro and finally granophyre 
(Naldrett and Hewins 1984); 4) the Onaping Formation of 
the Whitewater Group, a l .6 km thick series of polymict 
melt and clastic breccias, containing Melt Bodies and 
various types of altered glass fragments (Muir and Peredery 
1984); and 5) the remainder of the Whitewater Group, 
0.6 km of Onwatin Formation argillite and siltstone and 
0.85 km of Chelmsford Formation turbidite (Rousell 
1984a). The reader is referred to Pye et al. (1984) for details.

Since Dietz (1964), considerable progress has been 
made in understanding the impact process. This contribu 
tion summarizes previous impact models and develops a 
current model for the impact event based on the latest 
developments in Sudbury geology and large-scale cratering
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119



Sudbury-Noril'sk; OGS Special Volume 5

processes, which were derived independent of observations 
at Sudbury. In this model, all the basic features, including 
the SIC, are accounted for as a direct consequence of 
large-scale hypervelocity impact.

PREVIOUS IMPACT MODELS
Dietz (1964) envisaged a crater approximately 55 km in 
diameter and approximately 3.5 km deep. The Sudbury 
breccias were shock-produced breccias formed in the crater 
wall, which could be seen in an uplifted collar of rocks south 
of the SIC. Some of the country rocks were melted and went 
to form what is now called the Sublayer. This was followed 
by impact-triggered magmatism, which produced the 
SIC and partially filled the crater bowl as an "extrusive 
lopolith." The Onaping Formation was a welded tuff, which 
resulted from the exposure of the SIC magma to the

atmosphere, and the basin was filled with the remaining 
sediments of the Whitewater Group.

French (1967, 1968) recognized planar deformation 
features in quartz and feldspar in clasts in the Onaping 
Formation, which were equivalent to shock-produced 
features at other impact structures. (Despite occasional 
arguments that they can be produced by other mechanisms 
[e.g., Muir 1984; Sage 1978], their shock origin has never 
been seriously challenged [French 1990].) French (1968) 
argued that the Onaping Formation was an impact-produced 
breccia. He fell short of calling it a suevite breccia, although 
he noted its similarities to the fallout suevite breccias at the 
Ries crater, Germany. With the exception of the origin of the 
Onaping Formation and the Sudbury ores, French (1968) 
generally subscribed to Dietz's (1964) model for the 
Sudbury Event. He noted that the SIC was a unique feature 
in known terrestrial impact structures and "that the evidence
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Figure 11.1. Schematic geologic map of the Sudbury area. (After Avermann et al., in press).
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for an impact origin at Sudbury might be more clear cut if 
the Irruptive (SIC) were not present." French (1968) 
rejected the idea of a major role for impact melting, as the 
volume of the SIC was in excess of that produced in an 
impact of the size envisioned. In the meantime, additional 
shatter cones had been noted north of the SIC and out to a 
distance of approximately 17 km (Dietz and Butler 1964; 
Guy-Bray et al. 1966).

The first major international conference on impact 
cratering was held in 1967 (French and Short 1968). One 
outcome was the realization that larger, so-called complex, 
impact craters were highly modified crater forms, which 
had uplifted central structures and structurally modified 
rims (Dence 1968). The formation of the rim of complex 
craters resulted in considerable enlargement of the original 
cavity (later known as the transient cavity) produced by the 
excavation and displacement of material by the cratering 
flow field. French (1970), therefore, modified his model. He 
acknowledged that the Onaping Formation was a suevite- 
like fallback breccia deposited within the crater and that, 
because of its thickness, it must have been produced by a 
larger crater. He also argued that the Huronian outliers (see 
Figure 11.1) north of the SIC represented downdropped 
target rocks, which originally occupied a position within the 
structural rim of a complex crater. He, thus, considered the 
original Sudbury Structure to be a complex central peak 
crater with a diameter of approximately 100 km. He imag 
ined that the central peak foundered through some form of 
subsidence, and the SIC was intruded at the level of the orig 
inal crater floor, not along the crater wall, as in Dietz (1964).

Dence (1972) recognized planar deformation features 
in quartz in the collar of parautochthonous Archean 
gneisses of the Footwall up to 8 km from the northern con 
tact of the SIC (see Figure 11. l). He suggested an original 
(predeformational) 100 km diameter crater but recognized 
an increasing role for impact melting. He estimated that 
2000 km3 of impact melt was produced in the Sudbury 
Event. This was still insufficient for the SIC, given 
that French (1970) had estimated the volume of the SIC at 
3000 to 4000 km3 . He, therefore, suggested 2 sources of 
melt: 1) impact melt from Huronian metasedimentary 
rocks of the upper part of the target; and 2) a deep-seated, 
crustal melt (greater than 20 km) from Archean Levack 
gneisses (see Figure 11.1), due to adiabatic decompression 
during uplift of the transient cavity floor. (To achieve the 
required temperatures at depth, Dence [ 1972] envisioned a 
geothermal gradient of 300 to 400C knr1 and an additional 
2000 to 3000C due to residual postshock waste heat.) These 
2 melt systems mixed with each other and then differen 
tiated to form the SIC. The difference from previous models 
was that although there were 2 melt systems both were 
crustal in origin.

Peredery (1972) amplified observations of shock meta 
morphic features in the Onaping Formation, with particular 
emphasis on the "glass" fragments. He subdivided the 
Onaping into: Basal Member, Melt Bodies, Gray Onaping 
and Black Onaping and interpreted the Melt Bodies as 
discrete lenses and pods of inclusion-rich impact melt rocks 
at the contact between the Basal and Gray members and

within the Gray Member. The Gray Member was inter 
preted as a suevite fallback breccia composed of unshoeked 
and shocked target rocks, glass fragments and bombs in a 
matrix of pulverized county rock. The Black Member was 
interpreted as suevite redeposited in a high energy, possibly 
tsunami, environment. The Basal Member was considered 
analogous to the Bunte breccia, on the basis that the Bunte 
breccia underlies suevite breccia outside the Ries crater. The 
analogy, unfortunately, was a poor one. The Bunte is now 
well-described as relatively unshocked, mostly reworked 
deposit of essentially cold material produced from 
secondary cratering by Ries ejecta (Horz et al. 1983). The 
Basal Member, however, contains shocked and thermally 
recrystallized clasts in an inhomogeneous and, in part, 
granophyric matrix.

Peredery and Morrison (1984) presented an impact 
model in which the initial transient cavity had a diameter of 
approximately 70 km. Their logic was built, in part, on fur 
ther understanding of cratering processes, which resulted 
from the second major international conference on impact 
phenomena (Roddy et al. 1977). They noted that the 
Huronian rocks to the south of the SIC (see Figure 11.1) 
were near vertical to locally overturned and younged away 
from the SIC and interpreted them as the flipped-up hinge 
zone of the original transient cavity wall, not the final crater 
wall as suggested originally by Dietz (1964). They also 
noted the largely granulite facies Levack Gneiss Complex 
north of the SIC and attributed its occurrence to uplift asso 
ciated with transient cavity modification. From a transient 
cavity of 70 km, subsequent collapse and modification 
resulted in a final modified crater basin of approximately 
190 km. No details, however, were given as to how this 
estimate was calculated. Their model crater had a central 
uplift, and the neritic component of the SIC was intruded 
below the Onaping Formation (a fallback suevite breccia) 
from a Nipissing magma chamber, which existed at depth at 
the time of impact. As the magma chamber emptied, it 
collapsed, resulting in the foundering of the central peak and 
the intrusion of the granophyre as a complex mixture of 
impact melt, crustal partial melt due to adiabatic 
decompression and fractionated neritic magma. Essentially 
the same impact model was presented by Dressler et al. 
(1987). They, however, noted the unusual major element, 
trace element and isotopic composition of the SIC 
(e.g., Naldrett and Hewins 1984; Naldrett etal. 1984,1986) 
and concurred with these workers that, whatever the 
origin of the SIC, it had to involve considerable crustal 
contamination.

The general progression in these impact models is for 
estimates of the size of the original Sudbury Structure to 
increase, as greater understanding of large impact structures 
was gained. The models, however, have variable complex 
ity in trying to account for the igneous-textured rocks at 
Sudbury, and they conclude generally with hybrid impact 
and magmatic hypotheses. Thus, French's (1968) statement 
that the Sudbury Structure would be easier to explain if the 
SIC was not present is an implicit theme of previous impact 
models. Although complexities were required in impact 
models, contemporaneous endogenic models were also not 
without problems.
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PREVIOUS ENDOGENIC MODELS

Relatively recent, totally endogenic models for the Sudbury 
Structure are rare and generally resort to some ill-defined, 
enigmatic energy source to produce the observed wide 
spread brecciation and shock metamorphic effects (e.g., 
Muir 1984; Stevenson 1990). Most endogenic models, 
however, focus on the SIC and leave its place in the larger 
context of the Sudbury Structure for others to define. It is 
not the intention here to argue the merits of impact versus 
endogenic models for the origin of the Sudbury Structure. 
The occurrence of shock metamorphic effects and, there 
fore, the case for impact is well-established for the Sudbury 
Structure. The intention is to outline an evolution in the 
interpretation of the SIC that requires endogenic models to 
propose a genesis for the SIC essentially equivalent to that 
of an impact melt.

Endogenic models for the SIC have appealed 
increasingly to crustal contamination to account for the 
unusual composition of the SIC. The SIC is enriched in SiO2 
and K2O, depleted in CaO and has a low Na2O7K2O ratio 
compared to igneous rocks of similar Mg number (Naldrett 
1984a; Naldrett and Hewins 1984). The SIC is also enriched 
in light rare earth elements (Kuo and Crockett 1979; 
Naldrett et al. 1984, 1986; Faggart et al. 1985), with a rare 
earth pattern very similar to the average of the Canadian 
Shield (Figure 11.2). Mixing models, involving a 
hypothesized initial basaltic magma, require 35 to ISVc 
contamination by crustal rocks (Naldrett et al. 1986). 
Naldrett et al. (1986) also noted that a secondary 
contamination of the Sublayer by local Footwall rocks can 
account for minor differences in chemistry between the 
North and South ranges of the SIC.

The high Sr isotope ratios also require an admixture of 
up to 80*^ crustal material in the models of Naldrett et al. 
(1986). Similar arguments hold forNd isotopic systematics. 
The B Nd T ~ ' 85Ga values of -7 to -8.8 for all units of the SIC 
and the Gray and Black members of the Onaping Formation 
are typical of upper continental crust at the time. Typical 
depleted mantle at l .85 Ga has an e Nd value of slightly less 
than +S (DePaolo 1981). Nd model ages for these rock 
types, and the Footwall Breccia, are 2.5 to 2.9 Ga (Faggart 
et al. 1985;Deutschetal. 1989,1990), which corresponds 
with U-Pb zircon ages for local basement rocks. This led 
Faggart et al. (1985) to suggest that all the components of 
the SIC were crustal and, thus, impact was the most likely 
source of energy for melting.

To assimilate the large volumes of crustal rocks, 
required by the geochemistry, in endogenic models, the 
initial SIC magma would have to be highly superheated. 
This is not a property of partial melts of mantle materials. 
Naldrett et al. (1986) suggested that the latent heat 
of crystallization may be a source of additional heat but 
acknowledged that it is insufficient. It would seem, 
therefore, that endogenic models for the SIC fail physically 
to account for its unusual chemistry. They cannot provide a 
source of heat for the required major crustal assimilation.
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Figure 11.2. Chondrite-normalized rare earth element abundances for 
various units of the Sudbury Igneous Complex (SIC) compared with 
average Canadian Shield. Data/rom Naldrett et al. (1986).

IMPACT MODEL OF THE 
SUDBURY STRUCTURE

Recently, several workers studying impact cratering pro 
cesses have come to the conclusion that the original Sudbu 
ry Structure was larger than most previous estimates, and 
that the SIC is part of a coherent impact melt sheet (Faggart 
et al. 1985; Grieve and Robertson 1988; Stoffler et al. 1989; 
Masaitis 1992). These conclusions stem from the increasing 
maturity of the understanding of terrestrial impact craters, 
which includes: 1) sufficient data to define the relative 
spatial relations of morphological elements with respect to 
shock metamorphic effects (e.g., Dressler 1990; Lakomy 
1990; Robertson and Grieve 1977; Stoffler et al. 1988); 
2) the documentation and modelling of impact melt 
volumes, and the realization that they scale much more 
rapidly with event size than crater dimensions (Grieve and 
Cintala, in press; Melosh 1989); and 3) new data, since 
Pye et al. (1984), from a large number of recent detailed 
geological, petrographic, geochemical and isotopic studies 
at the Sudbury Structure, largely by personnel from the 
University of Munster, Germany (see references in Grieve 
etal. 1991).

Original Dimensions
Previous structural studies suggested that the ellipticity of 
the SIC and the Sudbury Basin is, in part, due to deformation
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during the Penokean Orogeny (Rousell 1984b). More recent 
structural studies and finite-element modelling indicate 
considerable crustal shortening in a northwest-southeast 
direction and suggest that the Sudbury Basin may well 
have been circular prior to tectonic deformation (Shanks 
and Schwerdtner 1991 a, 1991 b). Recent high-resolution 
reflection seismic data define a number of northwest 
thrusts, resulting in severe telescoping and imbrication 
(Milkereit et al. 1992). The new geophysical data are con 
sistent with an originally circular SIC and also indicate that 
the large mafic mass at depth beneath the SIC (Gupta et al. 
1984), often postulated as the source of the SIC magma in 
endogenic models, is not required to explain the potential 
field data.

To estimate the original dimensions of the Sudbury 
Structure, it is assumed that it was circular and that the pre- 
deformation centre was the centre of the Sudbury Basin. 
The original dimensions of the SIC, at its present erosional 
level, are imprecisely known. Grieve et al. (l 991) estimated 
approximately 60 km for the diameter, based largely on the 
reconstruction of Rousell (1984b). This is a minimum, as it 
predates details of the Lithoprobe data (Milkereit et al. 
1992) and the reconstructions of Shanks and Schwerdtner 
(l 991 a, 1991 b). The latter suggest that the original north 
west-southeast diameter of the SIC was 75 to 90 km. For an 
upper estimate, 80 km is assumed here.

The principles of cratering mechanics at large complex 
structures are well established, although some details 
remain unresolved. The most important principle, outlined 
previously, is that the transient cavity, formed directly by 
excavation and displacement of target rocks by the shock- 
induced cratering flow field, is highly modified by 
late-stage processes (Schultz and Merrill 1981). The final 
structural rim of the crater lies well beyond the cavity pro 
duced by the cratering flow field. Shock metamorphic 
effects in parautochthonous rock of the crater floor occur 
within the rim of what was the transient cavity (Robertson 
and Grieve 1977; Stoffler et al. 1988). Conversely, near- 
surface target rocks, such as the Huronian outliers north of 
the SIC (see Figure 11.1), are preserved outside the tran 
sient cavity but inside the final crater diameter by faulting 
during the late-stage modification of the transient cavity 
(Dence et al. 1977). Breccia dikes, such as the Sudbury

Breccia, which in detail has at least 4 varieties 
(Miiller-Mohr 1992), occur within the final crater floor and 
extend out to the rim area (Stoffler et al. 1988).

The spatial estimates for the various features at the 
Sudbury Structure relative to the SIC are given in 
Table 11.1, along with the resultant transient cavity dimen 
sions. All dimensions are based on data from north of the 
SIC, where the effects of Penokean deformation are least, 
but poorly known. They result in an estimated original tran 
sient cavity diameter for the Sudbury Structure of 100 to 
140 km (see Table 11.1). Recent estimates of transient 
cavity diameter (Dtc) as a fraction of final crater diameter 
(Dr) at large complex terrestrial craters has 0,0=0.570, 
(Lakomy 1990), which gives an estimated final crater 
diameter of the pre-erosional Sudbury Structure of 175 to 
245 km (see Table 11.1).

The SIC as an Impact Melt
A property of impact structures in crystalline targets is the 
occurrence of a coherent sheet of impact melt rocks in the 
centre of the structure (Dence 1971; Grieve et al. 1977; 
Kieffer and Simonds 1980). Where not present, its absence 
can be ascribed to erosion. The Whitewater Group repre 
sents a series of supracrustal crater-fill sediments, and the 
Onaping Formation, in part, represents suevitic fallback 
breccias (Dence 1972; French 1970; Peredery 1972; 
Peredery and Morrison 1984). These are the units that strati- 
graphically overlie coherent impact melt sheets at other 
terrestrial impact structures. Therefore, logic dictates that 
erosion cannot account for the absence of a melt sheet at the 
Sudbury Structure. A coherent impact melt sheet must be 
present, and the only viable candidate is the SIC (Grieve 
and Robertson 1988; Stoffler et al. 1989; Grieve et al. 
1991). The following arguments are consistent with this 
conclusion.

VOLUMETRIC ARGUMENTS
Previously, the SIC, or at least the bulk of it , had been 
rejected as an impact melt sheet on volumetric grounds, 
although it has been known for some time that larger craters 
contain relatively more melt than smaller craters (Dence 
1971; Grieve et al. 1977). French (1970) estimated the

Table 11.1. Estimates of diameter of transient cavity (Dtc) and diameter of final rim (Dr) for the Sudbury Structure.

Observation Maximum Radial Distance Constraint from 
from SIC, km Other Structures

Estimated Dtc, kma Estimated Dn km b

Shatter cones

Planar deformation 
features in quartz

Huronian outliers 

Sudbury Breccia

20 

8-10

20-25 

80

0.7 Dtc

>100-120 

100-135

>100-130

> 175-210 

175-237

> 175-228 

^ 220-240

aRange based on diameter of predeformation SIC = 60 to 80 km (see text) 

bBased on Dtc s 0.57 Dr (Lakomy 1990)

123



Sudbury-Noril'sk; OGS Special Volume 5

present volume of the SIC at 3-4 x l O3 km3 but did not take 
into account Penokean northwest shortening. Assuming a 
predeformation diameter of 60 km for the present outcrop of 
the SIC, an average thickness for the SIC of 2.5 km (Naldrett 
and Hewins 1984) and 300 m for the thickness of the Basal 
Member of the Onaping Formation, which is considered the 
upper part of the impact melt sheet (Brockmeyer 1990), 
the volume of the SIC melt system is estimated at 
approximately 8000 km3 (Grieve et al. 1991). This is a 
minimum with respect to the original volume, which 
was radially more extensive before erosion. The greatest 
uncertainty, however, would appear to be the predeforma- 
tion extent of the SIC. If the larger diameter of 80 km 
(Shanks and Schwerdtner 1991 b) is taken, the "present" 
volume of the SIC melt system rises to approxi 
mately 14000 km3 . Figure 11.3 indicates that, based on 
empirical observations at other terrestrial impact structures,

there is more than sufficient impact melt in an impact 
event resulting in a 100 km-sized transient cavity to account 
for the volume of the SIC.

Recent shock attenuation and thermodynamic calcula 
tions involving the scaling of impact melt volume 
with event size are consistent with empirical observations 
(see Figure 11.3). They indicate that for a stony (chondritic) 
projectile impact granite at 25 km-s"1 the volume of impact 
melt (Vm) generated is Vm = 7.15 x l O'4 (Dtc)3 85 (Grieve 
and Cintala, in press), which translates to 35 000 km3 for a 
Sudbury-sized event with Dtc = 100 km. Again, this is more 
than sufficient to account for the SIC, the Basal Member of 
the Onaping Formation, melt glass in the remainder of the 
Onaping Formation and impact melt losses from the 
Sudbury area due to ejection of melt during the impact 
process and subsequent erosion.
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Table 11.2. Mixing model for the Sudbury Igneous Complex.

Components 
1 2

SiO2
TiO2
A1203
FeOt*
MnO
MgO
CaO
Na2O
K2O
9fc in mix
Reduced X2

63.51
0.75

16.05
6.32
0.15
3.22
4.78
3.30
1.95

95

84.07
0.23
9.70
1.46
0.01
0.55
0.16
2.50
1.36
5

Igneous Complex 
3 4

64.34
0.76

14.93
6.67
0.09
2.91
4.11
3.27
2.97

64.63
0.72

15.71
6.06
0.14
3.07
4.53
3.26
1.92

0.40

5

71.35
0.47

15.81
2.23
0.71
0.73
1.99
3.98
3.37

54

Components 
6 7

55.05
1.08

15.68
10.83
0.25
5.72
8.03
2.82
0.53

43

70.65
0.49

15.10
4.23
0.11
1.66
3.14
2.99
1.62
3

Igneous Complex 
3 8

64.34
0.76

14.93
6.67
0.09
2.91
4.11
3.27
2.97

64.33
0.73

15.73
6.00
0.15
2.90
4.62
3.46
2.11

0.65

1. Average Abitibi orogenic belt, 2. Lorrain arkose, 3. Average Sudbury Igneous Complex, 4. Calculated mix from l and 2, 5. Average local Sud 
bury granite, 6. Average Superior Province mafic metavolcanic rock, 7. Average Superior Province felsic metavolcanic rock, 8. Calculated mix 
from 5, 6 and 7. See Grieve et al. (1991) for details and sources and similar mixes. *A11 iron as FeO.

The reverse reasoning also holds. Calculations, such as 
above, of impact melt volume are based on physics and first 
principles of shock propagation. They require that a 
Sudbury-sized impact event produce tens of thousands of 
km3 of impact melt and, therefore, a melt body with dimen 
sions of the SIC is expected. To ascribe the origin of the SIC 
to any other process but impact melting would require the 
denial of an impact origin for all the features of the Sudbury 
Structure. Our state of knowledge of impact processes from 
observation, experiment and calculation is such that hybrid 
igneous-impact hypotheses for the origin of the Sudbury 
Structure and the SIC are no longer logical.

GEOCHEMICAL ARGUMENTS
Impact melts are total melts of the target rocks. For granitic 
rocks, shock pressures of greater than or equal to 55 GPa are 
required for whole rock melting. The bulk of the volume of 
target rocks melted, however, experienced pressures well in 
excess of 55 GPa. Thus, the melt volume is initially a 
mixture of superheated melt and vapour. Unless altered, 
impact melt rocks have, in general, major and trace element 
compositions corresponding to the volume of the target 
rocks melted (Grieve et al. 1977). As impact melt rocks, 
they have the initial isotopic ratios of the target rocks but 
have internal isotopic ages corresponding to the time of im 
pact (Jahn et al. 1978; Reimold 1982; Reimold et al. 1990). 
In discussing endogenic models for the SIC, it was noted 
that the geochemistry and isotopic data of the SIC were 
crustal in character. These are the characteristics of an im 
pact melt. Models that suggest only part of the SIC has a'n 
impact melt origin (e.g., Peredery and Morrison 1984; 
Dressler et al. 1987) are not tenable, as the same basic geo 
chemical and isotopic characteristics apply to all phases of 
the SIC.

The target rocks were 8 to 15 km of Proterozoic 
Huronian Supergroup, overlying Archean granite-green 
stone terrain of the Abitibi Subprovince and, at depths of 
approximately 20 to 30 km, Archean high-grade gneisses of

the Levack Gneiss Complex (Dressler 1984b; James et al. 
1992). The compositions of these and other rock types, such 
as Nipissing diabase, have been used as input for 
least-squares mixing models for the SIC. The details are 
given in Grieve et al. (1991). The net results of l set of the 
mixing models are shown in Table 11.2, where it can be seen 
that the bulk SIC composition can be approximated by 
9596 average Abitibi Subprovince and 596 Huronian 
arkose. Statistically satisfactory mixes can also be obtained, 
involving 5496 local Sudbury area granite, 4396 average 
Superior Province mafic metavolcanic rocks and 396 
Superior Province felsic metavolcanic rocks (see Table 
11.2). These models are consistent with the rare earth 
element (see Figure 11.2) and isotopic data (Faggart et al. 
1985; Deutsch et al. 1990).

A statistically satisfactory mix does not, in itself, prove 
that the SIC is an impact melt sheet but is yet another piece 
of consistent, confirmatory evidence. The mix is, however, 
geologically reasonable. Impact melt is generated from the 
volume of material, which occurs beneath the maximum 
depth of penetration of the impacting body, that is, at depths 
greater than or equal to l to l .5 projectile diameters (Melosh 
1989, Figure 5.4). In the case of the Sudbury Event, scaling 
laws indicate that the impacting projectile was of the order 
of 10 km. It deposited, therefore, the bulk of its internal 
energy increases beneath the Huronian Supergroup in the 
underlying Archean granite-greenstone terrain, and it domi 
nated volumetrically the mix of target rocks melted.

STRATIGRAPHIC ARGUMENTS
Impact melt sheets have a lower contact layer that is charged 
with clastic debris. These clasts are from within the transient 
cavity and are acquired as the melt is driven down into the 
expanding cavity (Grieve et al. 1977). This melt-debris 
forms a lining to the cavity wall and floor, where it cools 
relatively rapidly with insufficient time for complete diges 
tion of the clasts by the melt and overlies the polymict 
breccia of the cavity floor. The corresponding units at the
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Sudbury Structure are the Sublayer and the Footwall 
Breccia. Naldrett et al. (1986) noted slight differences in the 
trace element composition of the North and South Range 
Sublayer, attributing them to local assimilation of basal con 
tact rocks. The assimilation of local crater floor rocks after 
the impact melt has ceased its major shock-induced move 
ment has been noted previously (Grieve 1975). Much has 
been made of the lithic inclusions in the Sublayer, particu 
larly those related to rock types not present in the Footwall 
rocks beneath the SIC (Naldrett et al. 1984). The presence of 
exotic inclusions is well known in impact melt sheets, with 
the melt matrix and the clastic inclusions having different 
source areas in the target (McCormick et al. 1989). That is, 
clast content in impact melt rocks does not necessarily 
reflect the precursor rock types for the impact melt matrix 
(Grieve et al. 1977; Spudis et al. 1991).

Impact melt sheets are also charged with clastic debris 
at their upper contact. The uppermost part of the SIC 
consists of plagioclase-rich granophyre, which grades into 
inclusion-bearing granophyre (Muir and Peredery 1984). 
The contact between the inclusion-bearing granophyre 
and the Basal Member of the Onaping Formation is vari 
ously described as "sharp," "irregular," "transitional" and is 
locally complex (Muir and Peredery 1984). Stevenson 
(1963, 1990) also recognized a so-called "pepper and salt" 
granophyre, which grades into the Basal Member of the 
Onaping Formation. Stevenson (1990), although a strong 
proponent of an igneous origin for features at the Sudbury 
Structure, recognized that his pepper and salt granophyre 
was related to both the SIC and the Onaping Formation. 
Thus, the impression is of some confusion in terminology 
(e.g., Muir and Peredery 1984), but with the common theme 
that the SIC grades upwards from inclusion-free to inclu 
sion-rich igneous rock to melt breccias to breccias with melt 
fragments. This is the stratigraphy observed at the upper 
contact of impact melt sheets (Dence 1972; Grieve et al. 
1987; Masaitis et al. 1980). In detail, contact relations are 
complex, as all the materials at the upper contact are alloch 
thonous. As the matrix of the Basal Member of the Onaping 
Formation is either igneous or highly recrystallized (Muir 
and Peredery 1984; Stevenson 1963, 1990), the Basal 
Member is assigned to the impact melt system at the 
Sudbury Structure (Brockmeyer 1990; Grieve et al. 1991). 
The stratigraphy of the Sudbury Structure in terms of impact 
lithologies is shown schematically in Figure 11.4.

THE SUDBURY ORES
The origin of the ores is ascribed generally to sulphide 
immiscibility and relatively complex models of sulphide 
segregation have been generated (e.g., Naldrett et al. 1982; 
Naldrett 1984b). The origin of the sulphide as immiscible 
products in a melt of unusually high SiO2 can be accounted 
for in an impact origin for the SIC, except the source of the 
metals and sulphur for the ores must be crustal. Recent 
Re-Os isotopic analyses of the ores (Walker et al. 1991; 
Dickin et al. 1992) indicate that this is the case. Walker et al. 
(1991), however, still subscribe to a minor mantle compo 
nent through mixing a hypothetical basalt with greater than

or equal to 15^c and greater than or equal to 9096 crustal 
material to explain the 187Os7186Os ratios in the sulphide 
ores from the Levack West and Strathcona mines, respec 
tively. Dickin et al. (1992) noted that the initial 187Os7188Os 
ratio at 1.85 Ga for the ores cluster around 0.60 and falls 
within the envelope of ratio values (0.50 to 1.11) for the 
country rocks of the Sudbury Structure and opted for an en 
tirely crustal origin. They also noted that the agreement in 
initial ratios from sulphides from both the Sublayer and 
Main Mass of the SIC indicates that these silicate melts are 
eogenetic. They also performed Nd/Sm isotopic analyses on 
the associated silicates, which yielded s Nd T " ' 85Ca values of 
approximately 6.5 to approximately 7.8, confirming their 
crustal origin and consistent with previous e AW values for 
the SIC and Onaping Formation (Faggart et al. 1985; 
Deutschetal. 1989, 1990).

Initial temperatures for impact melts are conservative 
ly estimated at 20000C (Grieve et al. 1977), which for an 
SIC composition results in viscosities as low as 10 poise 
(Weill et al. 1970). The ingestion of cold clastic debris ini 
tially cools the impact melt, but even the addition of 40 vol 
ume 9fc of clasts at 00C, which will reduce melt temperatures 
by 3000C (Onorato et al. 1978), increases the viscosity only 
to 100 poise. It is unlikely, however, that the SIC had this 
many original clasts, as larger melt sheets have volumetri- 
cally less clasts due to differential melt and crater volume 
scaling (Grieve and Cintala, in press; Melosh 1989). Never 
theless, taking initial viscosities of 100 to 10 poises for the 
SIC and conservatively assuming the sulphide liquid had a 
density contrast with the SIC of 0.7 gm cm'3 (Naldrett 
1989) and forms only small millimetre-sized droplets, the 
application of Stoke's Law indicates that they would have 
settling velocities of approximately l to 10 cm s' 1 and 
would sink the entire 2.5 km of the SIC in days to hours. 
This is much faster than the time it would have taken for the 
clast-charged base of the melt (the Sublayer) to crystallize 
(Onorato et al. 1978). Although, the Sudbury Structure at 
tained its basic final form, on time-scales of a few minutes, 
"minor" local readjustments will have continued for some 
time after the sulphide liquid had pooled at the base of the 
melt system. The sulphide melt responded to the readjust 
ments. As a result, ores are associated not only with the 
Sublayer but also with the Footwall Breccia, as well as the 
offset dikes, which were tapped off and intruded in response 
to some of these postcrater formation readjustments.

The Impact Event
Accepting the dimension estimates and the thesis that the 
massive melting and brecciation observed at the Sudbury 
Structure are the result of impact, current understanding of 
large-scale impact cratering permits a semiquantitative 
reconstruction of the main sequences of the impact event 
(Figure 11.5). The sequence of events outlined below is a 
modification and amplification of a similar history given in 
Avermann et al. (in press).
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If the impacting body was a chondrite with an impact 
velocity of 25 km s' 1 , current scaling relations, such as 

pD = l 16(—) 033 D 078 V 044 s0 - 22
LS IC l.HJVr) ) LSp V, K t

(Grieve and Cintala, in press), where pp and pt are the 
density of the projectile and target respectively, Vj is impact 
velocity and g is gravitational acceleration (all units being 
cgs), indicate the projectile was approximately 10 km in 
diameter. It penetrated the target to a depth equal to

(Melosh 1989), that is, greater than or equal to 10 km, 
where it deposited 2 to 3 orders of magnitude more energy 
than the present annual output of energy of the earth. Energy 
transfer was by a roughly hemispherically propagating 
shock wave. Peak pressures at the point of impact were ap 
proximately 1000 GPa, sufficient to vaporize the projectile 
and part of the target, and decayed radially below the impact 
point as r2 to r3 , where r is radial distance normalized to 
projectile radius. The kinetic energy of the shock wave was 
partitioned into kinetic and internal energy in the target. The 
kinetic energy in the target produced a cratering flow field, 
leading to the growth of a transient cavity partly by excava 
tion and partly by displacement. Maximum excavation 
depths were approximately 15 km, and maximum displace 
ment depths were approximately 30 km. The internal ener 
gy increases in the target resulted in the production of an at 
tenuating series of shock metamorphic effects, including 
impact melting of approximately 3 to 4 x l O4 km3 of the tar 
get volume close to and below the maximum depth of pro 
jectile penetration. This melt volume extended to the base 
of the transient cavity at its maximum depth of displace 
ment, which was reached in a time of approximately l min 
ute. The maximum diameter of excavation was reached on 
a time scale of (Dtc7g)0 5 , which for the Sudbury Structure 
was less than 2 minutes (Melosh 1989).

As the transient cavity grew, the rocks of the transient 
cavity floor were displaced and brecciated to form what was 
to become the Footwall Breccia. The melt was driven down 
into the cavity, its leading edge mixed with the brecciated 
floor rocks and moved out along the cavity wall to form 
what was to become the Sublayer. As the shock wave propa 
gated out in the basement, local inhomogeneities, such as 
lithological boundaries and pre-existing structures, 
produced velocity changes in the decaying shock, and 
ultimately seismic, wave, resulting in large stress gradients 
and generating dike breccias and frictional melts (the first 
generation of Sudbury breccias).

As the huge volume of melt (precursor of the SIC) 
moved down into the expanding transient cavity, frag 
mented and shocked rock material mixed turbulently into 
the melt. Farther up the walls of the cavity and at higher 
levels, the melt was mixing dominantly with Proterozoic 
material and at the highest levels more clastic and shocked 
debris were being mixed with melt particles. At the same 
time or perhaps slightly earlier, the dynamic rebound of the 
transient cavity floor had begun, leading ultimately to its 
uplift essentially to the surface and the formation of a peak 
ring or multiple rings.

During the continuing modification of the transient 
cavity and collapse of its rim area, the central melt mass was 
overriding the cooler and more viscous inclusion-rich Sub 
layer and developing into a circular melt sheet. As outward 
motion slowed, this sheet was covered by inward moving 
clast-rich melt, and subsequently by suevitic material, 
slumping into the depression from the upper levels of the 
collapsing cavity, forming the Basal and Gray members of 
the Onaping Formation. Following the basic stabilization of 
the melt sheet, material falling back from the ejecta plume 
produced a fallback layer. As a consequence of cavity 
collapse and modification processes, additional dike 
breccias (more Sudbury breccias) were produced in the 
basement.

The impact melt sheet began to cool by conduction 
most rapidly at the top and bottom, which were most highly 
charged with clastic debris and closest to other surfaces. As 
the melt sheet cooled, immiscible sulphide droplets began to 
rain out and sink to the floor of the melt sheet, where they 
pooled as a sulphide melt. Continuing readjustments of the 
crater in its response to achieve equilibrium resulted in 
differential movements within the melt system. This 
produced tapping of the lower melt and sulphides to form 
the offset dikes and what appear to be contradictory age re 
lations in places between such units as the Sublayer and the 
Main Mass of the SIC (Naldrett 1984a) and the granophyre, 
Basal and Gray Member of the Onaping (Muir and Peredery 
1984). The melt continued to cool, producing an upper and 
lower thermal aureole in the Footwall and Onaping forma 
tions, respectively. As the melt cooled, it assimilated the 
clastic debris, except towards the top and bottom where it 
was particularly abundant and there were relatively rapid 
heat losses. As the melt assimilated the local debris, small 
differences in composition arose between the North and 
South ranges. The main compositional gradients, however, 
were produced by in situ differentiation into neritic and 
granophyric phases. Water infilled the basin, reworking the 
uppermost breccia material, transporting more material 
from the peak ring region into the basin and leading to the 
formation of the upper units, such as the Black Member, of 
the Onaping Formation. Basin sedimentation was con 
cluded by the deposition of the postimpact Onwatin and 
Chelmsford formations.

The impact occurred during the Penokean Orogeny. 
Deformation of the impact structure started immediately 
after its formation and occurred over the cooling period of 
the melt complex. The length of time for complete crys 
tallization is unknown and is largely a function of initial 
clast content. Based on thermal models for the order of mag 
nitude thinner (and initially more clast rich) melt sheet at 
Manicougan and assuming a y2 dependence on cooling 
rates, where y is the distance from the contact, it was greater 
than 106 a (Onorato et al. 1978). The faster cooling forma 
tions (Onaping Formation, upper granophyre, Footwall 
rocks) are affected by deformation in the southeast and 
northeast (Cowan and Schwerdtner 1992); whereas, the 
slower cooling and differentiating gabbro-norite-sublayer 
complex remained largely undeformed, although in the 
northeast the gabbro-norite display some igneous foliation.
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Deformation continued throughout the Penokean Orogeny, 
leading to massive southeast to northwest deformation of 
the Sudbury Structure and thrusting of the southern part of 
the SIC several ten's of kilometres to the northwest.

Concluding Remarks
The thesis presented here is that the first-order observations 
and character of the Sudbury Structure and the SIC are con 
sistent with an approximately 200 km diameter impact ring 
structure. Observations are complicated by the scale of the 
Sudbury Structure, erosional effects and also by the defor- 
mational effects of the essentially contemporaneous Peno 
kean Orogeny. Interpretations are also coloured by the pre 
vious controversy that has surrounded the geology of the 
Sudbury area. The impact model, however, provides a 
framework for understanding the principles of the Sudbury 
Structure and a basis for past and future detailed studies. 
It also provides a guide for exploration, as there is a consis 
tency to the morphology of large impact structures.

Impact may be an unusual geologic process on the earth 
but is a common process throughout the geologic history of 
the terrestrial planets. By a combination of planetary and 
terrestrial observations, experiment, theory and calculation, 
we have progressed considerably in understanding the 
impact process. The Sudbury Structure and the SIC not only 
fit within that understanding but will extend it, with lessons 
for large planetary impact craters and their products.
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Chapter 12

Compositional Variation in the Sudbury Ores and Prediction 
of the Proximity of Footwall Copper-PGE Orebodies

A J. Naldrett, R. Pessaran, M. Asif and C. Li

Department of Geology, University of Toronto, Toronto, Ontario, Canada, MSS 3B1

Abstract
Ore deposits of the Sudbury Structure can be grouped into 5 categories: contact South Range deposits; 
contact North Range deposits; offset deposits; veins of massive chalcopyrite, 200 to 500 m beneath the basal 
contact of the Sudbury Igneous Complex (type examples of this group are located primarily on the North and 
East ranges, but other footwall ores transitional between these and typical contact deposits occur on the 
South Range); and a miscellaneous category.

New data on the nickel, copper, cobalt, sulphur, platinum group element (PGE) and gold content of 
different ore deposits have been obtained as a result of sampling at all accessible locations from the Onaping 
deposit in the west, to Strathcona in the east These data indicate that the ore shoots show a strong composi 
tional zoning both within themselves, from the hanging-wall ore in the Sublayer to that hosted by Footwall 
Breccia and fractures in the footwall gneisses, and from one shoot to another.

The compositional changes are attributed to crystallization of monosulphide solid solution (mss) from a 
sulphide liquid, with the mss remaining at the site of crystallization, and the fractionated residual liquid pene 
trating progressively farther into the footwall. At Strathcona, this process reaches its apogee in the chalcopy- 
rite-rich veins of the Copper Zone and Deep Copper Zone.

Modelling of the fractional crystallization of sulphide liquids, particularly the variation of rhodium, 
iridium and gold with copper, enables one to distinguish ores rich in cumulus mss and depleted in sulphide 
liquid from those rich in sulphide liquid. The contact ore at Strathcona is highly enriched in cumulus mss and 
depleted in copper-, platinum-, palladium- and gold-rich fractionated sulphide liquid. This correlates with 
the high concentrations of these metals in the ore zones deep in the footwall at Strathcona. It is proposed that 
the composition of the contact ores can serve as a guide to the presence of copper-rich footwall zones, and that 
these are particularly likely to occur where the contact orebodies are cumulate-enriched and depleted in frac 
tionated sulphide liquid.

INTRODUCTION
Ore deposits of the Sudbury Structure can be regarded as 
belonging to l of 5 categories: contact South Range 
deposits; contact North Range deposits; offset deposits; 
veins of massive chalcopyrite, 200 to 500 m beneath the 
basal contact of the Sudbury Igneous Complex (SIC); and a 
miscellaneous group.

The Little Stobie No. l deposit (Davis 1984; see also 
Binney et al., this volume, for another example) is typical of 
the South Range contact type (Figure 12.1). It consists of 
30 m of mineralization lying at the contact between a 90 m 
thick zone of Sublayer and basaltic and granitic footwall 
rocks. Sulphides increase in amount from the Sublayer, 
where they are disseminated, through breccia ore composed 
of gabbro, peridotite and greenstone fragments in a sulphide 
matrix, to massive sulphide at the footwall contact. The 
Little Stobie No. 2 deposit has some of the characteristics of 
an offset deposit; it is emplaced in a breccia zone that 
extends 500 m into the footwall perpendicular to the base of 
the Sudbury Igneous Complex along the contact between 
basalt and granite. It consists predominantly of Sublayer 
and breccia mineralization.

The offset deposits perse, such as those of Copper Cliff 
North and South (Cochrane 1984), occur in dike-like off 
shoots of Sublayer norite that extend several kilometres

away from the SIC into the country rocks, commonly 
following zones of Sudbury Breccia.

In the Falconbridge deposit, which falls into the miscel 
laneous group, much of the ore is emplaced within a fault 
zone coinciding with the southern contact of the Sudbury 
Igneous Complex (SIC). Sulphides also occur disseminated 
in quartz norite to the north of the fault, particularly where 
less steeply dipping faults splay off from the main fault, and 
in a series of massive pods in greenstone that lies to the south 
of the fault.

The Strathcona deposit, which is shown in plan view in 
Figure 12.2, is a typical North Range contact deposit. 
Sulphides occur primarily as breccia ore, which is emplaced 
in brecciated country rocks (known as Footwall Breccia) at 
the base of the SIC. They also occur as massive lenses, 
which occupy fractures immediately beneath the breccia 
ore; they are referred to as footwall ore and are known 
locally at Strathcona as "The Deep Zone." An extensive 
zone of Sublayer carrying disseminated sulphide, together 
with ultramafic inclusions, overlies the breccia and footwall 
ore and is referred to as hanging-wall mineralization. Only 
parts of this are of ore grade at Strathcona; at other deposits, 
it may or may not be ore.

Early exploration and mining along the North Range at 
Sudbury were focussed on sulphides in Sublayer and foot 
wall rocks no more than 100 m from the lower contact of the
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SIC. The orebodies shown in the longitudinal cross section 
of Figure 12.3, in which the outlines of the bodies are 
projected to the plane of the contact, were proved up and 
have been the focus of intensive mining for the last 50 years. 
The discovery of the Copper Zone (Abel et al. 1979; Abel 
1981) and Deep Copper Zone (Coats and Snajdr 1984; 
Li et al. 1992), which consist of massive, copper-rich 
veins in fractures in the footwall several hundred metres be 
neath the contact deposit, has led to an appreciation of the 
economic importance of structures far beyond the original 
100 m zone of interest. These comprise rich accumulations; 
Abel (1981) reported that the Copper Zone contained 
976 x 103 tons of ore grading 9.31 weight 9fc Cu and 
0.41 weight 9fc Ni; whereas, Li et al. (1992) quoted a 1986 
internal Falconbridge report stating that the Deep Copper 
Zone contained 7.63 x 106 tons of ore grading 4.52 weight 9fc 
Cu and 0.6 weight 9fc Ni.

Systematic study of the composition of the Sudbury 
ores commenced with that of Hoffman et al. (1979) on the 
McCreedy West contact North Range deposit and Little 
Stobie No. l and No. 2 contact South Range deposits 
and continued with Naldrett et al.'s (1982) data on the 
Strathcona (contact North Range) and Falconbridge 
deposits (see Figure 12.1 for locations). Coats and Snajdr 
(1984) presented data on the variation on metal ratios in 
contact deposits at a number of locations on the heavily 
mineralized section of the North Range of the structure

between Hardy and Longvack mines. Recently, Li et al. 
(1992) have reported on the compositional variation in the 
"Deep Copper Zone," which lies 500 m into the footwall 
beneath the Strathcona deposit.

The work undertaken to-date indicates (Naldrett 1989) 
that contact deposits along the North Range are very 
strongly zoned perpendicular to the contact of the Sudbury 
Igneous Complex (SIC), with the nickel, copper, platinum, 
palladium and gold content of massive sulphides increasing 
and the rhodium, ruthenium, iridium and osmium content 
decreasing from the hanging wall to footwall. This 
is illustrated in Figure 12.4, which shows chondrite- 
normalized plots of hanging wall, breccia, footwall, Copper 
Zone and Deep Copper Zone ore at the Strathcona deposit. 
Gold, palladium and platinum increase, and rhodium, 
ruthenium, iridium and osmium decrease on proceeding 
from the hanging wall to footwall.

It has been suggested (Naldrett et al. 1982) that the 
Copper and Deep Copper zones at Strathcona are 
attributable to the fractional crystallization of the sulphide 
liquid responsible for the contact deposits, with the 
migration of the fractionated, copper-rich residual liquid 
away from the early crystallizing monosulphide solid 
solution (mss), into the footwall structures. The objective 
of this study has been to review this concept in the light 
of our understanding of the Noril'sk ores (Naldrett, Asif 
et al., this volume) with a view to determining whether the
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composition of the contact deposits can reveal the possible 
presence or absence of copper-rich orebodies deep in the 
footwall beneath them.

SAMPLING
Sampling has been undertaken at all accessible locations in 
the Onaping, Craig, Levack and Fraser mines along the 
developed section of the North Range of the Sudbury 
Structure.

As stated above, fractionation of a magmatic sulphide 
liquid likely occurs as a result of the crystallization of mss 
and the expulsion (by gravitational settling or filter 
pressing) of the residual, fractionated sulphide liquid away 
from the early crystallizing sulphide phase (Distler et al. 
1977; Naldrett et al. 1982); at Sudbury, it appears that this 
process has occurred with the liquid moving farther into the 
footwall. Our sampling was designed, in part, to investigate 
this phenomenon more completely; thus, where possible, at 
each locality in the plane of the contact, each ore type 
(hanging wall, breccia and footwall) was sampled, although

A. J. Naldrett, R. Pessaran et al.

all 3 ore types were either not present or accessible at most 
localities. Six samples were taken from each site so that 
information on a given site has statistical validity. In order to 
gain further insight into the compositional variation perpen 
dicular to the contact, for each ore type at a given locality, 
groups of samples were collected at 2 sites, with the main 
difference in the position of these sites being how close or 
how far they lay from the contact of the Sublayer with the 
country rocks of the SIC.

The sample locations are shown projected to the plane 
of the contact of the SIC in Figure 12.3.

Data on North Range deposits are also available to us 
from the studies of Hoffman et al. (1979) at the McCreedy 
West, Naldrett et al. (1982) at the Strathcona deposit and 
Li et al. (1992) on the Copper and Deep Copper zones of the 
Strathcona deposit.

ANALYTICAL METHODS
Sulphur, Ni and Cu were determined by INCO Technical 
Services using standard LECO® induction (in the case of S) 
and atomic absorption techniques. The platinum group
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Figure 12.2. Plan view of the Strathcona deposit, 2625 level, (after Coats and Snajdr 1984)
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elements (PGE) and Au were determined by instrumental 
neutron activation after a 50 g nickel bead fire assay precon- 
centration followed by acid leach according to the method 
described by Hoffman et al. (1978). Irradiation was 
performed at the nuclear reactor based at McMaster 
University. Counting for Rh and Pd took place at McMaster, 
and counting after a 7 to l O day delay was undertaken in the 
Department of Geology, University of Toronto for Pt, Ru, Ir, 
Os and Au.

RESULTS
Nickel, Cu, Co, S, PGE and Au analyses have been 
completed on 234 samples, with the PGE and Au performed 
in duplicate. Table 12.1 gives the recalculation of raw data 
to metal content in lOO^c sulphide (assuming that the 
mineralogy is chalcopyrite, pentlandite, [Fe4 3Ni4 7 ]S9 and

monoclinic pyrrhotite, Fe7S8) for all samples at each sample 
site, together with the average for each site.

Considering first the data on the North Range deposits, 
as was shown above with the chondrite-normalized diagram 
for Strathcona, the (Pt 4- Pd)7(Ru -f Ir H- Os) ratio is a major 
variable as one proceeds from hanging wall to footwall. The 
lowest values of this ratio are observed in our samples from 
the Onaping Mine; here samples collected 5 m into the 
Sublayer had (Pt + Pd)7(Ru + IT + Os) ratios of 0.17 and 0.20, 
respectively; whereas, those collected directly at the contact 
had ratios of 5.41 and 1.26, respectively. An unusual aspect 
for Sudbury shown by these Onaping samples is their 
extremely high rhodium contents; the average Rh values for 
the 2 Onaping sites within the Sublayer are 1.46 and 
l .26 ppm, and for those at the contact, the values are 0.32 
and 0.52 ppm. To our knowledge, this is the first reported 
occurrence of such high values at Sudbury.
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Figure 12.3. Longitudinal projection in the plane of the basal contact of the Sudbury Igneous Complex between Hardy and Longvack mines in the west 
central part of the North Range of the Sudbury Structure. The outlines of the principal contact ore shoots, together with sample sites, are shown. 
C—Craig Nos. l, 6 and 9 west; F—Fraser Depth; M—Levack Main; O—Onaping; S—Strathcona; W—McCreedy West; l—Levack #1; 2—Levack 
#2; 3—Levack #3; 4—Levack #4.
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The variations in (Pt ± Pd)7(Ru -f Ir * Os) ratio and 
rhodium content with distance on either side of the basal 
contact of the Sudbury Igneous Complex in all samples 
from the North Range deposits analyzed in the course of this 
study are summarized in Figure 12.5. Rhodium decreases 
sharply from high values of over 1000 ppb away from the 
contact and 300 to 500 ppb adjacent to the contact within the 
Sublayer, to 90 to 300 ppb adjacent to the contact in 
Footwall Breccia. It is present at concentrations of 10 to 100 
ppb in ore zones 100 to 200 m into the footwall and is less 
than 10 ppb in most zones more than 200 m from the contact.

Within the Sublayer, the (Pt + Pd)7(Ru -f Ir 4- Os) ratio 
increases from values of about 0.2 away from the contact to 
between l and 6 at the contact. Just across the contact, in the 
Footwall Breccia, it has values rising from l .5 at the contact 
to 8 (and in some cases approaching 100), 5 to 10m away 
from the contact. In general, ratios are in the range of 8 to 
100 in zones 50 to 150 m from the contact, rising to values 
150 to 500 more than 200 m from the contact.

The ore in the Sublayer at Fraser is an exception to this 
general trend, showing, in general, lower values of rhodium 
and higher values of the (Pt + Pd)7(Ru + IT + Os) ratio than 
would be expected in view of the location of the samples. 
The Sublayer contact in the vicinity of the Fraser samples is 
highly irregular, with protuberances of Sublayer into Foot 
wall Breccia; both groups of our samples came from within 
one of these protuberances. It is possible that cooling 
occurred more rapidly in the vicinity of the irregular con 
tact, because of the greater contact area in relation to the 
mass of intrusive rock, and that the residual sulphide liquid 
was removed less completely from the early crystallizing 
mss, thus leading to less extreme fractionation.

COMPARISON OF NORTH AND 
SOUTH RANGE DEPOSITS, AND

IDENTIFICATION OF AREAS
FAVOURABLE FOR FOOTWALL

COPPER ZONES
Naldrett, Asif et al. (this volume) have shown that platinum, 
gold, iridium and rhodium within different groups of ore- 
bodies of the Noril'sk-Talnakh camp show a strong 
variation with copper. Hawley (1965), Keays and Crocket 
(1970), Naldrett et al. (1982) and Li et al. (1992) have 
argued with respect to the Sudbury ores, and Genkin et al. 
(1981) and Distler et al. (1988) with respect to the ores 
of the Noril'skarea, that much of the variation in the con 
centration of chalcophile metals in the magmatic sulphide 
ores in these areas is the consequence of the fractional 
crystallization of a sulphide liquid. In following Genkin 
et al. and Distler etal. in attributing the chalcophile element 
variation in the Noril'sk ore to fractionation of a sulphide 
liquid, Naldrett, Asif et al. (this volume) point out 
that copper is a very useful index of fractionation. 
They show that the compositional variation can be 
modelled if the ores are viewed as mixtures of different 
proportions of cumulus mss and fractionated sulphide 
liquid, and if the partition coefficient, D ^ concentration in
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Table 12.1. Average concentrations of Cu, Ni, platinum group element (PGE) and Au in 1009fc sulphides and (Pt + Pd)7(Ru + IT + Os) of sites (Ni 
and Cu in weight 9fc, PGE and Au in ppb; distances [m] are into footwall [positive] and hanging wall [negative] from contact).

Locality A Distance 
Site

Onaping No. 3
A (site 1)
A (site 2)
B (site 1)
B (site 2)
C (site 1)
C (site 2)

Craig No. 6
DI (site 1)
DI (site 2)
D2(site 1)
D2 (site 2)

Craig No. 9 West
El (site 1)
El (site 2)

Craig No. 9 Main
E2(sitel)
E2 (site 2)

Craig No. 6
F (site 1)
F (site 2)

Fraser Depth

9
0

-5
0

-4
0

108
116
118
123

0
10

0
10

140
150

Gl (site 1) -100
Gl (site 2)
G2(site 1)
G2 (site 2)

Levack Main
HI (site 1)
HI (site 2)
H2 (site 1)
H2 (site 2)
H3 (site 1)
H3 (site 2)
H4 (site 1)
H4 (site 2)
H4 (site 3)

-70

5
20

3
30
18
60
16

550
30

120
150

Sample Name

30 (01-6)
30 (07-12)
30(13-18)
30 (19-24)
30 (25-30)
30(31-37)

FC (08-14)
FC (01-06)
BC (02-06)
BC (08-1 3)

BS (11-14)
BS (01-06)

9B (07-12)
9B (01-06)

6B (01-06)
6B (08-13)

5F (01-04)
5F (07-10)
3F (12-14)
3F( 15-20)

3ML (07-12)
3ML (01-06)
3ML (13-18)
3ML( 19-24)
9ML (01-06)
9ML (07-12)
13ML (13-18)
13ML(07-12)
13ML (01-06)

Ni

7.84
7.54
5.08
5.72
5.21
5.29

7.35
7.08
6.32
6.6

6.94
6.79

6.87
7.09

7.1
6.45

5.65
7.19
5.4
6

4.34
3.73
6.01
5.77
4.99
5.39
5.98
6.24
5.91

Os

3
7

111
17

108
31

2
1
3
4

13
4

3
4

12
7

32
42
23
35

7
1
4
3

14
2

10
117
105

Ir Ru

10.6 34
23.7 33

285.8 371
53.7 103

290.0 385
94.4 100

5.0 25
2.4 37
2.6 17
1.2 24

33.0 41
9.2 27

15.9 26
9.7 16

30.0 47
13.6 19

106.8 95
102.4 137
59.5 77
76.1 186

15.1 32
1.2 4
6.2 19
4.8 7

44.2 56
0.3 9

23.3 35
298.4 543
264.3 368

Rh

122
175

1468
318

1259
517

29
16
11
12

150
60

79
69

149
56

312
217
156
221

51
7

21
35

124
4

163
610
798

Pt

137
179
75

624
65

211

148
171

1016
1237

117
138

1828
1422

631
1060

657
1055
600
405

64
335
638

1045
817

1942
1231

835
174

Pd

218
167
56

115
90
72

127
409
814

1681

116
183

2181
1476

515
865

959
585
920
711

94
393
735
650
958

1337
2357
1036
251

Au

11.5
25.9
16.3
28.9
18.2
18.8

6.0
16.0
19.8
26.3

4.8
5.9

230.5
82.1

19.6
43.3

29.1
31.3
25.2
26.6

3.9
16.2
74.6
87.7

103.7
148.5

11.3
15.4
12.4

Cu (Pt + Pd)/ 
(Ru * Ir * Os)

0.74
0.66
0.11
0.44
0.31
0.39

1.62
1.09
2.62
3.74

0.19
0.44

2.41
1.95

0.80
0.60

1.06
0.37
1.75
1.38

0.64
0.70
1.51
1.53
4.02
5.43
1.42
1.18
0.44

7.43
5.43
0.17
4.24
0.20
1.26

8.56
14.30
79.89

101.49

2.67
7.95

87.62
95.81

12.91
49.22

6.92
5.82
9.55
3.76

2.90
116.66
47.41

110.82
15.56

287.34
52.25

1.95
0.58

Levack Main Si No. 1
I (site 1)
1 (site 2)

Levack No 2
J (site 1)
J (site 2)

Levack No. 3
K (site 1)
K (site 2)

Levack No. 4
LI (site 1)
LI (site 2)
L2(sitel)
L2 (site 2)

0
70

0
18

350
400

20
70

5
300

12L(01-06)
12L (07-12)

2L (07-12)
2L (01-06)

3L (07-12)
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4L (06-11)
4L (01-06)
4L (13-17)
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6.17
6.55

5.47
4.96

6.86
5.46

4.88
4.78
5.87
5.21

59
27

109
134

17
8

44
10
79
10

143.1 192
84.5 106

286.3 335
373.3 380

28.1 37
0.3 14

94.8 186
25.6 30

259.0 342
0.6 21

394
517

643
1115

343
3

319
67

1264
5

470
749

943
836

4000
4125

749
483

1733
4622

298
798

1242
708

7456
5364

802
535

4445
9231

12.5
85.9

323.9
53.0

63.3
104.1

59.2
50.5
55.6

338.2

0.82
1.30

2.81
3.09

1.18
4.71

1.73
0.72
1.87

16.77

1.95
7.13

3.00
1.74

138.49
440.38

3.74
17.74
9.08.

441.37
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sulphide melt/concentration in mss), is 0.1, 0.05, 0.001, 4 
and 4 for Cu, Pt, Au, Ir and Rh, respectively.

Figures 12.6a-d are plots of platinum, gold, rhodium 
and iridium versus copper for some North and South Range 
Sudbury ore deposits. Platinum and gold increase with 
increasing copper and, in general, the South Range deposits 
tend to be richer in platinum, gold and copper then those of 
the North Range. On both the rhodium and iridium versus 
copper plots, the samples define diffuse clouds for which 
the outlines of the envelopes show overall decreases in both 
PGE with copper.

Model curves for liquid, mss, and mixtures of 
liquid with mss; are shown in Figures 12.7a-d. Looking at 
the data for rhodium (see Figure 12.7c), the majority of the 
North Range samples appear to have retained less than 209fc 
trapped liquid; whereas, the South Range samples appear to 
have retained much more than this. The iridium data support 
this conclusion.

The very low partition coefficient of gold in compari 
son with that of copper means that the plot of gold versus 
copper is a particularly sensitive indicator of the proportion 
of trapped liquid when this is low. From this figure (see 
Figure 12.7b), most of the North Range samples appear to 
have been extremely dry, retaining little more than 59fc 
liquid, while the rhodium and iridium plots indicate the 
South Range samples were, on the whole, much wetter than 
this.

Since platinum has a partition coefficient much closer 
to that of copper, it is not expected to serve as such a good 
discriminant between dry and wet ores; nevertheless, 
Figure 12.7a illustrates that there is a reasonable discrimi 
nation between the North and South Range samples.

The rhodium data for the South Range alone, with 
individual deposits discriminated separately, are shown in 
Figure 12.8a. Most of the samples from Falconbridge 
appear to have been relatively dry, nearly all with less than 
509fc, and most with 209fc or less retained liquid. Many of the 
Little Stobie No. 2 samples plot close to the liquid evolution 
line and show relatively low degrees of fractionation. The 
Little Stobie No. l samples, shown by the symbol l , appear 
dryer than those of No. 2, with between 20 and 70*^ liquid 
and more advanced degrees of fractionation of between 40 
and 50^c. The same conclusions can be drawn from the 
iridium plot of Figure 12. 8b.

On the North Range, the rhodium plot of Figure 12. 8c 
indicates that the McCreedy West and Levack No. 2 samples 
are relatively wet, with about 509fc liquid. The Levack No. 4 
and Fraser samples appear to have contained around 2096 
liquid. In contrast, the remainder of the deposits, including 
all ore types from the Strathcona contact deposit, appear to 
be extremely dry. The iridium plot of Figure 12.8d supports 
the same conclusions.

It is the contention of this paper that it is not coinciden 
tal that the very elements that are missing from the contact 
ore at Strathcona, because it is poor in trapped liquid, are 
found 200 to 500 m into the footwall as the copper-, 
platinum-, palladium- and gold-rich veins of the Copper and

Deep Copper zones. We propose that the veins exist at 
Strathcona because this liquid was able to escape into the 
footwall from the crystallizing sulphide at the contact. It is 
logical, therefore, to expect other footwall concentrations to 
be present in other areas where the near-contact orebodies 
are particularly depleted in liquid and enriched in cumulus 
mss, rather than where these lie close to the evolution line of 
the sulphide liquid. Much of the North Range contact is 
indicated as highly favourable to footwall copper zones on 
the basis of this approach.

Turning to the South Range, many Little Stobie No. 2 
samples lie close to the proposed liquid evolution lines in 
Figures 12.8aand 12.8b. The Little Stobie No. l samples are 
richer in cumulus mss than those from No. 2, but the 
Falconbridge samples stand out in being highly cumulate- 
enriched. It is concluded from this study, as Naldrett et al. 
(1982) concluded, that it is likely that a copper-rich footwall 
orebody was originally present at the point of the original 
emplacement of the ore forming the Falconbridge deposit; 
our analysis indicates that the likelihood is greater 
at Falconbridge than at Little Stobie. Much of the 
Falconbridge ore lies within a fault zone marking the 
southern boundary of the SIC. The Sublayer is not 
developed to the north of the fault; the rock here is quartz 
norite. Thus, it is quite possible that the ore at Falconbridge 
was injected up the fault zone after being mobilized from its 
original site of segregation elsewhere. What is clear is that it 
is enriched in cumulus mss; the missing copper-rich ore may 
be at the site of segregation, or may also have been 
mobilized and emplaced somewhere else.

On the whole, footwall copper zones have not been 
found with the same richness on the South Range as they 
have on the North. In searching for an answer to this obser 
vation, we regard it as important that typical North Range 
deposits have the Footwall Breccia at the lower contact of 
the mineralized Sublayer, and that much of the ore appears 
to have percolated from the Sublayer breccia into this. In 
typical South Range deposits, the mineralized Sublayer is in 
contact with essentially unbrecciated basalt or granite. 
Where fractures or other permeable zones existed in these 
South Range footwall rocks, they appear to have localized 
massive sulphide pods. The Little Stobie No. 2 "minioffset" 
is a structure into which sulphide liquid escaped and crystal 
lized, without much fractionation being caused by the 
removal of the differentiated sulphide liquid. The T-L No. 4 
zone (Binney et al., this volume) is also recognized as an 
example of the escape of somewhat fractionated liquid into 
a footwall structure here.

Our data indicate that the efficiency of liquid removal 
on the North Range has varied from extremely high at 
Onaping, Craig and Levack Main, to high at Strathcona, to 
rather low at McCreedy West. This may offer a tool for 
evaluating sections of the North Range contact in terms of 
their likelihood to host deep-seated copper zones. We plan a 
follow-up study of the Sudbury ores, on both the North and 
South ranges, using the above concepts to investigate 
the potential of the approach as a predictor of ore. It 
is possible that the channelways through which the copper- 
rich sulphide liquid has moved into the footwall are not
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"dry," but are "wet," and have collected liquid from an 
extensive hinterland of dry contact ore, funnelled it into the 
footwall, and become enriched in "wet" components 
themselves.

CONCLUSIONS
1. Our data indicate that there is a strong compositional 

variation from hanging wall to footwall across deposits 
of the North Range. The composition of individual ore 
zones tends to reflect their proximity to the basal con 
tact of the SIC. Zones within the Sublayer of the SIC are 
rich in rhodium, iridium, ruthenium and osmium and 
poor in copper, platinum, palladium and gold; whereas, 
those in the Footwall Breccia show the opposite metal 
association.

2. This compositional variation is best attributed to the 
fractional crystallization of a sulphide melt, with pro 
gressive movement of the fractionated liquid into the 
footwall.

3. Plots of rhodium, iridium and gold versus copper can 
be used to distinguish ore samples in terms of how 
effectively their compositions reflect the separation of 
fractionated sulphide liquid from cumulus mss.

4. The Strathcona deposit, with its known concentrations 
of copper-, platinum-, palladium- and gold-rich 
sulphides 200 to 500 m in the footwall beneath the SIC, 
consists of contact ore that is markedly cumulate- 
enriched. It is suggested that the degree to which the 
fractionating sulphide liquid has been removed during 
the crystallization of a contact deposit, that is, how 
enriched the deposit is in cumulus mss, is an indication 
of the possible presence of footwall copper orebodies.

5. The Onaping, Craig and Levack Main contact ores 
show similar, to even more pronounced, cumulate 
enrichment than Strathcona, indicating that the 
presence of footwall ore zones is a strong possibility 
along this stretch of the contact. The McCreedy West 
and Levack No. 2 deposits show a less-pronounced 
cumulate enrichment than Strathcona.
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Chapter 13
Regional Geophysics at Noril'sk

G.G. Rempel

Ministry of Geology of the USSR, NPO "SIBGEO", Novosibirsk, Russia

Abstract
This paper is a review of the principal results of regional seismic, gravity and magnetic surveys that have 
been undertaken in the Noril'sk region. The geophysical data allow one to infer the presence of geological 
structures and bodies that may be of use in prospecting for copper-nickel deposits. Pertinent information has 
been obtained for the first time as to the probable former presence of intermediate chambers of ore-bearing 
magma at depths of 10 to 15 km. Conclusions are drawn which point to criteria that can ensure the successful 
prediction of the presence of copper-nickel sulphide deposits.

INTRODUCTION
The regional geophysical studies that have been conducted 
at Noril'sk since the late 1940s have been aimed not only at 
revealing the deep geological structure of the region, but 
also at establishing specific characteristics that may be re 
lated to the development of the copper-nickel deposits. This 
accounts for the substantial financing that has been invested 
in regional geophysics, and for the objective of finding 
logical, hidden relationships between some specific 
elements of the deep geological structure and the formation 
and timing of the copper-nickel mineralization.

In order to clarify the significance of regional geophys 
ical surveys in the exploration of the Noril'sk region, it is 
logical to start by summarizing the results, and then to 
proceed with an analysis of the possible contribution of 
deep-seated structures to the origin of the ore-bearing 
magma and its introduction into the crust.

REGIONAL GEOPHYSICAL 
SURVEYS

Regional geophysical studies were launched in the Noril'sk 
region in the late 1940s when a 1:200 000-scale aeromag 
netic survey was initiated. It was established that anomalies 
in the magnetic field are largely due to irregularities origi 
nating in the field produced by the 3500 m-thick sequence of 
volcanic rocks.

By the late 1950s, the 1:200 000-scale aeromagnetic 
survey had been extended to cover the major part of the 
Siberian Platform. It was shown that the Noril'sk region is 
largely located along the northern part of a regional negative 
magnetic anomaly, which defines the western border of 
the Siberian Platform. The anomaly is 150 to 220 km wide 
and about 1800 km long. The fact that the southern part of 
this anomaly coincides with outcrops of folded Riphean 
formations suggests that the whole of the basement 
underlying this anomaly is Riphean, in contrast to the older 
Archean-Paleoproterozoic rocks that are known to form the 
basement of the major part of the Siberian Platform (Grishin 
etal. 1970).

The area coinciding with the magnetic anomaly differs 
from the Siberian Platform not only in the trend and age of 
the folding of the basement, but also in other characteristics 
including the composition of the rocks of the basement, the 
elevated thickness of the sedimentary-volcanic cover 
and the steep average dips of the strata (60 to 8 0). With 
out describing in detail the various geological features 
characterizing the area of the negative magnetic anomaly 
from adjacent megastructures, the author will point out the 
most important ones. These are the elevated thickness of the 
sedimentary-volcanic cover and the untypically high (for 
the platform environment) average angles of dip. These 
aspects, together with the age of the folding, lead to the in 
terpretation of the anomaly as representing the Yeniseisky 
mobile zone within Riphean basement rocks (Figure 13.1).

It should be noted that the mobile zone is not always 
uniquely characterized by a low magnetic field; in some 
places, this field is overlapped by positive anomalies of 
varying size and intensity. This is particularly true for the 
northern part of the mobile zone, including the Noril'sk 
region. The areas north and northeast of the Noril'sk region 
are characterized by a more complicated regional magnetic 
field, and the position of the mobile zone becomes more 
obscure. The mobile zone, however, may extend in a 
northeasterly direction, still forming the boundary of the 
Siberian Platform. In the north, the Yeniseisky mobile zone 
is truncated by the Yenisei-Khatangsky regional trough, 
within which the basement lies at a considerable depth (up 
to 15 km).

The most interesting aspect of the geological setting of 
the Noril'sk region is located in the area in which 
north-northeast-trending structures give way sharply to 
those trending east-northeast. It is natural to assume that this 
and other similar areas have undergone the most severe 
geodynamic stresses, which extend to very deep levels, 
perhapseven to the upper mantle.

Seismic Surveys
Seismic surveying is traditionally regarded as the most 
informative geophysical method for studying the crust and 
upper mantle. The first seismic studies using explosive
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Figure 13.1. Schematic outline of the tectonics of the Yenisei region.

charges were made in the northern part of the Noril'sk 
region in the early 1960s (Tuyesov 1966). This work 
showed the crust to be from 30 to 36 km in thickness. After a 
long interval, seismic investigation was recommenced in 
1975 along the lengthy Vorkuta-Tiksi seismic profile; this 
crossed the Noril'sk region near the town of Talnakh. The 
study was made using the method of earthquake exchange 
waves (deep seismic probing) with an average interval 
between stations of 8 to 12 km.

Soon after this, the Dikson-Khilok profile was laid out 
across the northeastern part of the Noril'sk region using the 
same seismic methods. The interpretation of these data 
resulted in a two-layer model for the consolidated crust. Its 
roof (the top of the basement) and the internal division, B, 
were traced using converted and refracted waves, while the 
Moho discontinuity (which defines the lower limit of the 
consolidated crust) was traced using converted, reflected 
and refracted waves. Another important result of these 
studies was the recognition of a relatively well-defined 
layering in the sedimentary cover and in the upper part of the 
consolidated crust. This finding was mainly obtained using 
converted waves.

The velocity in the uppermost layer of the upper mantle 
equals the limiting (absolute) velocity, that is, 8.2 km/s. The 
underlying layer, 3 to 5 km thick, displays a lower velocity. 
In the eastern part of the Noril'sk region, this structure 
pinches out sharply.

The seismic survey was completed in 1981 with 
the running of the Yenisei-Kutaramakan (converted 
earthquake wave and deep seismic probing) and 
Ambarnaya—Omnutakh (converted earthquake wave) 
profiles. The location of these and the above mentioned 
profiles is shown in Figure 13.2. The average interval 
between stations varied from 3 to 7 km. The time interval 
over which converted waves were monitored, which is 
determined by the necessity of registering of at least 5 
informative earthquakes, varied from 12 to 20 days. Deep 
seismic probing was conducted from 3 fixed stations at 
which explosions were set off; these were located in the 
centre and at the margins of the profile (Avetisov and 
Golubkov 1984).

The Yenisei-Kutaramakan profile was laid out across 
the central part of the Noril'sk region, perpendicular to the 
general trend of folds and major faults. Seismic information 
along this profile, shown in Figure 13.3, was obtained using 
converted, reflected and refracted waves. One can be almost 
certain about the location of the Moho discontinuity, as it is 
traceable with data from each of the wave types. The Moho 
is defined by: 1) the extreme velocity of 8.15 km/s; 2) the 
presence of an intense, supercritical, reflected wave; 3) a 
velocity in the overlying layer of 6.3 km/s; 4) the 
consistency in the timing of the converted waves; and 5) the 
coincidence of data obtained from all wave types (Avetisov 
and Golubkov 1984). The Moho is most probably repre 
sented by a transitional layer over which the velocity 
increase is gradational. Its depth varies from 39 to 45 km. 
These data are more precise than those obtained in the early 
1960s and indicate a greater depth for the discontinuity.

The relatively gentle relief in the Moho discontinuity is 
replaced by a sharp break along the fault near the junction of 
the Khantaisky-Rybninsky uplift and the depression of 
the Tungussky syncline; a relief approaching 4 to 5 km is 
indicated.

Along with the seismic outline of the Moho dis 
continuity, Figure 13.3 also shows a gravimetric profile; this 
was constructed as a result of modelling for the purposes of 
the seismic studies in 1978. In general, the gravimetric 
boundary lies 3.8 km lower than the seismic one. If one 
eliminates this difference, so that the average depths 
obtained by the 2 methods coincide, the root mean square 
deviation of the gravimetric boundary from the seismic one 
is l .8 km. Up to a point, this is reasonably satisfactory; how 
ever, the precise location of the Moho (M) discontinuity and 
its actual geological characteristics are yet to be determined.

Faults are the most interesting structures in this seismic 
section. One of them, the Noril'sk-Kharayelakhsky fault, 
which stretches up to several hundred kilometres, is inter 
preted by the majority of researchers as an ore-controlling 
structure. Figure 13.3 shows that this fault crops out 
between the markers 70 and 80 and extends downward to 
the upper mantle. Although it is hard to verify this schematic 
picture, it is nevertheless in good agreement with the 
importance attributed to the fault.

The Keta-Irbinsky fault, which occupies a position 
between markers 150 and 160, might be another
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ore-controlling structure; however, it extends only halfway 
through the crust.

The intracrustal discontinuity, K, is traced by converted 
and reflected waves. In the overlying layer, the velocity of 
the irrotational waves is 5.75 to 5.95 km/s, While, in the 
underlying layer, it is 6.65 to 6.70 km/s. The velocities of the 
distortional waves are 3.05 to 3.25 and 3.85 to 3.90 km/s, 
respectively. The K discontinuity has a more irregular 
relief than that of the M discontinuity. Looking at other

discontinuities that are traced by the converted waves in 
addition to the K discontinuity, a very high degree of 
layering is apparent in the crust in the Noril'sk region as 
compared to that in adjacent areas. One should not ignore 
the fact that the crustal seismic layering is less evident along 
the short Ambarnaya-Omnutakh profile (converted waves) 
than along the Yenisei-Kutaramakan profile. In order to 
explain the block structure of the crust in the Noril'sk 
region, an attempt was made to build seismic layering
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Figure 13.2. Location of seismic profiles.
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diagrams to a depth of 60 km. This helped to distinguish 5 
different blocks (Avetisov and Golubkov 1984). These 
authors also pointed to a relatively large number of faults in 
the Noril'sk region, including the transcrustal ones.

Gravity Surveys
The Igarsky-Kharayelakhsky positive anomaly and the 
adjoining (to the east) Sy verminsky negative anomaly are 
believed to be the largest gravity anomalies of the Noril'sk 
region. These are first-order anomalies and are composed of 
both positive and negative higher order anomalies. The 
Sy verminsky negative anomaly is regarded by all as isostat 
ic in origin, because it is a constituent element of a huge 
gravity low that extends over the Tungussky syncline. It is 
much more difficult to account for the origin of the Igarsky- 
Kharayelakhsky gravity maximum. T.N. Sirotkina (1973) 
used the Graaph-Hanter reduction to show that a positive 
anomaly of this type must be explained by local charac 
teristics of the crust, and that it is not attributable to the over 
lapping of 2 factors: 1) the reduction imposed by the 
Tungussky syncline and 2) the influence of very thick 
low-density Mesozoic-Cenozoic strata. The latter occur 
west from the Yenisei River and within the Yenisei- 
Khatangsky regional depression. Some researchers have 
attributed the Igarsky-Khatangsky maximum to deep 
magmatism (Dashkevich et al. 1968,1970). However, in all
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of the above studies, the interpretations were not supported 
by necessary calculations.

At the present time, there is a data base covering the 
physical properties of the Noril'sk rocks and regional 
geophysical data. From a regional viewpoint, the platform 
cover (excluding the intrusions) is defined as a uniform geo 
logical body with an average density of 2.12 g/cm3 . In con 
sidering densities that diverge significantly from this, the 
cover can be divided into the following units: l) Mesozoic- 
Cenozoic terrigenous strata; these only achieve a significant 
thickness in the northern and western parts of the region 
(-0.50 g/cm3); 2) the Permo-Triassic volcanic sequence up 
to 3.5 km thick (+0.04 g/cm3); 3) Permian-Carboniferous 
coal-bearing deposits up to 400 m thick (-0.25 g/cm3); 
4) Ordovician-Silurian carbonate terrigenous strata from 
400 to 700 m thick (+0.07 g/cm3); and 5) the Late Cambrian 
Izluchinsky suite from 700 to 950 m thick (+0.15 g/cm3 ). 
Simple calculations indicate that, on one hand, an increase 
in thickness from O to the maximum value and, on the other 
hand, the complete pinching out of any of the above 
mentioned strata should result in the appearance of an 
anomaly of no more than 4 to 6 mGal (Rempel and 
Salov 1977).

The wide development within the platform cover of 
gabbro dolerite intrusions with an excess density of 0.2 to 
0.3 g/cm3, and the high proportion of these in the 
crust (approaching 809fc in some drill holes), suggests the
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Figure 13.3. Seismic section through the crust along the Yenisei-Kutaramakan profile (after Avetisov and Golugkov 1984). T—change in travel time. 
H.km—position in crustal section.
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existence of a strong correlation between the gravity 
anomalies and platform cover saturated with intrusions. 
Subtraction of isostatic anomalies plus those regional 
anomalies that are clearly associated with major crustal 
structures from the observed gravity field gives rise to a 
field that is interpreted as being associated with an uneven 
concentration of intrusions within the platform cover and in 
the underlying basement (Rempel and Salov 1977). This 
interpretation is only valid for the northern part of the 
Igarsky-Kharayelakhsky maximum, which stretches from 
the northern border of the Kharayelakh Plateau to the 
Khantaiska River.

The question as to the nature of the Igarsky- 
Kharayelakhsky maximum cannot be confined to qualita 
tive interpretations. This is why 2 types of mathematical 
modelling were undertaken (Rempel and Salov 1977). 
Here, the author will describe only the most plausible one. It 
is aimed at the identification of a funnel-like area, highly 
saturated with intrusions, that could provide a satisfactory 
agreement between the gravity field of the model and the 
residual field. The modelling was undertaken subject to the 
following conditions: 1) the cover is characterized by a 
uniform increase in density of 0.08 g/cm3 , which is 
attributed to injection of the intrusions and to metamor 
phism of the adjacent country rock; 2) the basement is also 
characterized by a uniform increase in density, but, in this 
case, the excess density is 0.03 g/cm3 ; 3) the intrusions and 
associated metamorphism do not affect the lower part of the 
consolidated crust since the density of this is approximately 
equal to that of the intrusions; and 4) the anomaly is 
extremely elongated, therefore, the modelling can be 
performed in 2 dimensions.

The choice of the excess density for the platform cover 
is in agreement with data indicating that on the Noril'sk- 
Kharayelakh sections the cover rocks contain numerous 
intrusions. For example, intrusions constitute over 209fc of 
the section in the Kayerkansky coal deposit, which has been 
investigated very thoroughly by drilling; intrusions average 
about 5096 of the section in the Fokinsky section, occasion 
ally approaching 809fc. The excess density used in the model 
corresponds to about 28. 69fc of the intrusive rocks with a 
density of 3.4 g/cm3 in the cover rocks. Excess density for 
the basement in the model has been determined by assuming 
the excess density of the cover and also the outline of the 
body disturbing the gravity field. Given these, the excess 
itself calculates to be about

The viability of the proposed model rests on the 
unquestionable effect that mantle-derived magmas have 
had on the crust, as shown to an extreme degree in Permo- 
Triassic formations throughout the Siberian Platform; these 
take the form of massive basalt eruptions and the introduc 
tion of a large number of mafic intrusions. It should be noted 
that the problem of defining the shape of magmatic 
chambers in the mantle and their relationship to different 
structures in the earth's crust remains one of the most diffi 
cult to solve. The above modelling has revealed some of the 
elements of this relationship along with the first (and only) 
estimate of the total mass of intrusions, which were injected 
into the cover and basement in the area coinciding with the

northern part of the Igarsky-Kharayelakhsky gravity 
maximum.

It is believed that a complex deep fault, about 15 km 
wide, existed at the centre of the Noril'sk paleovolcanic 
zone and served as a conduit for basaltic melt from the upper 
mantle. Flow along this major structure became divided 
along a series of smaller channels, which followed different 
breaks in the crust. The presence of inclined or sub- 
horizontal breaks contributed to a significant widening of 
the upper part of the zone of introduction, which accounts 
for its funnel-like shape. The proportion of intrusions in 
cover rocks differed from that in the basement, giving rise to 
the second-order anomalies which complicate the Igarsky- 
Kharayelakhsky positive gravity anomaly.

Thus, the most explored northern part of the Igarsky- 
Kharayelakhsky anomaly can be regarded as the conse 
quence of a thick paleovolcanic zone, which from now on 
will be referred to as the Noril'sk zone. It is quite probable 
that even the southern (Igarsky) part of the anomaly can be 
attributed, at least in part, to intrusions within the cover and 
basement. Drilling of the cover has provided evidence of 
steeply dipping dikes of the major rock types (Rempel and 
Salov 1977).

There is no doubt that the Noril'sk part of the gravity 
anomaly differs from that of the Igarsky part. This is shown 
in the different depths exposed by erosion in the 2 areas and 
probably in the morphology of the intrusive bodies. The 
gravity held of the Igarsky part is very distinctive as shown 
by the high positive values recorded, by the uniform nature 
of the field and by its slightly different trend.

It is of interest to estimate the total volume of intrusions 
that are located within the Noril'sk paleovolcanic zone; this 
coincides almost exactly with the position of the Noril'sk- 
Kharayelakh trough. Modelling suggests the volume to be 
around 50 000 to 70 000 km3 . The upper limit given here is 
very reliable, because the northern part of the Igarsky- 
Kharayelakhsky residual gravity anomaly is attributed 
totally to a high proportion of intrusions in the platform 
cover as opposed to the basement. Thus, whatever 
interpretation is chosen for the residual anomaly, it would 
only involve the substitution of some geological bodies by 
others; the excess mass itself depends only on the magnitude 
of the residual gravity anomaly and, thus, remains 
unchanged. The volume can change only if changes are 
made in the assumed excess density.

The inhomogeneous nature of the residual gravity field 
reflects the structural inhomogeneity of the Noril'sk paleo 
volcanic zone. The majority of the positive anomalies coin 
cide with maxima in the concentrations of intrusions 
(secondary paleovolcanic hot spots, with regard to the 
paleomagnetic zone). The negative anomalies coincide 
with areas with a lower concentration of intrusions; these 
could also be paleovolcanic hot spots, but composed largely 
of low density tuffaceous rock.

Modelling was undertaken in order to determine 
the morphology of l of the local maxima located in the 
western part of the Noril'sk paleovolcanic centre (Rempel 
and Salov 1977). It was assumed that the intrusions were 
distributed evenly within this hot spot. The excess density
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was assumed to be 0.12, 0.06, 0.045 and 0.03 g/cm3 . In 
the first 2 attempts (with excess densities of 0.045 and 
0.06 g/cm3), the chamber has an inverted cone-like shape. 
The upper part is about 30 km wide, while the middle part is 
about 17 km wide. This hot spot extended upward to a depth 
of 7 km (excess density s 0.06 g/cm3) and to 11 km (excess 
density = 0.045 g/cm3).

The overall proportion of intrusions in the platform 
cover of the Noril'sk paleovolcanic zone will, according to 
the model, be 5096 and 45^o, respectively, for these 2 densi 
ties. Both values are in good agreement with the results of 
drilling, which are discussed above.

The modelling provides only a very general idea about 
the shape of the paleovolcanic chamber in question. A 
more detailed analysis of its shape was hampered by some 
principle limitations of the gravity survey.

Aeromagnetic Surveys
Aeromagnetic surveys provide very important information 
on the deep geological structure of the Noril'sk region. In 
the 1960s, the whole of the region was covered by a 
1:25 000- to l :50 000-scale survey. In the 1980s, a more 
detailed and more accurate aeromagnetic survey (from 
1:50000- to 1:200 000-scale) was performed at 3 eleva 
tions: 250,500 and 2000 m. The greater part of the informa 
tion from these surveys was devoted to understanding 
bodies of trap magma, which are located at depths of up to 
3500 m. Data from the l: 100 000-scale survey, which was 
carried out at a constant elevation of 2400 m above the 
sea level with the help of highly sensitive equipment 
(S.V. Lapin and Ye.G. Lapina, NPO "Neftegeophisika," 
personal communication, 1992), are the most useful for 
understanding deep structure. This survey provides the 
highest ratio of information on deep-seated objects that are 
located at the depth of up to 3.5 km (useful information) to 
the base of the trap lavas (interference). However, this does 
not mean that the level of interference is satisfactory with 
regard to studying geological objects at depth. On the con 
trary, even with a survey conducted at 2400 m, given the 
high relief found at Noril'sk, the total magnetic field largely 
reflects the volcanic rocks. The influence of these is even 
more apparent in data from regular aeromagnetic surveys 
that were flown at low level. If the surface is taken to be the 
general top of the plateau underlain by the volcanic rocks, 
the valleys of the rivers and lakes will appear as intense neg 
ative anomalies, while the high points will appear as posi 
tive anomalies. The following section is concerned with 
ways in which interference associated with the volcanic 
sequence can be eliminated.

The most radical way of reducing interference involves 
constructing a geometric model of the volcanic sequence, 
the subdivisions within which should have characteristic 
magnetic signatures. The next step is the calculation of the 
magnetic field of the model and the subtraction of this from 
the observed magnetic field; the remaining residual field 
should then be divided into local and regional constituents. 
In the Noril'sk region, as well as in many other areas, 
knowledge about the magnetic characteristics differs both

vertically and horizontally from place to place. The 6 lower 
suites of the volcanic sequence have been studied in more 
detail than the upper 4 suites.

The physical properties used in the model were based 
on the data obtained by the Noril'sk expedition and other 
organizations (Gusev et al. 1967; Lind and Andreyeva 
1983).

Strictly speaking, the chosen scale for the model does 
not depend on the amount of information on physical prop 
erties. In order to estimate the probable errors of modelling 
with regard to the last statement, we conducted multiple cal 
culations, using first constant and then variable physical 
properties for different parts of the section (Rempel et al. 
1990). The really important factors are those that can 
obscure the differential field resulting from the subtraction 
of the model from the observed field, since it is this that has 
significance for the solution of geological problems, solu 
tions which may be useful for guiding exploration. Our tests 
have shown that, although lack of information on the mag 
netic properties of rocks weakens the results of the model 
ling, it does not play a decisive role.

The choice of the square within which to apply the 
modelling, in this case covering an area of 30 000 km2 , was 
controlled by the distribution of the deposits and by the fact 
that the most important copper-nickel deposits are located 
in the northern part of the Noril'sk region. The calculation of 
the geometrical properties of the model of the volcanic 
sequence and the magnetic survey was performed in accor 
dance with calculations that are described in papers by 
Rempel (1983) and Rempel et al. (1990).

Figure 13.4 shows the magnetic field of the Noril'sk 
region as observed at the maximum height of 2400 m; 
Figure 13.5 shows the calculated field based on the model 
of the volcanic sequence; Figure 13.6 shows the differential 
or residual magnetic field (initial fields minus that of the 
model); and Figure 13.7 shows the transformations of the 
residual field. All are taken from Rempel et al. (1990). Each 
of the diagrams shows the outline of the base of the 
volcanic sequence, the Noril'sk-Kharayelakhsky ore-con 
trolling fault and the outlines of the copper-nickel-bearing 
intrusions including the economically important Noril'sk I, 
Talnakh and Kharayelakhsky intrusions. This method 
of presentation facilitates analysis of the information 
and estimation of its contribution to the prediction of 
copper-nickel mineralization.

Comparison of the three-dimensional characteristics 
of the magnetic anomaly with the position of the ore- 
bearing intrusions clearly shows that the Talnakh and 
Noril'sk ore junctions, within the zones where the Noril'sk- 
Kharayelakhsky fault cuts the base of the volcanic 
sequence, are associated with strong positive anomalies. A 
straightforward examination of the magnetic maps, without 
recourse to any modelling, reveals pronounced geophysical 
and exploration targets.

Apart from some anomalies within the observed field 
(see Figure 13.4), which can be attributed with some 
certainty to the structural characteristics and pronounced 
magnetic inhomogeneity of the volcanic sequence, parts of 
some anomalies exhibit signs of being related to more

152



G. G. Rempel

deeply buried objects. However, these fragments do not attention to its two main characteristics: l) the high intensity
form any coherent picture. of the anomalies (sometimes more than 300 nT); and 2) the

Figure 13.5 shows the magnetic field based on the large areas characterized by positive anomalies, which do
structural model of the volcanic sequence. One should pay not allow one to count on a successful separation of the field
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Figure 13.4. Magnetic field of the Noril'sk region from an aeromagnetic survey flown at 2400 m above sea level.
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by means of any formal transformation such as averaging, to local magnetic features, in part the result of local
recalculation into the upper hemisphere, etc. inhomogeneities of the volcanic sequence and, in part

By subtracting the field of the model from the observed the result of smooth variations caused by deeply buried
field, a more complex residual field is obtained that is due objects. Differentiating between the effects produced

LEGEND

Bose of the vol conl c sequence

Nor i l'SK - KhoroyeloKh fau 11

Ore-bearing Intrusions 

Magnetic field contours

Figure 13.5. Model magnetic field contributed by the Permo-Triassic volcanic sequence of the Noril'sk region calculated for a height of 2400 m above 
sea level.
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by these 2 contributing sources is possible, since The local contributions to the magnetic field (see
they are characterized by essentially different spectral Figure 13.6) are a relatively complex mixture of positive
compositions. and negative magnetic anomalies. It is notable that all
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Figure 13.6. Local residual magnetic field of the Noril'sk region.
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the distinctive anomalies (present in the initial field) intensity; it is doubtful, therefore, that if they appeared for
in the vicinity of the Talnakh and Noril'sk ore June- the first time, one would distinguish them among the many
tions have become much smaller and have a diminished other positive anomalies.
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Figure 13.7. Regional magnetic field of the Noril'sk region.
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It is not our aim here to provide a systematic analysis of 
the anomalies of the local constituent of the residual field, 
because this is not possible in the absence of detailed data on 
the magnetic characteristics of the volcanic sequence. 
However, we can provide some account of those types of 
anomalies that can be interpreted with some certainty. These 
are the local anomalies that are closely related to the surface. 
If features with positive relief correspond with positive 
anomalies, they can naturally be attributed to too little mag 
netization being ascribed in the model to these particular 
areas. If the relationship between the nature of the relief and 
the anomalies is in the opposite sense, the magnetic proper 
ties given in the model exceed the actual magnetization.

The origin of the positive isometric anomaly with an 
intensity of more than 100 nT in the centre of the western 
margin of the region seems to be quite clear. It is accounted 
for by the Bolgokhtokhsky granosyenite porphyry (copper- 
molybdenum-bearing) intrusion. Two similar anomalies 
occur in the northern part of the Vologochansky trough. It is 
remarkable that the 3 anomalies lie almost exactly along a 
straight line, which probably marks the position of a hidden 
fault that served for the introduction of these intrusions, 
which are quite atypical of the Noril'sk area. There is other 
evidence of probable magmatism (e.g., lamproite or 
kimberlite) along or to the west and northwest of this fault.

It is important that the Kharayelakhsky trough, which is 
located in the northeastern part of the region, is rimmed by a 
belt of negative magnetic anomalies. The interpretation of 
these is uncertain; they can be either attributed to some 
circular structure with a diameter of 65 km, or as the con 
sequence of a systematic difference between the real and 
modelled magnetic properties of the lower volcanic suites.

Figure 13.7 shows a unique picture of the Noril'sk 
magnetic anomalies. The first regional aeromagnetic 
survey was conducted 40 years ago, and similar surveys 
have been repeated many times; the approach to their inter 
pretation has always been consistent. However, those in 
volved in the interpretation have never had access to a map 
in which the magnetic field is stripped of the contribution 
made by the volcanic sequence.

An expanded positive anomaly is immediately appar 
ent in Figure 13.7; this is located in the centre of the region 
and is called the Noril'sk-Kharayelakh anomaly. The ter 
ritory covered by this anomaly is about 3000 km2, and the 
intensity is over 160 nT. All of the 3 main ore junctions (the 
Talnakh, Noril'sk and Vologochansky) are located within 
this anomaly. The most productive Talnakh ore junction is 
particularly close to the maximum of the anomaly. The 
Kharayelakhsky and Talnakh branches of this junction 
define the northeastern border of the maximum.

The positive magnetic anomalies in the far eastern part 
of the region define a linear structure, which is called the 
Imangdinsky-Mikchandinsky anomaly. It is more than 
180 km long, about 20 km wide, and its maximum intensity 
is over 120 nT. The Imangdinsky ore junction is located in 
the area where the anomaly starts broadening and shifting to 
the west.

The similarities between the Noril'sk-Kharayelakh 
and Imangdinsky-Mikchandinsky anomalies are not 
restricted to similar size parameters and intensity, and to 
their association with the ore-bearing intrusions, but also 
include their proximity to the Noril'sk-Kharayelakhsky 
and Keta-Irbinsky (or Imangdinsky-Letninsky) faults, 
respectively. These faults have long been regarded as ore- 
controlling structures.

The magnetic anomaly in the southern part of the 
region is less intense in comparison with those mentioned 
above. It is also related to some weakly mineralized 
(copper-nickel) intrusions. The Talminsky ore junction is 
believed to be the most interesting in the northern part. It is 
located within the southern flank of the positive magnetic 
anomaly, the main part of which lies outside of the area 
modelled.

Thus, one may conclude that all of the deposits and 
relevant copper-nickel mineralization are concentrated 
within areas of those intense magnetic anomalies that are 
accounted for by deep sources.

The great depth of the magnetic bodies means that a 
distinctly formal approach must be taken towards their 
quantitative interpretation. This excludes their precise 
characterization but allows an analysis that is based on 
comparison.

The formal side to the interpretation involves assuming 
that all of the magnetic bodies have the shape of vertical 
prisms with constant vertical magnetization. Those bodies, 
which are marked by negative or weak positive anomalies, 
have been assumed to have a magnetization of 2 A/m, while 
the rest have been assigned a magnetization of 4 A/m. 
Focussing on particular magnetic bodies has resulted in 
changes in their horizontal extent, depth and thickness. The 
main results of the interpretation are shown in Figure 13.8. 
The following discussion is confined only to the 2 main 
characteristics of the models of these magnetic bodies.

First of all, the Noril'sk-Kharayelakh and Imangdin 
sky-Mikchandinsky anomalies were not caused by l but by 
several bodies, which varied in depth and thickness. 
Secondly, there is a certain correlation between estimates of 
the thickness of the deep magnetic bodies derived from the 
formal analysis and the scale of mineralization of the over 
lying orebodies and the bulk of the intrusions. The thickest, 
the Talnakh ore junction, is related to a body 4.6 km thick. 
The second largest, the Noril'sk ore junction, is sitting 
above a body 3 km thick. The third largest, the Imangdinsky 
ore junction, sits above a corresponding magnetic 
body 2.1 km thick. Finally, the Morongovsky weakly 
mineralized intrusions are related to a body l .4 km thick.

It is necessary to consider, specifically, the relationship 
between magnetic and gravity anomalies above the deep 
objects in question. Figure 13.8 shows the results of a 
model of the gravitational field when the density of the 
igneous bodies is 2.9 g/cm3 and the density of the country 
rocks is 2.8 g/cm 3 . The calculated gravity anomalies asso 
ciated with the intrusions are about 2 to 3 mGal; it is only in 
the central part ofthe Noril'skregion in the vicinity of the
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Figure 13.8. Modelling the intermediate magmatic foci.

158



G. G. Rempel

Noril'sk-Kharayelakh anomaly that the calculated gravity 
field surpasses 5 mGal. No such anomaly is present in the 
observed field.

DISCUSSION
The following are the principal results that have come from 
the separate interpretation of the seismic, gravity and 
magnetic survey data, and their significance with respect to 
exploration for copper-nickel deposits.

The seismic survey revealed: 1) the relief of the Moho 
discontinuity; 2) the very layered nature of the crust in 
the Noril'sk region; 3) a large number of deep faults, many 
extending into the upper mantle; and 4) the block-like struc 
ture of the crust. The first point is relatively well established, 
the second is correct in general, while the third and the 
fourth need further data to support them.

The relief of the Moho discontinuity cannot be used for 
the purposes of ore prediction because the need to achieve 
isostatic equilibrium results in it changing relatively rapidly 
with time. The very layered nature of the crust could be 
important from the point of view of exploration, but, to be 
effective, would require much more seismic data than is 
currently available. In addition, the constancy of crustal 
layering, as revealed by seismic studies, when viewed over 
geological time remains unclear. The evidence indicating 
that the Noril'sk-Kharayelakhsky fault penetrated the up 
per mantle appears to be important in relation to the evalua 
tion of other deep faults; it also supports the hypothesis 
about the ore-controlling function of the Noril'sk-Kharaye 
lakhsky fault. The Keta-Irbinsky fault, which does not 
reach the Moho discontinuity, seems to be less attractive in 
the light of the seismic data. This fault is related to the 
Imangdinsky ore junction and is also interpreted as an 
ore-controlling structure. The implication of the block-like 
subdivision of the crust of the Noril'sk region, which is 
based on seismic data, is uncertain. At present, there is no 
reason to prefer some blocks over the others; particularly in 
view of the fact that the divisions between blocks depend on 
the personal preferences of the individual interpreting the 
data.

The main results of the regional gravity survey are the 
support of hypotheses involving the existence of the 
Noril'sk primary paleomagnetic zone with its associated 
secondary magmatic chambers. The deposition of the main 
ore-bearing intrusions within the axial part of this 
zone appears quite logical. However, since the zone 
extends along the Noril'sk-Kharayelakhsky fault, which 
was previously well established as an ore control, the 
contribution of the regional gravity survey is less signifi 
cant. Its importance probably lies in the recognition of the 
fact that the zone related to the fault widens to approxi 
mately 15 km. The relation of copper-nickel deposits to 
magmatic chambers leaves room for speculation; these 
chambers are defined by second-order anomalies. At 
present, the use of these data for the purposes of exploration 
seems to be unreasonable.

The application of the regional aeromagnetic data is 
much more effective. The amazingly tight spatial relation 
ship that exists between the large, deep-seated magnetic 
bodies and significant deposits and occurrences of copper- 
nickel mineralization has been demonstrated above. A 
reasonable explanation for this relationship is that these 
magnetic bodies represent intermediate chambers of 
ore-bearing magma.

The idea that these chambers exist is not new. It was 
launched as early as the 1940s to account for the high degree 
of differentiation shown by the ore-bearing intrusions 
despite their relatively low thickness of no more than 350 m. 
It was logical to suggest that an initial preliminary differen 
tiation of ore-bearing magma occurred within intermediate 
chambers, which were located between the upper mantle 
(the most probable source of the ore) and the present 
location of the ore-bearing intrusions. However, even as late 
as the 1980s, there were no reliable data on the locations of 
these hypothetical chambers or on their shapes and sizes. 
Now we have this information.

Even indirect information about the rocks in the 
chambers is interesting. The evidence suggests that they are 
mafic to ultramafic in composition. This is based on the 
agreement between the genetic concept and the magnetiza 
tion assumed for the model, which is similar to that of the 
ore-bearing intrusions. The absence of noticeable gravity 
anomalies above the postulated chambers may be attrib 
uted, partly, to the very low intensities involved, which 
provide no chance for them to stand out; and, partly, to prob 
able serpentinization, which usually leads to a decrease in 
density and an increase in magnetization.

The Noril'sk-Kharayelakhsky intrusions are charac 
terized by an abnormally high ratio of metals to the mass of 
silicate. If one assumes that the intrusions were enriched in 
metals within these intermediate chambers, and, therefore, 
that the silicate mass was considerably greater, this ratio 
does not appear so unusual. Proceeding further with this line 
of thought, one reaches the very important practical conclu 
sion that it makes sense to look for Noril'sk-Talnakh type 
intrusions only in places where there is evidence of the 
existence of huge deep-seated intrusive bodies. The depth of 
these bodies can vary. Thus, this is a necessary prospecting 
criterion. It can probably be applied to all types of copper- 
nickel deposits. However, it is by no means a sufficient 
criterion; it should be accompanied by several other 
features, a complete list of which has yet to be compiled.

The problem of the estimation of the contribution 
of intermediate magmatic chambers and large magmatic 
bodies in general to the initiation of the processes of ore 
formation has been widely discussed in the recent literature 
(Krestin 1990; Popov et al. 1990; Duzhikov et al. 1988). It 
seems that the time has come to consider this problem in 
greater detail, which will definitely increase the success of 
predicting the presence of copper-nickel deposits. Results 
may be achieved much faster if we turn from generalized 
discussion to the study of specific objects.
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CONCLUSIONS
1. The regional geophysical surveys, which have been 

undertaken in the Noril'sk region, provide us with 
information that can be used for the prediction of 
copper-nickel deposits.

2. Consideration of deep faults and intermediate mag 
matic chambers, which are hosted within the fault 
zones, plays a significant role in exploration for new 
deposits.

3. These magmatic chambers in the Noril'sk region can be 
identified on maps showing the magnetic field only 
after the interference resulting from the contribution of 
the volcanic sequence has been eliminated.
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Abstract
The Noril'sk nickel-bearing region is situated in the mobile zone that forms the northwest margin of the 
Siberian Platform. This zone consists of a series of linear depressions (troughs and basins) separated by 
anticlines that are filled with a very thick succession of Riphean to Early Mesozoic sedimentary and volcanic 
strata; it is referred to as the North Siberian nickel-bearing region.

Important aspects of the tectonic environment of the region include the Caledonian to Hercynian and 
Kimmerian structures of the West Siberian plate (the Yeniseisky geosynclinal area) to the west and the 
Taimyr fold belt to the north; the latter is separated from the Siberian Platform by the Mesozoic to Cenozoic 
Yenisei-Khatangsky rift-related trough. The Noril'sk nickel-bearing area falls within the Noril'sk 
-Kharayelakhsky basin, which has developed on pre-Yeniseisky (Noril'sk) basement along the line of the 
NoriPsk-Kharayelakhsky fault zone. The region has a very thick, double-layered continental crust con 
sisting of 6 to 18 km of volcanogenic- sedimentary supracrustal rocks overlying 36 to 42 km of crystalline 
basement. The Moho discontinuity lies at a depth of 42 to 48 km.

The supracrustal rocks themselves have a 2 layered structure; the lower part (orogenic and pre 
orogenic) consists of deformed Riphean formations and weakly deformed Vendian copper-bearing molas- 
soid sequences, while the upper part (the platform) is made up of essentially flat-lying strata. The NoriPsk- 
Kharayelakhsky fault has played a very important role in the development of the structure of the region since 
it controls the distribution of the sedimentary facies and magmatic formations. The strata comprising the 
platform are divided into 3 sequences, which formed during 3 tectonic cycles. The first consists of 3 to 8 km of 
Vendian to Early Carboniferous marine and lagoonal-marine, terrigenous-carbonate rocks. These consti 
tute the Noril'sk-Kharayelakhsky synsedimentary basin, which is bounded to the west by the Dudinsky anti 
cline and to the east by the Khantaisky-Rybninsky paleouplift.

The second sequence is, overall, similar in structure to the first; it consists of 40 to 600 m of Tungussky 
terrigenous coal-bearing rocks (C2-P2) overlain by up to 3500 m of lavas and tuffs composing the trap 
sequence (Siberian trap). The third sequence consists of O to 5000 m of Mesozoic to Cenozoic, weakly lithified, 
terrigenous sediments.

The present structure of the Noril'sk nickel-bearing region developed as a result of pre-Jurassic 
tectonic activity. During this stage, the Noril'sk-Kharayelakhsky basin became subdivided into a series of 
smaller basins (the Turumakitsky, Noril'sk, Vologochansky, Kharayelakhsky, Talovsky and Ikonsky), which 
are separated by crosscutting anticlines and flexure-related faults.

Metallogenesis in the region consists primarily of copper-nickel sulphide mineralization, which is 
closely associated with the Siberian trap.

The extrusive complex (trap formation) is divided with respect to structure and composition into 
2 sequences: the lower (Ivakinsky-Nadezhdinsky) lava sequence, which is restricted to the Noril'sk 
nickel-bearing region; and the overlying (Morongovsky-Samoyedsky) sequence.

Intrusive complexes belonging to the trap formation occur in Ordovician to Lower Triassic strata 
and are 9 in number: the Yergalakhsky, Pyasinsky, Oganersky, Fokinsky (Gudchikhinsky), Noril'sk, 
Morongovsky, Daldykansky, Avamsky trap sequence and the Bolgokhtokhsky gabbro granitoid formations. 
The copper-nickel deposits are associated with bodies composing the Noril'sk intrusive complex. This com 
plex consists of 3 intrusive phases, which together constitute the ore junctions. Spatially, these junctions are 
related to structures that developed in the upper part of the plate; the role of the long-lived Noril'sk- 
Kharayelakhsky fault was predominant with respect to their control.

INTRODUCTION On current structural reconstructions, the area includes
both the northwestern rim of the Siberian Platform and the

The Noril'sk nickel-bearing region is part of the mobile Taimyf epipiatformal fold belt, which are separated by the 
zone that forms the northwestern rim of the ancient Siberian later Yenisei-Khatangsky (rift-related) trough. Despite the 
Platform. The zone is marked by a series of troughs, which separationi they m both interpreted as belonging to the 
arefilledwithagreatthicknessofRipheantoEarlyMesozo- Precambrian North Asiatic superplatform (Pogrebitsky 
ic sedimentary and volcanogenic strata. The troughs are 1971) To the west the area is separated from the Western 
separated by flanking anticlines that overlap one another. Siberian plate by the pre-Yeniseisky fault zone, which is a 
The region is usually referred to as the North Siberian ,.suture zone,, of the siberian PiatfOrm (Shatsky 1932). 
nickel-bearing area (Urvantsev 1973).
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PRINCIPAL CHARACTERISTICS
The main characteristics of the area are:
1. a widespread development of Late Permian to Early 

Triassic extrusive and intrusive formations of mafic, 
ultramafic and/or mafic and alkalic- ultramafic compo 
sition, which are associated with mineralization 
including deposits of copper, nickel, platinum group 
element (PGE), iron, chromium, apatite, gold, etc. The 
copper-nickel ores are by far the most important of this 
group.

2. a younger (than the remainder of the Siberian shield), 
mobile crystalline (in its western pre-Yeniseisky part) 
basement, which has undergone a secondary orogeny 
during the "Baikal" folding event. The basement is 
divided by deep faults into blocks. These faults were 
repeatedly reactivated during the Late Paleozoic to 
Early Mesozoic.

3. a distinctive tectonic regime, which is different to that 
typical of platformal areas in its high degree of mobility 
and its linear structures; this type of regime is more 
typical of pericratonic and rift-related troughs.
The area is divided into 4 structural zones (which 

are also metallogenic belts), each succeeding the other 
in a northwesterly direction. These are: the Northern 
Tungussky, Noril'sk, Yenisei-Pyasinsky (the Yenisei- 
Khatangsky basin) and Taimyr fold belts.

The Northern Tungussky zone has developed on 
epi-Archean basement and is characterized by a typical 
platformal environment, by a great thickness of sed 
imentary and volcanogenic strata and by the presence of 
linear structural trends. This zone includes the northwestern 
part of the Tungussky syncline (the Avamsky and Lamsko- 
Khantaisky basins) in the north and the Kureisky monocline 
in the south, both of which host numerous copper-nickel 
sulphide showings.

The second zone, the Noril'sk zone, which includes the 
Yeniseisko-Oleneksky belt, the pre-Yeniseisky zone, the 
pre-Taimyrsky trough, the Igarsky-Noril'sk block and the 
Noril'sk-Delkansky basin, occupies an intermediate posi 
tion, because on l side it includes marginal structures of the 
epi-Archean platform, and on the other side it includes 
structures of the young Western Siberian plate (Duzhikov 
et al. 1987; Kavardin 1976; Lul'ko et al. 1987). Dif 
ferent authors have defined the boundaries of the Noril'sk 
zone in different ways. To the east and northeast, 
they are outlined by the Imangdinsky-Letninsky fault 
zone (comprising the Yeniseisko-Imangdinsky, Letninsky, 
Keta-Irbinsky, etc., faults), which separates it from the 
adjacent Northern Tungussky zone. This fault zone 
separates blocks within the crystalline basement, which, 
on the western side, are characterized by north-trending 
folds and, on the east, by east-trending folds. The western 
part of the Noril'sk zone is overlapped, in part, by 
Mesozoic to Cenozoic sedimentary rocks associated with 
the Yenisei-Khatangsky (the Bogadinsky-Maimechinsky 
and Yeniseisko-Khetsky) deep fault zone. The Noril'sk- 
Kharayelakhsky synsedimentary basin, which was initiated

during the Precambrian along the zone of the similarly 
named fault, is the main structural element of the Noril'sk 
zone.

The Taimyr (Southern Taimyr) fold belt is usually 
regarded as an independent nickel-bearing region or metal 
logenic belt. It is separated from the Noril'sk zone by 
the rift-related Yenisei-Khatangsky trough (the Yenisei- 
Pyasinsky zone), which has never been studied in detail. 
The northern border of the Taimyr fold belt is defined by the 
Karsky uplift, which extends along a zone of regional 
thrusts. Information on the Taimyr zone is relatively sparse. 
However, it is known to resemble zones that lie to the south 
in some elements of its structure, igneous rocks and miner 
alization, but also to differ from them in some respects. Sim 
ilarities with the Noril'sk zone include the presence of a 
series of differentiated lavas, which occur at the base of the 
Permian to Triassic volcanic sequence and are analogous to 
the Ivakinsky to Gudchikhinsky suites. The similarities also 
include copper-nickel sulphide mineralization, which is 
associated with differentiated mafic and/or ultramafic intru 
sions that are similar in their composition and morphology 
to those of the Noril'sk and Talnakh ore junctions. This 
indicates that the Taimyr fold belt is an integral part of the 
Northern Siberian nickel-bearing region.

All of the economically important sulphide copper- 
nickel deposits and mineralization occur within the Noril'sk 
structural formational zone, specifically within the Noril'sk 
nickel-bearing region, which includes the Noril'sk-Kha- 
rayelakhsky volcanic basin and the adjacent Khantaisky- 
Rybninsky and Dudinsky uplifts (Figure 14. le).

Geology of the Noril'sk Nickel-Bearing 
Region

Important characteristics of the Noril'sk nickel-bearing 
region are: 1) its association with a unique, transitional- 
type, highly mobile crustal block, which is separated by 
deep faults from the neighbouring Taimyr and Tungussky 
blocks (cratons with an east-west orientation to their fold 
structures; these cratons form a rigid framework around the 
mobile block); and 2) its position at the western edge of the 
ancient Siberian Platform (a suture zone) including, in part, 
the north-south-oriented structures belonging to the young 
West Siberian plate.

The continuous interaction of the mobile block with the 
adjacent fold belts and platformal blocks, with their differ 
ently oriented deformation, resulted in an intense linear 
fracturing of the mobile block at depth and in the periodic 
reactivation of rifting (Malich and Tuganova 1980). To 
express it another way, the region is associated with a corner 
of the ancient Siberian Platform (Shatsky 1932), which was 
formed by the junction of the Yenisei-Khatangsky rift zone 
with the Western Siberian plate and Yeniseisky fold belt 
(Duzhikov etal. 1987).

According to geophysical data, the Noril'sk nickel- 
bearing region has a thick, two-layered continental crust, 
which consists of 4 to 18 km of volcano-sedimentary cover 
lying on crystalline basement comprising 12 to 14 km of 
granite and granite gneiss and 24 to 28 km of basalt.
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The Conrad discontinuity lies at a depth of 19 to 22 km, 
while the Moho is believed to occur at 42 to 48 km. The 
Moho has considerable relief with displacements of 2 to 
4 km, which correlate with present-day structures such as 
basins and uplifts (Golubkov, personal communication, 
1980).

STRATIGRAPHY
The platform within the Noril'sk nickel-bearing region (this 
is the Noril'sk-Igarsky region) consists of 3 structural 
subsections. The lower subsection, or basement to the 
platform, consists of crystalline Proterozoic rocks, whose 
absolute age is in the range 2.2 to l .6 Ga (Lyakhnitsky and 
Tuganova 1978).

In contrast to typical platform areas, the platform cover 
has a two-membered structure due to the presence of an 
"intermediate" zone. This consists of complexly deformed 
but weakly metamorphosed Riphean sedimentary rocks 
(orogenic and preorogenic strata) with absolute ages from 
1600 to 670 Ma. These are overlain by Vendian to Cenozoic 
sedimentary rocks, which comprise the upper structural 
member of the platform (Malich et al. 1974).

Knowledge of the structure and composition of the 
crystalline basement comes from geophysical data aug 
mented with information from fragments brought up by 
Proterozoic to Late Triassic volcanic explosion pipes of the 
Igarsky and Noril'sk regions.

Two major basement blocks are interpreted as being 
present in the region: these are the pre-Yeniseisky (Protero 
zoic) and Western Tungussky (Archean) blocks, 
which respectively contain north- and east-trending fold 
structures. They are separated by the Imangdinsky- 
Letninsky (pre-Yeniseisky-Imangdinsky) fault, which is a 
boundary suture (G.G. Retnpel, Ministry of Geology of the 
USSR, personal communication, 1967). Fragments from 
the volcanic pipes indicate that the basement is composed 
primarily of granite gneiss, gneiss, crystalline schist, 
two-mica granite and migmatite.

The intermediate (II) structural zone consists of 
intensely deformed Riphean formations: 1) the Gubinsky 
and Staromostovsky molassoid sequences and 2) the 
Ludovsky volcanogenic schist and Medvezhinsky carbon 
ate flischoid sequences; and the overlying weakly deformed 
Riphean-Vendian copper-bearing molasse, including the 
Chernorechensky, Izluchinsky, Rybninsky, Graviisky and 
Gremyakinsky suites.

The Riphean formations, which have been deformed 
in an epiplatformal orogeny during Baikal folding, com 
prise the "orogenic" complex and are divided by the 
Noril'sk-Kharayelakhsky fault into 2 regions of different 
facies. Weakly deformed Riphean-Vendian molasses con 
stitute the "preorogenic" complex; this was deposited in a 
trough that extended along the line of the Noril'sk- 
Kharayelakhsky fault within the inhomogeneous western 
and eastern blocks (see Figures 14. l a, 14. l b).

Strata belonging to the platformal (III) phase formed as 
a result of an uneven, continuous subsidence and are divided 
into 3 subdivisions.

The first subdivision is composed of 3 to 8 km 
of Vendian to Early Carboniferous marine and lagoonal- 
marine terrigenous-carbonate strata. These overly Vendian 
molasses unconformably. They were formed during 
3 tectonic-sedimentary cycles: Vendian to Cambrian, 
Ordovician to Early Devonian and Devonian to Early 
Carboniferous. Each cycle involved a change in 
sedimentation from transgressive to stable, then to regres 
sive and, finally, to continental, marking progressive 
changes in tectonic development. The characteristics of the 
formations, which comprise each of the cycles, are shown in 
Figures 14.2, 14.3 and 14.4.

The Vendian-Carboniferous cycle of platform devel 
opment resulted in: 1) the formation of the Noril'sk- 
Kharayelakhsky and Lamsko-Khantaisky basins, which 
are filled with thick halide-sulphate-carbonate transitional 
strata; and 2) the development of the Kureisky syncline (see 
Figure 14.le). The negative structures are separated by the 
Rybninsky and Khantaisky uplifts, on which the lower 
strata consist of continental and shallow-water carbonates. 
The transitions from the basins to the uplifts are marked by 
drastic changes in sedimentation type and by the develop 
ment of flexures and flexure-related faults. The "box-like" 
nature of these structures and the way in which they abut one 
another indicate that they formed in response to vertical dis 
placements of basement blocks that became isolated from 
each other during the preplatform development of this 
terrain.

The second subdivision has, in general, a similar struc 
ture to the first and consists of: l) the Tungussky terrigenous 
coal-bearing rocks, which range in thickness from 20 to 
40 m at the crests of the anticlines to 600 m at the centres of 
the basins; and 2) 3500 m of lavas and tuffs.

The coal-bearing sequence overlies the strata of the 
first structural subsection with a considerable angular un 
conformity. It comprises a regressive sequence of rhyth 
mically alternating terrigenous rocks and coal layers; the 
latter have a minable thickness of from 0.5 to 15m.

The main characteristics of this formation are the pro 
gressive disappearance of the lower cycles of the suites 
(from older to younger) in the area where the region abuts 
the Khantaisky-Rybninsky anticline, and the complete 
reversal of this trend on moving west towards the Dudinsky 
uplift.

The Late Permian to Early Triassic sequence of lavas 
and tuffs is accompanied by comagmatic intrusions. The 
sequence is part of the trap formation, which subconform- 
ably overlies the Tungussky suite. Structures related to the 
second subdivision of the platform cover, such as the 
Tungussky syncline, the Khantaisky-Rybninsky anticline, 
the Noril'sk-Kharayelakhsky basin and the Dudinsky 
anticline (see Figures 14.1, 14.2), formed during the Late 
Carboniferous to Triassic. They resemble those of the lower 
(underlying) sequence. It is notable that the traces of axes of 
anticlines within the Noril'sk-Kharayelakhsky basin coin 
cide with the outlines of the fundamental structures of the 
middle subsection.

First order synsedimentary structures are complicated 
by later first order structures such as troughs and, thus,
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Figure 14.1.a tod. Diagrams showing different stages in the formation of the main structures composing the northwestern part of the Siberian Platform 
(the Igarsky-Noril'sk region), with special emphasis on mineralization, a—by the end of Riphean; b—by the end of Vendian; c—by the end of Middle 
Paleozoic (the pre-Tungussky); d—present day.
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b-expected) of: (1) copper sandstone. 
(2-8) Cu-Ni ore, (9) copper porphyry ore

Figure 14.1e. Generalized geology of the Igarsky-Noril'sk region 
showing this sites and styles of interpreted and expected mineralization.

adjacent uplifts. The latter can either coincide with the trend 
of the main structures or can be perpendicular to them. 
Postsedimentation (and posteruptive) structures include 
numerous faults (thrusts, normal faults and reverse faults) 
and the extremely important Norirsk-Kharayelakhsky 
fault, which coincides with the axial line of the Norirsk- 
Kharayelakhsky depression.

The third structural subdivision consists of Mesozoic to 
Cenozoic, weakly lithified terrigenous sediments, which

started forming during the last tectonic cycle and which are 
continuing to be deposited up to the present. This period is 
characterized by steady subsidence to the northwest and 
uplift to the southeast of the area. The synsedimentary nega 
tive structures (the Yenisei-Khatangsky trough) of this sub 
division are superimposed on earlier Riphean to Early 
Triassic structures and together determine the present 
tectonic make-up of the region (Lul'ko 1987).

TRAPS AND RELATED 
MINERALIZATION

Practically all of the economic metallic mineral resources of 
the region are related to the widely developed trap forma 
tion. Deposition of the copper-nickel ores is thought to have 
been a very short episode in the evolution of the trap mag 
matism. The process was remarkably intense within the 
Noril'sk region. More than 150 000 km3 of various products 
of magmatism were introduced into the upper layers of the 
platform cover in a very short time that is estimated to have 
been l to 2 x l O6 years on the basis of the most recent 
isotopic data (see Fedorenko, this volume; Czamanske 
et al., this volume; Wooden et al., this volume). The 
thickness of this sequence, including the strata now 
removed by erosion, is believed to have been 3.4 km. Such 
intense magmatic evolution had to have had an influence on 
the characteristics of the zone of magma generation and the 
way in which magma was transported and emplaced in the 
upper part of the platform cover. It is no doubt responsible 
for the remarkable multilevel differentiation of the products 
of magmatism. At the same time, the geochemical and pet 
rographic characteristics of the trap magmatism are quite 
homogeneous, and the range of features displayed by 
the volcanic rocks is quite restricted. All members of the 
trap formation are basaltic rocks containing plagioclase, 
pyroxene and olivine in varying proportions; their texture is 
poikilophitic.

The trap formation is divided into 2 sequences with 
regard to texture and composition: l) the lower (Ivakinsky- 
Nadezhdinsky) differentiated lavas, which are developed 
only within the Noril'sk nickel-bearing region; and 2) the 
overlying (Morongovsky-Samoyedsky) trap sequence.

The lower differentiated sequence is divided into extru 
sive-intrusive complexes comprising: 1) the Yergalakhsky 
subalkalic andesine basalt and trachybasalt, the Ivakinsky 
subalkalic andesine basalt and Gudchikhinsky picritic 
basalts (which were all formed during the first stage of mag 
matism); and 2) the Tuklonsky tholeiitic and picritic basalts 
and the Nadezhdinsky porphyritic basalts that were formed 
during the second stage of magmatism (Godlevsky 1959).

The overlying trap sequence is also subdivided 
into 2 complexes: the Morongovsky-Mokulaevsky and 
Kharayelakhsky- Samoyedsky, which were formed during 
the third stage of magmatism.

The intrusions belong to the following intrusive 
complexes: the Yergalakhsky, Pyasinsky, Oganersky and
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Fokinsky (Gudchikhinsky; these are comagmatic with lavas 
of the first series and together with them form the trachy 
basalt and andesite-basalt-picrite subformation); and the 
Noril'sk, Morongovsky, Daldykansky and Avamsky differ 
entiated bodies, which show no distinct relationships to the 
extrusive sequence.

The Bolgokhtokhsky intrusive complex is considered 
separately. This is a gabbro-granite formation and consists 
of porphyritic granite and syenite, which formed after the 
traps during the pre-Jurassic period of tectonic activity. 
Similar formations are widely known within the Taimyr 
fold belt where they are closely associated with copper- 
nickel-bearing, mafic and/or ultramafic bodies (Zolotukhin 
1991).

The copper-nickel deposits are related to the Noril'sk 
complex of differentiated intrusions, which consists of the 
low-chromium Lower Talnakh, anorthosite gabbro, 
Kruglagorsky leucocratic gabbro and Noril'sk high-chro 
mium intrusions (the latter are directly associated with the 
Noril'sk deposits). The copper-nickel deposits are ortho 
magmatic deposits, and concentration of the copper, nickel 
and iron sulphides took place as the intrusions differentiated 
prior to their final emplacement. Quantitatively, the miner 
alized intrusions are insignificant amongst the total volume 
of differentiated intrusive material belonging to the trap 
formation (Godlevsky 1959).

The volcanic sequence consists of 2 to 3 km of basalt 
and basalt-like rocks developed in a series of cycles. The 
first ranges upwards from trachybasalt, through andesite- 
basalt, and tholeiitic basalt to picritic basalt. The latter 
resemble the ore-bearing intrusions in their composition, 
although they are not directly comagmatic with them. The 
area within which the picritic basalt occurs is also that 
covering the distribution of the differentiated nickel- 
bearing intrusions, suggesting that they have the same 
deep-seated source. Thus, the areal distribution of the 
picritic basalt of the first differentiated cycle delineates the 
Noril'sk ore region. It is interesting that the ore region can be 
outlined with similar precision using other criteria, for 
example, the 650 m isopach of the total thickness of the first 
2 volcanic cycles.

The Noril'sk-Kharayelakhsky and Imangdinsky- 
Letninsky (Mikchandinsky, Keta-Irbinsky) deep fault 
zones (i.e., fault zones that cut right through the basement), 
which have northeasterly trends, are the main regional 
magma and ore-controlling structures. They govern the 
distribution of the lava sequences and the nickel-bearing 
intrusions. In the Paleozoic (particularly the Devonian) sed 
imentary platform cover, they can be seen to be syn- and 
postsedimentational flexures with amplitudes up to 500 m. 
These flexure coincide with linear-trending zones, 5 to 
10 km wide, across which changes in thickness and 
sedimentary facies occur (i.e., they have acted as facies 
barriers). Subsequently, the fault zones have been compli 
cated during the Mesozoic by the development of reverse 
movement and thrusting with up to 1000 m of vertical 
displacement.

The nickel-bearing intrusions are not distributed 
uniformly along the deep fault zones but are grouped as ore

junctions in areas where the fault zones intersect north 
westerly trending anticlines. The anticlines subdivide the 
original Noril'sk-Kharayelakhsky volcanogenic basin into 
the Noril'sk, Kharayelakhsky, Ikonsky, etc., basins. The ore 
junctions can be described as gently plunging structures 
associated with mineralized, branching and magmatic 
bodies that fan outward. In the junctions, individual 
branches, consisting of a group of magmatic bodies, can 
extend 10 to 15 km down plunge and can be l to 2 km wide 
and 100 to 200 m thick. They are all focussed around l mag 
matic conduit, which is located within the fault. The devel 
opment of the nickel-bearing differentiated intrusions, as 
well as the formation of the anticlines and adjacent 
basins, probably dates back to the Morongovsky stage in 
the tectonic-magmatic development of the region.

Within any area that is regarded as being favourable to 
mineralization, the nickel-bearing intrusions occur at 
particular horizons that are regarded as "favourable strati 
graphic levels for intrusion." These are the under 
lying, coal-bearing, sandstone-clay, Middle Carboniferous 
to Upper Permian Tungussky formation and Lower to 
Middle Devonian marls and argillites. This lithologic- 
stratigraphic control is attributed to the depth of these strata 
(1500 to 2500 m) when the nickel-bearing bodies were 
intruded. This provided the optimum environment for their 
injection and for the correct relationship between the litho 
static pressure and the height to which the magma column 
could extend. Intrusion was also assisted by the existence of 
favourable physical-mechanical and chemical properties in 
the country rocks at these levels. The structural charac 
teristics of the sedimentary strata did not contribute directly 
to the localization of the intrusions; however, the strata have 
been affected by the tectonic regime associated with the 
deep faults and constitute a specific lithologic feature within 
the ore junctions. This is brought out by the observation that 
all of the copper-nickel ore junctions of the Noril'sk region 
occur where the Devonian terrigenous strata have a thick 
ness of about 700 m. This stratigraphic thickness contrasts 
with the l .5 km thickness that characterizes strata that have 
developed extensively on the downthrown side of the faults, 
normally at a distance of 5 to 10 km from the faults 
themselves.

The copper-nickel ore junctions of the Noril'sk region 
are rich in massive sulphide ores and are spatially and struc 
turally related to a magmatic system that includes the 
differentiated nickel-bearing Noril'sk-, Kruglagorsky- and 
Lower Talnakh-type intrusions. These intrusions share the 
same evolution having formed at the time from the same 
deep source.

The Lower Talnakh-type Intrusions
These are the earliest and most mafic (MgO-rich) of the dif 
ferentiated nickel-bearing intrusions in the region. They do 
not show a clear demarkation between olivine-free and 
picritic gabbro dolerites and olivine cumulates; the contacts 
between the different rock types are very gradational. They 
do not contain chromium spinels, which account for why 
even the high-MgO picritic gabbro dolerites contain signif 
icantly less chromium than similar cumulates in the 
ore-bearing intrusions. An enrichment in potassium is
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another distinct petrochemical characteristic of these 
low-chromium intrusions. In this, they differ from the rest 
of the nickel-bearing intrusions, which, nevertheless, are 
themselves somewhat richer in potassium than normal 
intrusive phases of the trap magmatism. Sulphide mineral 
ization is normally only present in the low-chromium 
intrusions as interstitial disseminations in olivine-rich 
rocks.

The Kruglagorsky-type Intrusions
To a certain extent, these are complementary intrusions to 
those of the Lower Talnakh type. They have the lowest MgO 
content of all the nickel-bearing intrusions and have no clear 
separation into MgO-rich and MgO-poor parts. The cumu 
late phase consists of a distinctive leucocratic gabbro 
composed of large tablets of anorthite bytownite, which 
developed during a stage of high-temperature "proto- 
crystallization." These high-A^Oa intrusions contain only a 
very weak sulphide dissemination.

The Noril'sk-type Intrusions
These show a clear differentiation from olivine-free to 
picritic gabbro dolerites, often with sharp contacts between 
the different layers. The lower endocontact of these intru 
sions is always marked by a layer of basic pegmatoid, the 
"taxitic" gabbro dolerite. Rocks of the cumulate horizon are 
enriched in globular and interstitial disseminated sulphide. 
Layered bodies of massive sulphide ore, 20 to 40 m thick, 
occur at the lower endo- and exocontacts.

The compositions of the Noril'sk-, Kruglagorsky- and 
Lower Talnakh-type intrusions and their interrelationships 
within the ore junctions mean that one can consider them as 
associated bodies, which evolved as a result of differenti 
ation, and probably sulphide segregation, from one of 
the initial melts before emplacement into the present 
locations. Merely the presence of the low-chromium and 
high-MgO intrusions is sufficient to suggest that they are 
related to the ore-bearing bodies. The distribution of 
the Lower Talnakh- and Kruglagorsky-type intrusions 
coincides exactly with the ore junctions as they are per 
ceived by everyone in the Noril'sk region,.

The Noril'sk-type ore-bearing intrusions have a dis 
tinct longitudinal zoning, the orientation of which suggests 
that they intruded from the inner parts of the troughs upward 
and outward toward the margins. Marked changes in the 
shape, internal structure and nature of the differentiated 
layers occur in this direction. The parts of the intrusions 
closer to their presumed roots have indistinct layering, and 
the sulphides give the impression of being distributed as in 
an emulsion. Farther along the length of the intrusions, 
as they rise upward, layering corresponds more closely 
with that to be expected as a result of differentiation. Grada- 
tional contacts between layers become sharper; there is no 
correlation between the thickness of layers of different

composition. The frontal zones of the ore-bearing intrusions 
are l O to 15 km long and l to 2 km wide; these are the parts of 
the intrusions that are characterized by the best developed 
differentiation and also mobilization of ore material. In 
these areas, there is a direct correlation between the thick 
ness of the intrusion, the thickness of the picritic gabbro 
dolerites and the total thickness of the massive ores. This 
dependence shows up where there is a pronounced rhythmic 
alternation of thin parts of the intrusion, which are devoid of 
massive ore, and thick parts, which contain the cumulate 
horizon and overlie ore deposits. This alternation follows a 
wave-like development in which the first-order wavelength 
is 1.4 to 2.0 km and the second order, 0.6 to 0.8 km.

CONCLUDING REMARKS
The geological characteristics of the Noril'sk region and the 
features of the copper-nickel deposits that have been 
described above are the essential constituents of the geo 
logical model of the Noril'sk ore junctions and deposits for 
which prospecting and exploration are continuing. Only by 
considering all of these constituents, or at least most of 
them, through geological, geophysical and geochemical 
study will one come closer to the final objective, that is, the 
discovery of a new, economically important copper-nickel 
deposit.
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Chapter 15
Evolution of Magmatism as Reflected in the Volcanic 

Sequence of the Noril'sk Region

V.A. Fedorenko

TsNIGRI, Varshavskoye Shosse 129B, Moscow, 113545, Russia

Abstract
The 3500 m-thick volcanic sequence of the Noril'sk region was formed during a short period coinciding with 
the boundary between the Permian and Triassic. The ratio of lavas to pyroclastic rocks is 9 to l. The sequence 
is divided into 11 suites that form 3 major assemblages. The early Ivakinsky-Gudchikhinsky assemblage 
(low-ytterbium magma) is interpreted as the result of the melting of a deep mantle plume with an admixture 
of asthenosphere mantle. The subsequent Khakanchansky-Nadezhdinsky assemblage (high-ytterbium, 
low-iron magma) is interpreted as asthenospheric material that was mobilized by the plume and enriched 
in the melting products of lithospheric mantle. The last—Morongovsky-Samoedsky—assemblage (high- 
ytterbium, moderate-iron magma) has the characteristics of asthenospheric partial melts.

The evolution of each assemblage is considered on the basis of a model calling for intermediate crustal cham 
bers, which are periodically drained and replenished, and within which fractionation and sometimes contam 
ination and sulphide segregation took place. Each assemblage developed independently in these sill-like 
intermediate chambers, which had diameters of several hundred kilometres. The outlines of these chambers 
are indicated distinctly by the volcano-tectonic structures of corresponding age. The Khakanchansky- 
Nadezhdinsky assemblage has undergone the most complete evolution within the crust. It contains highly 
contaminated basalts depleted in nickel, copper and platinum group elements (PGE), the depletion being 
attributed to sulphide segregation. Nickel-magnesia (MgO) and copper-titania (TiO2) variations allow one to 
estimate the degree of depletion of the lavas in base metals and the amount and composition of the segregated 
sulphides.

The formation of the ore-bearing intrusions coincided with the change in the magmatic-tectonic regime at the 
boundary between the Khakanchansky-Nadezhdinsky and Morongovsky-Samoedsky assemblages. The in 
termediate chamber of the earliest association was still in existence, and subsequent mantle-derived magma 
was injected into it. This was the magma that was responsible for the mobilization of the earlier- formed sul 
phide liquid. The silicate part of the ore-bearing intrusions is not depleted in nickel, copper and PGE. This 
means that it has undergone neither sulphide segregation, nor long-term interaction with sulphide liquid.

The ores are related to the intrusions as a result of injection together, but not through the derivation of the 
silicate magma and sulphides together. The presence of the copper-, nickel- and PGE-poor magmatic rocks is 
believed to be the main criterion for prospecting for the Noril'sk ore types in flood basalt provinces. The 
volume of these magmatic rocks and the degree of the depletion that they show allows for the estimation of the 
metallogenic potential of any given region.

INTRODUCTION Many workers have explained this phenomenon as a con 
	sequence of mantle processes (which does not allow for

The Noril'sk region is located within the world's largest quantitative calculations) or to the activity of fluids. How- 
flood basalt province, the Siberian province. Two to ever, the special features of these deposits can be explained 
3 million km3 of magmatic formations (Milanovsky 1976) if one considers the ore-bearing intrusions as an integral part 
were extruded during a short period of time about of the whole of the flood basalt formations and not a? 
250 million years ago (Campbell et al. 1992; Czamanske independent entities.
et al., this volume). The Noril'sk region is characterized by The intrusions compose only 6.59fc of the total of the
the greatest (with regard to the Siberian Platform) thickness Noril'sk magmatic rocks; the ore-bearing intrusions
of volcanic sequence (about 3500 m thick) and by the most account for less than Q.01% (Table 15.1). Volcanic rocks,
diversity in the compositions of the lavas and intrusions, lavas in particular, are dominant. The volcanic sequence
Intrusive rocks include the layered mafic and ultramafic illustrates the whole evolution in magmatic composition in
bodies, which host the unique copper-nickel-platinum the region. The spatial distribution of the different volcanic
group element (PGE)- bearing sulphide deposits. formations reflects structural changes in the region,

The main characteristics of the Noril'sk sulphide which probably relate to the appearance and disappearance
deposits are the abnormally high ratio of the sulphides to the of intermediate magma reservoirs,
volume of silicate in the ore-bearing intrusions, and the Interpretation of all of the available data for the
elevated PGE concentrations within rich disseminated and volcanic formations presents some difficulties and can lead
massive ores. This cannot be attributed to in situ segregation to ambiguous results. Nevertheless, it is thought to-date, this
of sulphide from the magma forming the intrusive bodies, is the only approach that can allow one to determine the
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Table 15.1. Volume percentages of the magmatic rock types in the 
Noril'sk region.

Lavas Tuffs Intrusions Total

Granodiorite — —
Alkalic and subalkalic 2.0*70 G.9% J.5% A.4% 

mafic rocks
Normal mafic rocks Sl.0% S.7% 4.99fc
Picrites and picrite-like Q.8% — G.1% D.9% 

rocks
Picritic-mafic ore-bearing — — 

intrusions
Total 83.89fc V.6% 6.59fc 99.99fc

Total volume (including eroded masses) 150 000 km 3, within 
45300 km 2.

time, the place and the main characteristics of the formation 
of the ore-bearing intrusions and ore deposits. This 
approach has been successfully used in some unpublished 
Russian papers and in the paper of Naldrett et al. (1992), and 
is being further developed on the basis of more recently 
acquired data.

The material that forms the basis for this paper was 
obtained during many field seasons by the author and 
includes the results of geological mapping and drilling in 
the Noril'sk region; the analytical data have been obtained 
by Russian laboratories, by the Ontario Geological Survey 
(Canada), by the United States (U.S.) Geological Survey 
and by the Open University (Great Britain). The author's 
views were also formed as a result of his discussions 
with A.J. Naldrett, G.K. Czamanske, A.P. Likhachev, 
P.C. Lightfoot and N.S. Gorbachev.

GENERAL INFORMATION ON 
THE VOLCANIC SEQUENCE

The volcanic sequence occupies Late Triassic structural 
lows in the Noril'sk region (Figure 15.1). Paleoreconstruc- 
tions indicate that these are postvolcanic structures. Erup 
tion of lavas covered the whole of the area shown in 
Figure 15.1 east of the Yenisey river (Fedorenko 1979).

The volcanic strata are up to 3.5 km thick. They overlie 
the Tungussky formation with a series of insignificant 
breaks ranging from several tens to 300 m. Sometimes 
the Tungussky argillites grade upward into tuffs of the 
Ivakinsky suite.

The volcanic sequence comprises alternating series of 
lavas and tuffs in a ratio of 9 to l. The whole of the se6tion 
contains up to 200 lava flows and 30 tuffaceous units. The 
thickness of individual lava flows varies from l to 100 rn, 
averaging 15 m. The tuffs range from several tens of centi 
metres up to 100 m, and rarely 200 to 400 m in thickness.

All of the lava flows are divided into lower massive and 
upper amygdaloidal zones. The lavas of the Siberian Plat 
form differ from flood basalts of the rest of the world in 
their very high proportion of amygdaloidal material. In the 
Noril'sk region, this averages 369fc (from 49*7c at the bottom 
to 319fc in the upper part of the profile). The amygdaloidal

basalts contain about 309fc of amygdules by volume. Only 
samples from the massive zones have been used for 
geochemical analysis.

The lava flows usually occur in a series of relatively 
uniform composition. The complete sequence is divided 
into 11 suites with regard to the petrographic characteristics 
and chemical composition of the lavas; some suites are sub 
divided into subsuites (Figure 15.2). Suites and subsuites 
can be traced laterally very clearly, some across the whole of 
the Noril'sk region (Naldrett et al. 1992, Figure 6). The 
chemical compositions of the different individual lava 
series reveal a similar consistency (Fedorenko 1981; 
Lightfoot et al. 1993), excluding the picrites and picritic 
basalts, which are characterized by large variations in MgO 
content due to regular variations in olivine concentration 
(Naldrett et al. 1992, Figure 5e). Erosional disconformities 
within the volcanic sequence are very rare and insignificant, 
involving less than a few metres of strata and being of local 
extent.

Paleontological and geochemical data indicate that 
tuffs extending up to the middle of the Morongovsky suite 
accumulated under aqueous conditions within shallow 
lagoons or lakes, while the overlying tuffs were formed sub- 
areally (Fedorenko 1991). Thus, the volcanic activity 
occurred on a landscape of flat relief, which was inherited 
from the period of accumulation of the Tungussky 
coal-bearing sedimentary rocks. Elevation at the onset was 
close to sea level. Lava eruption took place under conditions 
of strictly compensated subsidence (with some recompen- 
sation). This subsidence was probably the result of draining 
of underlying magma chambers feeding the eruptions.

Paleotectonic reconstructions (Fedorenko 1979) allow 
one to infer that 2 structural reorganizations occurred 
during the formation of the volcanic sequence; these coin 
cide with the boundaries between the Gudchikhinsky- 
Khakanchansky and Nadezhdinsky-Morongovsky suites. 
The paleodepressions which correspond to the 3 stages of 
volcanism differ in their configurations and the locations of 
their centres (Figure 15.3). The horizontal extent of each 
exceeds that of the Noril'sk region; they cover hundreds of 
kilometres of the surrounding territory. Taking into con 
sideration the compensation of the subsidence, one can 
deduce that each of the paleodepressions reflects the extent 
of the sill-like intermediate magmatic chamber of corre 
sponding age. Detailed analysis of the regularities that 
govern the distribution of individual lava series enables one 
to reconstruct the evolution of each chamber and to deter 
mine the zones of active magmatism (Fedorenko 1979, 
1991).

THE VOLCANIC ASSEMBLAGES
Chemical data on extrusive rocks of the Noril'sk region 
have been published in Russian (Fedorenko 1981; 
Fedorenko et al. 1989) and in the western literature 
(Lightfoot etal. 1990,1993; Wooden etal. 1993). The latter 
2 papers also contain Sr-, Nd- and Pb-isotopic data. To avoid 
repetition of this information, we will confine ourselves to 
the general characteristics of the chemical compositions of 
the lavas.
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Fedorenko (1981) distinguished 3 major lava assem 
blages, each of which includes several suites, these are: 
the Ivakinsky-Gudchikhinsky (Iv-Gd), Khakanchansky- 
Nadezhdinsky (Hk-Nd) and Morongovsky-Samoedsky 
(Mr-Sm). The Kaltaminsky (Kt) suite forms a separate 
group, which includes thin ankaramite basalts, that

developed locally in the Upper Morongovsky suite (Mr2) in 
the northern part of the Noril'sk region. The rocks that com 
pose each of the assemblages, despite the fact that the first 
2 are highly differentiated, have some common geochemi 
cal characteristics within themselves, which indicate that 
they each originated from unique mantle magmas.

Upper Permian to
Lower Triassic flood basalts

[; i :^ ; , \ \ Kumginsky and Samoedsky suites 

l* -'.'.''j Mokulaevsky and Kharaelakhsky suites 

Morongovsky suite

-:-:-X : | Ivakinsky, Syverminsky, Gudchikhinsky, 
Khakanchansky, Tuklonsky, and 
Nadezhdinsky suites

1 -Talnakh ore junction 

2-Noril'sk ore junction

vo::'' ; ::j Middle Carboniferous to Upper Permian 
(Tungusska series) sedimentary rocks

| Ordovician to Lower Carboniferous 
sedimentary rocks

vZ// ] Cambrian sedimentary rocks

| Upper Proterozoic sedimentary rocks 

3-Bolgokhtokhsky granodiorite

Figure 15.1. Schematic geological map of the Noril'sk region showing the present distribution of the volcanic rocks, the location of the principal sec 
tions shown in Figure 15.2 and the subsurface outlines of the ore-bearing intrusions of the Talnakh and Noril'sk ore junctions (solid black). Faults are 
represented by heavy black lines.
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Figure 15.2. Stratigraphy of the volcanic rocks. Dashes to the right of the columns show the location of samples analyzed by the U.S. Geological 
Survey.
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L L L

Figure 15.3. Paleoisopachs of the extrusive rocks of the Noril'sk lava associations (m): a—Ivakinsky-Gudchikhinsky; b—Khakanchansky-Nadezh- 
dinsky; c—Morongovsky-Samoedsky (only the Upper Morongovsky lavas are shown, because the overlying formations were strongly eroded). Pres 
ent distribution of the volcanic rocks; shown in Figure 15.1. Dotted pattern represents Upper Permian to Cambrian sedimentary rocks; checked pattern 
represents Upper Permian to Lower Triassic flood basalts. Panel (c) shows the Kharayelakhsky (K), NoriFsk (N) and Vologochansky (V) troughs.

Table 15.2. Distinguishing geochemical features of the lava assemblages in the Noril'sk region.

Lava Assemblage

Morongovsky-Samoedsky

Kaltaminsky
Khakanchansky-Nadezhdinsky
Ivakinsky-Gudchikhinsky

Yb/Gd

0.57-0.73

0.22
0.52-0.63
0.33-0.48

Th/U

1.8-3.1

4.3-4.8
3.2-4.4
2.0-4.5

Ni Content

High

High
Low
High

Fe2O3(t), wt 9fc 
(when MgOs 

5-9 wt Ve)

12.2-14.5

14.9-16.4
9,9-11.8
9.8-13.9

Ai2oyrio2
(when MgO 
^OwtVc)

MgO-rich rocks 
are absent

1.8-2.7
11.3-19.8
4.6-10.8

Calculations on the basis of lOO^c anhydrous oxides.

Table 15.2 shows the main characteristics, which are 
typical for each of the assemblages; these are based on new 
analytical data (Lightfoot et al. 1990, 1993; Wooden et al. 
1993).

The ratio of heavy to middle rare earth elements, 
Yb/Sm (Fedorenko et al. 1989) or Yb/Gd (Lightfoot etal. 
1990) remains constant throughout the whole of the 
fractionation range exhibited by each of the magmatic 
assemblages and shows little or no variation as a result of 
crustal contamination. The average ratio of heavy to middle 
rare earth elements for each volcanic association is closely 
correlated (for rocks with a high MgO content that are the 
result of olivine fractionation) with the A^Oa/TiC^ ratio 
(Fedorenko et al. 1989). Taking into account the geo 
chemical behaviour of aluminum and ytterbium, their close 
relationship can only be attributed to the fact that both ratios 
reflect the degree of incorporation of mantle garnet during 
mantle melting.

The Th/U ratio is less constant and depends on various 
factors; one of these should be the age of the magma's

mantle source. The wide variations in iron and nickel 
contents that are typical for some of the assemblages 
remains unexplained so far.

A plot of Fe2O3(t) versus Yb/Gd (Figure 15.4) is 
commonly used for distinguishing different assemblages of 
magmatic rocks that are characterized by 5 to 99fc MgO 
(these account for 9796 of the lavas of the region). Lavas of 
the Iv-Gd assemblage and the Kt suite are interpreted 
as low-ytterbium (LYb), the Hk-Nd assemblage as high- 
ytterbium and low-iron (HYbLFe) and the Mr-Sm assem 
blage as high-ytterbium and moderate-iron (HYbMFe). 
In general, low-ytterbium- and high-ytterbium-bearing as 
semblages correspond to the high-titanium and low-tita 
nium flood basalts of Hawkesworth et al. (1986).

Comparison of the average compositions of the 
Noril'sk lava assemblages with oceanic island basalts (OIB) 
and with normal (N-MORB) and enriched (E-MORB) 
mid-ocean ridge basalts (data of Sun. and McDonough 
1989), with regard to Yb/Gd and Th/U data, reveals the fol 
lowing information. The Kt and Iv-Gd lavas are relatively
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close to OIB, with the centre of the Iv-Gd data spread lying 
on the line connecting the Kt and Mr-Sm data. With regard 
to the Th/U ratio, the Mr-Sm assemblage is similar to 
N-MORB, and the Hk-Nd assemblage is close to E-MORB; 
however, the compositions of both assemblages are shifted 
markedly towards lower Yb/Gd ratios.

Interpretation of these data according to the model of a 
mantle plume (Richards et al. 1989; Campbell and Griffiths 
1990) leads to the suggestion that the Kt lavas result from 
melting in a plume. The Iv-Gd assemblage appears to repre 
sent plume magma mixed with a component from the 
asthenosphere and possibly with some component derived 
from the lithospheric mantle. The Mr-Sm lavas are inter 
preted as asthenospheric material mobilized by the plume. 
The Hk-Nd lavas include, along with asthenospheric mate 
rial, material which was formed as a result of the partial 
melting of lithospheric mantle. The differences between 
Mr-Sm and Hk-Nd lavas, as opposed to N-MORB and 
E-MORB magmas, are attributed either to characteristics of 
the continental mantle, or to transformation of the magmas 
during their migration through the thick continental 
lithosphere.

The lavas of the 3 main assemblages (Iv-Gd, Hk-Nd, 
Mr-Sm) form independent volcano-tectonic structures (see 
Figure 15.3), that is, their development probably proceeded 
within independent intermediate chambers.

EVOLUTION WITHIN THE 
VOLCANIC ASSEMBLAGES

Variation in composition within the volcanic assemblages is 
considered below, with regard to the model of a periodically 
tapped and replenished intermediate chamber (O'Hara and 
Mathews 1981). At times, the above mentioned processes 
were accompanied by crustal contamination and sulphide 
segregation.

The Iv-Gd assemblage consists from the base upwards 
(see Figure 15.2) of: 1) alkalic trachybasalts of the Lower 
Ivakinsky subsuite (Iv^; 2) subalkalic titanium-augite and 
poikilophitic basalts of the Middle Ivakinsky subsuite (Iv2);
3) subalkalic labradorite, andesite and bytownite (two- 
plagioclasic) basalts of the Upper Ivakinsky subsuite (Iv3);
4) Sy verminsky (Sv) tholeiitic basalts and glomeroporphy 
ritic and porphyric basalts of the Lower Gudchikhinsky sub 
suite (Gd^ that are normal with regard to their alkali and 
MgO content; and 5) picritic and picrite-like (olivine) 
basalts of the Upper Gudchikhinsky subsuite (Gd2).

The magnesium number increases sharply upwards 
from 0.3 in the lv lavas to 0.7 to 0.75 in the Gd2 picrites. 
Crystal differentiation was the main trigger for the evolu 
tion of this assemblage. Highly fractionated melts erupted 
first, derived from the upper part of the chamber; the last to 
erupt were the Gd2 lavas, which were enriched in cumulus 
olivine and corresponded to material accumulating at the 
bottom of the chamber.

The lv lavas are characterized by a relatively constant 
magnesium number (0.32 to 0.42), while the SiO2 content 
increases upwards from 46 to 55 weight 9fc. The Sv basalts,

17

16
o Hr+Km+Sm * Nd^Nd2 + L-Gd-ph

D Mr2 +MK A Tk o L-Gd-gl

* Kaltaminsky x U-Gd A Sv

0.5
Yb/Gd

Figure 15.4. A Fe2O3(t)-Yb/Gd diagram for the lavas with MgO = 5 to 
9 weight yc; fields encompass the principal lava assemblages. 
Analytical data provided by the Ontario Geological Survey and 
U.S. Geological Survey. Hr—Kharayelakhsky suite; Km—Kumginsky 
suite; L-Gd-gl—Lower Gudchikhinsky subsuite, glomeropor 
phyritic; L-Gd-ph—Lower Gudchikhinsky subsuite, porphyritic; 
Mk—Mokulaevsky suite; Mr2—Upper Morongovsky subsuite; 
Nd!—Lower Nadezhdinsky subsuite; Nd2—Middle Nadezhdinsky 
subsuite; Sm—Samoedsky suite; Sv—Syverminsky tholeiitic basalts; 
Tk—Tuklonsky suite; U-Gd—Upper Gudchikhinsky subsuite (olivine- 
phyric).

while having a typical tholeiitic magnesium number of 0.55 
to 0.60, also show a high SiO2 content (51 to 54 weight 96). 
Thus, there is evidence of crustal contamination of the 
Iv3-Sv lavas. At first glance, the evidence of crustal contam 
ination is in disagreement with the constant 87Sr786Sr ratio, 
which is similar to that of all of the formations of the Iv-Gd 
association, that is, 0.7060 to 0.7075 (Lightfoot et al. 1993). 
This can be accounted for by the fact that contamination is 
due to leucogranites of the upper basement; these are 
highly metasomatized and are characterized by a loss of 
potassium, rubidium and strontium (fragments of these 
rocks are present in l of the explosive diatremes that has 
been studied).

Preliminary data indicate that the Sv lavas are depleted 
in nickel and copper; thus, the contamination was prob 
ably accompanied by sulphide segregation. There is no 
direct evidence to prove the periodic replenishment of the 
chamber.

There is a distinct and sharp boundary between 
the low-ytterbium magmas of the Iv-Gd assemblage 
and the high-ytterbium magmas of the overlying Hk-Nd 
assemblage.

The Hk-Nd assemblage starts with the Hk suite, which 
is composed essentially of tuff, but which sometimes 
contains separate basaltic flows similar to those of the 
Tuklonsky (Tk; in the eastern part of the Noril'sk region) or 
to those of the Lower Nadezhdinsky (Ndj; western part). In 
the eastern part of the Noril'sk region, the overlying Tk 
suite is represented by poikilophitic (including picritic) 
basalts. Although the section shown in Figure 15.2 places 
them at the top of the suite, picrites can occur at different
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levels. The Nd 1 lavas overlie Hk tuffites in the west and the 
Tk lavas in the east; they are porphyritic and tholeiitic 
basalts. The overlying Middle Nadezhdinsky subsuite 
(Nd2) consists of porphyritic basalts, the chemical composi 
tions of which are similar to the Ndt lavas. The overlying 
Upper Nadezhdinsky subsuite (Ndg) forms a unit that is 
transitional between the Hk-Nd and Mr-Sm assemblages.

It is believed that the intermediate chamber, which was 
responsible for the Hk-Nd stage of volcanism, was filled 
initially with the mantle magma that was compositionally 
similar to Tk picrite. Its fractionation, accompanied by the 
loss of 22.79c olivine (Fasi.s) and an insignificant amount of 
chromite, gave rise to the composition corresponding to 
Tk basalt with regard to both major and trace elements.

The basalts that occur in the lower Tk suite are charac 
terized by low SiO2 and K2O contents and Ce/Yb = 6.8 to 
7.5. These were probably not contaminated. Upwards (see 
outcrop IF, Figure 15.2), the Ce/Yb ratio increases in both 
basalts and picrites to 8.3 to 9.3 (Figure 15.5a), which prob 
ably points to some contamination.

One can assume that there may have been 2 possible 
reasons for the triggering of the eruption of the picrites at the 
end of the Tk. Their eruption was triggered either by the 
introduction of new mantle magma, which continued 
fractionating up to the time of its eruption, or by the forma 
tion and tapping into a lower part of the chamber, within 
which olivine accumulated. Evidence of slight contamina 
tion makes the second explanation more plausible.

The average composition of Nd^2 basalt has been cal 
culated to be the result of crustal contamination (6.59e) of 
Tk basalt, accompanied by the removal of the 37.596 of a 
gabbroic cumulate (1896 plagioclase * 1296 clinopyroxene 
+ 7.596 olivine; Table 15.3). There is no agreement between 
calculated and natural compositions with regard to chromite 
(chromite crystallization has not been taken into account) 
and copper content. The latter discrepancy can be attributed 
to sulphide segregation, as is discussed in the final 2 sections 
of this report; there is no marked discrepancy with regard to 
nickel content, due to olivine acting as a buffer for nickel.

The average composition of the Bolgokhtokhsky 
granodiorite, which is located to the west of the Noril'sk 
region, was taken as a crustal contaminant for the purposes 
of calculation. It is proposed that the Bolgokhtokhsky intru 
sion is the result of partial melting of the lower crust under 
amphibolite conditions; the intermediate chamber for the 
Hk-Nd assemblage was probably located at a greater depth 
than that for the Iv-Gd lavas. The evidence of a direct corre 
lation between SiO2 content and Ce/Yb and 87Sr^6Sr ratios, 
which has been found in Hk-Nd formations, points to a 
different character for the contamination.

All of the Ndi .2 lavas have similar Ce/Yb, 87S^86Sr and 
magnesium number, that is, they are characterized by a 
similar degree of contamination and fractionation. How 
ever, chromium, nickel and copper concentrations decrease 
gradually, but noticeably from the bottom towards the roof 
of the Nd,; then increase sharply towards the bottom of Nd2 
and decrease toward its roof again. The chromium content is 
lower in the upper Nd2 than in the upper Nd!; while nickel 
and copper contents show a reverse trend (data of Lightfoot

^ A

AA

AA A
AAA

A A

crustal 
contamination.

O J

oo

10 15 20
Ce/Yb

Nd

Mr, x
Hr* Km-f Sm 
* Mr2 * Mk

10 15
Ce/Yb

20

Figure 15.5. A Th/U-Ce/Yb diagram for the Yb-rich lavas of the 
Noril'sk and Lower Talnakh intrusions, a) The Tuklonsky and 
Samoedsky lavas. Analytical data provided by the Ontario Geological 
Survey and U.S. Geological Survey, b) The ore-bearing intrusions 
(Noril'sk I, Talnakh, Kharayelakh) and the Lower Talnakh intrusion. 
Analytical data provided by the U.S. Geological Survey. Diagonal 
dashed lines reflect the potential mixing between 2 lava types. Hr— 
Kharayelakhsky suite; Km—Kumginsky suite; Mk—Mokulaevsky 
suite; Mr-) —Lower Morongovsky subsuite; Mr2—Upper Morongovsky 
subsuite; Ndi—Lower Nadezhdinsky subsuite; Nd2—Middle 
Nadezhdinsky subsuite; Nds—Upper Nadezhdinsky subsuite; 
Sm—Samoedsky suite; Tk—Tuklonsky suite.

etal. 1990,1993; Wooden etal. 1993). This can be attributed 
to the injection of fresh mantle magma into the intermediate 
chamber at the boundary between Nd-i and Nd2 ; its contami 
nation and fractionation were eventually followed by 
crystallization of chromite and by sulphide segregation.

The transition between the Hk-Nd and Mr-Sm assem 
blages comprises the chemically uniform glomeroporphy 
ritic and porphyritic basalts of the Nd3 subsuite and the 
Lower Morongovsky (M^) aphyric-porphyritic basalts. 
The composition of these is interpreted as the result of the 
mixing of contaminated Nd^2 basalt with Mr2 uncontami- 
nated basalt in aratio of 33.8:66.2. No fractionation is called 
for by the calculations.
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It is suggested that at the boundary between the Nd2 and 
Nd3 subsuites, the Tk mantle-derived magma (HYbLFe) 
gave way to Mr2-type magma (HYbMFe). However, the 
intermediate Tk-Nd2 chamber was still in existence, and the 
mixing of residual Nd-\ .2 and new Mr2 magma probably took 
place within this chamber. The fact that the mixing took 
place in the reservoir is supported by the absence of gradual 
transitions between the Nd3-Mr1 compositions and one of 
the initial magmas (see Figure 15.5a).

The Mr-Sm assemblage comprises petrographically 
different (aphyric, poikilophitic, porphyritic and glomero 
porphyritic) basalts, which are characterized by. similar 
chemical compositions. These basalts form the upper part of 
the lava sequence in the Noril'sk region. The chemical vari 
ations are revealed by a slight (but sudden) increase in the 
concentration of incompatible elements at the boundary 
between the third and the fourth Kharayelakhsky subsuites; 
their concentration then decreases gradually upwards. The 
magma is interpreted as being of HYbMFe type. There is no 
evidence of crustal contamination. It is believed that this 
mantle magma was already in existence during the Nd3-Mr! 
period, having been injected into the intermediate chamber 
which produced Tk-Nd2 lavas. Taking into account the areal 
distributions of the Hk-Nd and Mr2 lavas (see Figure 15.3), 
which probably reflect the locations of their intermediate 
chambers, one can assume that the Hk-Nd chamber ceased 
to exist at the boundary between Mr! and Mr2 . Its place was 
taken by a new chamber, which most likely continued in 
existence until the end of the volcanism.

The Kt suite is represented by l to several flows of 
middle- to high-MgO ankaramite basalt, which are known 
at 3 localities in the northeastern part of the Noril'sk region 
(Fedorenko 1981, Figure 5) within theMr2 subsuite. This is 
LYb magma, characterized by a high iron content and Th/U 
ratio. The Kt lavas can be interpreted as a distal expression 
of the alkalic-ultrabasic magmatism of the Gulinsky mag 
matic centre, which lies 500 km northeast of Noril'sk. The 
Ikonsky subalkalic andesite basalts, which are found 
sparsely distributed in the northern part of the Noril'sk 
region (see Figure 15.2, outcrop 15F) within the fourth 
Kharayelakhsky subsuite, can be also attributed to the 
activity of this centre.

Table 15.4. Age relations of lavas and intrusion types of the Noril'sk 
region.

Table 15.4 contains all of the Noril'sk intrusion types, 
excluding the subdivisions within the Noril'sk type. Many 
of the intrusions are comagmatic to the lavas; the others 
were formed after the eruptions of lava (Fedorenko et al. 
1984). There is no geological data on the age of some of the 
intrusion types, including the ore-bearing ones. One can 
only say that the ore-bearing intrusions (the Noril'sk type) 
cut the Ndi subsuite.

In the Talnakh and Noril'sk ore junctions, the Noril'sk 
type intrusions (Nr) are spatially associated with the 
Lower Talnakh (LT) differentiated intrusions. They are 
apparently of a very similar age, because there are no
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chilled zones at the contacts of the intrusive bodies. 
Comparison of the geochemical characteristics of the Nr 
and LT intrusions with regard to the evolution of the lava 
sequence allows one to constrain the time period during 
which these intrusions formed.

The Nr magma is of HYbMFe type (see Table 15.2), 
while the LT magma shows characteristics of the HYbLFe 
type. The Th/U-Ce/Yb diagram (see Figure 15.5b) shows 
that the Nr compositions fall in the field of the Mr2-Sm 
lavas, while the LT compositions are spread out along a line 
of mixing between Nd^2 and Mr2 magmas. Thus, one can 
conclude that the formation of the Nr and LT intrusions 
dates back to the magmatic-tectonic regime prevailing at the 
boundary between the Hk-Nd and Mr-Sm associations.

The introduction of the intrusions, enriched in dense 
silicate and sulphide phases, requires a specific tectonic 
environment that differs from the "tranquil" eruption of lava 
at the surface. Such conditions might have been created 
during the deposition of the tuffs that divide the Mri and Mr2 
subsuites; this tuff unit is up to 100 m thick in the south of the 
Noril'sk region. The development of this unit is marked by 
violent explosive activity that brought the previously men 
tioned fragments of crystalline basement (leucogranite) to 
surface from a depth of about 10 km.

The spatial association of the Nr and LT intrusions 
with the zones of magmatism active during Iv-Nd time 
(Fedorenko 1 979, 1 99 1 ), coupled with the geochemical evi 
dence discussed above, indicates that these intrusions are 
probably related to the intermediate magmatic chamber that 
is responsible for the formation of the Hk-Mrt volcanic 
rocks, perhaps particularly to the last 2 stages of its develop 
ment (after the eruption of the Nd3-Mri lavas).

On a plot of zoepb/atMpb versus 87sr;86sr (Czamanske 
et al., this volume, Figure 8a), the displacement of LT com 
positions relative to Nd3-Mr! lavas is comparable to that of 
Nd-|.2 lavas relative to Tk basalts. These relations are inter 
preted as evidence that LT compositions are principally 
derived from Nd3-Mr1 liquid that was contaminated by 
crustal material. Preliminary calculations indicate that the 
composition of the LT intrusion can be attributed to the 
mixing of 3 components: 79. 59fc was Nda-M^ basalt, 
slightly contaminated by material similar in composition to 
Bolgokhtokhsky granodiorite (in proportion 96.5:3.5); 
H.8% was gabbroic cumulus residue left after formation of 
the Nd-i-2 lavas; and S.7% was cumulus olivine (Fa8i.5) that 
remained after Tk picrite was transformed (as the magma 
differentiated) into Tk basalt.

The development of the Nr intrusions is related to the 
introduction into the chamber of a fresh part of Mr2 magma 
(enriched in MgO), to its differentiation and to the mobiliza 
tion of sulphide, which had remained at the bottom of the 
chamber after the formation of the Nd^ lavas.

GEOCHEMISTRY OF THE 
ORE-FORMING ELEMENTS IN 
THE LAVAS AND INTRUSIONS

Nickel
Fedorenko et al. (1983), using the Ni-MgO diagram, were 
the first to show that various magmatic formations of the 
Noril'sk region are characterized by different nickel con 
tents. Naldrett et al. (1992) confirmed this finding, using a 
more precise analytical technique.

The available data of the Ontario Geological Survey 
and of the U.S. Geological Survey indicate that there is a 
linear correlation between nickel and MgO contents within 
the MgO range of 6 to 23 weight 9b (rocks with a higher 
MgO content were not analyzed); correlation coefficients 
for differentiated lavas and intrusions are extremely high 
(r s 0.933 to 0.996). The Gd lavas (LYb magma) are char 
acterized by a steep slope on the nickel versus MgO plot, 
with high nickel contents at high MgO contents and low 
nickel contents at moderate MgO contents (Figure 15.6).

All derivatives of the HYbMFe magma (the Upper 
Morongovsky and Mokulaevsky lavas, as well as the sul 
phide-free units of the Noril'sk, Ruinny and Daldykansky 
intrusions) are similar to the Gudchikhinsky lavas for rocks 
of moderate MgO content but have lower nickel contents 
when the rocks are rich in MgO. The general regression 
equation for all of the above mentioned formations is:

(1) Ni'(ppm) = (48.9 x MgO, weight W) - 242
(the number of the analyzed samples n = 94, the correlation 
coefficient r s 0.988).

The derivatives of the HYbLFe magma (Tk lavas and 
the sulphide-free rocks of the Lower Talnakh intrusion) are 
characterized by low nickel concentrations and by a shallow 
slope of the variation lines.

Copper
The precise analyses carried out by the Ontario Geological 
Survey have enabled us to determine the correlation 
between copper content and incompatible oxides, particu 
larly TiO2 . This correlation is due to copper (like all incom 
patible elements) being essentially excluded from cumulus 
silicate minerals; so long as there is no sulphide segregation, 
it accumulates in the residual melt.

The correlation of copper with TiO2 was determined 
for the high-ytterbium formations (including HYbMFe and 
HYbLFe), with MgO higher than 5 weight *7o and TiO2 
between 0.7 to 2.0 weight 9fc. The correlation, which is 
based on samples including Tk basalts and picrites, Mr2-Mk 
lavas and the Daldykansky intrusions, is characterized by 
the following regression equation:

(2) Cu'(ppm) = (139.5 x TiO2 , weight 9fe) - 26
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Figure 15.6. A Ni-MgO variation diagram for lavas and sulphide-free 
intrusive rocks of the Noril'sk region. Analytical data provided by the 
Ontario Geological Survey and U.S. Geological Survey. Initial numerals 
in parentheses indicate the number of samples included in the calcula 
tion of the correlation coefficients, r. Gd—Gudchikhinsky suite; 
Mk—Mokulaevsky suite; Mr2—Upper Morongovsky subsuite; 
Ndi—Lower Nadezhdinsky subsuite; Nd2—Middle Nadezhdinsky 
subsuite; Tk—Tuklonsky suite.
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Figure 15.7. A Cu-TiO2 variation diagram for the Tuklonsky, Lower- 
Middle Nadezhdinsky (Ndi, Nd2) and Upper Morongovsky- 
Mokulaevsky (Mr2 + Mk) lavas, and the Daldykansky (Daldyk) 
intrusions (rocks containing more than 5 weight tfc MgO and 0.7 to 
2.0 weight 9fc TiO2). Analytical data provided by the Ontario Geo 
logical Survey. Fields of data for the Lower and Middle Nadezhdinsky 
outlined; line and correlation coefficient (r) calculated for remaining 
data. Tk-b—Tuklonsky basalts; Tk-p—Tuklonsky picrites.

(the number of the analyses n = 36, correlation coefficient 
r - 0.975). The compositions of the Nd lavas (and particu 
larly of Nd-i) do not follow this trend (Figure 15.7).

The sulphide-free rocks of the ore-bearing intrusions 
show great variability on the copper versus TiO2 diagram; 
however, in general, they are not depleted in copper. The 
Lower Talnakh intrusion is usually characterized by marked 
copper depletion.

Platinum-Group Elements
According to U.S. Geological Survey data, the Tk lavas 
(picrites and basalts) and Mr2-Sm lavas contain from 10 to 
15 ppb Pt and 9 to 17 ppb Pd, which is typical for mafic rocks 
worldwide. The sulphide-free rocks (olivine and olivine- 
bearing gabbro dolerites) of the ore-bearing Noril'sk intru 
sions are characterized by similar concentrations. The 
Pt and Pd concentrations in all of the Nd! .2 basalts are lower 
than the detection limit of the analytical technique (greater 
than 0.7 ppb and greater than 0.5 ppb, respectively). Con 
centrations below the detection limit are also typical for sul 
phide-free rocks of the Lower Talnakh intrusion.

THE ORIGIN OF THE NORIL'SK
ORES AS RELATED TO THE

EVOLUTION OF VOLCANISM
The Noril'sk ores cannot have formed as a result of sulphide 
segregation directly from the magma that crystallized to 
form the intrusions with which they are associated, because 
the composition of the ores requires that they were derived 
from 15 to 200 times more silicate material than is in 
evidence (Naldrett et al. 1992). Moreover, the absence of

rocks depleted in nickel, copper and PGE excludes the 
possibility of any appreciable segregation.

Godlevsky and Likhachev (1983) suggested that the 
sulphide-silicate material of the ore-bearing intrusions was 
formed as a consequence of direct melting of the mantle 
substrate. The sulphides were lifted upwards in a finely dis 
persed state in a matrix of silicate magma. In this situation, 
one can attribute the elevated nickel and copper concentra 
tions in silicate rocks to their equilibrium with large quanti 
ties of sulphides. However, one cannot account for the high 
PGE content of the silicate rocks in the same way, because 
the distribution coefficient for PGE between the sulphide 
and silicate liquids is extremely high (about 100000 
(Naldrett 1989)), and the silicates in equilibrium with the 
ores should, therefore, contain several orders of magnitude 
less PGE than they do. Another point is that it is difficult to 
perceive how mantle sulphide, with a Ni/Cu ratio similar to 
the chondritic ratio of 100, could have fractionated to such 
an extent that it would result in the formation of the copper- 
rich Noril'sk ores. The copper-rich sulphide material, most 
probably, originated from basaltic magma, and taking into 
account the enrichment of these ores in PGE, the volume of 
the silicates should have been great.

Fedorenko et al. (1983) showed for the first time that 
some of the Noril'sk formations (the Tk-Nd lavas and LT 
intrusions) were depleted in nickel and suggested that this 
could be attributed to the removal of sulphide. Gorbachev 
(1989) used these data in his calculations to conclude that 
the formation of the Tk-Nd lavas should have resulted in the 
segregation of approximately Q.5% sulphide, which many 
times exceeds the mass of the known deposits. However, 
these calculations did not give credit to the fact that if 
sulphides were segregating in such quantities, they would 
not be enriched in PGE.
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New research (Naldrett et al. 1992) has proved that the 
Nd lavas bear unambiguous evidence of sulphide segre 
gation; however, the publication does not treat this process 
quantitatively.

The above-mentioned regression equations (1,2) can 
be used to estimate the degree of nickel and copper deple 
tion for each of the analyzed samples, and these estimates 
may be applied in quantitative calculations. The depletion 
(or enrichment) can be expressed as Ni/Ni* and Cu/Cu* 
ratios (Ni, Cu—observed concentrations; Ni*, Cu*—con 
centrations calculated with the help of the regression 
equations).

These new data cast reasonable doubt on the leading 
role of nickel as an indicator of sulphide segregation. The 
Tk basalts and picrites, which are highly depleted in nickel, 
show no sign of copper depletion (Figure 15.8). The normal 
copper and PGE concentrations leave no possibility for sul 
phide segregation during the formation of these rocks. The 
low nickel content should be interpreted as a characteristic 
of the initial magma.

The Ndi lavas show a severe depletion in nickel and 
copper, which reveal a good correlation. The only geo 
chemical similarity between nickel and copper is their 
affinity for sulphur. It seems that it is not possible to attribute 
this correlation to any process other than sulphide segre 
gation. The Nd2 lavas are greatly depleted in copper, but, as 
compared to the Tk lavas, there is no evidence of nickel 
depletion. Probably, the Nd2 was marked by the segregation 
of essentially nickel-poor copper sulphides (Distler et al. 
1982).

Figure 15.8 shows that the degree of nickel depletion 
for the Nd lavas should be calculated not with regard to the 
predominant HYbMFe magmatic formations, but with 
regard to the HYbLFe formations that are characterized by 
initially lower nickel concentrations. The Tk basalts and 
picrites, which perhaps represent the pure mantle HYbLFe 
magma, are characterized by the following regression 
formula:

(3) Ni(ppm) = (23.6 x MgO, weight 9fc) - 102

(the number of analyzed samples n = 13, correlation 
coefficient r = 0.992).

The calculations, which are based on Cu/Cu* and Ni/Ni* 
ratios, obtained from the regression formulas (2,3), indicate 
that the copper and nickel deficiencies in the Nd lavas of the 
Talnakh ore junction (and its vicinity) are in good agree 
ment with the amount of metals that are concentrated in the 
deposits of this ore junction.

Using the average Cu/Cu* and Ni/Ni* ratios for the 
Ndv2 lavas and applying the theory of sulphide segregation 
as presented by Naldrett (1989), the author concludes that 
the copper, nickel and PGE contents of the Talnakh ores can 
be obtained as a result of the segregation of an amount of 
sulphide that is equal to G.05% of the mass of the Nd-,.2 
basalts.

It cannot be accidental that the amount of metals con 
tained in the Talnakh deposits corresponds to their deficit 
in the lavas. The presence of magmatic formations 
depleted in copper, nickel and PGE is a regional criteria for

1.4 

1.2 

1.0

O 

Q 0.6

0.4

0.2

0.0
0.0 0.2 0.4 0.6 0.8

Ni/Ni*
1.0 1.2 1.4

Figure 15.8. A Cu/Cu'-Ni/Ni* diagram for the Yb-rich lavas of the 
Noril'sk region (rocks containing more than 6 weight tfc MgO and 0.7 to 
2.0 weight *7c TiO2) Cu/Cu* indicates the depletion in copper, where 
Cu = observed copper content (ppm), Cu* s (139.5 x TiO2, weight *5fc) - 
26 (the regression equation for the Tuklonsky [Tk], Upper Morongov- 
sky and Mokulaevsky lavas [Mr2 + Mk], and the Daldykansky intru 
sions). Ni/Ni* indicates the depletion in nickel, where Ni = observed 
nickel content (ppm), Ni* s (48.9 x MgO, weight eh) - 242 (the regres 
sion equation for the Upper Morongovsky, Mokulaevsky lavas and 
sulphide-free rocks of the Noril'sk, Ruinny and Daldykansky intru 
sions). Analytical data provided by the Ontario Geological Survey and 
U.S. Geological Survey. Fields include the majority of data for individu 
al suites and subsuites as indicated. Nd-|—Lower Nadezhdinsky 
subsuite; Nd2—Middle Nadezhdinsky subsuite.

the prospecting of the sulphide deposits, which are related to 
the flood basalts. The amount of these magmatic rocks and 
the degree of their depletion in metals may allow one to esti 
mate the metallogenic potential of the region being 
explored.

Obviously, in order to bring sulphide or sulphide- 
bearing magma to the surface, one requires magmatic 
material from which sulphides have segregated. This is why 
it makes no sense to prospect for Noril'sk type deposits in 
the areas that are not known for the eruption or introduction 
of magma that is depleted in copper, nickel and PGE.

CONCLUSIONS
The volcanic sequence of the Noril'sk region comprises 
3 major magmatic associations; these are Iv-Gd, Hk-Nd 
and Mr-Sm. It is argued that each of them is related to an 
independent mantle magma (LYb, HYbLFe and HYbMFe, 
respectively), which evolved within a periodically tapped 
and replenished intermediate chamber in the crust. This was 
the site of fractionation, at times contamination of the 
magma, and also sometimes segregation of sulphides. The 
intermediate chambers of each of the associations were 
unique to the Noril'sk region; they had sill-like shapes, 
extending for several hundreds of kilometres. The overall 
outlines of these intermediate chambers are reflected in the 
depositional basins of the volcanic associations, which were 
formed as a result of the draining of the chambers. The 
evolution of the chambers is recorded in the sequence of the 
lavas, complimented by the associated intrusive activity.
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Where there are evidences of lateral inhomogeneity of a 
magmatic formation, they can be explained by the peculiar 
ities of the structure and draining history of a corresponding 
chamber.

The development of the ore-bearing intrusions is attrib 
uted to the evolution of the magmatic chamber that gave rise 
to the Hk-Nd lavas. The sulphide and silicate materials of 
the ore-bearing intrusions are not in geochemical equi 
librium and were generated at different stages in the 
evolution of the chamber. Sulphide segregation occurred as 
a result of the formation of the Ndi.2 lavas. The silicate host 
to the ores was formed after the eruption of the Nda-Mr! 
basalts. The injection of the ore-bearing intrusions dates 
back to the period of magmatic and tectonic adjustment 
(accompanied by stress) that predated the accumulation of 
the thick sequences of the Mr2-Sm lavas. The silicate part of 
the ore-bearing intrusions probably played the role of a 
pump that sucked out the dense sulphide liquid from the 
bottom of the drained intermediate chamber.

The eruption (or introduction) of the large amount of 
magma depleted in copper, nickel and PGE that is similar to 
the Nd-i-2 lavas is a condition that is necessary to ensure the 
formation of Noril'sk-type deposits associated with flood 
basalts.

ACKNOWLEDGMENTS
The author is extremely grateful to the director of TsNIGRI, 
Dr. LE Migachev and to the head of his division, 
A.G. Volchkov for their assistance in this work and for their 
permission to publish this paper. The author is greatly in 
debted to A.J. Naldrett, O.K. Czamanske, A.P. Likhachev, 
P.C. Lightfoot and N.S. Gorbachev, with whom many of the 
arguments and statements presented above were discussed. 
G.K. Czamanske also was extremely helpful in providing 
computer drafting. The author is particularly thankful to his 
wife, Ludmila Fedorenko, who always participated in the 
field work and in the processing of the collected data.

REFERENCES
Campbell, I.H., Czamanske, O.K., Fedorenko, V.A., Hill, R.I., Stepanov, 

V. and Kunilov, V.E. 1992. Synchronism of the Siberian traps and the 
Permian-Triassic boundary; Science, v.258, p.1760-1763.

Campbell, I.H. and Griffiths, R.W. 1990. Implications of mantle plume 
structure for the evolution of flood basalts; Earth and Planetary 
Science Letters, v.99, p.79-93.

Clague, D. A. and Beeson, M.H. 1980. Trace element geochemistry of the 
East Molokai volcanic series, Hawaii; American Journal of Science, 
v.280, pt.A, p.829-844.

Distler, V.V., Pertcev, N.N. and Boronichin, V.A. 1982. Sulfide petrology 
basalts drill core 504 and 505 Deep Sea Drilling Project; Initial 
Report DSDP, v.69, p.607-617.

Fedorenko, V.A. 1979. Paleotectonics of Late Paleozoic-Early Mesozoic 
volcanism of the Noril'sk region and paleotectonic control of 
Ni-bearing intrusions; in Geology and Mineralization of the Taimyr- 
Northland Folded Area, NIIGA, Leningrad, p. 16-23.

— 1981. Petrochemical series of the Noril'sk effusive rocks; 
Geologiya i Geofizika, no.6, p.78-88.

~——1991. Tectonic control of magmatism and distribution of the 
Ni-bearing areas within the northwestern portion of the Siberian 
Platform; Geologiya i Geofizika, no.l, p.48-56.

Fedorenko, V.A., Kuligin, V.M., Vitozhents, G.Ch., Mikhalev, S.K. and 
Makeyeva, L.V. 1989. Rare earth elements in the Noril'sk magmatic 
formations; Geologiya i Geofizika, no.8, p.67-76.

Fedorenko, V.A., Makeyeva, L.V. and Yeliseyeva, R.A. 1983. Some geo 
chemical characteristics of the Noril'sk-Kharayelakhsky intru 
sive-volcanic complex, Noril'sk region; Geologiya i Geofizika, 
no.!2,p.67-77.

Fedorenko, V.A., Stifeyeva, G.T., Makeyeva, L.V, Sukhareva, M.S. and 
Kuznetsova, N.P. 1984. Mafic and alkaline-mafic intrusions of the 
Noril'sk region as being comagmatic to the effusive formations; 
Geologiya i Geofizika, no.6, p.56-65.

Godlevsky, M.N. and Likhachev, A.P. 1983. Cu-Ni mineralization in the 
Noril'sk region; in Genetic Models of the Endogenic Ore Forma 
tions, Nauka, Novosibirsk, v.l, p.47-54.

Gorbachev, N.S. 1989. Fluid-magmatic interaction in sulfide-silicate 
systems; Nauka, Moscow, 127p.

Hawkesworth, C.J., Montovani, M.S.M., Taylor, P.N. and Palacz, Z. 1986. 
Evidence from the Parana of south Brasil for a continental contribu 
tion to Dupal basalts; Nature, v.322, p.356-359.

Henderson, P. 1982. Inorganic geochemistry; Pergamon Press, New York, 
368p.

Lightfoot, P.C., Hawkesworth, C.J., Hergt, J., Naldrett, A.J., Gorbachev, 
N.S., Fedorenko, V.A. and Doherty, W., 1993. Remobilization of the 
continental lithosphere by mantle plumes: major, trace element, and 
Sr-, Nd-, and Pb-isotope evidence from picritic and tholeiitic lavas 
of the Noril'sk District, Siberian Trap, Russia; Contributions to 
Mineralogy and Petrology.

Lightfoot, PC., Naldrett, A.J., Gorbachev, N.S., Doherty, W. and 
Fedorenko, V.A. 1990. Geochemistry of the Siberian Trap of the 
Noril'sk area, USSR, with implications for the relative contributions 
of crust and mantle to flood basalt magmatism; Contributions to 
Mineralogy and Petrology, v.l04, p.631-644.

Milanovsky, Ye. Ye. 1976. Rift zones of the geological past and their asso 
ciated formations—Report 2; International Geology Review, v.l8, 
p.619-639.

Naldrett, A.J. 1989. Magmatic sulfide deposits; Oxford Monograph on 
Geology and Geophysics 14, Oxford University Press, Oxford, New 
York, 186p.

Naldrett, A.J., Lightfoot, PC., Fedorenko, V.A. Doherty, W. and. 
Gorbachev, N.S. 1992. Geology and geochemistry of intrusions and 
flood basalts of the Noril'sk region, USSR, with implications for the 
origin of the Ni-Cu ores; Economic Geology, v.87, p.975-1004.

O'Hara, M.J. and Mathews, R.E. 1981. Geochemical evolution in the 
advancing, periodically replenished, periodically tapped, 
continuously fractionated magma chamber; Journal of the Geo 
logical Society of London, v.l 38, p.237-277.

Richards, M.A., Duncan, R.A. and Coutillot, V.E. 1989. Flood basalts and 
hotspot tracks: plume heads and tails; Science, v.246, p. 103-107.

Sun, S.-S. and McDonough, 1989. Chemical and isotopic systematics of 
oceanic basalts: implications of mantle composition and processes; 
in Magmatism in the Oceanic Basins, Geological Society Special 
Publication, v.42, p.313-345.

Wooden, J.L., Czamanske, G.K., Fedorenko, V.A., Arndt, N.T., Chauvel, 
C., Bouse, R.M., King, B.-S.W., Knight, R.J. and Siems, D.F., in 
press. Isotopic and trace element constraints on mantle and crustal 
contributions to Siberian continental flood basalts, Noril'sk region, 
Siberia; Geochimica et Cosmochimica Acta, v.57, no. 15, 
p.3677-3704.

Zolotukhin, W. and Al'mukhamedov, A.I. 1991. Basalts of the Siberian 
Platform: distribution, mineral composition and mechanism of for 
mation; in Traps of Siberia and Deccan: Similarities and Differences, 
Novosibirsk, Nauka, p.7-39.

183





Chapter 16
Ore-Bearing Intrusions of the NoriPsk Region

A.P. Likhachev

TsNIGRI, Varshavskoye Shosse 129B, Moscow, 113545, Russia

Abstract
There are 5 ore-bearing intrusions in the Noril'sk region, the Noril'sk I, Talnakh, Kharayelakhsky, Noril'sk 
II and Chernogorsky intrusions, that are associated with similarly named copper-nickel-platinum group 
element (PGE) deposits. They are elongated sill-like bodies (50 to 300 m thick; 500 to 2000 m wide and more 
than 15 km in length), which are related to Permian to Triassic continental volcano-sedimentary rocks that 
fill basins. A vertical profile through a typical body consists, front the base upward, of: contact gabbro 
dolerite (Gc), taxitic (Gt), picritic (Gp), olivine-biotite (Gbo), olivine (Go), olivine-bearing (Gob) and olivine- 
free (Gno) gabbro dolerite, and gabbro diorite (Gd). The lower parts of the intrusions split into sills of leuco 
cratic gabbro and taxitic to poikilophitic (taxitic) gabbro dolerite, into dike-like bodies of olivine gabbro dol 
erite and into other rocks. The copper-nickel-PGE ores occur as disseminated and massive sulphides and are 
associated mainly with the lower levels of the intrusions (Gob, Gp, Gt, Gc) and with the underlying rocks. 
Disseminated sulphides occur in the sill-like extensions and in breccia bodies that are located at the upper 
contact. The average Ni, Cu and PGE contents in the disseminated ores are 0.4 to 0.6 weight Ve ; 0.6 to 
0.8 weight Ve ; 3 to 5 g/t, respectively. The massive ores (which occur as veins and sheets up to 52 m thick) are 
situated mainly in the lower endo- and exocontacts of the intrusions. The Ni, Cu and PGE contents of these 
sulphides are 2 to 4 weight 9fc; 3 to 25 weight ^ and 2 to 200 g/t, respectively. The massive ores compose 10 to 
40 weight Ve of the total amount of the sulphide material, and 8 weight *7c and more of the total mass of the 
intrusions.

The sulphide material is concentrated in the frontal parts of the intrusions and shows a regular step-like 
distribution of maximum concentrations. Relatively thin intrusions (100 to 150 m) are accompanied by 
abnormally thick (150 to 250 m), high temperature (greater than 500 0C) zones of hornfels at their upper 
contacts. The formation of these, together with the distribution of the sulphides, can be explained if the intru 
sions cooled extremely slowly as a result of the continuous flow of magma through them. It is proposed that 
this came about as a result of the circulation of magma from depth (from within the initial or intermediate 
magma chamber) to the frontal part of the intrusion and back again. This was accompanied by chemical and 
physical mass transfer reactions and by the transfer of thermal energy.

INTRODUCTION
The Noril'sk I sulphide-bearing intrusion was discovered in 
1919 by a geologist, N.N. Urvantsev. This was followed by 
the discovery of the similar intrusions of Noril'sk II, 
Chernogorsky, Talnakh (l960) and Kharayelakhsky (1962), 
which also host copper-nickel-platinum group element 
(PGE) deposits of the same name.

Initial studies of the geology and genesis of the Noril'sk 
intrusions and deposits were made by outstanding research 
and exploration geologists, including N.N. Urvantsev 
(1927), B.N.Rozhkov(1936), Moor (1939), V.K. Kotul'sky 
(1949), N.S. Zontov (1958), M.N. Godlevsky (1959), 
G.B. Rogover (1959), LA. Korovyakov et al. (1963), 
M.F. Smirnov (1966), V.S. Domorev, K.I. Kulichenko and 
G.M. Sheshukova.

The 1950s and 1960s marked a change-over in the 
generation of geologists working at Noril'sk. Many young 
scientists became involved in the study of the known 
deposits and in exploring for new ones. Their work resulted 
in the discovery of the Talnakh and subsequently the 
Kharayelakhsky intrusions, which are associated (as was 
found later) with unique PGE-copper-nickel deposits. 
Success of the exploration is largely attributed to 
G.F. Maslov, while the work itself was supervised and 
organized by V.N. Yegorov and Ye. N. Sukhanova.

V.F. Kravtsov and Yu.D. Kuznetsov identified outcrops of 
the Talnakh intrusion during their field work. The 
Kharayelakhsky intrusion was discovered as a result of 
exploration drilling supervised by L.L. Vaulin and 
V.A. Lul'ko. The discovery and intensive exploration of 
the Talnakh ore-bearing intrusions and deposits were the 
joint effort of a large group of experts from the Ministry 
of Geology of the USSR (TsNIGRI, NIIGA, VSEGEI, 
IMGRE, etc.), from the Soviet Academy of Sciences 
(IGEM, the Institute of Geology and Geophysics of the 
Siberian Branch of the Soviet Academy, etc.) and from 
educational institutions (Moscow and Leningrad State 
Universities, Leningrad Mining institute). All of these 
groups have undertaken multifaceted studies of the newly 
discovered copper-nickel sulphide camp. During the last 
few years, specialists from the University of Toronto and 
Ontario Geological Survey in Canada, and from the United 
States (U.S.) Geological Survey have also become 
interested in the study of the deposits and magmatism of the 
Noril'sk region. The results of the exploration surveys and 
the scientific research are summarized in the following 
monographs: Pril'sk differentiated intrusions. 1971; 
Genkin et al. 1981, etc., and in numerous papers. However, 
the larger part of the information on the district is still only in 
the form of handwritten manuscripts and reports and is not 
available to the general public. This paper is based on 
advances made by many workers in the understanding of the
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Noril'sk-Talnakh ore-bearing intrusions 
associated PGE-copper- nickel deposits.

and their

GEOLOGICAL SETTING OF THE 
INTRUSIONS

The ore-bearing intrusions occur within troughs (the 
Noril'sk trough containing the Noril'sk I, Noril'sk II and 
Chernogorsky intrusions, and the Kharayelakhsky trough 
containing the Talnakh and Kharayelakhsky intrusions) that 
are superimposed on continental crust (Figure 16.1). The 
intrusions are situated where the axes of the troughs inter 
sect the surface, and the rocks composing them are cut by 
the Noril'sk-Kharayelakhsky deep fault. The Noril'sk I and 
Noril'sk II bodies have intruded the Carboniferous- 
Permian terrigenous Tungussky suite close to the base of the 
Upper Permian-Lower Triassic basaltic sequence. The 
Talnakh intrusion intrudes through Devonian rocks to 
intrude the Tungussky suite, while the Kharayelakhsky 
and Chernogorsky intrusions are entirely enclosed within 
Devonian strata.

The Noril'sk I, Talnakh and Kharayelakhsky intrusions 
have been traced for more than 20 km as elongate sill-like 
bodies, 50 to 300 m thick and 500 to 2000 m wide. They are 
slightly discordant with respect to the strata that enclose 
them. Their frontal parts subdivide into separate branches. 
The Noril'sk I intrusion consists of the partially eroded 
Western and Eastern branches, which are exposed at the sur 
face and which are connected by a thin (5 to 20 m thick) sill; 
to the southwest these branches merge into a single body 
(Figures 16.2, 16.3). The southern part of the Talnakh 
intrusion is eroded. The intrusion is divided tectonically 
into the southwestern and southern branches (Figures 16.4, 
16.5). The Kharayelakhsky intrusion, which does not inter 
sect the bedrock subsurface, divides into a western and a 
southern branch (see Figure 16.4).

The Noril'sk II intrusion is a steeply dipping, sub- 
vertical, dike-like body that reaches the surface. The 
Chernogorsky intrusion, which also crops out, is subcon- 
formable with the Noril'sk II intrusion but extends east-west 
(in contrast to the rest of the intrusions), that is, it is 
perpendicular to the Noril'sk-Kharayelakhsky fault (see 
Figures 16.1, 16.2).

The absolute ages of the intrusions have been deter 
mined using the 40Ar739Ar ratio in biotites by the U.S. 
Geological Survey (O.K. Czamanske, U.S. Geological 
Survey, personal communication, 1992) as 246.2 (±2.2) to 
247.2 (±1.1) Ma for the Noril'sk I, 249.4 (±1.5) Ma for the 
Talnakh and 248 (±1.6) Ma for the Kharayelakhsky bodies. 
The lava sequences have been estimated as 270 to 230 Ma in 
age.

The Noril'sk region is part of the unique Permian- 
Triassic trap magmatism of the Siberian Platform. During 
Jurassic and Cretaceous time the Yeniseisky-Khatangsky 
trough developed, isolating the Taimyr area in the north 
from Noril'sk, while the Khantaisky-Rybninsky uplift 
formed the eastern boundary of the Noril'sk region (see 
Figure 16.1).

Magmatic formations of the Noril'sk and Kharayelakh 
sky troughs consist of tholeiitic basalts (MgO less than

8 weight tfc) and the comagmatic high MgO Lower 
Fokinsky intrusions. Detailed characteristics of the basalts 
are given by V.A. Fedorenko (this volume) and Lightfoot 
et al. (this volume).

The more magnesian magmas (relative to the tholeiitic 
basalts) responsible for the ore-bearing (MgO = 10 to 
12 weight 9fc) and the Lower Talnakh and Lower Noril'sk 
(MgO= 15 to 17 weight 9k) intrusions are not represented in 
the extrusive sequence. All of these bodies were intruded 
after the eruption of much of the tholeiitic magmatism.

Each of the types of intrusions has its own characteris 
tics. Mafic dolerite intrusions have the form of uniform sills, 
which extend for tens to hundreds of kilometres. The Lower 
Talnakh intrusion is a relatively "compact" sheet-like body. 
The ore-bearing and subeconomic ultramafic intrusions are 
elongate bodies, 500 to 2000 m thick and up to several 
tens of kilometres in length. These differences in 
morphology are attributed to differences in the density of 
the magmas responsible for the intrusions (Godlevsky and 
Likhachev 1986).

COMPOSITIONAL AND 
TEXTURAL CHARACTERISTICS 
OF THE NORIL'SK INTRUSIONS

The intrusions consist of a central part with ore-grade sul 
phides and a peripheral part with subeconomic sulphides. 
The central part is elongated and is often referred to as the 
"fuselage" of the intrusion; the peripheral parts are rela 
tively thin sills that resemble "wings" (see Figures 16.2 to 
16.4,16.6,16.7). Small dike-like apophyses occur along the 
base of the ore-bearing part.

Rocks Composing the Intrusions
The main body (fuselage) of an intrusion consists of the 
following sequence of rock types, from the base upwards: 
contact (Gc), taxitic (Gt) and picritic (Gp) gabbro dolerites 
(which compose the ore-bearing layers of the intrusion); 
overlain by olivine-biotitic (Gbo; with sulphides), olivine 
(Go; with very weakly dispersed sulphide), olivine-bearing 
(Gob) and olivine-free (Gno) gabbro dolerite; and then by 
gabbro diorite (Gd). Contact gabbro dolerite with sul 
phides, picritic gabbro dolerites and leucocratic gabbro 
(see Figures 16.3, 16.5, 16.6) also occur at the upper 
contact.

The sill-like branches (wings) consist of sulphide- 
bearing leucocratic gabbro (which forms the upper part of 
the bodies) and taxitic to poikilophitic gabbro dolerite 
(which forms the lower part). The leucocratic gabbro of the 
sills is similar to that of the central part with regard to texture 
and composition, while the taxitic to poikilophitic gabbro 
dolerite of the sills is analogous to the taxitic and contact 
gabbro dolerites of the central part.

The dike-like apophyses are composed of different 
intrusive differentiates such as olivine, picritic, taxitic and 
troctolitic gabbro dolerites.

The contact gabbro dolerite (Gc) forms the outermost 
(endocontact) part of the ore-bearing intrusions. At 
the footwall, it is developed as an almost continuous 
layer, several cm to 30 m thick (average l to 3 m), but at
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the upper endocontact, it is only present as discontinuous 
masses. It is a micro- to fine-grained rock with ophitic, 
microdoleritic and intersertal texture containing rare 
phenocrysts and glomeropophyritic intergrowths of bytow 
nite (An75.85) and olivine (Fo74.8o). The matrix consists of

up to 60 volume 9fc of needle-like plagioclase laths 
(An50-7o), 20 volume 9fc of augite, O to 10 volume 9fc of 
olivine (Fo70-75), 10 volume ^c of recrystallized glass, and 
secondary and ore minerals.
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L L Li. L L L L L/L L
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L
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L L L L Trloss i c flood basalts

Middle Carboniferous to Upper Permian 
(Tungusska series) sedimentary rocks

Upper Proterozoic to Lower Carboniferous 
sedimentary rocks

Ore-bearing intrusions

Isopachs of basaltic rock thickness

Fault

Figure 16.1.Distribution of ore-bearing intrusions in the Noril'sk-Talnakh region. Inset shows stratigraphic section of the Upper Proterozoic to Upper 
Permian Tunguska Basin showing location of intrusions in sequence. Numbers beside ore-bearing intrusions correspond to numbers on inset.
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Figure 16.2.Distribution of ore-bearing intrusions in the Noril'sk ore 
field. (In the Noril'sk II and Chernogorsky intrusions the leucocratic 
gabbro are shown only tentatively.)

The taxitic gabbro dolerite (Gt) horizon is from O to 
48 m thick (average 5 to 8 m), which is in gradual or sharp 
transition with the Gc. It is inhomogeneous with regard to its 
texture and composition, medium to coarse grained and is 
commonly very reminiscent of a magmatic breccia in which 
large glomeroporphyritic concentrations of crystals and, in 
places, xenoliths of country rocks are cemented by finer- 
grained magmatic material. The major rock-forming min 
erals include plagioclase (An40-95) 30 to 70 volume 9fc, 
pyroxene (augite) 9 to 40 volume 9fc, hypersthene up to 
5 volume 9fc and olivine (Fo65.85) O to 12 volume 9c. The 
secondary minerals occupy up to 20 volume 9e. The rocks 
are characterized by gabbro-ophitic, poikilophitic, hypidio 
morphic, prismatic and ophitic texture.

The picritic gabbro dolerite (Gp) layer is from O to 
120 m thick (average 7 to 18 m), which overlies the taxitic 
gabbro dolerite with either a sharp or gradational contact. It 
is a dense, fine- to medium-grained rock, dark grey to black 
in colour with white xenocrysts of plagioclase. It is enriched 
in olivine and chromite and shows ophitic, panidiomorphic 
texture with occasional leucocratic plagioclase-rich segre 
gations. Olivine (Fo75.85) constitutes 40 to 80 volume 96. 
Olivine grains have ovoid, rarely idiomorphic shape and are 
less than l mm in diameter. Much of the olivine is replaced 
by serpentine and magnetite. Plagioclase (10 to 30 volume 
9fc) occurs as tabular and irregular crystals (An65.95 ). From 3 
to 25 volume 9fc augite and 0.2 to 3 volume 7o hypersthene 
are present. Apart from magnetite, oxide minerals include 
fine (less than l mm diameter) idiomorphic, oval and irregu 
lar grains of chromite that occur within all rock-forming 
minerals and also form irregular segregations.

The picritic gabbro dolerite contains numerous irregu 
lar masses of troctolite, plagiopyroxenite, olivinite, leuco 
cratic gabbro and taxitic gabbro dolerite.

The olivine-biotite gabbro dolerite (Gbo) is relatively 
thin (l to 10 m) and is intermediate in position between the 
Gp and overlying olivine gabbro dolerite. It is not developed 
distinctly everywhere. It has up to 10 volume *7c of biotite 
and a high plagioclase content. The Gbo layer is marked by 
distinctive disseminated copper-nickel mineralization. A 
sharp increase in copper, nickel, PGE and sulphur content of 
the mineralization occurs at the contact between the Gbo 
and Gp and within the upper part of the Gp. The chromium 
content of the Gbo is also often higher than that of the lower 
Gp (Table 16.1).

The olivine gabbro dolerite (Go) is a medium- to 
fine-grained rock with ophitic texture, O to 100 m thick 
(average 20 to 30 m), which has both gradational and sharp 
contacts with the underlying Gbo and Gp. Plagioclase (50 to 
70 volume 9fc) occurs as tabular, prismatic, ovoid and irregu 
larly shaped grains up to 3 mm across, which are usually 
zoned (An40 to An85). From 10 to 35 volume *7c augite and 
less than 2 volume 9fc hypersthene are present. Olivine (Fo60 
to Fo75) occupies 5 to 18 volume 9fc. Other minerals include 
magnetite, titanomagnetite, apatite, sphene and secondary 
minerals (prehnite, serpentine, iddingsite, chlorite, biotite, 
pumpellyite). Rare fine segregations of interstitial sulphide 
with the primary mineral assemblage of chalcopyrite + 
pentlandite -f pyrite and the secondary assemblage of lath- 
like pyrrhotite 4- pyrite are observed.

Olivine-bearing and nonolivine gabbro dolerite (Gob 
and Gno) are gradational one into the other, and then down 
into the underlying Go layer. They have a prismatic-ophitic, 
uneven-grained texture and form a horizon from O to 90 m 
thick (average 12 to 30 m). The main rock-forming minerals 
consist of plagioclase (greater than 60 volume 96) and augite 
(up to 40 volume 96). Plagioclase (An45.7o) occurs as pris 
matic grains up to l O mm across, which are largely replaced 
by sericite, prehnite and pumpellyite. Up to 5 volume 96 
of olivine (Fo60) occurs in the lower part of the layer as 
ovoid and irregular grains that are almost completely 
pseudomorphed by the bowlingite. The Go also contains 
titanium magnetite, fine sulphide segregations, apatite and
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secondary minerals (hornblende, bowlingite, chlorite, 
albite, etc.).

The gabbro diorite (Gd) forms a layer from O to 100 m 
thick (average 6 to 20 m). It is a coarse-grained rock 
with prismatic to prismatic-ophitic texture composed of 55 
to 70 volume ^c plagioclase (An33.5o), l to 15 volume tfc 
pigeonite and hypersthene (Fs35.37), quartz, granophyre and 
potassium feldspar. The rocks are usually highly altered; 
plagioclase has been albitized, and the pyroxenes are re 
placed by amphibole and chlorite. The Gd has a very sharp 
contact with the underlying horizon.

The overlying rocks (contaminated rocks, upper con 
tact, taxitic and picritic gabbro dolerite and leucocratic 
gabbro) are very sporadically distributed and appear almost 
as xenoliths in the main intrusive differentiates (see 
Figures 16.2 to 16.4, 16.6).

The leucocratic gabbro has been studied in the greatest 
detail (Likhachev 1965). It is a light grey, coarse-grained 
rock with gabbroic to ophitic texture. It is composed of 
60 to 90 volume 9fc of highly zoned plagioclase (An45. 10o); 
5 to 30 volume 9fc pyroxene (mainly augite); O to 10 
volume 9fc olivine (pseudomorphed by secondary minerals); 
l to 3 volume 9fc ore minerals (including copper-nickel sul 
phides), secondary and accessory minerals.

The gabbro bodies are divided into "endocontact" 
and "wandering" bodies with regard to their position in the 
intrusion. Most fall in the endocontact category. They occur 
in the uppermost parts of the intrusions (see Figures 16.3, 
16.5, 16.6) and range from several centimetres to 90 m in 
thickness and a few metres to l .7 km in length.

The "wandering" gabbro segregations intrude all of 
the intrusive differentiates with very sharp contacts (see
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Figure 16.3.Cross sections through the Noril'sk I intrusion along line I-I (see Figure 16.2).
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Figures 16.3,16.6). Their sizes and shapes vary. Some of the 
largest are flattened bodies, l to 5 m thick and tens of metres 
long with their long axes oriented parallel to the contacts of 
the surrounding differentiates. Smaller bodies of this group 
resemble inclusions, a few centimetres in diameter, and 
have an irregular to ovoid shape.

The upper contact, taxitic, picritic and troctolitic 
gabbro dolerites are similar with regard to texture and 
composition to those described above as occurring in 
the lower parts of the intrusions. Like the leucocratic 
gabbro, they always contain a weak disseminated chalcopy 
rite -l- pentlandite -i- pyrrhotite mineralization, which has a
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Figure 16.4. Vertical sections through the Talnakh ore junction. The shading marks the tectonic disruptions.
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Figure 16.6. Distribution of the ore-bearing intrusions in the Talnakh ore field.
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relatively high PGE content. This has allowed some scien 
tists to recognize a specific platinum-rich, sulphide-poor 
horizon in the upper parts of the ore-bearing intrusions. In 
reality, no such continuous horizon exists; there are 
just discontinuous bodies hosting this PGE-copper-nickel 
mineralization.

The presence of the upper picritic gabbro dolerite has 
been documented thoroughly in the western branch of the 
Noril'sk I intrusion by A.V. Tarasov (1971). In the southern 
part of the Coal Brook' openpit mine in this intrusion, a 
lens-like mass of picritic gabbro dolerite, 0.5 m thick and 
25 m long, was observed between the leucocratic gabbro 
and tholeiitic basalts. Elsewhere, the same rock occurs as a 
dike- like mass, 5 to 50 cm thick and up to 20 m long, cutting 
a large lens of leucocratic gabbro.

Sill-like masses of the leucocratic gabbro and taxitic 
to poikilophitic gabbro dolerite extend as much as 2 km 
and more, varying in thickness from l to 50 m. As 
mentioned above, they have a layered structure in which the 
upper part (O to 8096 of the whole thickness) consists of leu 
cocratic gabbro and the lower part taxitic to poikilophitic 
gabbro dolerite (Likhachev 1965; see Figures 16.2, 16.3, 
16.5, 16.6).

Apophyses of picritic, taxitic and olivine gabbro doler 
ite can be traced for tens to hundreds of metres, with thick 
nesses ranging from a few centimetres to 20 m (Petrology 
and ore mineralization of the Talnakh and Noril'sk differen 
tiated intrusions. 1971). Several dike-like apophyses of 
picritic and troctolitic gabbro dolerites are exposed within 
the roof of the Noril'sk II intrusion. One of them is 15 m
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Figure 16.7.Cross sections through the Kharayelakhsky a) and Talnakh b) intrusions.
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Table 16.1. Chemical composition of rocks of the Kharayelakhsky ore-bearing intrusion (drill hole K3-1879).

Sample No. 
Rock Type

Depth (m)
SI02
TI02
AI203
Fe.03
FeO
MgO
MnO
CaO
Na^O
I^O
P2OS
LOI*
Fet **
H2O*
H20-

S
C02

Cu
Ni
Co
Cr
Zn
Se
Nb
Ta
Y
Hf
Zr
Sr
Da
Cs
Pb
Th
U
W
As
Sb
La
Ce
Nd
Sm
Eu
Gd
Tb
Ho
Tm
Yb
Lu

1 
Uec

1659.4
54.5

1.07
22.2

2.16
6.85
2.25
0.02
0.50
1.13
4.38
0.24
4.16
9.79
4.45
0.41
n.a.
0.04

17
78
22.7

114
18
25.2
15
0.83

38
5.38

220
85

148
2.24

116
7.3
3.07
1.2
2.7
0.16

34.8
58
24.1
4.55
1.35
4.85
0.84
1.25
0.56
3.65
0.54

2 
Uec

1661.0
56.0

1.28
22.7

1.34
5.93
2.40
0.02
0.74
1.33
2.77
0.43
4.36
7.94
4.82
0.22
n.a.
0.04

102
33
13.6

126
25
27.5
17

1.09
53

5.85
240
110
126

0.86
92

9.69
4.09
2.12
1.39
0.24

43.6
95.7
46.8
10.6
2.17
9.9
1.46
1.93
0.77
4.59
0.68

3 
Gt

1698.5
46.1
0.56

23.0
1.40
5.75
3.72
0.15

10.3
1.96
2.76
0.08
3.87
7.80
3.72
0.10
0.29
0.13

450
200

28.0
172
50
14.8
8
0.15

20
1.14

48
325
400

1.23
85
0.64
0.39
0.57
1.93
0.17
6.73

15.1
8.45
2.11
0.73
2.22
0.33
0.46
n.a.
1.29
0.18

4 
Gt

1704.0
45.1
0.33

23.0
1.48
4.35
6.06
0.16

11.6
1.86
1.21
0.06
3.92
6.32
3.62
0.47
0.23
0.19

500
570
36

270
130

11
5
0.12
7
0.98

41
350
178

0.36
36

0.50
0.27
n.a.
1.45
0.14
3.1
7.8
4.87
1.44
0.64
1.75
0.27
0.34
0.14
0.91
0.14

5 
Gob

1710.1
46.8

0.55
15.5

1.92
6.81

11.3
0.17

12.7
1.52
0.43
0.06
2.14
9.50
2.20
0.21
0.04
0.01

87
265

53
590
76
33.7

7
0.10

25
0.94

53
270
102

0.36
21

0.44
0.21
n.a.
0.72
0.14
3.32
8.61
5.69
1.57
0.54
1.8
0.30
0.40
0.18
1.12
0.16

6 
Gob

1713.6
46.2
0.64

15.9
1.70
8.0

11.8
0.18

11.3
1.64
0.37
0.08
1.40

10.6
1.92
0.17
0.06
0.06

86
305

61
435

86
26.3
10
0.15

21
1.19

55
240

95
0.49

13
, 0.57

0.26
n.a.
0.60
0.15
4.23

10.9
6.65
1.87
0.65
2.09
0.35
0.48
0.12
1.35
0.21

7 
Gob

1720.2
45.6
0.67

13.8
2.51
8.08

14.1
0.21

10.3
1.43
0.43
0.08
1.49

12.5
1.88
0.25
0.06
0.06

60
325

71
470
98
25.6
10
0.14

16
1.27

54
192
104

0.41
12
0.62
0.26
n.a.
0.86
0.05
4.55

10.4
5.88
1.83
0.62
2.23
0.36
0.51
0.23
1.42
0.22

8 
Gob

1722.6
45.7
0.60

14.9
1.77
8.56

13.5
0.20

10.8
1.41
0.38
0.07
1.29

11.3
1.73
0.17
0.06
0.03

69
380

69
590

93
25.3

8
0.13

10
1.21

44
205
100

0.56
10
0.60
0.26
n.a.
1.24
0.09
4.38

10.4
6.23
1.81
0.63
2.05
0.33
0.45
0.21
1.26
0.20

9 
Gob

1725.2
46.4
0.59

17.6
2.20
7.00

11.8
0.14

11.2
1.69
0.28
0.07
1.11
9.99
1.29
0.13
0.05
0.06

66
320

60
415

58
20.8
10
0.14

23
1.19

54
260

94
0.46

13
0.58
0.22
n.a.
0.72
0.11
4.26

10.4
6.35
1.78
0.63
2.02
0.32
0.48
0.21
1.36
0.21

10 
Gob

1729.4
46.0
0.56

17.3
1.65
7.46

12.5
0.14

11.0
1.63
0.25
0.07
0.83
9.95
1.24
0.13
0.05
0.04

61
345

63
415
57
19.3

5
0.14

11
1.12

39
225

81
0.31
7
0.49
0.22
n.a.
0.91
0.09
4
9.28
5.71
1.66
0.60
1.84
0.30
0.44
0.19
1.19
0.19

11 
Go

1731.8
45.4
0.47

15.8
1.75
8.22

14.8
0.16

10.2
1.48
0.21
0.06
0.80

10.9
1.27
0.13
0.04
0.03

60
425

72
405

82
18.6
7
0.10

11
0.93

40
210
76

0.34
5
0.42
0.2
n.a.
0.55
n.a.
3.28
7.35
4.52
1.35
0.5
1.62
0.26
0.37
n.a.
1.04
0.16

12 
Go

1734.7
44.6
0.45

14.4
1.79
9.0

17.0
0.18
9.3
1.31
0.31
0.05
1.09

11.8
1.51
0.21
0.04
0.04

50
475

84
485

82
18.4
10
0.09

10
0.77

34
176
72

0.36
10
0.44
0.2
n.a.
n.a.
n.a.
3
6.88
4.52
1.26
0.47
1.52
0.23
XX36
0.16
1.01
0.15

13 
Gob

1738.3
45.6

0.48
17.3

1.78
7.2

13.0
0.14

11.0
1.57
0.20
0.06
1.32
9.79
1.57
0.21
0.03
0.17

63
395

61
485

69
17.8

5
0.11
8
0.86

37
215

68
0.45
4
0.44
0.20
n.a.
0.55
0.09
3.28
7.44
4.81
1.35
0.50
1.59
0.25
0.38
0.16
1.02
0.16

Abbreviations: Uec, Upper exo-contact; Gc, contact gabbrodolerite; Go, olivine gabbrodolerite; Gob, olivine-bearing gabbrodolerite; Gp, picritic 
gabbro; Gt, taxitic gabbrodolerite; n.a., not available; LOI *, loss on ignition at 9250C; Fe, **, total iron as Fe2O3 . All major element oxides and sulphur 
reported at weight percent; all trace elements reported as ppm, except as indicated.
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Table 16 J. continued.

Sample No. 
Rock Type

Depth (m)
SiO2
Ti02
AI203
Fe203
FeO
MgO
MnO
CaO
Na20
KjO
P2O5
LOI*
Fet **
H20*
H20~

S
CO2

Cu
Ni
Co
Cr
Zn
Se
Nb
Ta
Y
Hf
Zr
Sr
Ba
Cs
Pb
Th
U
W
As
Sb
La
Ce
Nd
Sm
Eu
Gd
Tb
Ho
Tm
Yb
Lu

14 15 
Gob Gob

1743.1 1752.5
46.8 35.9
0.54 0.43

18.6 6.12
1.62 7.91
7.17 10.32

10.2 23.0
0.14 0.21

12.1 4.50
1.70 0.75
0.25 0.11
0.06 0.06
0.72 6.85
9.60 19.4
0.79 6.08
0.12 0.37
0.04 2.9
0.09 0.94

93 5600
285 9500

54 246
680 3200

64 102
22.7 16.6

9 5
0.11 0.10

25 12
1.06 0.88

48 36.
245 89
78 46

0.37 0.33
16 4
0.44 0.32
0.19 0.10
1 2
0.81 0.69
0.16 n.a.
3.33 2.64
8.23 6.11
5.23 3.89
1.52 1.16
0.60 0.39
1.85 1.48
0.30 0.24
0.44 0.36
0.18 0.16
1.14 1
0.18 0.15

16 
Gp

1757.0
37.6

0.31
5.45
0.39
9.71

25.5
0.20
4.05
0.62
0.11
0.05
7.72

17.2
7.42
0.43
1.59
0.36

4800
3600

189
510
108

16.6
10
0.07

10
0.65

33
76
31

0.26
6
0.27
0.16
n.a.
9.84
0.07
2.15
5.26
3.22
0.95
0.34
1.18
0.20
0.3
0.13
0.82
0.12

17 
Gp

1761.0
38.4

0.37
5.71
6.45
9.21

25.3
0.20
4.36
0.69
0.14
0.05
7.21

16.7
7.11
0.43
1.32
0.34

5000
3600

173
350
112

17.7
5
0.08
7
0.75

30
70
n.a.
n.a.
7
0.27
0.15
1.54
n.a.
0.16
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.15
0.90
0.13

18 
Gp

1763.1
38.0

0.36
5.66
5.70
9.88

24.9
0.21
3.50
0.60
0.12
0.05
8.99

16.7
8.6
0.69
1.22
0.17

4000
3200

111
325

92
17.9

5.
0.08
7
0.73

29
74
52
0.14
7
0.27
0.12
1.42
n.a.
0.06
2.32
5.35
3.54
1.01
0.37
1.3
0.22
0.33
0.14
0.90
0.14

19 
Gp

1767.9
40.5

0.51
7.20
5.44
9.31

23.8
0.20
5.49
0.92
0.17
0.06
5.0

15.8
4.85
0.33
0.95
0.44

3400
2400

144
245
100

19.2
5
0.10

10
0.92

35
100
28
0.49
8
0.36
0.13
n.a.
0.61
0.08
2.44
6.11
4.01
1.13
0.38
1.34
0.22
0.32
0.16
0.98
0.15

20 
Go

1768.58
42.7
0.59

13.0
3.41

10.23
15.4
0.17
7.85
1.52
0.48
0.07
2.44

14.8
1.94
0.21
2.08
0.07

500
3450

171
230
120

18.6
7
0.14

15
1.18

45
205

59
0.23

19
0.47
0.23
n.a.
0.75
0.15
2.85
7.42
4.37
1.22
0.46
1.46
0.24
0.34
0.21
1.32
0.19

21 
Gp

27.1
42.2
0.56
7.46
4.41

10.23
24.0

0.22
5.85
1.08
0.22
0.08
2.87

15.8
3.07
0.21
0.23
0.56

850
1400

126
230

82
21.8

5
0.10

11
0.92

32
112
124

0.72
7
0.36
0.18
0.68
0.62
0.05
3.98
9.54
5.76
1.62
0.64
1.87
0.31
0.45
0.17
1.12
0.17

22 
Go

1773.0
45.1
0.89

13.00
3.71
8.62

14.4
0.18
8.63
1.74
0.48
0.11
1.80

13.3
1.59
0.27
1.33
0.25

4100
1500

112
210

94
23.3
10

1.20
26

1.67
72

194
67
0.24

20
0.80
0.33
n.a.
1.41
0.11
3
7.05
4.48
1.32
0.49
n.a.
0.26
0.38
0.28
1.72
0.26

23 
Go

1777.4
44.3
0.87

11.9
3.54

10.48
14.7
0.20
8.18
1.47
0.83
0.10
1.61

15.2
1.68
0.11
1.12
0.53

500
1800

130
200
118
26.4

5
0.19

27
1.72

68
215
120

0.73
28
0.77
0.34
n.a.
1.88
0.21
6.18

14.4
8.96
2.37
0.80
2.73
0.42
0.61
0.30
1.85
0.27

24 
Gob

1785.5
42.2
0.82

15.5
5.95
9.39
8.25
0.23
6.70
1.85
1.57
0.10
4.74

16.4
3.26
0.98
2.19
0.66

500
1900

157
57

156
19.8
10
0.17

33
1.41

75
475
166

0.80
54
0.60
0.33
n.a.
0.61
0.16
4.96

12.6
8.11
2.42
0.79
3.08
0.53
0.73
n.a.
1.63
0.23

25 
Gt

1791.6
39.5

0.79
12.4
9.48

10.79
7.09
0.33
7.08
2.36
0.59
0.09
5.27

21.5
4.0
0.73
4.49
0.08

12800
7400

274
220
200

29
8
0.10

16
1.15

63
330
325

0.84
14
0.36
0.15
2
n.a.
0.18
4.87

11.7
8.09
2.24
0.73
2.49
0.40
n.a.
n.a.
1.43
0.21

26 
Gc

1798.1
47.8

1.34
14.9
2.24

10.21
6.61
0.30
8.31
3.19
1.04
0.15
2.76

13.6
2.92
0.34
0.04
0.31

355
162
50

130
114
36.5

7
0.27

33
2.24

106
510
168

0.69
33

1.12
0.43
n.a.
0.82
n.a.
7.77

17.5
11.4
3.34
1.05
4
0.69
1.00
0.42
2.64
0.38

Abbreviations: Uec, Upper exo-contact; Gc, contact gabbrodolerite; Go, olivine gabbrodolerite; Gob, olivine-bearing gabbrodolerite; Gp, picritic 
gabbro; Gt, taxitic gabbrodolerite; n.a., not available; LOI *, loss on ignition at 9250C; Fe, **, total iron as Fe^Oj. All major element oxides and sulphur 
reported at weight percent; all trace elements reported as ppm, except as indicated.
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Table 161. continued.

Sample No. 
Rock Type

K
Ti
P
Au (ppb)
Pt(ppb)
Pd (ppb)
Rh(ppb)
Ru(ppb)
Ir (ppb)
Th/U
La/Yb
Th/Ta
Ta/Yb
Ba/Yb
Ba/La
Cu/Ni
Pd/Pt
Cu/S
Ni/S
Co/S
Pt/S (x 10-6)
Ru/S (x 10-6)
Pd/S (x 10-6)

1 
Uec

36363
6415
1047

2.3
n.a.
n.a.
n.a.
n.a.
n.a.
2.36

0.21

2 
Uec

22997
7674
1877

1.5
n.a.
n.a.
n.a.
n.a.
n.a.
2.36

3.09

3 
Gt

22914
3357

349
9.5

130
270

20
6.5
2.1
1.63
5.43
4.36
0.12

322.58
59.44
2.25
2.07
0.15
0.07
0.01

40
2.2
93

4 
Gt

10045
1978
262

29.6
370
840

98
13

5.1
1.88
3.41
4.09
0.14

195.82
57.42

2.2

0.24
0.02

160
5.5
36

5 
Gob

3570
3297

262
3.71

11
7.5
1
1.1
0.5
2.07
2.96
4.19
0.09

91.07
30.72
0.32
0.68
0.21
0.66
0.13

20
2.7
18

6 
Gob

3072
3837

349
3.13

17
17

1
1.2
0.5
2.19
3.13
3.82
0.11

70.37
22.46

0.33
1.0
0.14
0.58
0.10

7 
Gob

3570
4017

349
2.2

12
9
0.7
1.3
0.5
2.41
3.20
4.46
0.10

73.24
22.86
0.18
0.75
0.1
0.54
0.11

8 
Gob

2740
3597
305

2.43
9.3
9.2
0.7
1.6
0.5
2.26
3.22
4.57
0.10

73.53
22.83

0.18
0.98
0.11
0.63
0.11

9 
Gob

2325
3537

305
1.86
8.3
7.7
0.7
1.4
0.5
2.56
3.13
4.11
0.10

69.12
22.07
0.20
0.92
0.11
0.64
0.12

10 
Gob

2076
3357

305
2.33
7.7

12
0.7
1.8
0.5
2.23
3.36
3.53
0.12

68.07
20.25
0.17
1.55
0.10
0.69
0.12

11 
Go

1743
2818
262

1.61
10
8.9
0.9
1.2
0.6
2.09
3.15
4.09
0.10

73.08
23.17

0.14
0.89
0.15
1.06
0.18

12 
Go

2574
2698

218
2.54
9.7

11
0.7
1.7
0.5
2.21
2.97
4.90
0.09

71.29
24.00
0.10
1.13
0.10
1.18
0.21

13 
Gob

1660
2878
262

2.25
12
10

1
2
n.a.
2.26
3.22
4.18
0.10

66.67
20.73

0.15
0.83
0.21
1.31
0.23

Abbreviations: Uec, Upper exo-contact; Gc, contact gabbrodolerite; Go, olivine gabbrodolerite; Gob, olivine-bearing gabbrodolerite; Gp, picritic 
gabbro; Gt, taxitic gabbrodolerite; n.a., not available; LOI *, loss on ignition at 9250C; Fet **. total iron as Fe2O3 . All major element oxides and sulphur 
reported at weight percent; all trace elements reported as ppm, except as indicated.

thick and cuts the tholeiitic basalt. It has chilled contacts and 
contains glass, amygdules filled with the secondary zeolites 
and carbonate and disseminated copper-nickel sulphides.

An apophysis of gabbro dolerite, 25 m thick, was also 
observed cutting tholeiitic basalt in the steep western flank 
of the Western branch of the Noril'sk I intrusion that was 
exposed in the Coal Brook openpit. This structure is remi 
niscent of the sills of leucocratic gabbro and of taxitic to 
poikilophitic gabbro dolerite, which occur within the 
eastern flank of the same branch. Contact gabbro dolerite, 
l m thick, occurs at the contact of this western apophysis 
with the basalts.

A dike, 8 to 20 m thick, is present in the vicinity of the 
Noril'sk II intrusion. The lower part of this consists of 
contact gabbro dolerite (about 1.5 m thick), and the upper 
part consists of olivine gabbro dolerite. The contact gabbro 
dolerite contains globules of copper-nickel sulphide, which 
are divided into upper chalcopyrite- and lower pyrrhotite- 
bearing parts. This area also contains dikes that are related 
to the overlying volcanic sequence (Petrology and ore 
mineralization of the Talnakh and Noril'sk differentiated 
intrusions. 1971).

Chemical compositions of the intrusive rocks from one 
of the most completely analyzed drill holes through the 
Kharayelakhsky intrusion are given in Table 16.1.

Ore Associated with the Intrusions
The PGE-copper-nickel-bearing sulphides occur: 1) as dis 
seminated mineralization in the Gp, Gt and Gc intrusive 
rocks; 2) as disseminations, stringers and occupying the 
matrix of breccias in the country (mainly underlying) rocks; 
and 3) as veins and massive sheets that are located primarily 
in the lower endo- and exocontacts of the intrusions. The 
vein and breccia ore occurs in places within the Gt and 
Gp and overlying layers.

The sulphides have extremely complex chemical and 
mineralogical compositions. Apart from the major compo 
nents (copper, nickel, iron and sulphur), the primary min 
erals also contain cobalt, platinum, palladium, rhodium, 
ruthenium, iridium, osmium, gold, silver, cadmium, 
indium, tin, selenium, tellurium, lead, antimony, arsenic, 
zinc, etc. The major ore-forming minerals include: pyrrho 
tite (troilite, hexagonal and monocline pyrrhotites), chalco 
pyrite, pentlandite (granular pentlandite I and pentlandite II 
are the products of the break down of the monosulphide 
(MSS) and intermediate (ISS) solid solutions), cubanite, 
talnakhite, mooihoekite and magnetite. They are associated 
with large amounts of other base metal sulphides, such as 
bornite, chalcocite, covellite, heazlewoodite, millerite and 
godlevskite, and sulphides and other compounds of PGE, 
iron, nickel, copper, gold and silver.
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Table 161. continued.

Sample No. 
Rock Type

K
Tl
P
Au (ppb)
Pt(ppb)
Pd (ppb)
Rh (ppb)
Ru (ppb)
Ir (ppb)
Cu/Ni
Pd/Pt
Cu/S
Ni/S
Co/S
Th/U
La/Yb
Th/Ta
Ta/Yb
Ba/Yb
B a/La
Pt/S (x 10-*)
Ru/S (x 10-6)
Pd/S (x 10-6)

14 
Gob

2076
3237

262
2.28

23
27

2.3
2.4
0.8
0.32
1.17
0.23
0.71
0.13
2.27
2.92
3.94
0.10

68.42
23.42

15 
Gob

913
2578

262
154
810

2900
100
36
12
0.58
3.5
0.19
0.32
0.01
3.27
2.64
3.29
0.10

46.00
17.42
29
1.2
100

16 
Gp

913
1858
218

75.1
410

1500
58
19
6.5
1.33
3.6
0.3
0.22
0.01
1.67
2.62
3.86
0.09

37.76
14.42
25
1.1
90

17 
Gp

1162
2218

218
123
550

1900
68
21

6.5
1.3
3.4
0.3
0.27
0.01
1.86
2.58
3.43
0.09

57.91
22.41

18 
Gp

996
2158

218
88.6

430
1600

48
14
4.5
1.18
3.7
0.32
0.26
0.01
2.23
2.71
3.44
0.09

31.04
11.48

i

19 
Gp

1411
3057
262

56.8
280

1100
37
11
3.7
1.4
3.9
0.35
0.25
0.02
2.71
2.91
3.62
0.10

60.33
20.70

20 
Go

3985
3537
305

87.7
380

1700
55
17
5.3

4.4

0.16
0.01
2.03
3.02
3.36
0.11

93.94
31.16

21 
Gp

1826
3857

349
26.3
94

380
14
4.4
1.2
0.6
4.0
0.36
0.61
0.05
2.00
2.68
3.69
0.09

59.82
22.33

22 
Go

3985
5336

480
48.9

220
890
24
7.9
2.1
2.7
4.04
0.3
0.11
0.01
2.43
3.59
4.04
0.12

69.77
19.42

23 
Go

6891
5216

436
62.8

250
1100

39
14
4.3

4.4

0.16
0.02
2.10
2.68
3.78
0.10

89.73
33.47

24 
Gob

13034
4916

436
64.9

310
1300

48
17
4.8

4.1

0.08
0.01
1.81
2.99
3.57
0.10

199.39
66.74

25 
Gt

4898
4736

393
200

1200
3300

140
33
13

1.7
2.7
0.24
0.16
0.01
2.34
2.31
3.64
0.07

72.73
31.52

26 
Gc

2634
8033
655

7.01
27
60

1.1
0.7
0.5
2.2
2.2
0.88
0.4
0.12
2.60
2.94
4.12
0.10

63.64
21.62

Abbreviations: Uec, Upper exo-contact; Gc, contact gabbrodolerite; Go, olivine gabbrodolerite; Gob, olivine-bearing gabbrodolerite; Gp, picritic 
gabbro; Gt, taxitic gabbrodolerite; n.a., not available; LOI *, loss on ignition at 9250C; Fe, **, total iron as FcjOj. All major element oxides and sulphur 
reported at weight percent; all trace elements reported as ppm, except as indicated.

The average nickel, copper and PGE contents in the 
ores disseminated in the intrusions are 0.4 to 0.6 weight 9fr, 
0.6 to 0.8 weight Ve and 2 to 5 g/t, respectively. The massive 
ores contain 2 to 49fc Ni, 3 to 259fc Cu and 2 to 200 g/t PGE.

Massive ores account for from less than 109fc to greater 
than 409fc of the total mass of sulphide at the different intru 
sions. In turn, the sulphides compose about 3.59fc of the 
mass of the Talnakh intrusion and somewhat less than S.3% 
of the mass of the Kharayelakhsky intrusion. Detailed 
descriptions of the ores are given in the other papers in this 
volume (Kunilov; Stehkin; Torgashin; Naldrett, Asif et al.; 
Zientek et al.) and in other publications such as Genkin et al. 
(1981).

Metamorphism Associated with the 
Intrusions

Metamorphism of the intrusive rocks involves deuteric 
replacement of rock-forming minerals by biotite, amphi 
bole, serpentine, talc, chlorite, iddingsite, bowlingite, 
sericite, prehnite, pumpellyite, potassium feldspar, quartz, 
etc. This ranges from 0.5 to 10 volume 9fc of replacement 
with an average of about 5 volume 9fc. The main fluid con 
stituent (H2O+) in the intrusion varies from 0.9 to 89fc (aver 
age about 4^c).

Metamorphism of the country rocks has involved the 
development of both prograde and retrograde contact meta 
morphic assemblages (Turovtsev 1986). Prograde meta 
morphism has given rise to hornfels and marble, retrograde 
to calc-silicates/skarns and alkali metasomatites. The 
hornfels facies is up to 250 m thick at the upper exocontact 
(hanging wall) of the intrusion and 100 m thick at the 
footwall. Metasomatism has developed mainly within the 
upper hornfels, where it has affected about 2/3 of the volume 
of the hornfels. The H2O content in the metamorphic rocks 
varies from 0.5 to 32 weight 9fc (average 4 to 6 weight 9fc), as 
compared with 4 to 46 weight 9fc in unmetamorphosed 
country rocks.

QUANTITATIVE 
CHARACTERISTICS OF THE 
MAJOR ELEMENTS OF THE 
ORE-BEARING INTRUSIONS

The ore-bearing intrusions comprise silicate (rock- 
forming), sulphide and exocontact components. A quantita 
tive estimate of the proportions and distribution of these 
components is of theoretical and practical importance. This 
requires the knowledge of variations in thickness, mass, 
composition, length and the dimensions of different cross 
sections through the bodies, and of temperature, viscosity,
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thermal energy and other extensive and intensive para 
meters of the magmas. Results obtained for these para 
meters have been summarized in diagrams similar to that 
shown for the Talnakh intrusion in Figure 16.8.

The total mass of the magmatic material in the 
ore-bearing part of the Talnakh intrusion is calculated to be 
5.14 x l O9 1 along a length of 17.2 km, while the mass of the 
leucocratic gabbro sill and of the taxitic to poikilophitic 
gabbro dolerite is about 2.7 x l O9 1 etc. Mass is distributed 
unevenly along the length of the intrusion due to alternation 
of swellings and pinch-outs, which are illustrated by the 
sharp variation in the areas of successive vertical cross 
sections. However, there is an overall tendency towards an 
increase in magmatic material towards the frontal parts of 
the intrusion; near-frontal parts contain the greatest amount 
of magmatic material (2.46 x 108 ; see Figure 16.8, profiles 
47-51). The areas of vertical cross sections intersecting 
thinner parts of the intrusion range from 6 x 104 to 13 x 104 
m2, while areas of those intersecting swellings range from 
8.4 x 104 to 20.4 x 104 m2 .

The greatest variations in distribution of the mass along 
the length of the intrusion are due to variations in the 
amounts of unmineralized rock composing layers of Gbo,

Go, Gob, Gno and Gd. It is this part that is responsible for the 
marked variations in the vertical height of the magmatic 
column.

The masses of the picritic, taxitic and contact gabbro 
dolerites vary less along the length of the intrusion. More 
over, the decreases in thickness that are shown by these units 
do not coincide with decreases in thickness of the overlying, 
unmineralized layers or with decreases in thickness of the 
intrusion as a whole.

Ore is distributed very irregularly along the length of 
the intrusion. Maxima in the distribution of massive ore 
coincide with those of disseminated ore (although the 
western part of the Kharayelakhsky intrusion is an excep 
tion and maxima of massive ore coincide with minima of 
disseminated sulphide). None of the maxima in accumula 
tions of sulphide correspond closely with maxima in the 
masses of individual layers of Gp, Gt and Gc, but overall the 
largest accumulations of ore correspond with increases in 
the mass of all of these differentiates taken together. There is 
no direct correlation between maxima in ore distribution 
and in total mass of the unmineralized units of the intru 
sions. Nevertheless, there is the suggestion that maxima in 
sulphide distribution are displaced in a northerly direction

South North

•- .- — cvj rg "i to m

LEGEND

---'Outline of intrusion

Isopochs of thickness (m)

Eroded ports of the intrusion 

Foults

Locations of vertical sections based on exploration drilling

Figure 16.8a and b. Variation in thickness and volume of the Talnakh rocks and ores, a) isopachs of thickness of the intrusion, b) isopachs of thickness 
of the hornfels in the upper exocontact of the intrusion (a and b—the data of D.M. Turovtsev).
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with regard to maxima in the mass of the unmineralized 
units.

There are 6 significant maxima in the distribution of the 
sulphides. All occur where there is a general increase in the 
thickness and in the area of vertical cross sections of the 
intrusion. Each is located in an area where a constriction in 
the magmatic body lies to the north of the ore maximum. 
Moreover, all of the constrictions are due to a decrease in the 
mass of unmineralized differentiates; the ore-bearing units 
(Gp, Gt and Gc) show no significant variations at these 
localities.

While the composition of the silicate layers changes 
only slightly along the length of the intrusion, the ore shows 
a distinct change involving an increase in Cu (from 0. l to 
l .4 weight 9fc) and PGE from north to south, that is, towards 
the frontal part of the magmatic column.

Calculation of the ratios of the masses of silicate to sul 
phide material (R-factor) have shown that these change 
from 8.7 in the south to 215.4 in the north, while for the 
western branch of the Kharayelakhsky intrusion, they are 
within the range of 2.7 to 143.
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Tax r tic and contact gabbro dolerites 
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dolerites. gabbro diorite)

Upper exocontoct hornfels
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Sulfides in the underlying rocKs 
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of the intrusion
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rrTTTrrri Area of vertical cross section 
|0-2Q4000| through the intrusion (m*)

Figure 16.8c. Variation in thickness and volume of the Talnakh rocks and ores: distribution of the rock types and ore along the length of the intrusion.
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The amount of exocontact alteration just ahead of the 
frontal parts of an intrusion (see Figure 16.8) is directly 
related to the total mass of the intrusion in question. The 
variability of the mass of hornfels is attributed principally to 
the mass of the unmineralized intrusive differentiates. How 
ever, the decrease in the amount of the hornfels northward 
along the intrusions is proportionally greater than the 
decrease in the mass of the intrusions themselves. Variations 
in the thickness of the hornfels correlate with variations 
in that of the intrusions; the hornfels is thickest where 
the unmineralized differentiates are best developed (see 
Figure 16.8).

In the following section, the quantitative relationships 
discussed above are applied to the solution of genetic 
problems.

GENESIS OF THE ORE-BEARING
INTRUSIONS AND 

PGE-COPPER-NICKEL DEPOSITS
A number of genetic schemes have been proposed to cover 
different stages ranging from genesis of the magmas in the 
mantle, through their ascent into the crust, to their final 
emplacement (Godlevsky and Likhachev 1986; Likhachev 
1991; Zolotukhin 1964, 1978, etc.). It has been shown that 
the ore-bearing intrusions and the related PGE-copper- 
nickel deposits have formed from a particular high MgO, 
sulphide-bearing magma (MgO 10 to 1296), which could 
not have formed as a result of the differentiation of the mafic 
and ultramafic magma. It is the direct product of the frac 
tional melting of initial sulphide-bearing mantle, with a 
chondritic, pyrolitic or peridotitic composition (Likhachev 
1978). The ore-bearing magmas form only if initial mantle 
material melts as a result of increasing temperature, partic 
ularly in a plume, but not as the result of a decrease in 
pressure and not in a diapir forming in a rifting environment 
(Likhachev 1988).

Magma generation has been considered on the basis of 
high pressure experimental data on the melting of 
fluid-bearing peridotite and pyrrhotite. These data indicate 
that sulphide-free mafic magmas will be the first to melt 
from sulphide-bearing mantle material. Removal of this 
magma can lead to an increase in the sulphide content of the 
residue of up to l weight 9c. A further increase of tempera 
ture results in the formation of more mafic magma with 
higher MgO contents and in the melting of the primary 
sulphides. The sulphides will be present as an independent 
sulphide liquid due to the restricted solubility of sulphur in 
the silicate melt. The ascent of dense sulphide liquid into the 
upper layers of the crust is explicable on the basis of exper 
imental data on the melting of the sulphide-bearing picritic 
gabbro dolerite. These data show that, at 13000C and higher, 
sulphides will disperse in the silicate melt and remain in 
suspension in it. With a decrease in temperature, the sul 
phide segregations will increase in size and therefore sink 
through the melt. The dispersal of the sulphide liquid allows 
one to assume that the amount of mineralization associated 
with a particular intrusion depends on the velocity at which 
the sulphide-bearing magma forming the intrusion rose 
from the mantle. If this occurs rapidly, it will result in the

formation of a relatively weakly mineralized intrusion. 
However, if the magma ascends slowly, and if this is accom 
panied by the formation of intermediate magma chambers, 
the sulphides can sink through the magmatic column from 
the cool upper parts into the deeper, higher temperature 
parts, where they will be dispersed and therefore remain 
suspended, enriching the magma in this region. The ore- 
bearing intrusions were formed as a result of sulphide-rich 
intervals developing in the magma column in this way.

Geological information indicates that magma was in 
troduced into the ore-bearing intrusion in a number of 
pulses. The initial introduction, at the head of the magmatic 
column, was enriched in plagioclase and gave rise to the leu 
cocratic gabbro and taxitic to poikilophitic gabbro dolerite 
sills. This was followed by the remaining ore-bearing part of 
the magmatic sequence, which spread out along the early 
sills. These became disrupted and fragmented, and frag 
ments became scattered throughout the magmatic chamber.

The most difficult problems to explain are: 1) the 
thermal energy necessary to account for the sequences of 
hornfels and 2) the concentration of ore in the frontal (or 
ahead of the frontal) parts of the intrusions, together with the 
formation of several maxima in sulphide concentration 
along the length of the magmatic body.

Estimates of the thermal capacities of the magmas in 
question suggest that they can account for the formation of 
hornfels zones no more than 10 m thick (Godlevsky et al. 
1962; Likhachev 1992) instead of the observed thickness 
approaching 250 m. The amount of hornfels could only have 
formed if the magmatic body had never cooled, that is, if 
continuous flow had occurred with the cycling of magma 
from the high temperature part of the magmatic column at 
the rear towards the cooler frontal part and then back again. 
The available geological data is inconsistent with the 
existence of one-way magmatic flow; such flow could not 
have occurred in a closed magmatic chamber such as the 
Kharayelakhsky intrusion, for example. On the other hand, 
thermal and hydrodynamic analysis of the magmatic system 
indicates that convective circulation of the type outlined is 
not only high, but is inevitable, leading us to prefer this 
model (Likhachev 1992). It is based on experimental results 
on the movement of liquids within elongated vessels under 
the influence of a thermal gradient (Likhachev 1991). In 
these, it was shown that, if a temperature gradient exists, the 
liquid will circulate continuously between the "hot" and 
"cold" zones moving up along the upper part of the channel 
and returning along the lower part. Circulation of the liquid 
is accompanied by chemical and mechanical transfer of 
material from the high temperature zone and its deposition 
in layers in the cold part of the vessel. As the frontal part of 
the magma channel crystallizes and fills with solid material, 
this "closure" will cause the circulation cell to retreat 
towards the hotter end of the magma column. Deposition 
will continue at a different position, and the process will 
continue until the channel is completely filled with solid 
material.

This circulation mechanism can account for the neces 
sary excess thermal energy and for the large accumulations 
of ore in the frontal parts of the intrusions. Maxima in 
ore concentration along the length of the intrusion may
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correspond to places at which closure of the circulation cells 
remained constant in space for a period of time.

The model leads to the conclusion that the picritic, 
taxitic and contact gabbro dolerites of the intrusions were 
not initially enriched in sulphides, but contained only an 
amount of disseminated sulphide comparable to that ob 
served in leucocratic gabbro. The majority of the sulphide 
now associated with these rocks was introduced from circu 
lating magma, which is responsible for the formation of the 
unmineralized differentiates of the ore-bearing intrusions. 
In this way, sulphides were introduced into both the under 
lying differentiated layers and adjacent country rocks.

One can conclude that in order to have an intrusion that 
is highly enriched in ore, we must have one in which magma 
circulated the greatest possible number of times.

CONCLUSIONS
1. The Noril'sk ore-bearing intrusions and related 

PGE-copper-nickel deposits are the products of the 
Permian-Triassic mafic trap magmatism of Eastern 
Siberia.

2. The ore-bearing intrusions were injected after much of 
the Upper Permian and Lower Triassic sulphide-free 
mafic magma had erupted at surface.

3. The frontal and peripheral sulphide-bearing parts of the 
intrusions (that are represented by sills of leucocratic 
gabbro and taxitic to poikilophitic gabbro dolerite) 
were injected ahead of the central ore-bearing part.

4. The ore-bearing intrusions and the related deposits 
were formed from a specific MgO-rich magma 
(MgO = 10 to 12 weight 9fc), which could not have 
resulted from differentiation of mafic or ultramafic 
magmas. It is a direct product of the fractional melting 
of primary sulphide-bearing mantle.

5. The sulphide-bearing magmas were formed only when 
melting of the primary mantle material had occurred as 
a result of an increase in temperature in a plume; they 
did not result from pressure release nor did they form in 
the diapiric regime associated with rifting.

6. The generation of the sulphide-bearing magmas took 
place after the release of large volumes of sulphide-free 
mafic magma (MgO = 8 weight Ve) from the mantle 
source. The ascent of a heavy sulphide liquid into the 
crust was made possible by its dispersal in the silicate 
melt.

7. The final emplacement of the intrusions was marked by 
the convective circulation of magma from the rear of 
the magmatic column towards the front and the return 
circulation of these magmas. This was accompanied by 
the chemical and mechanical transfer of material, 
which caused the accumulation of large amounts of ore 
and the transfer of thermal energy to the frontal parts of 
the intrusions.

8. The extent to which the intrusions are mineralized 
depends on the time necessary for the heavy sulphide

liquid to ascend into the crust and on the duration of the 
magmatic circulation.
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Chapter 17
Geology of the NoriPsk Region: The History of the Discovery, 
Prospecting, Exploration and Mining of the Noril'sk Deposits

V.Ye. Kunilov

Noril'sk Mining and Metallurgical Kombinat, Noril'sk, 663300, Russia

Abstract
The mineral resources exploited by the Noril'sk Kombinat are located in the Noril'sk and Talnakh ore junc 
tions. The economic importance of the Noril'sk ores was recognized during the 16th and 17th centuries. 
Exploration of the Talnakh and Oktyabr'sky deposits precisely defined the location of the copper-nickel- 
platinum group element-bearing deposits and accounted for the development of a very large, highly effective 
industrial complex devoted to the mining and processing of the ores. The contributions of geological experts 
to the mining enterprises ensures sound planning of the mining operations and efficient recovery of the valu 
able ore. Underground exploration has revealed the detailed structure and morphology of the ore zone along 
with the distribution of mineralogically different ore types. This permits a re-evaluation of some of the con 
clusions about the geological setting of the copper-nickel sulphide deposits.

HISTORY OF THE DISCOVERY
AND EXPLORATION OF THE

DEPOSITS

The history of geological discovery in the Noril'sk region 
dates back to the 19th century. However, exploitation of the 
deposits started in the Bronze age. In the vicinity of Pyasino 
Lake, archaeologists discovered primitive equipment for 
the melting and casting of native copper, which was mined 
along the slopes of the Kharayelakhsky mountains. At that 
time, all of the Taimyr Peninsula was covered by forest. 
Later, in the 16th and 17th centuries, copper from Noril'sk 
was used by craftsmen from the Mangasei settlement on the 
Taz River. Excavations at Mangasei indicate the existence 
of a developed smelting industry that was based on the 
Noril'sk ores; these ores were most probably mined where 
shales, which were impregnated with copper carbonates, 
cropped out. These ores were easy to melt in primitive fur 
naces. The presence of platinum group element (PGE) in the 
copper casting and in the copper products, which were 
unearthed as a result of the excavations, strongly indicates 
that the craftsmen used nothing but ore from Noril'sk. The 
decline of the Mangasei settlement prevented any further 
exploration of Taimyr for a long period of time. It was not 
until the middle of the 19th century that another stage in the 
industrial and scientific exploration of this territory began.

F.B. Schmidt was the first scientist to visit the 
Noril'sk region. In 1866, he was invited by the merchant 
K.M. Sotnikov to study the copper and coal deposits. From 
1893-1894, Sotnikov's son mined 32 000 kg of coal in the 
Noril'sk region, transported it by reindeer and sold it to the 
captains of ships who were exporting goods to Siberia.

In the summer of 1915, Sotnikov's grandson, who was 
a student of the Mining Department of Tomsk University, 
put his own staking post beside that of his grandfather. He

also collected rock samples, which were studied petro- 
graphically by N.N. Urvantsev.

Urvantsev examined the Noril'sk deposits from 
1920-1921 and collected and analyzed samples of copper- 
nickel ore from Rudnaya Mountain. He concluded that the 
Noril'sk deposits are similar to those at Sudbury; his 
hypothesis was later proved to be true. The first shaft was 
sunk in 1923; this was followed by exploration drilling.

The Noril'sk II deposit was discovered in 1926 to the 
south of Noril'sk. In 1935, the Soviet government adopted a 
resolution with respect to the construction of the Noril'sk 
Copper-Nickel Mining and Metallurgical Kombinat.

The 1920s and 1930s were marked by intensive 
regional geological studies, and these studies resulted in the 
outlining of the main complex of mineral deposits, which 
provided a source of raw materials for a developing group 
of enterprises and for the life of the citizens of Noril'sk 
(Sukhanova 1985).

The first mine was found in 1936; this coincided with 
the construction of the railway at the Noril'sk River. In 
1937, the railway reached the Yenisei River, connecting 
Dudinka with Noril'sk. The first massive sulphide ore was 
mined in 1938. The first cathode nickel was obtained in 
1942, and the first copper plant was inaugurated in 1949.

The discovery of the Talnakh ore junction is one of the 
most important discoveries of the second half of the 20th 
century. The presence of sulphides in this area was indicated 
as a result of a surface-water geochemical survey that 
showed elevated concentrations of SO42' in samples from 
the Talnakh River. This was followed up by tracing the 
source of boulders. The surface distribution of mineralized 
boulders indicated that their source was located at the base 
of the Kharayelakhsky mountains. In 1960, a study of 
scree along the slope of Otdelnaya Mountain led to the 
discovery of outcrops of mineralized, differentiated intru 
sive rocks. This marked the start of a well-planned explora 
tion programme. An understanding of the overall structural
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characteristics of the area and the discovery of ore were fol 
lowed by systematic drilling on a rectangular grid 100 by 
200 m or 200 by 400 m. The shorter side of the rectangle was 
parallel to the direction in which the ore zones showed their 
greatest variability, that is, perpendicular to the long axes of 
the intrusions. In the areas with the most complex geo 
logical structure (mostly deposits of massive and copper 
ore), the dimensions of the grid were 100 by 100 m and in 
some locations 50 by 100 m. More than 1000 surface drill 
holes with a total length of 1887 km cover the Talnakh ore 
junction as a result of the whole period of exploration. This 
work outlined almost the whole of the Talnakh orebody, 
including the deep northern part, and also provided a highly 
reliable estimate of the mineral resources to be anticipated 
from the different ore types.

Geophysical surveys did not play any significant role in 
the discovery of the Talnakh ore junction.

NORIL'SK AND THE NORIL'SK 
KOMBINAT

The location of the Noril'sk region at the margin of the 
northwestern part of the Siberian plate, where it adjoins the 
West Siberian and Karsky plates, accounts not only for the 
strong development of copper-nickel mineralization, but for 
a variety of other mineral deposits (Figure 17.1). The 
Noril'sk Mining and Metallurgical Kombinat is the largest 
industrial complex of enterprises in Russia. It includes 
mining, refining and metallurgical operations. Apart from 
these basic functions, it also includes an autonomous system 
for energy production, a strong organization for construc 
tion, institutions for guiding projects and scientific 
research, medical services, trade organizations, various 
enterprises related to the food industry, a railway and 
road-transport organizations. The Dudinka River and port 
can cope annually with more than 6 x l O6 t of freight.

The principal lines of communication make use of the 
Yenisei River. The 2000 km stretch up-river from Dudinka 
to Krasnoyarsk is available from June to September; the 
arctic seaway linking Dudinka to Murmansk (1350 miles) is 
available with the use of ice-breakers. Air transportation 
operates all year.

Sources of fuel include the natural gas and oil 
deposits on the west left bank of the Yenisei River (the 
Messoyakhsky, Soleninsky, Pelyadkinsky and other 
deposits) and the hydroelectric resources of the Khantaika 
and Kureika rivers. Bituminous coal, which was a former 
source of fuel, is used very little at present.

Copper and nickel smelters are present at Noril'sk, 
together with 2 refineries. The Nadezhdinsky metallurgical 
plant has hydrometallurgical in addition to both copper and 
nickel pyrometallurgical capabilities.

The Kombinat produces nickel, copper, cobalt, sele 
nium, sulphur and concentrates of the noble metals. The 
metallurgical processes are provided with locally pro 
duced oxygen, chlorine, sulphuric acid, ammonia, calcium 
carbide, sodium hydroxide and other chemicals. In order 
to satisfy the needs of the industrial region, the Kombinat

produces steel, including that needed for construction, non- 
standard equipment, safety products, bricks, wall panels, 
cement, concrete and wood products.

The Noril'sk industrial infrastructure includes enter 
prises that produce building materials, undertake construc 
tion projects, organize the provision of energy, undertake 
surveys and develop the regional transport system. The 
highly centralized nature of the organization is the result of 
operating under far northern conditions.

The Noril'sk Kombinat concerns itself with a broad 
range of other activities that are necessary to provide 
adequate living conditions for the people of Noril'sk and 
that have provided the basis for the further development of 
the northern parts of the Krasnoyarsky region. The growth 
of the Kombinat proceeded in tandem with the construction 
of living facilities in the settlements of Noril'sk, Kayerkan 
and Talnakh, which eventually grew into a unified agglom 
eration, now called Greater Noril'sk, with a population of 
over 266 000 people. The Kombinat has at its disposal about 
5 km2 of living space.

GEOLOGICAL FACTORS
GOVERNING MINING AND ORE

PROCESSING
The geological factors that govern the recovery of the 
Talnakh ores are relatively complicated. This is because:
a) the orebodies are located close to a major tectonic zone;
b) the area has complex tectonic and microtectonic condi 
tions; c) the ore zones have a shallow dip; d) the deposits 
are at a considerable depth and the rocks show dynamic 
evidence of stress; e) the ore zone has a multilevel structure; 
f) the copper and disseminated ore should be left in a condi 
tion suitable for future mining; g) the different types of ores 
have mineralogical diversity; and h) the ores have a variable 
composition, which means that those ores mined in different 
parts of the deposit have very different properties, which, 
in turn, cause them to react differently to the technical 
processes involved in their beneficiation.

The depth of mining ranges from 300 to 1500 m at the 
Mayak, Komsomol'sky and Skalisty mines of the Talnakh 
deposit (Figure 17.2). It ranges from 200 to 500 m at the 
Oktyabr'sky, Taimyrsky and Glubokij mines of the 
Oktyabr'sky deposit (see Figure 17.2). Fracturing of 
country rocks and ores is particularly evident within the 
Mayak, western Komsomol'sky, eastern Oktyabr'sky and 
western Taimyrsky mines. The amplitudes of the displace 
ments along fractures vary from several metres to 40 to 45 m 
or more. Similar conditions are predicted at the Glubokij 
and Skalisty mines (see Figure 17.2).

Regional hydrogeological conditions are determined 
by the fact that the area falls within the northwestern bound 
ary of the Tungussky artesian basin. The charge, drainage 
and discharge of groundwater are restricted due to the 
presence of long-lived permafrost, which can be 200 to 
300 m thick in the mountains and from 30 to 50 m thick in 
the valleys. Beneath the river beds and big lakes there are 
melted zones, which allow the charge and discharge 
of groundwater. The bedrock generally has very low
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Figure 17.1. Structure and tectonics of the Noril'sk region.
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Figure 17.2. The Talnakh ore junction.
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permeability; underground water is mainly held in highly 
fractured zones related to faults and contacts between intru 
sive and country rocks. The inflow of water at the operating 
mines is insignificant, except at the Zapolyarny Mine, 
where mining operations recover the crown pillar, with the 
result that surface water penetrates into the stopes. At other 
mines, the inflow of water is no more than 250 m37hour. 
Mining in the deep Oktyabr'sky and Taimyrsky mines is 
conducted under almost "water-free" conditions.

Rock temperatures within the ore-bearing intrusions 
increase regularly in a northerly direction and with depth. 
It is up to 350C at the Taimyrsky Mine, 270 to 300C at the 
Skalisty Mine, and it is anticipated that it will be 43 0 to 470C 
at the Glubokij Mine. The massive sulphide ores are highly 
reactive with respect to atmospheric oxygen; this is due to 
the presence of talnakhite, mooihoekite, cubanite and pyrr 
hotite, which are all prone to oxidation and spontaneous- 
combustion.

All of the ores and rocks contain gas to variable extents. 
The coal layers and the Tungussky coal-bearing argillites 
contain the largest amounts of gas, of which methane 
is the main component. The methane abundance of each of 
the Talnakh mines exceeds 100 m3724 hours and is about 
1300 m3724 hours at the Zapolyarny Mine.

Variations in grade, location and physical properties of 
the different ore types govern the order in which mining pro 
ceeds and the nature of the mining method chosen. The 
richest ore is extracted first. The mined-out areas are infilled 
with mixtures that solidify (Figure 17.3). This ensures: 
l) the safety of the workings, 2) the quality and the com 
pleteness of the extraction of the ores and 3) the preservation 
of access for future exploitation of the disseminated ore 
horizon.

The losses and dilution of ore by gangue during mining 
are determined by the level of exploration conducted on the 
ore zone, and by economic and technical parameters related 
to mining. Losses of massive ore are l to 29fc, with a dilution 
of 12 to 14*56; the losses of copper ores are 2 to 3.596, with a 
dilution of 7 to 179c; the losses of disseminated ore are 3 to 
5(18)9fc, with a dilution of 3 to 12(20)96. The low losses of 
the massive and copper ores are attributed entirely to the 
thorough exploration that is undertaken within the ore zone 
and to the guidance by qualified geological staff during the 
exploitation of the deposits.

MINE GEOLOGY AND 
UNDERGROUND EXPLORATION

Surface exploration was insufficient for a detailed study of 
the deposit. The depth of the ore zone, its complex shape and 
its structural characteristics, particularly the numerous dis 
placements caused by faulting, meant that reliable informa 
tion needed for mining the deposit, other than a preliminary 
estimate of the reserves, could not be obtained by surface 
drilling.

A comparison of initial surface data with detailed infor 
mation from underground exploration (Valetov et al. 1985) 
showed that the error in the determination of the position

concrete ceil ing

Figure 17.3. Methods of mining massive sulphide used in the Talnakh 
deposit: a) stope mining of massive sulphide at the top of the ore zone;
b) progressive backfilling of mined-out area, using concrete backfill;
c) alternative method of stope mining using concrete backfill and a 
reinforced concrete ceiling.

of the contacts of the ore deposits was 4 to 5^o at the 
Oktyabr'sky and Taimyrsky mines. This difference is 
within the order of the thickness of the deposits and is attrib 
uted to the great depth of the surface drill holes and to their 
unavoidable deviations during drilling. Although initial 
estimates of reserves for the large orebodies were in good 
agreement with the accurately determined figures, correc 
tions in some of the locations, particularly in areas of tecton- 
ically disturbed massive and copper ore, were 20 to 409c.

Underground exploration at the Oktyabr'sky, 
Taimyrsky and Komsomol'sky (western branch) mines 
verified their large- and small-scale structural characteris 
tics and helped to reveal the offsets associated with normal 
and reverse faults. In plan view, these faults occur in sub- 
parallel or "tree-like" zones in which the displacement is up 
to 50 m. This is demonstrated in the eastern branch of the 
Oktyabr'sky and western part of the Taimyrsky mines.
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Underground exploration in the Talnakh mining 
enterprises consists of 2 stages: "additional" exploration 
and exploration for the purpose of mining. "Additional" 
exploration at the mines is aimed at:
1. an accurate definition of the size and shape of the ore- 

bodies and the mapping of all tectonic breaks
2. the mapping of all the ore types from a geological-tech 

nological viewpoint; this involves determining the dis 
tribution of the mineralogical varieties of the ore and 
their chemical composition and other properties as they 
relate to ore processing

3. the transfer of indicated reserves into the category of 
proven reserves

4. the accurate definition of conditions of the rocks as they 
are likely to affect mining operations

5. the investigation of mineralization at deep levels within 
the deposit
At the present time, massive and copper ores are 

explored on a rectangular grid 32 of by 60 m; the rectangles 
become even smaller in areas that are characterized by 
complex structure and where mineralogical types grade 
from one to another (32 by 30 m or 26 by 30 m). In those 
places where simple pyrrhotite ores occur, the grid is more 
widely spaced.

Mining exploration consists primarily of a precise 
determination of the shape of an orebody, the dip of the con 
tacts and the degree to which the material within a given 
block is broken and faulted in a way that might affect 
mining.

The difficulties that are associated with documenting 
drill holes at the Talnakh mines are due to the mineral and 
chemical diversity of each of the ore types, and to the neces 
sity of collecting a large number of samples. This second 
requirement arises from the rapid pace of mining activity 
and the large amount of exploration underway. These diffi 
culties are assuaged, in part, by a correlation that has been 
established between the chemical composition and the 
mineralogy of the different ore types (Valetov et al. 1985).

The ores are divided into several "ore flows" for the 
purposes of metallurgical processing. Massive pyrrhotite 
ores from the Oktyabr'sky (eastern mine), Taimyrsky and 
Komsomol'sky mines are processed at the Talnakh refinery. 
Disseminated ore from all of the mines and copper ore from 
the Komsomol'sky Mine are processed at the Noril'sk 
refinery. This refinery also handles, separately, the zoned 
high-copper ore from the Kharayelakhsky deposit, which 
is produced at the Oktyabr'sky Mine. The chalcopyrite 
(mooihoekite) ores are mined selectively and are trans 
ported directly to the copper plant.

Control of an adequate feed for these "flows" is ensured 
by the planned mining of specific volumes of ore from 
specific areas, based on geological-technological maps of 
the ore zones. This geological-technological mapping uti 
lizes all of the data that were collected at various stages 
during the exploration of a deposit (Kunilov et al. 1989; 
Mitenkov et al. 1990; Ryabikin 1990), and also utilizes the 
results of the systematic mineralogical and technological

studies that are carried out by leading Russian scientific 
institutions and by Noril'sk geologists.

Geological assistance to the mining enterprises is pro 
vided by several divisions (geological surveys). The organ 
ization of these depends on the geological complexity of the 
zone being mined, the technical conditions of the mining 
and the volume of material being mined. A typical mine 
geological survey includes: the chief geologist; senior 
geologists (1-3); project geologists (their number corre 
sponds to the size of the mining area, the complexity of the 
ore zone and the scale of mining in progress); and auxiliary 
service (1-5). The total number of people who compose the 
geological survey of the Kombinat is about 80. The struc 
ture of the ore zone and mineralogical and geochemical 
characteristics of the ore have determined the labour-inten 
sive nature of the geological assistance provided to the 
Talnakh mines. Project geologists are required to map in 
detail nearly all of the slopes at the mine; they are 
responsible for correlating geological sections (taking into 
account the results of exploration drilling) and for arriving 
at conclusions that can be used for planning mining opera 
tions. The front of active mining can exceed 1000 m, and 
there can be from 5 to 20 faces in simultaneous operation. In 
addition, the geological survey is responsible for the estima 
tion of the reserves of 14 elements, the prediction of geo 
logical conditions bearing on mining operations and the 
maintenance of safe working conditions in the mines.

The Noril'sk Kombinat also includes a geological 
exploration group, which conducts exploration at the mines 
and exploration of new deposits that are in the process of 
being prepared for mining. In addition, there are 2 govern 
ment geological surveys based in Noril'sk, which are 
involved in studies of the Noril'sk and Taimyr regions, each 
involve from 600 to 1000 people.

THE GEOLOGICAL SETTING OF 
THE DEPOSIT

The geological formations of the Noril'sk region include 
shallow-water carbonate and terrigenous sedimentary rocks 
and volcanic and intrusive rocks. The lower part of the sec 
tion consists of marine Paleozoic sedimentary rocks: lime 
stones, dolomites, marls, calc-schists and multicolored 
schists with lenses and interlayers of evaporitic sedimentary 
rocks. These sedimentary rocks compose the Middle 
Cambrian-Lower Carboniferous part of the section. The 
Middle Carboniferous was marked by the accumulation of 
the Tungussky lagoonal and continental deposits, which 
consist of sand, clay and coal-bearing schists; polymictic, 
arkosic sandstones and coal measures. The eroded Upper 
Tungussky suite gives way to a volcanic sequence, 
comprising basalts of varying composition with interlayers 
of tuff. The latter mark intermissions in the volcanic activity 
and emphasize its cyclic nature. The "peaceful" intermis 
sions were favourable for the accumulation of terrigenous 
sediments. The Noril'sk region is characterized by several 
cycles of igneous activity, each with associated deep-seated 
magmatism (Fedorenko 1981), and by a high fluid- 
magmatic permeability of the crust, which is attributed to 
the development of a major, deep fault system within a
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region that forms the margin of the Siberian plate. The 
region has some features that are typical for "geosynclinal" 
zones, and it is adjacent to the global-scale Yenisei- 
Khatangsky rift-related trough (see Figure 17.1).

The groups of intrusions in the Noril'sk region can be 
divided into 2 principal types: nondifferentiated and differ 
entiated. The nondifferentiated intrusions are homogeneous 
bodies composed of olivine and titanium-augite dolerites, 
and olivine, picritic and troctolitic gabbro dolerites. The dif 
ferentiated intrusions show a distinct pseudostratification 
and are divided into several layers, which consist of rocks 
that differ with regard to their textural characteristics. They 
have a typical asymmetric structure, with melanocratic 
differentiates concentrated towards the base and leucocratic 
towards the roof. All of the economically important copper- 
nickel deposits in the northwestern part of the Siberian Plat 
form are genetically and spatially associated with the most 
fully differentiated of the intrusions.

The environment in which the ore junctions developed 
included: 1) areas with a high fluid-magmatic permeability. 
These included the weakened zones produced by the inter 
section of deep faults with intensely warped strata at 
the boundaries between positive and negative structures 
(such as the borders of the Kharayelakhsky and Noril'sk 
troughs with the ridge dividing them). The majority of 
these weakened zones are associated with the Noril'sk- 
Kharayelakhsky fault; 2) areas with a combination of exten- 
sional and compressional structures, that is, graben-like 
structures, fault-related folds, thrusts and reverse faults; and 
3) areas where there is a development of plumose fractures.
West
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All of these features determined the geological setting of 
the ore junctions and the distribution of the copper-nickel 
mineralization.

The Noril'sk Ore Junction
The Noril'sk ore junction comprises several totally 
differentiated ore-bearing intrusions (Noril'sk I, Noril'sk II, 
Chernogorsky etc.) that plunge towards the northern part of 
the axis of the Noril'sk trough where it is cut by the 
Noril'sk-Kharayelakhsky fault.

The Noril'sk I intrusion is a sheet-like body that is 
localized within the Tungussky formation and the lower 
part of the volcanic sequence (Figure 17.4). It is character 
ized by swellings, pinch-outs and the development of 
branches. The intrusion plunges gently (8 0 to 15 0 ) to the 
southwest at a very slight angle to the stratification of the 
volcanic and sedimentary rocks. The southern and central 
parts of the intrusion are interpreted as a chonolith-like 
body, complicated by localized depressions along its base. 
The roof of the intrusion is nearly planar. In the north, 
the intrusion splits into 2 large branches, the western and 
eastern branches, which are interconnected by a thin sill. 
The intrusion is over 15 km long, 2.5 km wide in the north, 
l to l .5 km wide at the centre and about 300 m wide to the 
south. The maximum thickness is 320 m.

Disruptions associated with normal and reverse move 
ments on the Noril'sk-Kharayelakhsky fault and its related 
north-trending tectonic zone are the principal structures that 
have controlled the shape of the Noril'sk I intrusion. The 
special characteristics of the shape of the intrusion and its
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Figure 17.4. Geological section through the northern part of the Noril'sk I deposit.
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ore zone are attributed to disruption of the coal-bearing 
Tungussky sequence; this is very apparent in the fabric of 
the intrusion where it is exposed along the western edge of 
the Bear's Brook openpit. The part of the intrusion with the 
greatest thickness extends along the zone with the most pro 
nounced tectonic disruptions. Postintrusive movements 
along these breaks account for the blocky structure of the 
deposit; however, the amplitudes of postintrusive displace 
ments are not large and rarely exceed 50 m.

The copper-nickel sulphide mineralization of the 
Noril'sk I deposit consists of 3 ore types: disseminated ore 
within the intrusion and massive (rich) and veinlet-dissemi- 
nated (copper) ore in the country rocks. The mineralization 
is mainly associated with the partially preserved frontal part 
of the intrusion; the amount that has been removed by 
erosion is not known. The mineralization is associated with 
picritic and taxitic gabbro dolerite and often with olivine 
gabbro dolerite. The veinlet-disseminated mineralization in 
the underlying basaltic country rock is subordinate. The 
titanium-augite dolerites, also forming the country rocks, 
contain veinlets of varying thickness and finely dissemi 
nated sulphide. Sandstones are characterized by a dense 
distribution of chalcopyrite-bearing veinlets with a high 
copper content. These veinlets also contain high concentra 
tions of noble metals (up to and sometimes more than 
100 g/t). The ore-bearing sandstones are up to 6 to 10 m 
thick. The massive sulphide deposits and veins are primarily 
located in the northern part of the intrusion, predominantly 
in the exocontact (in rocks external to the intrusion) and to a 
lesser extent in the endocontact (in rocks within the intru 
sion). The massive ores are 3 to 5 m and occasionally over 
5 m thick. Within the intrusion, the zones of massive sul 
phide branch into what are termed "horse tail structures." 
The massive ores consist of pyrrhotite, chalcopyrite and 
pentlandite; some parts contain significant amounts of 
millerite and PGM (platinum group minerals). Bodies of 
massive sulphide, often overlapping one another, occur 
suspended within the lower part of a thickening in the zone 
of picritic gabbro dolerite, which constitutes the ore zone of 
the Bear's Brook openpit. These bodies are 3 to 5 m thick 
and have an extremely complicated morphology.

At the present time, the larger part of the massive and 
veinlet-disseminated ore has been mined out.

Disseminated ore in picritic gabbro dolerite forms the 
upper part of the ore zone and is volumetrically the most 
important ore type. The upper part of this itself consists of 
weakly disseminated sulphide of marginal economic 
importance. The disseminated ore is 40 to 50 m thick in the 
thicker zones. Disseminated ore also occurs in taxitic 
gabbro dolerite, but this has a very complex form; zones 
pinch and swell and, locally, parts are uneconomic. The 
lower part of the intrusion consists of contact gabbro doler 
ite, which is normally more than several metres thick; 
here the mineralization is very weak, with the sulphides 
occupying veinlets. The amount of mineralization 
decreases markedly in the direction from which it is 
believed that the intrusion has been emplaced.

The western part of the intrusion is mined in the 
Zapolyarny Mine and the eastern part in the Bear's Brook

openpit. The openpit is 360 m deep and the height of the 
benches is 15m. At the Zapolyarny Mine, a block caving 
method of mining is employed; this involves the under 
cutting and removal of ore followed by the collapse of the 
overlying material.

The Talnakh Ore Junction
STRUCTURE

Deposits of the Talnakh ore junction are related spatially 
and genetically with large differentiated intrusions that are 
characterized by complex structure and tend to occur in 
groups. The structure of the Talnakh ore junction is deter 
mined by its occurrence on the southwestern flank of the 
Kharayelakhsky trough. Complications occur at this point 
due to the intersection with the Noril'sk-Kharayelakhsky 
regional fault zone. The Kharayelakhsky trough is the major 
fold structure in the Noril'sk region. The effusive and sedi 
mentary rocks of its southern flank are characterized by pre 
dominant northeasterly dips (i.e., towards the centre of the 
trough) of 15 0 . Strikes vary in the vicinity of this ore junc 
tion from 1100 in the east to 1400 in the west. To the south, 
closer to the crest of the anticlinal structure, dips are much 
more gentle (3 0 to 40). The structure varies greatly from 
fault block to fault block. Basalts are mainly affected by 
block faulting, while the sedimentary rocks show both 
localized folding related to major faults and block faulting.

The Noril'sk-Kharayelakhsky fault divides the Tal 
nakh orejunction into 2 separate parts (western and eastern) 
that have different tectonic characteristics. The western 
part includes the synclinal closure of the Kharayelakhsky 
trough and is marked by intense faulting and associated 
minor folding. The eastern part is a monocline, complicated 
only by a number of reverse faults of small amplitude that 
parallel the Noril'sk-Kharayelakhsky fault.

The Noril'sk-Kharayelakhsky fault, together with the 
related graben-like depressions which formed as a result of 
the injection of the intrusions, define the complex mosaic- 
block structure of the Talnakh orejunction.

The main part of the Noril'sk-Kharayelakhsky fault 
consists of a central graben, together with a number of 
subparallel dislocations, which dip at angles of 400 to 85 0 
(Figure 17.5). The eastern dislocation is the most important 
and is usually referred to as the main suture. A series of dis 
locations that are located to the west from the main suture 
(the Western reverse faults) have shallower dips. The 
graben is 300 to 600 m wide and the amplitude of the dis 
placement within it varies from l O to 20 m to 350 to 400 m.

The main suture is the largest break; it can be traced in a 
northerly direction along the axis of the Kharayelakhsky 
trough. The thickness of the suture (exposed in underground 
workings) reaches 45 m; dips are normally 500 to 700 and 
rarely up to 85 0 west. It is marked by a tectonic breccia con 
sisting largely of crushed and mylonitized rocks and frag 
ments of sedimentary and igneous rock. The fragments 
often have smooth surfaces and are cemented with clay or 
calcite-zeolite vein material. The system of Western reverse 
faults consist of curved dislocations that tend to dip more 
gently and disappear with increasing depth. The area that
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they cut is occupied by lens-like blocks of broken rock. The 
intrusion is displaced from its previous subhorizontal posi 
tion. The development of the faults appears to have coin 
cided with that of the emplacement of the intrusion, which 
to some extent has been "stretched" along these faults; one 
can interpret the gabbro dolerite within the Mayak and 
Komsomol'sky mines as being a stretched neck of the intru 
sion (see Figures 17.5 and 17.6).

The central graben has a very complex structure. In the 
downdropped part, the normal stratigraphic succession 
is present, from Nadezhdinsky basalts down to Middle 
Devonian sedimentary rocks. The eastern branch of the in 
trusion has not been offset along the main suture, except for 
a very small area within the Skalisty Mine.

The ore junction is also characterized by the wide 
spread development of other subsidence phenomenon. This 
includes subsidence at the roof of intrusions; localized 
blocks that are bounded by elliptical tectonic surfaces have 
subsided along these to lower levels.

INTRUSIONS
The Talnakh ore junction comprises several totally differen 
tiated intrusions. The morphology and shape of these are 
related directly to the geological structure of the area in 
which they occur.

The eastern (northeastern) branch of the Talnakh intru 
sion lies east of the Noril'sk-Kharayelakhsky fault within

West

V.Ye. Kunilov

the coal-bearing-terrigenous Tungussky sequence. The 
intrusion plunges at a shallow angle (120 to 15 0 ) to the north. 
The part of the intrusion that falls within the limits of the 
Komsomol'sky Mine has intruded lowest in the strati 
graphy; in one area the base is in contact with Upper Devo 
nian Kalargonsky limestones. To the north and even more so 
to the south, the intrusion rises in the stratigraphy so that its 
roof almost touches the contact between the terrigenous 
Tungussky and overlying volcanic sequences. In plan view, 
the morphology of the intrusion is relatively simple; it is a 
sheet-like body with only slight variations in thickness. 
Cross sections through the northern and central parts show it 
to have a lens-like form, with lenses 800 to 1000 m wide. 
The southern "frontal" part of the intrusion becomes as thin 
as 100 m; it is sheet-like in shape, broadening in plan up to 
l .5 to 2 km. Structurally, the eastern branch is very similar to 
intrusions of the Noril'sk ore junction and is believed to be 
typical for the region.

The central branch of the intrusion lies within the 
central graben; along nearly the whole length, it has an 
elongated lens-like shape from 200 to 300 m wide. In the 
south (the Mayak Mine), it flattens and broadens in plan 
view. Both in morphology and in their stratigraphic posi 
tion, the central and northeastern branches are very similar. 
To the north, in the vicinity of the Skalisty Mine, the central 
intrusive branch pinches out along the main suture of the 
Noril'sk-Kharayelakhsky fault.
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Figure 17.5. Diagram showing the relationship between the different intrusive branches and ore types of the Talnakh ore junction.
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The western (northwestern or Kharayelakhsky) branch 
of the ore junction differs greatly from the 2 mentioned 
above in terms of its size in plan view and its very complex 
structure. The complicated structural setting and the varied 
lithology of the country rocks determine its morphology, 
structure and localization.

West

The overall plunge of the western branch is to the north; 
it cuts the country rocks at a shallow angle. This overall 
trend is accompanied by an easterly plunge of the 
Kharayelakhsky branch and by the termination of the intru 
sion to the north-northeast (the Glubokij Mine). The 
generally sheet-like nature of the intrusion is complicated
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by numerous offsets along faults and pinch-outs that are re 
lated to fold structures in the country rocks. A vertical cross 
section through the intrusion has a flattened lens-like shape.

The intrusion is located within a Lower and Middle 
Devonian sequence of carbonates, sulphates and argillites, 
which contribute to its complex structure. This is demon 
strated by the splitting of the body into a number of sill-like 
apophyses of varying thickness, particularly in its frontal 
parts. In these zones, the place of the intrusion is taken by an 
alternating sequence of intrusive rocks interlayered with 
sedimentary and metamorphic rocks.

The internal stratigraphy of the different intrusive 
branches is very similar. The Eastern branch of the Talnakh 
intrusion is the most typical. The vertical section of this 
intrusion consists of (from the top down):
1. upper contact gabbro dolerite; this is not developed 

everywhere; it often occurs at the contact of the 
intrusion with terrigenous rocks and basalts; some 
times it contains a very small amount of sulphide

2. diorite, gabbro diorite, gabbro, quartz-bearing gabbro 
dolerite

3. olivine-free and olivine-bearing gabbro dolerite
4. olivine and olivine-biotite gabbro dolerite; these 

occupy up to 20 to 309fc of the section; olivine-biotite 
gabbro dolerite contains chromite and sparse sulphide 
dissemination

5. picritic gabbro dolerite; this is the major constituent of 
the totally differentiated intrusions; it is characterized 
by widely developed sulphide mineralization; the con 
tact between picritic gabbro dolerite and the overlying 
olivine gabbro dolerite is relatively sharp and can be 
observed visually

6. taxitic gabbro dolerite; this is also one of the most typi 
cal constituents of the totally differentiated intrusions; 
it occurs near the base of the bodies and differs from the 
picritic and overlying olivine gabbro dolerites in its 
high plagioclase content and clinopyroxene to olivine 
ratios; taxitic gabbro dolerites are, in general, uneven- 
grained, fine to very coarse grained, in places pegma- 
toidal, rocks; they have a breccia-like appearance 
where they occur along the flanks of the intrusions; 
xenoliths are abundant and sulphides are always 
present

7. contact gabbro dolerite; this is a poikilo-ophitic, some 
times diabasic rock, which contains a small amount of 
sulphide; the layer varies from l to 3 m in thickness
A complete section such as the one described above is 

not found along the whole length of each intrusion; in some 
places l or 2 of the horizons may be missing. The proportion 
of leucocratic rocks increases in the frontal parts of some 
intrusive branches, particularly where these are character 
ized by the development of chalcopyrite-rich massive ores.

The Talnakh deposits provide the clearest example of 
the diverse nature of the sulphide mineralization associated 
with stratified intrusions. The ore zone is multilayered 
and comprises 3 ore types: disseminated ores within the

intrusion, massive ores ittthe lower exocontact (rarely in the 
endocontact) of the intrusion and veinlet-disseminated and 
breccia-type ores in (to a large extent) the underlying and 
overlying country rocks. The last ores are usually called 
copper ores, because their copper content is consistently 
higher than their nickel content.

DISSEMINATED ORE
As in the Noril'sk I deposit, disseminated ores form 
sheet-like deposits and are associated with picritic, taxitic 
and contact gabbro dolerites, forming the lower part of 
the Talnakh differentiated intrusions. The mineralization 
occurs as dissemination, schlieren and fine sulphide vein- 
lets. In the frontal parts of the intrusions (the Oktyabr'sky 
and western part of the Komsomol'sky mines), the layer 
of disseminated mineralization splits into several lens-like 
bodies, which alternate with barren interlayers. The dis 
seminated ores of the Oktyabr'sky Mine are characterized 
by the most complex morphology. The mineral assemblage 
of the ore is the most complicated within those parts which 
overlie strongly zoned massive ore. In these rocks, a miner 
alization that is geochemically related to the massive ores is 
superimposed over the normal disseminated mineraliza 
tion. The disseminated ores vary in thickness from 100 to 
120 m. The outlines of the economic mineralization are 
determined in relation to the grade of the ore, depending on 
the mining conditions.

MASSIVE ORES
The massive ore occurs largely in the exocontact and only 
occasionally penetrates the lower part of the intrusion to 
form zones consisting of a stockwork of veins or separate 
thin, elongated veins (see Figures 17.5, 17.6 and 17.7). 
Large deposits occur along the axial zones of the intrusions 
(see Figure 17.2) and have the shape of plate- and lens- 
like bodies. Terminations of the orebodies may have the 
form of pinch-outs with sharp, smooth contacts, or involve 
a feathering-out of the ore in "horse tail"-like structures. 
Layers of massive ore can be up to 40 to 45 m thick. Pyrrho 
tite ores prevail, but large deposits located in the frontal 
parts of intrusions have a more complex zonal structure. 
Contacts between the massive ores and country rock are 
normally sharp, and only rarely is there a smooth transition 
from massive to copper or disseminated ore.

COPPER ORE
Copper ores occur mainly at the base of intrusions, forming 
a "halo" around deposits of massive ore. They may also 
develop as independent horizons, in some cases isolated 
from and in others adjacent to the intrusive exocontact. At 
the Komsomol'sky Mine, thick horizons of copper ore 
occur within the roof of the intrusion, merging with the zone 
of the Western faults. In the Oktyabr'sky Mine, copper ore is 
coincident with areas in which the intrusion pinches out; 
bodies of breccia-like copper ore are also present at this 
mine. Copper ores are characterized by a wide morpho 
logical diversity. In places, they exhibit a very fine structure 
that has formed as a result of the injection of ore material
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between sedimentary layers, along fractures and into 
breccia zones (Kunilov et al. 1989).

The factors controlling the deposition of the copper ore, 
including the initial composition of the host rocks and their 
structure, are responsible not only for their unusually 
diverse chemical and mineralogical composition, but also 
for their extremely complex shape. The economically 
important constituents are distributed very unevenly within 
orebodies, both horizontally and vertically. The thickness of 
the ore is very variable, sometimes reaching 100 m. Usually 
bodies of copper ore do not have sharp contacts but are 
gradational into barren country rock. At the Oktyabr'sky 
deposit, copper ores are associated with the frontal parts of 
the intrusion and are almost absent in the central and 
northern branches (Taimyrsky and Glubokij mines). Copper 
ores are widely developed throughout the Talnakh deposit 
(see Figure 17.2).

SOME IDEAS ABOUT THE 
GENESIS OF THE DEPOSIT

The large amount of data that has been accumulated during 
underground exploration and mining at Talnakh allows 
one to interpret the geological characteristics and questions 
relating to the genesis of the copper-nickel sulphide depos 
its, which are related to the differentiated intrusions.

A thick zone of mylonite and the presence of polished, 
almost "pebble"-like rock fragments within the main suture 
of the Noril'sk-Kharayelakhsky fault support the concept 
that this system developed over an extended time period and 
as the consequence of a variety of orientations in relative 
displacement.

The development of the Western faults and the forma 
tion of the central graben occurred at the same time as the 
emplacement of the intrusions; a hint of this is provided by
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Figure 17.7. Morphology of massive sulphides in sedimentary and intrusive rocks (Komsomol'sky Mine).
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the existence of the "intrusive neck" in the vicinity of the 
western faults at the Mayak and Komsomol'sky mines (see 
Figures 17.6 and 17.7). The formation of a structure such as 
this "neck" is possible only when there is a considerable 
plasticity in the intruded material.

The eastern and central intrusive branches have a 
pipe-like shape at their deep northern extremities, are 
lens-like in the centre and are flattened and plate-like in the 
south. A higher degree of differentiation in the middle and 
near-frontal (southern) parts of the intrusions and the asym 
metric distribution of copper and PGE in the massive ores 
(the copper and PGE contents increase in the frontal parts, 
i.e., to the south) lead to the conclusion that both the intru 
sion and the sulphide melts were introduced from north to 
south.

The evolution of the western intrusive branch was 
much more complicated. The morphological and structural 
studies of the intrusion and the zoning in the massive ore 
suggest the superimposition of at least 3 directions of move 
ment for the intrusion and sulphide melts. These are: l) from 
the Noril'sk-Kharayelakhsky fault zone to the southwest 
(western part of the Komsomol'sky Mine); 2) westward (the 
Kharayelakhsky branch); and 3) from the deep northern 
region to the southwest (the branch of the intrusion within 
the Glubokij Mine). Therefore, the feeder conduit of the 
intrusive material was not located in l place but was in a 
number of places along the fault.

A dolerite dike was exposed in a mine opening in the 
western part of the Komsomol'sky Mine (Figure 17.8a). Its 
relationship to the differentiated intrusion and with massive 
and copper ores provides evidence as to the relative order of 
their emplacement. The dolerite was injected up a steeply 
inclined fissure and, on reaching the ore-bearing intrusion, 
spread out along its base forming subhorizontal apophyses 
(these have been traced in the drill holes for as much as 100 
to 150 km from the subvertical part of the dike). The 
massive ores pinch out abruptly and split into a series of 
veinlets that penetrate fractures in the metamorphosed 
dolerite. Skarns and serpentinization with relics of dolerite 
have the mineralization superimposed upon them. A similar 
geological situation has been documented in a mined-out 
region of the eastern branch of the Komsomol'sky Mine 
(see Figure 17.8b). These observations suggest that the 
dolerite dike was emplaced after the differentiated intru 
sion, but before the introduction of the massive ore, which, 
in turn, means that the massive ore was introduced signifi 
cantly later than the differentiated intrusion. Introduction of 
the sulphide magma was controlled by a zone of intense 
heating along the basal contact of the intrusions. This 
heating produced openings (feeder channels) due to con 
traction of the intrusion itself and a decrease in the thickness 
of the underlying rocks caused by their thermal metamor 
phism. Differentiation of the sulphide magma started before 
it was introduced into its present location (probably, in an 
intermediate chamber or in the feeder channel), which 
explains why all of the frontal parts of the deposits are 
enriched in the more mobile copper minerals.

The genesis of the copper orebodies was a multistage 
process which took a long time, and was mainly influenced
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Chapter 18
Mineralogical and Geochemical Characteristics of the Cu-Ni 

Ores of the Oktyabr'sky and Talnakh Deposits

A.I. Stekhin

Noril'sk Mining and Metallurgical Kombinat, Noril'sk, Gvardeisky Square 2, Russia

Abstract
The major minerals of the copper-nickel ores are distributed regularly within the massive, "copper" and 
disseminated ore types of the Talnakh ore junction. Variations associated with a range of nickel contents of 
pyrrhotite, pentlandite and chalcopyrite have been studied, and it has been found that close correlations exist 
between the compositions of ore minerals and their geochemical and mineralogical properties.

The main morphological and crystallographic modifications of the different groups of ore minerals 
have been characterized together with their principal physical properties. The mineralogical and 
geochemical characteristics of ores are described.

The primary minerals of "copper" ore, largely the type with the pyrrhotite ore assemblage, have 
suffered secondary alteration, which is isochemical and depends on the composition of the ore and non-ore 
mineral constituents, and on the structure and, therefore, permeability of the area of the deposit in which the 
ore occurs.

Mineral and geochemical zoning has been shown to involve the 2 main types of ore, pyrrhotite and chal 
copyrite; both asymmetric and symmetric zoning are present, depending on the position of the ores within the 
central parts of the deposits. The influence of the Noril'sk-Kharayelakhsky fault is crucial to the general 
configuration of the ore zonation. Both vertical and lateral zoning of massive and "copper" ore have been 
studied.

The structure of the deposits has been shown to influence the zoning and development of the 
Kharayelakhsky, Mayakovsky, Glubokij and Taimyrsky ore deposits. Each of these terminates with ore con 
taining cubanite and chalcopyrite mineral assemblages. The chemical differentiation of the ore constituents 
and the formation of the copper-nickel ore shoots are discussed.

INTRODUCTION— 
MINERALOGICAL AND

GEOCHEMICAL 
CHARACTERISTICS OF ORES

The ores of the Talnakh ore junction consist of 3 types: 
1) massive ore, which consists of sheets and lenses of 
massive sulphide; 2) disseminated ore, which occurs in 
and towards the base of the ore-bearing intrusions; and 
3) "copper" ore, which is found in the exocontact of the 
ore-bearing intrusions and massive ore.

The mineral composition of the Noril'sk copper-nickel 
ores is very diverse (Bud'koetal. 1969; Genkinetal. 1981; 
Kunilovetal. 1989; Mitenkovetal. 1971; Stekhin etal., in 
press; Chernov and Stekhin 1988). The ores contain the 
pyrrhotite group minerals, such as monoclinic and 
hexagonal pyrrhotite and troilite, the chalcopyrite group 
(tetragonal chalcopyrite including iron-rich chalcopyrite, 
talnakhite, mooihoekite, putoranite), pentlandite (high- 
nickel and high-iron), cubanite and magnetite; all of 
these are primary minerals. Secondary ore minerals of the 
"copper" ores consist primarily of pyrite, valleriite, tochili 
nite, millerite and violarite, which were formed by hydro 
thermal alteration of primary sulphide. The numerous 
minerals of noble metals (gold, silver and platinum group

elements [PGE]) are divided into 3 groups: native metals, 
their alloys (intermetallic) and sulphides (plus arsenides; 
Genkinetal. 1981).

The more than 100 ore minerals that have been identi 
fied within the ores contain 30 commonly occurring 
chemical elements, 14 of which (iron, copper, cobalt, sul 
phur, platinum, palladium, rhodium, ruthenium, iridium, 
osmium, gold, silver, silicon and titanium) are of economic 
importance. The PGE and other precious metals are present 
either as discrete minerals or in solid solution in base metal 
sulphides. Cobalt, osmium, iridium and ruthenium are 
present only as trace elements in solid solution in ore- 
forming minerals. Variable amounts of nickel and copper 
occur admixed with: 1) pyrrhotite, chalcopyrite, valleriite, 
magnetite, olivine and pyroxene; and 2) pentlandite, pyrr 
hotite, hydrogarnet and serpentine.
Massive ore occurs as:
1. three pyrrhotite-rich variants (A): namely fine-grained 

pyrrhotite-dominant (Ai), chalcopyrite + pyrrhotite 
(A2 ) and chalcopyrite-rich, chalcopyrite + pyrrhotite 
(A3)

2. three types of cubanite-rich massive ore (B): chalcopy 
rite H- pyrrhotite (troilite) + cubanite (B-,), troilite -f 
chalcopyrite (talnakhite, mooihoekite) -i- cubanite 
(B2) and chalcopyrite (talnakhite, mooihoekite) 4- 
cubanite (B3)
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3. three types of chalcopyrite-rich massive ore (C): pyrr 
hotite + chalcopyrite (C-i), cubanite + chalcopyrite 
(talnakhite, mooihoekite; C2) and chalcopyrite (talnak 
hite, mooihoekite; C3)

In Figure 18.1, which shows the variation in copper and 
nickel for the different types of ore, the different sulphide 
mineral assemblages are represented by a series of maxima 
that are separated by areas with little or no representation in 
the sample population. Lines can be drawn to separate the 
different ore types.

1. = 6.909 to l .287 weight Ve Cu (Between AT and A2)

2. = 9.751 to l .287 weight Ve Cu (Between A2 and A3)

3. = 14.3 to l .287 weight Ve Cu (Between A3 and B)

4. = 24.3 to l .287 weight Ve Cu (Between B and C)

Successive zones correspond to progressive increases in 
total nickel plus copper. Since chalcopyrite and pentlandite 
contain roughly equal amounts of sulphur, the boundaries 
between the zones themselves correspond to lines of equal 
sulphur content. As copper and nickel increase, sulphur 
decreases, which also is reflected in an increase in the iron 
content of the pyrrhotite. The crystal structure of the pyrrho 
tite changes as the iron content increases, and the ability of 
the structure to retain nickel in solid solution decreases.

Pyrrhotite is the major ore mineral for all of the ore 
types, excluding those of the chalcopyrite group. All known 
structural modifications, monoclinic (magnetic), hexagonal 
(intermediate) and troilite (nonmagnetic) are present; they 
occur as grains composed of a single pyrrhotite type and as 
intergrowths of more than l type. The types of pyrrhotite 
are distributed regularly throughout the ore, changing as 
the nickel contents of the troilite-hexagonal-monoclinic- 
pyrrhotite assemblages changes (Table 18.1).

The A! ore type contains monoclinic and hexagonal 
pyrrhotite of Fe8S9 composition, which has the highest 
nickel content in solid solution. The A2 type contains mono 
clinic and all variants of hexagonal pyrrhotites in the com 
position range Fe9Si 0 to Fe8S9 ; these pyrrhotites are also 
characterized by a wide range of nickel in solid solution. 
The A3 type contains hexagonal pyrrhotite (Fe13S 14 to 
Fe8 S 9) with the lowest content of nickel in solid solution 
plus troilite. Low-nickel pyrrhotites (Ni less than Q.4%) 
occur in all ore types, as high-iron hexagonal (Fe9Sio to 
Fe13S-i 4 ), monoclinic pyrrhotite and troilite.

In massive ore, a decrease in nickel in solid solution in 
pyrrhotite is associated with an increase in segregations of 
flame-like pentlandite. As the chalcopyrite content of the 
ore increases, the nickel content of pyrrhotite decreases 
(Figure 18.2a); pyrrhotite that is associated with pentlandite 
consistently contains 0.1 to 0.25 weight Ve more Ni in solid 
solution than that associated with chalcopyrite.

Morphological Types of Pyrrhotite
There are 3 morphological types of pyrrhotite: pyrrhotite I, 
pyrrhotite II and pyrrhotite III; which correspond to the 
3 structural modifications: hexagonal pyrrhotite, mono 
clinic pyrrhotite and troilite (Shishkin et al. 1972).

Shishkin et al. (1972) showed that pyrrhotite adjacent 
to segregations of flame-like pentlandite has less nickel in 
solid solution than that farther removed from these segre 
gations; he also pointed out that nickel increases in the 
late-stage morphological modifications of the pyrrhotite 
from the Talnakh deposit (Shishkin et al. 1972).

Pyrrhotite I occurs as fine, medium and coarse grains 
from a fraction of a millimetre to 50 to 100 mm in diameter; 
some grains reach tens of centimetres in diameter in so 
called "pegmatoid" ores. This pyrrhotite always contains 
numerous tabular, lens-like, fan-like and flame-like pent 
landite lamellae, oriented parallel to the basal parting 
(0001), which may be accompanied by chalcopyrite and 
tabular magnetite. Larger rim-like or loop-like segregations 
of chalcopyrite and pentlandite also occur.

Pyrrhotite II occurs as irregular and ovoid grains, and 
as grains with a hexagonal cross section, which are 
surrounded by rims of non-ore minerals (Mayak Mine). 
Pyrrhotite II from the Komsomol'sky and Taimyrsky 
mines is associated with ovoid grains of pentlandite and 
chalcopyrite.

Pyrrhotite III occurs in veinlets, which cut chalcopy 
rite and sometimes even coarse-grained pentlandite. It is 
usually devoid of pentlandite and chalcopyrite inclusions, 
due to its late stage of formation.

Pyrrhotite I is predominant, and only minor amounts of 
pyrrhotite II and III are present in the AT and A2 ore types. 
Pyrrhotite II and III increase with increasing copper 
(A3 type). In cubanite ores, pyrrhotite I is present as equant 
to tabular grains from 0.20 to 20 mm in diameter with a very 
distinct (0001) parting and as xenomorphic grains, corroded 
by the cubanite.

Chalcopyrite, Pentlandite and 
Cubanite

The chalcopyrite group of minerals are represented by the 
following variants: tetragonal chalcopyrite and its high-iron 
variety; mooihoekite; talnakhite; and high-nickel putora 
nite (Bud'koetal. 1969;Genkinetal. 1981). Nickel in solid 
solution varies between 0.1 to \.96Vc in these minerals. 
Pyrrhotite ore contains only tetragonal chalcopyrite (see 
Figure 18.2b).

Two morphological varieties of pentlandite are present: 
coarse grained (pentlandite I); and fine grained, occurring 
as flame-like intergrowths in pyrrhotite (pentlandite II). 
Both nickel-rich and iron-rich pentlandite are present; the 
former is associated with high-nickel hexagonal and mono 
clinic pyrrhotite, the latter with the low-nickel pyrrhotite 
and cubanite (see Figure 18.2c).
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Figure 18.1. Types of copper-nickel ores according to their mineral assemblages shown on a plot of Ni versus Cu.
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Table 18.1. Distribution of different types of pyrrhotite.

Fe and Ni
Content of 
Pyrrhotite

W.t Ve Fe
Wt 7o Ni

Distribution
of Types 
According to 
Mineral
Assemblages 
in Vol Ve

Po- dominant
Cp— po(mon)
Cp— po(int)
Cub
Cp

Structural Type and Chemical Composition of Pyrrhotite

Troilite

FeS

63.5
0.01

62.55
0.03

48
60

23

Intermediate Pyrrhotite

Fe13S 14 F*11 S 12 F*10S 11 FegSio

Low-nickel Pyrrhotite

61.95
0.12

61.38
0.15

61.2
0.22

60.3-60.0
0.12-0.40

1.7
11
9

40

4
15
11

2.5
2.5

12.8
11

5.1
7.1
19
21

Fe8S9

High-nickel Pyrrhotite

60.0
0.60

59.7
0.65

58.7
0.80

12.4
23.5

5.1

14.5
28.8

5.1
7.4

Monoclinic Pyrrhotite

Fe7S8

61.4
*c0.04

60.4
0.44

59.7
0.66

58.6
0.61

4.1
5.9
4

13
6.3

23
4.4
3

25.4
8.4
2

Abbreviations: Cp—chalcopyrite; Cub—cubanite; Po—pyrrhotite; mon—monoclinic;int—intermediate

In the A! and A2 ore types, there is a correlation 
between an increase in the copper-nickel content and in the 
frequency of occurrence of intergrowths of flame-like pent 
landite. In the AI, A2 and A3 ore, respectively, 30 to 3596, 
50 to 609o and 15 to 209c of the total pentlandite 
occurs in intergrowths. The flame-like pentlandite of the 
intergrowths is characterized by a small size (of the order of 
a few microns), by an unusual morphology as shown in the 
dendritic nature and star-shape terminations of the inter 
growths and by a higher Ni content (l to 2 weight 9c higher) 
than pentlandite I.

Cubanite has a constant composition and occurs as 
2 morphological variants, tabular and granular.

Mineral Properties Affecting 
Beneficiation

The wide variations in chemical composition of the sul 
phide ore minerals and, in particular, in their crystal 
structure account for the variability of their mechanical, 
electrical and magnetic properties and in their response to 
flotation. For this reason, the structural types associated 
with different chemical compositions have been determined 
(Table 18.2). The pyrrhotites are subdivided on the basis of 
their nickel content into low-nickel (Ni less than G.4%) 
and high-nickel (Ni greater than Q.4%) modifications. 
Pentlandite is subdivided into high-nickel (Ni greater than 
32 weight 9e; Co greater than l .25 weight 9c) and high-iron 
(Ni less than 32 weight 9c; Co less than 1.25 weight 9o) 
variants. Flame-like pentlandite is present only as the 
high-nickel variant. A copper content of 31 weight 9fc

divides the high-iron from high-copper variants of chalco 
pyrite. Each of the ore types is characterized by a 
"prescribed" set of proportions of these variants (see 
Table 18.2). The A-\ type is characterized by a high content 
of nickel-rich monoclinic pyrrhotite and magnetite, the 
A2 type contains more nickel-rich hexagonal pyrrhotite 
and flame-like pentlandite and the A3 type is dominated by 
nickel-poor hexagonal pyrrhotite (Stekhin et al., in press).

The microhardness of pyrrhotite increases with 
increasing nickel in the structure.

Nonstoichiometric sulphides (monoclinic pyrrhotite, 
talnakhite, mooihoekite and putoranite) have a high mag 
netic sensitivity (Stekhin et al., in press).

The electrical properties of the sulphides (conductivity, 
etc.) depend on nonstoichiometry and increase (pentlandite 
and pyrrhotite) or decrease (chalcopyrite) markedly with 
increasing temperature. The surface properties of the sul 
phides are those of semiconductors.

Mineral Characteristics of Different 
Ore Types

Certain trends in the composition of individual minerals 
mark the gradation from l ore type to another. If 
one excludes chalcopyrite and cubanite, the iron content 
of individual minerals increases from pyrrhotite ore 
through its different types to chalcopyrite ore (see 
Figure 18.2b). Monoclinic pyrrhotite of the AI ore type 
gives way to hexagonal in the A2 type; this type 
also contains appreciable troilite (see Table 18.2). This

220



A.I. Stekhin

behaviour is even clearer in pentlandite; the most 
iron-rich pentlandite occurs in chalcopyrite ore, while 
pentlandite in the A-\ pyrrhotite type is characterized 
by the highest nickel content (see Figure 18.2a). 
Cobalt varies with nickel in pentlandite (Figure 18.2c and 
18.3a).

The copper content of the copper sulphides increases in 
the same direction, excluding the iron-rich chalcopyrite of 
the cubanite ores and nickel-rich putoranite.

The mineral assemblages of "copper" ore are the 
most complex due to their lengthy and complex evolu 
tion. Primary assemblages have been affected by the devel 
opment of secondary minerals, which obscures the primary 
zoning. Copper ore at the Komsomol'sky Mine shows the 
following assemblages: pentlandite 4- pyrrhotite, pentlan 
dite 4- chalcopyrite + pyrrhotite, pentlandite -f pyrrhotite * 
chalcopyrite, millerite + pyrite + chalcopyrite, millerite H- 
bornite + chalcopyrite, nickel-free pyrite * pyrrhotite

wt 
*
Ni

0.8-

0.6--

0.4

0.0

wt 
f.
Ni

2.5 n

2.0

1.5

1.0

0.5-

Cu X Ni
10 12

38

36

34 -

wt 32 
f.
Ni

30

28

26 -

LEGEND

Distribution of Cu X Ni

0.15 Pyrrhotite ores with monoclinic pyrrhotite

1.15-2.1 Chalcopyrite-pyrrhotite ores with
monoclinic and hexagonal pyrrhotite

2.1-3.0 Chaicopyrite-pyrrhotite ores 
with hexagonal pyrrhotite

3.0-7.5 Cubanite ores 

7.5-12.6 Chalcopyrite ores

6 8
Cu X Ni

10 12 14

Figure 18.2. Variation in Ni content in a) hexagonal pyrrhotite, b) minerals of the chalcopyrite group, c) mineralogical types of the Talnakh and 
Oktyabr'sky deposits versus Cu/Ni ratio of bulk ore.
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Table 18.2. Distribution of mineral types in variants of massive ore.

Mineral

1) Pyrrhotite
monoclinic
monoclinic •c0.4*?fc Ni
hexagonal
hexagonal *:0.49fc Ni
Troilite

2) Pentlandite

Abbreviation Uni 
of 
Mei

Po vol
Pom vol

t

i sil re

Po(mon) 
dominant

Jo 100
Jo 65.5

Pomfe vol Ve 17.1
Poh vol Ve 34.5

Pohfe vol Ve 7.6

Pyrrhotite ores

Cp-Po(mon 
and hex)

100
25
12.2
75
15.3

Tr vol Ve

Pn vol Ve 100
Ni-rich^32wt (?fc Ni, Pn n j vol % 91.5

Fe— rich (>32 wt % Ni, f*nfe volVo 2.5

flame -like

3) Chalcopyrite

Pn-11 vol Ve 30-35

Cp vol Ve 100
Cu-rich(>31 wt %Cu) Cp vol 9fc 72.5
Fe-rich(<31 wt %Cu)
Mooihoekite
Talnakhite
Putoranite

4) Cubanite

5) Magnetite

Non-ore components

Cpfe vol
Mck vol

Jo 28.5
Jo

100
100-84

15.9

50-60

100
75-69.5
25-10.5

Ore Types

Cp-Po(hex)

100
9
4

68
57.8
23

100
67-33.3

33-66.7

15-20

100
71.5-82
28.5-18

Tal vol Ve
Put vol Jo

Cub wt Ve

Mt wt c7c 13.7

vrt.% 15-20

4.4

1-2

5-10

6

6.5

Cubanite 
Ores

100

52
52
48

100
23.9

76.1

5-6

100
44
29

9
16

30-100

1.6

1.1

Chalcopyrite 
Ores

100

40
40
60

100
11

89

100
27.2

8.2
32.6
22.8

9

30

5.1

5-6

Abbreviations: hex — hexagonal; man — monoclinic

(sometimes with galena sphalerite and chalcopyrite). Apart 
from the millerite-pentlandite-chalcopyrite and nickel- 
free pyrite-pyrrhotite parageneses, which are only of min 
eralogical importance, these ore assemblages are dis 
tributed systematically within the orebodies and define the 
zoning of the "copper" ore.

The assemblages listed are those developing around 
deposits of massive sulphide or around the ore-bearing 
intrusions. In the former case, the zoning starts within the 
massive sulphide itself.

The primary ores are divided into the 2 natural groups 
on the basis of their principal minerals, pyrrhotite and 
chalcopyrite.

Pyrrhotite (monoclinic) is the major ore mineral. It 
occurs as homogeneous irregularly shaped masses (pyrrho 
tite I), the size of which depends directly on the size of the 
particles of disseminated sulphide within which it occurs. 
Pyrrhotite II occurs as irregular grains showing crystal 
faces. It is ubiquitous in ore in which chalcopyrite occurs in 
greater amount than pyrrhotite and contains very small (a 
few microns) segregations of pentlandite and chalcopyrite. 
As the Cu/Ni ratio of the bulk ore increases, the amount of

nickel in solid solution in monoclinic pyrrhotite decreases 
(Figure 18.4a).

Pentlandite occurs in 2 forms: l) tabular and flame-like 
intergrowths in the pyrrhotite up to 0. l mm long and a few 
microns wide; and 2) rounded grains up to 0. l mm in diame 
ter and as rims between the grains.

Nickel-rich pentlandite—The Ni content, in pentlan 
dite, of chalcopyrite ore is l .7 to l .8 weight Ve higher than in 
pyrrhotite ore, reaching 42 weight 9fc. In association with 
millerite, the chalcopyrite ore can reach 44 to 46 weight 9fc 
Ni. Pentlandite in cubanite-bearing "copper" ore, which 
occurs in the exocontact of massive cubanite ore, is poorer 
in Ni (32 weight 9fc) and therefore richer in iron.

Chalcopyrite occurs in its tetragonal form; when asso 
ciated with pyrrhotite has about 0.20 weight 9fc Ni, which is 
slightly higher than when chalcopyrite occurs separate from 
pyrrhotite.

Pyrite forms zoned crystals showing zones alternately 
enriched in nickel and cobalt. Pyrite is the most common ore 
mineral after pyrrhotite and chalcopyrite. The Co content in 
the pyrite in pyrrhotite ore is 1.299fc, decreasing to 
0.30 weight 9fc in chalcopyrite ore.
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Figure 18 J. Variation in a) Co content of pentlandite, b) Fe content of ** 
hexagonal pyrrhotite, c) S content of hexagonal pyrrhotite versus Cu/Ni 5 
ratio of bulk ore. n—number of samples.

50
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Figure 18.4. Variation in a) Ni content in monoclinic pyrrhotite, b) Cu 
content of valleriite and c) S content of pyrite in copper ores of the 
Komsomol'sky and Skalisty mines versus Cu/Ni ratio of bulk ore.
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Millerite forms very small (no more than 0.05 mm in 
diameter) grains in chalcopyrite and accounts for up to 
30 volume 7c of the total sulphides in the millerite-bornite- 
chalcopyrite ore.

Jerfisherite is the latest sulphide of the primary and 
earliest of the secondary associations. Its composition is 
determined totally by the chemical composition of the 
primary association. The nickel content changes in accor 
dance with that of pentlandite.

Secondary Alteration

The replacement primary secondary sulphides and silicates 
depends on the stability of the sulphides, on the mineral 
composition of the primary assemblage and on the intensity 
of the secondary metamorphism (Kunilov et al. 1989).

Pyrrhotite is replaced by: 1) valleriite and tochilinite; 
2) violarite and valleriite; 3) magnetite + valleriite; 
4) pyrite 4 marcasite 4 magnetite -f- hematite; and 5) pyrite 
4 marcasite + valleriite, and is the most commonly devel 
oped secondary alteration. It is difficult to distinguish sec 
ondary from primary pyrite. Valleriite can completely 
replace pyrrhotite, both by itself and together with pyrite 
and magnetite. Pentlandite is replaced by: 1) millerite 
or millerite + pentlandite; and 2) violarite and pyrite. 
When pyrite develops at the expense of pentlandite itself, 
essentially all cobalt is concentrated in the pyrite, leaving 
pentlandite devoid of cobalt.

Chalcopyrite is less subject to replacement, but that 
associated with pyrrhotite may be replaced by secondary 
valleriite, valleriite + violarite and pyrite.

Valleriite is the most common secondary mineral 
occurring either as fine scaly aggregates, tabular crystals, or 
as very fine rims (0.8 to l mm) around sulphides and sili 
cates. It forms well-developed intergrowths with non-ore 
brucite, serpentine, hydrogarnet and primary and secondary 
sulphides (magnetite, Jerfisherite, pyrrhotite, chalcopyrite, 
etc; Kunilov et al. 1989). It has a mixed sheet-like structure 
and a low microhardness comparable to that of graphite. 
The composition of the sulphide layers in valleriite depends 
entirely on the composition of the primary sulphide associ 
ation: it is iron-rich (Fe/Cu = 2.9 to 3.0) in chalcopy- 
rite-pyrrhotite ore and copper-rich (Fe/Cu = 0.95 to 1.0) in 
pentlandite-chalcopyrite ore (see Figure 18.4b). Ore con 
taining pyrrhotite alone is replaced by tochilinite, which is 
a mixed sheet-like mineral that does not contain copper 
(Kunilov et al. 1989).

The composition of the brucite-like layer depends on 
the country rock composition. It changes from magnesium- 
rich (aluminum-bearing) in dolerites, gabbro dolerites, 
dolomites and serpentinites; to calcium-rich (with admixed 
manganese) in limestones and skarns; to iron-rich (with 
admixed manganese) in cubanite-rich ore (Kunilov et al. 
1989).

Oxides comprise magnetite and ilmenite, the latter is 
the major mineral and is wide-spread in association with 
both primary and secondary mineral assemblages.

The copper ore can be divided into 2 main types if one 
considers both primary and secondary minerals together:
1) chalcopyrite -i- pentlandite -i- valleriite -i- pyrrhotite and
2) pentlandite 4 pyrrhotite 4 chalcopyrite with valleriite and 
millerite 4 pyrite 4- chalcopyrite. The first type has a high 
valleriite content, the second contains only a small amount 
of this mineral.

The intensity of the alteration of the country rock and 
ore material is controlled by their composition and perme 
ability. The magnesium-iron-rich rocks and iron-rich pyrr- 
hotite-dominant ore assemblages are those most susceptible 
to alteration.

General Comments about Ores
There is evidence that the supply and distribution of ore 
within the Talnakh ore junction has a strong structural con 
trol. The structures include disrupted sills and dikes 
(Figure 18.5 and 18.6), fractures, flexures and zones of 
breccia. Higher temperature pyrrhotite ore tends to occur 
closer to the Noril'sk-Kharayelakhsky fault (toward the 
central parts of the structural trap), while medium- to 
low-temperature ore of chalcopyrite-dominant composition 
is concentrated around these structures, thus forming the 
concentric-zoned halos around the massive ore (see Figure 
18.5 and 18.6).

The zonal structure of copper ore in vertical section is 
another important characteristic (see Figure 18.5). Pyrrho 
tite ore is associated distinctly with the central parts of the 
ore-bearing zone (disseminated and massive ore), while 
chalcopyrite ore is associated with the more distal parts, the 
so-called "frontal zones" (see Figure 18.6). This indicates 
that copper ore formed under the influence of the tempera 
ture regime imposed by the ore-bearing intrusion and the 
deposits of massive ore. In the copper ore at the roof of the 
intrusion, pyrrhotite-rich assemblages occur at the base of 
the ore zone. On the other hand, if the copper ore is situated 
beneath the intrusion, or beneath a zone of massive ore, the 
pyrrhotite-rich assemblages will be found at the top of the 
copper orebody (see Figure 18.5).

Another characteristic of copper ore is its relation to 
secondary alteration, including serpentinization, chloritiza 
tion and hydration.

Much copper ore is characterized by a pyrrhotite-domi- 
nant mineral assemblage. This is extremely important from 
a technological viewpoint because this assemblage is very 
prone to reactions during beneficiation of a similar kind to 
those that it has experienced naturally, namely, valleriitiza- 
tion, pyritization and oxidation to magnetite.

Minerals observed in disseminated ore are similar in 
composition to those in massive ore. Areas of chalcopyrite- 
and cubanite-rich disseminated ore coincide in plan 
view with similar assemblages in massive ore in the
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Kharayelakhsky and Talnakh (both southern and south 
western Mayak branches). Disseminated ore at the southern 
end of the Talnakh deposit has been affected by secondary 
metamorphism, as shown by the pyritization it has under 
gone and the substitution of ore minerals by silicates.

The outstanding compositional changes within the ores 
are the variations in metal/sulphur rati^ which are related 
to increases in the copper content of the ores and are 
reflected in the presence of minerals with nonstoichiometric 
metal/sulphur ratios (see Figure 18.3c and 18.4c).

ZONING OF COPPER-NICKEL 
ORES

There is a close correlation between the bulk composition of 
the ore, the mineralogical composition and the composition 
of individual minerals (Table 18.3; Chernov and Stekhin 
1988). Thus, one can use the S7(Ni -i- Cu) ratio to illustrate 
the zoning of the ore.

The deposits exhibit 2 types of zoning: 1) asymmetric 
and 2) symmetric (Figures 18.5 through 18.8). The latter can 
be divided into 2 subtypes on the basis of structure: a) pyrr 
hotite, due to the positioning of pyrrhotite-dominant ore at 
the centre of a deposit and chalcopyrite-rich ore at the mar 
gins, that is, the copper occurs as a disseminated aureole; 
and b) chalcopyrite, in which chalcopyrite and cubanite ore

occur in the centre and pyrrhotite ore at the margins, that is, 
copper is present in a concentrated form.

Asymmetric zoning is due to the pyrrhotite ore types 
occurring close to the Noril'sk-Kharayelakhsky fault and 
chalcopyrite and cubanite ore away from the fault.

In the Severnij-2 orebody of the Oktyabr'sky deposit, 
which grades laterally into the Kharayelakhsky massive 
orebody, there are periodic maxima of pyrrhotite ore 
(monoclinic, A^ along an axis that extends at a high angle 
to the Noril'sk-Kharayelakhsky fault; there is a steady 
decrease in the intensity of the maxima and in the distance 
between them away from the fault (see Figure 18.7). The 
presence of chalcopyrite ore (in both asymmetrically and 
symmetrically zoned parts) in areas removed from the fault, 
coupled with the decrease in the amount of pyrrhotite-domi 
nant massive ore in these areas, point to a constant loss of 
iron by the ore-forming liquid during its evolution.

Similar regular variations in composition are present 
in the MK-I and MP-ON horizons of copper ore (see 
Figure 18.6) of the Komsomol'sky Mine, with the chalco 
pyrite ore types being located primarily at the margins of the 
zones, removed from the Noril'sk-Kharayelakhsky fault.

This lateral geochemical and mineralogical zoning is 
attributed to the behaviour of the constituent elements 
during ore formation, that is, to the higher mobility of 
copper as compared to that of iron, nickel and cobalt. This is 
the main reason for the separation of these components in

LEGEND
Distribution of S / (Ni+Cu) 

^.5 Pyrrhotite ores with monoclinic pyrrhotite

4.5-5.5 Pyrrhotite ores with monoclinic pyrrhotite

3.0-4.5 Cholcopyrite - pyrrhotite ores with 
hexagonal and monoclinic pyrrhotite

2-5-3.0 Cholcopyrite - pyrrhotite ores with 
hexagonal and pyrrhotite

1.5-2.2 Cubanite ores

^.5 Chalcopyrite ores 

j j | Nor i l'sk - Khorayelakh fault 

p- —| Other faults 
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h^^W Mineralogical geochemical streams

Figure 18.5. Vertical section showing mineralogical and chemical zoning of the MK-1 and MP-ON horizons of copper ore in the Komsomol'sky 
Mine.
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Figure 18.6. Plan view of the mineralogical and chemical zoning of the 
MK-1 and MP-ON horizons of copper ore in the Komsomol'sky Mine.

the Talnakh and Oktyabr'sky deposits both overall and in 
individual branches. The axial lines of the symmetric and 
asymmetric zoning coincide with those of the ore-bearing

intrusions. For example, the parts of these intrusions that 
exceed 100 m in thickness are associated with massive pyrr 
hotite ore. These systematic variations and correlations 
allow one to recognize: 1) the direction of the movement of 
the ore material during its evolution is in a general direction 
away from the Noril'sk-Kharayelakhsky fault; and 2) the 
sequence of the formation of the different deposits of the 
Talnakh ore junction.

Mineralogical and geochemical zoning of copper ore in 
the vertical dimension is asymmetric, with disseminated 
copper mineralization and chalcopyrite-rich assemblages 
occurring on the margins and away from the intrusion (see 
Figure 18.5). This is why the reverse asymmetric zoning of 
the MK-I horizon copper ore at the Komsomol'sky Mine 
indicates that it has originated from a locality deeper than 
that of the Oktyabr'sky deposit. If one calls upon the intru 
sion within the central graben as being responsible for the 
formation of this horizon of copper ore, one must conclude 
that this intrusion was emplaced after that responsible for 
the Oktyabr'sky deposit.

The morphology of zones of massive, disseminated and 
"copper" ore is related to the local structure in the area in 
which they are developed:

1.

4.

Adjacent to the Noril'sk-Kharayelakhsky fault, the ore 
zones are elongated along the fault, along splays related 
to the fault and along the axes of synclinal folds west of 
the fault.

Connecting links between the different branches of the 
ore-bearing intrusions have been recognized in the 
vicinity of the Western reverse faults.

The orebodies, which are removed from the Noril'sk- 
Kharayelakhsky fault, are localized either along zones 
with flatter dip within the Kharayelakhsky trough (the 
Severnij-2 deposit) or affected by areas in which the 
intrusions thin or pinch out altogether.

Pyrrhotite-rich "copper" ore, which tends to occur 
along the margins of shallow-dipping sills, dikes and 
other permeable structures in the country rocks, is 
particularly concentrated along the margins of the 
deposits.

MINERALOGICAL-
GEOCHEMICAL STREAMS OF

COPPER-NICKEL ORE

The different structural modifications of the pyrrhotite, 
chalcopyrite and pentlandite groups of minerals; the dis 
tinctive arrangement of the mineral assemblages; and the 
location and configuration of the zoned ore, together with 
the nature of the ore-bearing branches of the intrusion, all
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suggest that the episode of mineralization was one char 
acterized by the intrusion of the ore material as a series of 
linear streams. The root parts of the streams are marked by 
pyrrhotite ore and the existence of a zoning in the distribu 
tion of the different forms of pyrrhotite. Each stream termi 
nates with high-copper massive ore showing chalcopy- 
rite-type zoning; examples include the Oktyabr'sky and 
Severnij-4 bodies, the Mayak talnakhite ore, the talnakhite- 
cubanite ore of the southern Main branch of the 
Komsomol'sky Mine (part of the Talnakh deposit) and the 
mooihoekite ore of the Glubokij Mine. In this way, all 
bodies of massive ore can be regarded as belonging to one 
of 4 main streams: the Oktyabr'sky (copper-rich); the 
Mayakovsky (high-copper and nickel); the Talnakh (even 
higher copper and nickel); and the Glubokij (similar to the 
Talnakh) streams (Figure 18.9).

Contours of S7(Ni + Cu) ratio outline areas that are 
characterized by the dominance of a particular mineral 
assemblage and in which iron or alternatively copper are 
dominant. These contours also reflect the direction of flow 
of the main ore streams.

Assuming that the entry of iron, nickel, cobalt, 
rhodium, etc. into the ore fluid was delayed, and that this 
was also accompanied by a late-stage increase in 
hydrothermal-metasomatic alteration of the country rock 
and by the formation of the copper ores, one can conclude 
that:

1. the streams formed according to the following 
sequence: 1) Kharayelakhsky, 2) Mayakovsky, 
3) Glubokij and 4) Talnakh

2. the first "copper" ores to form were on the outer 
margins of the Oktyabr'sky stream (the Oktyabr'sky 
and Komsomol'sky MP-ON deposits); then the ores 
formed on the MK-I horizon of the Mayakovsky flow, 
and, finally, they formed along the length of the Tal 
nakh stream to the east of the Noril'sk-Kharayelakhsky 
fault

3. the introduction of the streams was accompanied 
by synchronous opening of the different structures 
that control the deposits along the Noril'sk- 
Kharayelakhsky fault

4. the cubanite and chalcopyrite assemblages of the dis 
seminated and massive ore overlap in plan view, which 
suggests a link between them. The fact that chalcocite- 
bornite mineralization overlies disseminated ore in 
stead of massive talnakhite ore in the vicinity of the 
Mayak Mine suggests a different relationship here.

Comparison of the copper-nickel ore of the Oktyabr'sky, 
Talnakh and Noril'sk I deposits indicates a progressive 
increase in iron, nickel, cobalt, platinum, rhodium and 
sulphur in the initial melt responsible for the successive 
deposits, which should naturally be reflected in the chemi 
cal composition of the different ore types and in their 
constituent minerals.

Table 18.3. Chemical and mineralogical composition of variants of massive ore.

Ore Variant

Po(mon) dominant

Cp-PoCmon+hex)

Cp-Po(hex)

Cub

Cp

Chemical Composition in Wt 7c

Ni

1.6
2.57
2.99
3
3.42
4.4
3.4
3.27
2.85
3.4
3.05
2.7
2.5
2.85
3.3

Cu

1.4
2.34
3.3
3.2
4.85

6
6
7.8

10.5
11.5
17.5
19.7
21.5
26.5
30.5

S

18.1
23.56
32.86
34.26
35.72
36.38
33.64
32.67
32.14
30.0
30.52
31.41
28.44
30.88
31.9

Fe S/CCu+Ni)

38.54 6.03
42.67 4.80
51.31 5.22
52.34 5.53
52.25 4.32
51.05 3.5
50.37 3.58
47.04 2.95
44.07 2.41
43.83 2.10
38.16 1.49
37.03 1.40
36.27 1.19
36.14 1.05
33.21 0.94

Cu/Ni

0.88
0.91
1.10
1.07
1.36
1.36
1.76
2.39
3.68
3.38
5.74
7.30
8.60
9.30
9.24

Mineralogical Composition in Vn/1%

Cp

4.06
6.80
9.59
9.18

13.95
17.28
17.04
21.19
27.14

9.58
13.85
25.70
41.46
67.81
85.06

Cub

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.50
2.00
5.00

36.00
56.00
49.00
29.50
11.00
2.00

Pn

3.84
6.57
7.46
7.50
8.85

11.84
9.70
9.84
8.73

10.72
10.06
3.00
9.22
9.18
9.47

Po

39.20
48.40
68.90
72.00
70.60
67.00
62.00
54.30
46.00
31.00

7.00
5.00
4.00
5.00
1.00

Mt Non-ore 
components

18.00
13.70
7.00
6.00
4.40
3.00
7.00
6.00
5.00
4.00
3.50
2.50
7.00
5.10
2.00

34.90
24.53
7.05
5.33
2.21
0.88
3.75
6.57
8.13
8.70
9.60
7.76
8.82
1.91
0.42

Regression equation: Po = -12.6427+J9.3534[S/(Ni+Cu), correlation coefficient = 0.96 
Fe = 29.7/79+5.2252/5/TM+CWA correlation coefficient = 0.91

Abbreviations: Po—pyrrhotite; Cp—chalcopyrite; 
hex—hexagonal; Cub—cubanite; 
man—monoclinic; Pn—pentlandite;

Mt—magnetite;
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Figure 18.7. Cross section of mineralogical and chemical zoning of massive ores in the Oktyabr'sky deposit.
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Figure 18.8. Plan view of mineralogical and chemical zoning of massive ores of the Talnakh deposit.
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Chapter 19
Geology of the Massive and Copper Ores of the Western Part

of the Oktyabr'sky Deposit

A.S. Torgashin

Noril'sk Mining and Metallurgical Kombinat, Gvardeisky Square 2, Noril'sk, Russia

Abstract
The Oktyabr'sky deposit is associated with the Kharayelakhsky branch of the Talnakh intrusion, which 
forms the Talnakh ore junction in the northwestern part of the Siberian Platform. It is a unique deposit of the 
copper-nickel sulphide ores that is remarkable for the diversity of its sulphide mineralization. Three ore 
types are present: disseminated ore within the intrusion; copper ore (veinlet-disseminated or breccia) at the 
upper contact; and massive ore at the lower exo- and endocontacts of the intrusion.

The location and shape of the copper ores are influenced by pre-ore structures such as the downfaulted 
blocks of the intrusion and show a diversity of fabrics. The major minerals include pyrrhotite (monoclinic), 
chalcopyrite and pentlandite, in the assemblages ranging from those dominated by pyrrhotite to those 
dominated by chalcopyrite.

Massive ore occurs as a thick sheet-like deposit whose morphology depends on the nature of the host 
rocks. Two types of mineral zoning are present: chalcopyrite to pyrrhotite ores where massive ore occurs in 
the metasedimentary country rocks; and cubanite and mooihoekite (plus talnakhite and putoranite) ores 
where massive ore occurs within the intrusion. Compositional variations of the main ore-forming sulphides 
define a cryptic zoning.

INTRODUCTION
The Oktyabr'sky Mine covers the western part of the 
Oktyabr'sky deposit, which lies at the northwestern 
extremity of the Talnakh ore junction. The western limit 
of the deposit is defined by the pinch-out of the 
Kharayelakhsky branch of the Talnakh gabbro dolerite 
intrusion. The north-trending mountain fault forms the 
eastern limit of the deposit.

Country rocks comprise marine and continental 
Silurian and Devonian sedimentary rocks (terrigenous-car 
bonate and sulphate-carbonate) overlain disconformably by 
the Upper Paleozoic to Lower Mesozoic lagoonal-continen- 
tal and continental coal-bearing Tungussky suite. These 
give way upward to a thick sequence of basalt lavas, tuffs 
and tuffites composing the Siberian trap (Figure 19.1).

Tectonically, the mine area lies where the southern 
closure of the Kharayelakhsky trough impinges on the 
South-Pyasinsky anticlinal uplift close to the north-trending 
Noril'sk-Kharayelakhsky fault. Local structures have 
developed as a result of deformation due to the injection of 
the intrusion and related sulphide melt.

ORE-BEARING INTRUSION AND 
SULPHIDE MINERALIZATION

The differentiated gabbro dolerite body has intruded 
Kureisky argillites and marls, Razvedochninsky layered 
argillites and Manturovsky anhydrite-bearing marls.

The complex tectonic environment and diverse rock 
types of the country rocks have determined the shape and

setting of the intrusion. It is a sheet-like body, which plunges 
gradually to the northeast. The flanks have an extremely 
complex structure, due to the intrusion becoming thinner 
and subdividing into several sills and apophyses together 
with the development of breccias.

The inner structure of the body is also very complex; 
olivine gabbro dolerite is abundant occurring with picritic 
and taxitic gabbro dolerite in, for the Noril'sk intrusion, 
unusual spatial relationships with respect to one another. 
The picritic horizon is completely missing in some areas.

Country rocks have been contact metamorphosed and 
metasomatised. Metamorphic aureoles range from 70 to 
250 m in thickness at the upper contact and up to 20 m at the 
lower contact, while the thickness of the intrusion varies 
from 50 m at the margins to 170 m at the axis.

The copper-nickel sulphide mineralization occurs 
within or close to the intrusion. This is illustrated, in 
Figure 19.2, which shows the distribution of nickel and 
copper on typical cross sections through the intrusion (see 
Figure 19.2). Copper and nickel contents are lowest in the 
intrusive rocks, intermediate in the breccia ore and highest 
in the massive ore. There is a sharp decrease in copper and 
nickel to levels typical for unmineralized rocks within the 
first few metres away from the intrusions and exocontact 
ore deposits.

The irregular distribution of sulphide mineralization in 
the different layers and metamorphic and metasomatic 
aureole of the intrusion is reflected in the multilevel 
structure of the ore zone.

All types of copper-nickel sulphide ore that are recog 
nized at Noril'sk are present in the Oktyabr'sky deposit:
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these are disseminated, veinlet-disseminated (breccia) and 
massive ores.

The 2 outstanding characteristics of the Oktyabr'sky 
deposit are the presence of thick layers of massive ore 
showing a distinct zonal structure and the presence of 
veinlet-disseminated breccia (copper) ore in the endo- and 
exocontacts of the intrusion. Distinctive features of these 
are described below.

South

VEINLET-DISSEMINATED 
(BRECCIA) ORES

The Morphology of the Orebodies
These copper-nickel sulphide ores are usually referred to as 
"copper" ores; they are the most complex geological unit 
within the mine. They occur in well-defined positions in 
relation to the structure of the deposit, mainly within the

North
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Mar l and argil l i te

Argi Mite
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Olivine gabbro dolerite
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Chalcopyri te

Figure 19.1. North-south geological cross section through the Oktyabr'sky Mine.
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graben-like structures that have developed at the upper 
endo- and exocontacts of the intrusion as a result of the sub 
sidence of individual blocks of the intrusion (Figure 19.3). 
The morphology and structure of these zones are controlled 
largely by a combination of the shape and position of the 
margins of the "foundered" blocks of the intrusion, coupled 
with the presence of an extremely fractured, highly perme 
able sequence of anhydrites and marls within the roof of the 
intrusion.

The copper ore deposits are multilayered, often 
sheet-like, mineralized zones from 60 to 70 m thick. They 
contain numerous barren or weakly mineralized layers and 
fragments of both sedimentary and intrusive rocks.

Copper ore is usually thickest where the "foundering" 
of blocks of the intrusion is most pronounced (see 
Figure 19.3). In areas that are unaffected by disruption, the 
ore thins out and may disappear altogether. Copper ore 
normally does not show a gradual thinning out towards the

West

margins of a deposit; it pinches out abruptly, or splits into a 
number of apophyses giving rise to a "saw-tooth" pattern 
(Figure 19.4). If the country rock consists of metamorphic 
rocks, the edges of the deposit reflect a decrease in the 
amount of sulphide and the replacement of breccia (veinlet- 
disseminated) by disseminated mineralization; these locali 
ties may also show a compositional change (chalcopyrite- 
pyrrhotite gives way to a chalcopyrite assemblage). If the 
edges are against intrusive rock (gabbro dolerite), there are 
normally no textural or compositional variations (see 
Figure 19.4).

Composition of the Country Rock
The underlying country rocks, which host the sulphide 
mineralization, comprise a variety of metamorphic and 
metasomatic types. Quite often, the "copper" ore contains 
fragments of olivine gabbro dolerites and microdolerite.

East
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Figure 19.3. Effect of pre-ore tectonic structures on localization of copper ore.
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Figure 19.4. Typical borders of copper ore against (a) intrusive rocks 
and (b) metasedimentary country rocks.

Country rocks hosting mineralization, in order of their 
importance, include: pyroxene hornfels with anhydrite and 
carbonate; microdolerite; garnet-pyroxene hornfels skarn; 
prehnite-pyroxene hornfels; anhydrite rock with pyroxene, 
olivine and serpentine; high MgO skarns and brucite- 
bearing rocks.

Textures
A considerable variation in the composition and structure of 
country rocks accounts for the remarkable diversity of ore 
textures, which depends on the proportion of sulphide to 
rock. Breccia, veinlet-disseminated (schlieren) and dis 
seminated textures are the most common in the copper ore. 
The disseminated ores are subdivided, with regard to their 
sulphide content, into poor, rich and densely disseminated. 
Different textural types of ore can occur both separately and 
in combination with one another.

Apart from the variable sulphide content, the ores also 
vary in the size of individual masses of sulphide, which 
range from several fractions of a millimetre to several tens 
of centimetres, even reaching several metres in rare veins of 
massive ore. Masses of sulphide are a few centimetres 
across in breccia ores and are from several microns to a few 
millimetres in densely disseminated ores.

Breccia ores are the most widely developed, com 
posing 60 to 70 volume 9fc of a deposit. Densely dissemi 
nated ores compose 15 to 20 volume 9fc; they usually occur 
as irregular to lens-like masses, of variable thickness and 
length, which are commonly found at the roof or base of 
a deposit. Less intensely mineralized disseminated ore 
characterizes the flanks of the copper ore zones.

Mineral Composition
Pyrrhotite (essentially monoclinic), chalcopyrite and pent 
landite are the main ore minerals of the copper ores. Pent 
landite is present in relatively constant amounts (about 10*26 
of the total sulphides), while chalcopyrite and pyrrhotite 
vary greatly in proportion. Secondary minerals include 
magnetite, pyrite, valleriite, sphalerite, galena and macki 
nawite. Rare minerals include cubanite, jerfisherite and 
minerals enriched in noble and precious metals, such as 
silver- bearing pentlandite, electrum, cooperite, etc.

The pyrrhotite-bearing copper ores compose up to 
70 to 80 volume 9fc of the ore zone. Pyrrhotite-rich assem 
blages occur mainly as breccia ores (65 volume 9fc), 
with only subordinate representation amongst the dissemi 
nated ore types: densely disseminated—10 volume 9fc, 
richly disseminated—10 volume 9fc and poorly dissemi 
nated—15 volume 9fc.

Chalcopyrite-rich copper ores usually occur in the 
upper part of the ore zone, although, on some sections, rela 
tively large segregations of chalcopyrite-rich ore can be 
found at the base or around the periphery of an ore zone. 
Chalcopyrite-rich ore also occurs largely as breccia ore 
(65 to 70 volume 9fc), with densely disseminated ore 
accounting for 25 volume 9fc and the less rich disseminated 
ore, the remaining 10 volume 9fc.
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Small lenses and veins of massive ore up to several 
metres thick are present throughout the copper ore deposit. 
On the northern flank of the deposit, veins of massive ore cut 
right through the total thickness of the intrusion to connect 
massive ore at the base with copper ore at the upper contact.

MASSIVE ORES

into massive ore (Figures 19.5a, 19.6). In general, the 
exocontact massive ore is thick with a relatively simple 
internal structure.

Where the sheet of massive ore enters the intrusion it 
experiences a series of abrupt, step-like decreases in thick 
ness; the position of the massive ore is taken by intrusive

Geological Setting
The area covered by the Oktyabr'sky Mine includes a part 
(2 km2 ) of the largest deposit of massive ore within 
the Talnakh ore junction; this is the First Kharayelakhsky 
intrusion, "the Main".

Massive ores occur mainly within the lower exocontact 
and, to a less extent, within the endocontact of the intrusion. 
The endocontact massive ores occupy a complicated system 
of fractures that is subparallel to the base of the intrusion. 
The fracture systems giving rise to lens-like bodies and 
veins up to several metres thick and from several tens to 
several hundreds of metres in length. Most of the massive 
ore occurs outside the ore-bearing intrusion as a large 
deposit, with a flattened lens-like (almost plate-like) shape, 
ranging from a few metres to several tens of metres in thick 
ness. The deposit concordantly overlies Lower-Middle 
Devonian hornfelsic sedimentary rocks, which account for 
its shallow (13 0 to 15 0 ) easterly dip.

Morphology of the Deposit
The morphology of the massive ores depends on the compo 
sition of the host rock (Duzhikov et al. 1988). The western 
and central parts of the deposit are in contact both with 
the intrusion and with sedimentary-metamorphic rocks 
(hornfels). The latter are usually barren, while the intrusive 
rocks often contain disseminated sulphides that are of 
economic importance. Some parts contain mineralization 
that has "impregnated" the country rock hornfels up to a few 
metres from the main body of sulphide. The massive ores 
show an irregular, wavy contact with the gabbro dolerites; 
this contact zone contains numerous sulphide veins and 
veinlets, which branch away from the massive ore deposit 
(Figure 19.5b). There is evidence of a very smooth transi 
tion from massive into disseminated ore. The lower contact, 
which contains hornfels, is usually sharp and is always 
linear (see Figure 19.5a).

In the eastern part of the deposit, the massive ore is 
interlayered with the metamorphosed sedimentary rocks 
and is separated from the overlying intrusion by 
several metres of metamorphosed sedimentary rocks (see 
Figure 19.5b). The sedimentary rock contains dissemi 
nated sulphides forming veinlets, schlieren and lenses. The 
contact between the hornfels and the sulphide is usually 
very sharp, flat and subparallel to the primary layering of the 
sedimentary rocks (see Figure 19.5a) except at the margins 
where the sulphides pinch out along fractures that follow the 
layering of the sedimentary rocks. This results in numerous 
apophyses of sedimentary rock that extend several metres

LEGEND

Massive ore
Metamorphosed 
sedimentary rock
Gabbro dolerite

Figure 19.5. The relationship between ore and country rock at (a) the 
lower and (b) the upper contact of massive ore zone (sketches made in 
slopes).
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rocks, so that the total thickness of the ore plus intrusive 
rock remains the same as in adjacent exocontact parts of the 
deposit.

Contacts of massive ore with rocks of the intrusion are 
complex and show the development of a series of branching 
sulphide veins and veinlets (see Figure 19.5a).

MINERAL ASSEMBLAGES OF 
MASSIVE ORES

The massive ores have a polymineralic composition and 
consist of a complex assemblage of sulphides, oxides, 
selenides, tellurides, arsenides, sulf-arsenides, intermetallic 
minerals, native elements, etc. Only a very small part 
of them constitute major rock-forming minerals (i.e., 
are present in amounts greater than 10 volume 9fc); these 
include: pyrrhotite (monoclinic and hexagonal), chalcopy 
rite and pentlandite. The massive ores also contain troilite, 
mooihoekite, talnakhite, putoranite and high-nickel putora 
nite. Magnetite is present everywhere among the sulphides.

With regard to the prevailing mineral, the massive ores 
are divided into the pyrrhotite, cubanite and chalcopyrite 
types.

The pyrrhotite ores are represented by 3 mineral assem 
blages that differ in their textural characteristics and in their 
contained proportions of pyrrhotite, chalcopyrite and cuba 
nite (Genkin et al. 1981). The name given to this mineral 
assemblage excludes pentlandite, since this is present at 
about 10 volume 9fc in all of the assemblages.

The pyrrhotite mineral assemblage contains a mini 
mum (less than 10 volume 9fc) of chalcopyrite. Pyrrhotite 
(mostly monoclinic; hexagonal is less than 30 volume *#0

can reach 70 volume 9fc. Pyrrhotite grains are from a fraction 
of to a few millimetres in diameter.

The texture of the pyrrhotite assemblage depends 
largely on the amount and distribution of included material. 
Honeycomb texture is the result of the regular distribution 
of oval sulphide grains, several millimetres in diameter, 
within a silicate groundmass. Brecciated texture is the result 
of very coarse-grained sulphide inclusions being inter 
mixed with a predominance of large silicate inclusions.

Since only very little chalcopyrite is present, it is con 
centrated as ovoid masses at the interstices between pyrrho 
tite grains or between pyrrhotite grains and inclusions of 
silicate. Pentlandite occurs as lens-like aggregates in pyrr 
hotite and as fine (about 0.01 mm) thread-like veinlets 
between pyrrhotite grains.

The chalcopyrite-pyrrhotite mineral assemblage is 
mostly found in association with pyrrhotite ores. In compar 
ison with the pyrrhotite-dominant assemblage, it has fewer 
fine silicate inclusions, and the sulphides are coarser- 
grained. Chalcopyrite increases to 10 to 20 volume 9fc, 
which allows it to form massive "loops" around pyrrhotite 
grains, which have a diameter of several tens of millimetres. 
The overall pyrrhotite content decreases to 60*70, which is 
accompanied by an increase in hexagonal pyrrhotite to 
70 volume 9fc of the total pyrrhotite. Inclusions amount 
to less than 15 volume 9fc; magnetite ranges from 5 to 
15 volume'9fc. As mentioned, this assemblage typically has 
a "loop-like" appearance. Pyrrhotite forms the core of the 
mineral aggregate and is surrounded by an irregular rim of 
pentlandite (0. l to 0.4 mm thick) and chalcopyrite (20 to 
30 mm thick). Small amounts of pyrrhotite occur as small 
spherical, plate-like and lace-like intergrowths in the chal 
copyrite forming the loops. Small lamellae and flames of
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Figure 19.6. Section showing fingering-out of massive ore into metasedimentary rocks.
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pentlandite are always present in pyrrhotite, often asso 
ciated with small (less than l mm) lenses of chalcopyrite.

On approaching the cubanite zone, chalcopyrite 
increases slightly and cubanite (less than 5 volume 9fc) 
appears, giving rise to what is referred to as the chalcopy- 
rite-cubanite-pyrrhotite assemblage. In this, the increase in 
the copper sulphides is compensated by a corresponding 
decrease in monoclinic pyrrhotite.

The cubanite ores occur within the highly zoned part of 
the deposit. In the transition between the chalcopyrite- 
pyrrhotite and cubanite-dominant mineralization, cubanite 
increases at the expense of chalcopyrite and pyrrhotite, 
reaching 20 volume 9fc. This is accompanied by the substitu 
tion of monoclinic by hexagonal pyrrhotite and the 
appearance of troilite. The chalcopyrite-cubanite-pyrrho- 
tite mineral assemblage is characterized by the appearance 
of numerous (about 15 volume 9fc), usually large, idio 
morphic grains of magnetite among the cubanite grains at 
the contact with the cubanite-dominant ore.

The cubanite-dominant ores contain from 30 to 
60 volume 9fc cubanite. The large range in cubanite content 
is due to this ore type forming part of a zonal sequence 
between pyrrhotite-dominant and chalcopyrite (mooihoe 
kite) assemblages. The cubanite ores have a very complex 
mineral composition; they contain variable amounts of 
cubanite, pyrrhotite, troilite, chalcopyrite and mooihoekite 
depending on the position relative to the pyrrhotite- 
dominant and mooihoekite-bearing zones.

In ore with the chalcopyrite-(pyrrhotite -f- troilite) cuba 
nite assemblage, cubanite occurs as allotriomorphically 
grained aggregates containing from 10 to 15 volume 9fc 
chalcopyrite. Pyrrhotite together with troilite forms large 
(5 to 10 mm) masses. Pentlandite is present mainly as fine 
(0.5 to l mm) isometric grains, although some occurs along 
the contacts between pyrrhotite and chalcopyrite.

The increase in cubanite is accompanied by a decrease 
in hexagonal pyrrhotite within intergrowths of troilite and 
by an enlargement in the diameter of pentlandite grains.

The appearance of mooihoekite in the cubanite ores is 
accompanied by continued enlargement of pentlandite 
grains; pyrrhotite and chalcopyrite almost disappear, while 
troilite (up 10 volume *7c) usually occurs among aggregates 
of finely grained cubanite. This sulphide assemblage is 
usually referred to as troilite ± mooihoekite H- cubanite.

An increase in mooihoekite to 20 volume 9fc and the 
disappearance of troilite and chalcopyrite give rise to 
another mooihoekite-cubanite mineral assemblage, which 
occupies an intermediate position between pyrrhotite and 
mooihoekite ores.

Chalcopyrite ores include a wide range of chalcopyrite- 
type minerals, which give rise to assemblages with 
tetragonal chalcopyrite or with one of the nonstoichiometric 
chalcopyrite minerals such as mooihoekite, talnakhite or 
putoranite. They are subdivided into 2 main assemblages,

those with chalcopyrite dominant and those with 
mooihoekite dominant.

The chalcopyrite subtype contains tetragonal chalco 
pyrite, which together with cubanite and pyrrhotite form 
a very consistent zone at the upper endocontact of the 
intrusion.

The proportions of cubanite and pyrrhotite in 
the chalcopyrite ores allow one to distinguish several 
mineral assemblages. Pyrrhotite-chalcopyrite and cuba 
nite-chalcopyrite assemblages are the end members of this 
range of assemblages. If they occur close to one another, 
they are always separated by a transitional zone in which 
chalcopyrite coexists with pyrrhotite and cubanite. At the 
same time, the sulphide association adjacent to the pyrrho- 
tite-chalcopyrite ores contains up to 10 volume 9fc cubanite, 
while the association that is adjacent to the cubanite-chalco- 
pyrite ores contains 5 to 10 volume 9fc hexagonal pyrrhotite, 
often accompanied by troilite.

In general, the cubanite-chalcopyrite ores are much 
more common than the pyrrhotite-cubanite ones. The 
former characterize the upper parts of the massive ores. 
Locally, this part also contains cubanite-free associations of 
chalcopyrite and pentlandite.

The cubanite-chalcopyrite ores are massive, contain 
insignificant (less than 5 volume ^c) silicate inclusions and 
have a porphyritic texture due to the wide development of 
large (from 5 to 20 mm) pentlandite segregations within the 
chalcopyrite and cubanite matrix. Chalcopyrite occurs as 
irregularly grained (often with complex twinning) segrega 
tions ranging in grain size from a few millimetres to tens of 
millimetres. In these ores, cubanite is present as tabular to 
irregular masses. Often granular aggregates of cubanite 
form loops around pentlandite porphyroblasts. The increase 
in cubanite coincides with the appearance of veinlets of 
fine-grained pyrrhotite.

The mooihoekite subtype is presented by 2 mineral 
assemblages: 1) cubanite -f- mooihoekite, in which the non 
stoichiometric chalcopyrite minerals account for 40 to 
60 volume 9fc; and 2) mooihoekite, which contains less than 
l O volume 9fc of cubanite and up to 70 volume 9fc of nonstoi 
chiometric chalcopyrite minerals (Distler et al. 1975).

Nonstoichiometric chalcopyrite minerals are very 
similar in grain size and shape while showing a great variety 
of combinations between the different minerals of this 
group. Usually, they occur as dense, homogeneous aggre 
gates of closely interconnected grains, 2 to 3 cm in diameter, 
that have indistinct, blurred contacts. Sometimes, they form 
polysynthetically twinned plates and tablets. Quite often, 
cubanite occurs amongst the nonstoichiometric minerals as 
fine (0.1 mm thick) sheets. With increasing cubanite con 
tent, granular aggregates develop in addition to platy 
masses. Tetragonal chalcopyrite only occurs in these ores in 
association with talnakhite. Pentlandite forms large ovoid 
masses, several centimetres in diameter, and fine (0.02 to 
0.2 mm) veinlets, lenses and chains of grains.
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MINERAL ZONING IN MASSIVE 
ORES

The western branch of the Kharayelakhsky intrusion differs 
from the rest of the Talnakh ore junction, because the 2 types 
of zoning (simple and complex) that have been established 
as occurring in different parts of the junction as a whole 
(Distler et al. 1975) occur in one place.

Simple zoning is typical of the upper part of the ore 
zone and of the mineralization in the metasedimentary

country rocks; this consists of a gradual change in the com 
position of the ore due to changes in the proportions of pyrr 
hotite and chalcopyrite, without the appearance of any new 
minerals. The ore type changes from pyrrhotite to pyrrhotite 
H- chalcopyrite, chalcopyrite * pyrrhotite and then chalcopy 
rite. Chalcopyrite-pyrrhotite and chalcopyrite ores occur at 
the upper and lower endocontacts of the deposit and at the 
extremities of the ore veins, which branch out from massive 
pyrrhotite-chalcopyrite ore. Pyrrhotite ores usually occur in 
the upper part of the massive ore (Figure 19.7, hole 10014).
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The second type of zoning (complex) is observed with 
in massive ore where it occurs in intrusive rocks. These 
areas show the greatest variety of sulphide mineral assem 
blages. It is important to note that the assemblages that con 
tain low sulphur minerals (mooihoekite, talnakhite, putora 
nite and nickel-bearing putoranite) occur exclusively within 
the intrusion; they form the core of a zonal distribution of 
minerals in the deposit and are surrounded in an irregular 
concentric manner by cubanite-bearing assemblages. 
These, in turn, give way outward to chalcopyrite-pyrrhotite 
assemblages, which extend throughout the deposit.

Two areas of the deposit show concentric zoning 
(Figure 19.8). The larger area is in the northwestern part of 
the deposit. Mooihoekite (plus talnakhite and putoranite)

ores occur at the centre and are surrounded, in turn, by the 
following ore types: cubanite -f mooihoekite; mooihoekite 
4- cubanite; pyrrhotite + troilite -i- chalcopyrite * cubanite; 
and chalcopyrite 4- pyrrhotite.

Although zoning follows the general pattern described 
above, both vertically and in plan, in detail, it varies 
in different parts of the orebody and in relation to the 
base and roof of the ore zone. High copper assemblages 
tend to favour the lower endocontact of the intrusion. 
Mooihoekite ores occur within the central part of the intru 
sive block (in plan view), but towards the margins they 
become enriched in cubanite. Metasedimentary rocks 
are much less rich in nonstoichiometric chalcopyrite min 
erals. Troilite-pyrrhotite-cubanite ores form a rim around
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Figure 19.8. Plan showing mineralogical zoning in massive ore.
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mooihoekite ones, separating them from chalcopyrite- 
pyrrhotite ores.

A cubanite-chalcopyrite assemblage occurs at the 
extreme upper endocontact but is absent at the lower endo- 
contact. This assemblage forms a continuous broad band 
that separates mooihoekite from chalcopyrite-pyrrhotite 
ores except on the northern margin where it grades 
into a chalcopyrite-(pyrrhotite -h troilite)cubanite assem 
blage (Ryabikin 1991).

In general, the zoned part of the ore deposit is marked 
by progressive changes in the mineral assemblages, both 
horizontally and vertically. As a rule, apart from the areas 
that are composed exclusively of mooihoekite ore (see 
Figure 19.7, hole P-169), from the base to the roof of the ore 
zone there is a trend in which a high sulphur, low copper 
assemblage grades into a low sulphur, high copper assem 
blage (see Figure 19.7, hole P-284). Along the northern 
margin of the deposit, zoning is symmetrical in the vertical 
dimension, with a central zone of mooihoekite ore giving 
way to cubanite-mooihoekite and chalcopyrite-pyrrhotite- 
cubanite ores toward both the base and the roof of the 
deposit (see Figure 19.7, hole 400).

Zoning of mineral assemblages is much more pro 
nounced in the lower part of the orebody than it is in the 
upper part. Assemblages change from the border of the 
central mooihoekite zone to the east, south and west. The 
contrast in zoning between the base and the roof accounts 
for the higher proportion of copper-rich ore at the roof. 
In the northern margin, the mooihoekite ores pinch out 
together in both the upper and lower parts of the deposit.

A second zoned area occurs in the eastern part of 
the Oktyabr'sky Mine. Here, the vertical zoning found 
to the west is reversed, and cubanite ores are found 
in the lower part of the intrusion. Variation in the min 
eral assemblages proceeds in the following order (from 
centre outward): cubanite-mooihoekite, mooihoekite- 
cubanite, chalcopyrite-(pyrrhotite + troilite) cubanite, pyrr- 
hotite-chalcopyrite and chalcopyrite-pyrrhotite ores.

CRYPTIC VARIATIONS OF THE 
MASSIVE ORES

The zonal structure of the deposit is demonstrated not only 
in the distribution of the ore mineral assemblages, but also 
in the systematic variations in the compositions of the major 
ore minerals (Genkin et al. 1981).

Areas of the deposits showing simple zoning show an 
increase in the iron content of pyrrhotite from the roof to the 
base of the deposit, with monoclinic pyrrhotite giving way 
to hexagonal pyrrhotite, and with hexagonal pyrrhotite 
becoming progressively enriched in iron. This general trend 
becomes slightly more complicated where sulphides are 
interlayered with barren rocks, in which case the iron con 
tent of pyrrhotite increases downwards within each sul 
phide lens; the closer the lens is to the base of the deposit, the 
higher is the iron content of pyrrhotite.

There is no evidence of any systematic change in pyrr 
hotite composition, in plan, except for areas that are adja 
cent to the cubanite ores. Pyrrhotite becomes more iron-rich 
towards the contact with cubanite ore. The most iron-rich 
pyrrhotites were observed in the troilite-pyrrhotite-cubanite 
ores, in which the hexagonal pyrrhotite occurs as an inter 
growth with troilite.

Nickel and iron concentrations in pentlandite are 
related to the mineral assemblage in which the pentlandite 
occurs. In the pyrrhotite ores, high-nickel pentlandites are 
associated with monoclinic pyrrhotite, while low-nickel 
pentlandites are associated with hexagonal pyrrhotite. As 
pyrrhotite ore gives way to chalcopyrite-pyrrhotite, then to 
pyrrhotite-chalcopyrite and chalcopyrite ore, the progres 
sion is marked by an increase of nickel in pentlandite. Pent 
landites, associated with tetragonal chalcopyrite (in the 
chalcopyrite ores), show the highest nickel content.

In areas with complex zoning, high-nickel pentlandite 
occurs with troilite-bearing ores, moderate-nickel pentlan 
dite occurs with cubanite ore and low-nickel pentlandite 
occurs with mooihoekite (talnakhite) ore (Genkin et al. 
1981).

CONCLUSIONS
The main geological characteristics of the Oktyabr'sky 
deposit are:
1. Thick deposits of massive and veinlet-disseminated 

(breccia) ore occur in the endo- and exocontacts of the 
totally differentiated intrusion.

2. There is a correlation between the morphology and 
internal structure of the massive and copper ores, on 
one hand, and the pre-ore tectonics and composition of 
the country rock, on the other hand.

3. The sulphide ores are marked by a great mineral 
diversity.

4. Simple and complex types of zoning characterize the 
massive ore.

5. Cryptic zoning is present in the orebody, as shown by 
systematic changes in the compositions of the main ore 
minerals.
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Abstract
The economic mineralization of the Noril'sk deposits is associated with the elongate, thin, ribbon-like layered 
intrusions, which are part of a complex of volcanic and intrusive rocks. Ore types within and external to 
intrusions of the Talnakh ore junction include: 1) disseminated sulphide mineralization in the ultramafic 
rock of the layered series and in the taxitic gabbrodolerites of the lower gabbro series; 2) massive sulphide 
ore, which is localized mainly in sedimentary country rocks beneath the intrusions and as veins in the roof of 
the intrusions; 3) a chromite-bearing taxitic gabbro layer, which occurs in the Upper gabbro series and is 
unusual in containing weakly disseminated sulphides with abnormally high platinum group element (PGE) 
contents.

The Talnakh ore junction at Noril'sk develops a complete zonal sequence described in terms of the 
spatial distribution of copper-rich and iron-rich ores, the sulphur content of the mineral assemblage and the 
systematic variations in mineral composition. The zoned ores show a wide range in PGE abundances; talnak 
hite ores have elevated Pt + Pd, but low Ir, Rh, Os and Ru, giving rise to KF = (Pt * Pd * Rh)7(Ru * Ir * Os) = 
285 to 470.

Highest PGE abundances are found in horizons within the upper part of the Talnakh intrusion, and they 
are least fractionated with respect to PGE abundances. The sulphide liquids responsible for the disseminated 
and massive ores differ in PGE concentrations. This suggests that the introduction of the sulphide-bearing 
intrusions was followed by the separate injection of the sulphide melt responsible for the massive ore.

PGEs occur in solid solution in the main ore-forming sulphides and as discrete PGE minerals. New data 
suggest that pyrrhotite carries 0.6 to 2.2 g/t Rh, 0.05 to 0.25 g/t Ir, 0.1 to 0.45 g/t Ru, 0.07 to 0.25 g/t Os and up to 
0.1 g/t Pd; whereas, pentlandite carries 0.5 to 2.0 g/t Rh, 0.05 to 0.2 g/t Ir, 0.06 to 0.32 g/t Ru, 0.05 to 0.10 g/t Os 
and 120 to 150 g/t Pd.

The PGEs of the reef horizon are present as discrete PGE minerals.
A model is proposed for the concentration of PGE at Noril'sk that involves long-term interaction of 

immiscible sulphide liquid with large volumes of silicate liquid under different conditions of temperatures, 
fO2 and fS2 .

INTRODUCTION
N.K. Vysotsky first discovered platinum mineralization in 
the Noril'sk deposits (Vysotsky 1933). In the 1920s, he con 
cluded that platinum and palladium concentrations in the 
disseminated ore of the Noril'sk I intrusion were similar to 
those of the Merensky Reef of the Bushveld Complex. This 
comparison led him to interpret Noril'sk I primarily as a 
platinum group element (PGE)-bearing deposit. However, 
the economic history of the deposit indicates that it has been 
exploited mainly on account of its copper-nickel mineral 
ization, and that platinum metals have served only as a by 
product. Therefore, the study of platinum mineralization 
has been traditionally confined to the solution of practical 
problems relating to platinum and palladium extraction 
during the metallurgical concentration of ore.

The study of platinum mineralization of the Talnakh 
ore junction led to a heightened understanding of platinum 
group element mineralization in the whole of the Noril'sk 
region. This research started in the 1960s immediately after 
the discovery of these unique deposits. The richness and 
size of the Talnakh deposits, restricted as they are to a small 
area, have resulted in their study having implications to the 
genesis of PGE-enriched ores, in general, not only sulphide 
rich deposits, but also those poor in sulphide such as the

Merensky Reef. This is particularly so because a new type of 
platinum mineralization has been identified at Noril'sk that 
appears to be identical genetically to those of the Merensky 
and J-M (Stillwater) reefs. The results of these studies 
(which were supervised by the author), and their discussion, 
are the subject of much of the present paper.

TYPES OF SULPHIDE
MINERALIZATION WHICH

CONCENTRATE PGE IN THE
NORIL'SK DEPOSITS

The economic mineralization of the Noril'sk deposits is as 
sociated with extremely elongated (ten and more kilo 
metres), thin (less than 200 m), ribbon-like layered intru 
sions that are part of a complex of volcanic and intrusive 
rocks (see Likhachev, this volume; Fedorenko, this vol 
ume). This association includes several types of layered 
ultramafic and/or mafic intrusions with varying amounts 
and types of sulphide mineralization and a comagmatic 
sequence of differentiated lavas, which together comprise 
the lower part of the platform volcanism of the northwestern 
part of the Siberian Platform (Duzhikov et al. 1993). All of 
the Noril'sk deposits show the same relationship between 
sulphide mineralization and the ore-bearing intrusions; the
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intrusions are the major geological element of the ore fields. 
The best example of the relationships between the different 
ore types and the intrusions is obtained from the Talnakh ore 
junction (Figure 20.1).

Ore types within and external to intrusions of the 
Talnakh ore junction include (see Figure 20.1): 1) dissemi 
nated sulphide mineralization in the ultramafic rock of the 
layered series and in the taxitic gabbrodolerites of the lower 
gabbro series; 2) massive sulphide ore, which is localized 
mainly in sedimentary country rock beneath the layered 
intrusions and, in some places, as veins in the roof of the 
massifs; and veinlet-disseminated ore in the sedimentary 
rocks adjacent to massive sulphide ore. A chromite-bearing

taxitic gabbro layer, which occurs in the Upper gabbro 
series, is unusual in containing weakly disseminated sul 
phides with abnormally high PGE contents.

Disseminated Ore in the Layered 
Intrusions

Disseminated ore is the major resource of base and noble 
metals at the Talnakh ore junction. It is the predominant ore 
type of the Noril'sk I deposit and the other layered intru 
sions. It forms uniform, nearly continuous, sheet-like ore- 
bodies that conform with the outlines of the intrusions and 
may exceed 40 m in thickness.
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Figure 20.1. The distribution of different ore types in deposits of the Talnakh ore junction.
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Disseminated ore is characterized by a constant content 
of ore components; the concentration of Cu 4- Ni is 1.5 
weight 9fc, with a ratio of 2 Cu to l Ni; the sulphur content 
varies from 2.0 to 3.5 weight 9fc.

A major characteristic of disseminated ore is phase and 
cryptic variation. This is revealed in: l) the variation (in dif 
ferent rocks) of the ratios of the main ore-forming minerals, 
such as pyrrhotite (monoclinic, hexagonal, troilite), chalco 
pyrite, talnakhite and cubanite; 2) the associated variation in 
the composition of the coexisting pyrrhotite (nickel content 
in solid solution and metal to sulphur ratio), pentlandite 
(Fe/Ni ratio, cobalt content) and talnakhite-chalcopyrite 
(nickel content in solid solution, Fe/Cu and metal/sulphur 
ratios) mineral groups; and 3) the distribution of nickel and 
cobalt between coexisting sulphides and silicates (Distler 
et al. 1979).

The assemblage hexagonal pyrrhotite H- tetragonal 
chalcopyrite + pentlandite is the most common sulphide 
association in the disseminated ore. However, the assem 
blage troilite 4- cubanite or troilite + talnakhite + high-iron 
pentlandite is quite common in ultrabasic rocks of the 
layered series.

Massive Ore
Massive ore is the most important type of ore at the Talnakh 
ore junction, whereas its development is rather restricted at 
the other Noril'sk ore junctions. At the Talnakh orejunction, 
massive ore occurs throughout much of the area covered by 
the layered intrusions, although its development is more 
restricted. Some of the massive sulphide bodies are 1.5 km 
long and several hundreds of metres wide; their thicknesses 
vary, but several tens of metres is not exceptional.

The majority of the massive sulphide orebodies are 
localized within 5 to 7 m of sedimentary country rocks and 
do not have direct contact with the intrusions. The nature of 
the contacts and some of the features of their inner structure 
depend on the lithologic and physical-mechanical proper 
ties of the country rock. Relationships between the 
orebodies and country rocks indicate that the ore formed 
both as a result of cavity filling and replacement.

Where they occur within the intrusions, the massive 
ores have the form of veins that fill cavities or contraction 
fractures, or they occur within tectonic structures which 
formed after crystallization of the intrusions.

Only the Talnakh orejunction at Noril'sk is character 
ized by orebodies showing a complete zonal sequence with 
in themselves. The zoning can be described in terms of 
mineral assemblages falling within the copper-iron-nickel- 
sulphur system. Features of this zoning include: l) a distinct 
spatial separation between copper-rich (pyrrhotite-free) and 
iron-rich (high-pyrrhotite) ores; 2) distinct trends in the sub 
stitution of low-sulphur by high-sulphur sulphide assem 
blages; and 3) systematic variations in minerals of variable 
composition.

With regard to the mineral zoning, massive orebodies 
are subdivided into type I bodies, which are homogenous 
bodies that show no variation in mineral assemblage but dis 
play cryptic variation; and type II bodies, which have 
marked zoning in their mineral assemblages and pro 
nounced cryptic mineralogical variation (Figure 20.2).

The majority of the Talnakh orebodies are of type I, 
with a simple, essentially unzoned structure. They comprise 
a single mineral assemblage dominated by pyrrhotite of 
constant composition and contain metals in constant pro 
portion (Table 20.1). The Cu/Ni ratio of these orebodies is 
0.8, which is half that of disseminated ore. The constancy in

Mineral Parageneses Transitional forms 
of minerals

Chalcopyrite-cubanite 

Cubanite-chalcopyrite

Main Mineral Associations Transitional forms Mineral Parageneses 
of mineral associations

Chalcopyrite

li

Pyrrhotite

II

Cubanite

Talnakhite

II

Pyrrhotite-chalcopyrite 

Chalcopyrite-pyrrhotite

Pyrrhotite-troilite

PyrrhotiteTtroilite- 
chalcopyrile-cubanite

Troilite-cubanite

Talnakhite-cubanite 

Cubanite-tal nakhlite

Pn F

(Po"V Po h) + Cp ' + Pn F

TO + Cpt -f Cub + PnFe

Tn(Mh, Pul) ±

Tn(Mh, Put) * Cub + Pn Fei Ni

Tn(Mh, Put) 4- Cub + Pn

Figure 20.2. Mineral assemblages and major groupings of assemblages of the sulphide ores. Pentlandite is not named, because it is present in relatively 
constant proportions in all assemblages. The arrows show the sequence of the formation of assemblages in types I and II zoning.
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Table 20.1. Analyses showing sulphur, and base and noble metals, content of different ore types of the Talnakh ore junction.

Intrusives, 
Ore Types

Talnakh Intrusion
disseminated
massive pyrrhotite 
stringer-disseminated

Oktyabr'sky Intrusion
disseminated
massive pyrrhotite 
massive cubanite
massive mooihoekite
stringer-disseminated

Central Intrusion
disseminated
massive pyrrhotite 
massive cubanite
massive talnakhite
stringer-disseminated

Ni

0.50
4.74 
0.79

0.45
3.01 
2.99
2.36
1.11

0.54
4.05 
4.20
4.48
0.65

w

Cu

0.92
3.57 
2.38

1.40
5.59 

12.64
21.14

5.05

0.95
4.41 
9.20

21.8
3.21

tib

Co

0.026
0.142 
0.020

0.025
0.124 
0.108
0.068
0.040

0.026
0.153 
0.080
0.060
0.022

S

3.73
31.31 
9.28

5.41
29.04 
29.82
29.29
13.51

3.09
30.0 
28.3
30.2

5.73

Pt

0.65
2.35 
1.88

0.98
2.32 
4.90

10.01
2.64

1.47
3.50 
3.40

24.2
2.40

Pd

2.50
9.98 
6.83

3.34
10.58 
20.88
41.46

9.17

4.13
13.40 
23.10

101.8
7.54

Rh

0.03
0.52 
0.04

0.02
0.12 
0.07
0.023
0.05

0.07
1.24 
0.50
n.a.
0.06

ppm

Ir

0.03
0.20 
0.02

0.01
0.03 
0.03
0.02
0.02

0.02
0.16 
0.08
0.09
0.03

Ru

0.28
0.20 
0.29

0.14
0.12 
0.11
0.09
0.11

0.12
0.26 
0.14
0.12
0.30

Os

0.02
0.28 
0.08

0.03
0.04 
0.03
0.05
0.02

0.04
0.12 
0.08
0.06
0.03

Au

0.17
0.26 
0.49

0.24
0.45 
1.51
5.02
0.72

0.24
0.50 
2.12
5.50
0.50

Ag

0.15
9.04 
6.97

5.98
8.01 

38.02
83.0
13.3

3.48
7.52 

42.6
96.2

9.44

the proportions of the metallic components is due to 
the constancy of the mineral composition: pyrrhotite (hex 
agonal and monoclinic), 60 to 659c; tetragonal chalcopyrite, 
15 to 209fc; pentlandite, 10 to 159c; and magnetite, 59fc. 
Zoning within these orebodies (type I in Figure 20.3) is 
shown only by the increase in tetragonal chalcopyrite (to 30 
to 409e) towards the contact and the substitution of hex 
agonal pyrrhotite (which is more typical of the centre of an 
orebody) by monoclinic or an intergrowth of hexagonal and 
monoclinic pyrrhotite. These orebodies always show a dis 
tinct cryptic variation in which nickel increases in concen 
tration in coexisting pyrrhotite and pentlandite, and a more 
copper-rich, higher-sulphur sulphide assemblage develops 
near the contact.

Orebodies with type II zoning are characterized by a 
complex range of minerals which, in the order of decreasing 
abundance, include pyrrhotite, cubanite and talnakhite 
(mooihoekite) ore (type II in Figure 20.2). This type of zon 
ing is well developed in the western part of the Oktyabr'sky 
deposit (Figure 20.4). The centre of the zoned area consists 
of the mooihoekite ore (mooihoekite, talnakhite, putaranite, 
55 to60^o; cubanite, 10 to 159fc; pentlandite, 20 to 259c; rare 
troilite [less than 59c]; magnetite 59c); it is surrounded 
by cubanite-rich ore (cubanite, 30 to 509c; mooihoekite, 20 
to 409c; troilite, 5 to 20^o; chalcopyrite, 10 to 409c; 
pentlandite, 15 to 209fc; magnetite, 59fc). The sulphur-poor 
chalcopyrite minerals disappear in the outer part of the 
zoned orebody, which is characterized by tetragonal chalco 
pyrite and by the appearance of pyrrhotite (first hexagonal 
pyrrhotite in intergrowth with troilite and then alone with 
out troilite). In this area, chalcopyrite-cubanite and cuba- 
nite-chalcopyrite-pyrrhotite assemblages predominate. The 
main part of the Oktyabr'sky orebody is composed of pyrr 
hotite ore with variable ratios of pyrrhotite to chalcopyrite.

The principal compositional variants of coexisting sul 
phides in the orebody (as seen in Figure 20.4) are shown in 
Table 20.2.

The ore as a whole (see Table 20. l) is characterized by 
marked variability in the concentration of copper and by a 
practically constant nickel content; Ni/Cu ratios in cubanite, 
mooihoekite and talnakhite ore are 0.23 to 0.45, 0.11 and 
0.20, respectively. The decrease in the nickel content of 
pentlandite, cubanite and mooihoekite ore as compared to 
that of pyrrhotite ore (see Table 20.2) is compensated for by 
the increase in the abundance of pentlandite and in the 
occurrence of nickel in solid solution in talnakhite and 
mooihoekite.

The zones described above extend for hundreds 
of metres, which allows each of them to be mined 
independently.

Veinlet-Disseminated (Copper) Ore
Veinlet-disseminated ore forms an outer halo to massive 
sulphide mineralization in both sedimentary and intrusive 
rocks. The texture of the mineralization depends entirely on 
the lithology of the country rock; finely banded sulphides 
characterize the layered sedimentary rocks, and a uniform 
finely disseminated sulphide characterizes the massive 
hornfels and intrusive rocks. Another variant of this ore is 
represented by the breccia ores that are developed within the 
roof of the western flank of the Oktyabr'sky intrusion. Frag 
ments in these ores include sedimentary and metamorphic 
country rocks and intrusive rocks, which may be impreg 
nated on a fine scale by sulphides; the matrix usually con 
sists of massive sulphides.

Veinlet-disseminated ore is associated with nearly all 
of the bodies of massive sulphide. In many cases, it com 
pletely fills gaps between lenses of massive sulphide giving 
rise to continuous zones of sulphide mineralization that 
extend for many kilometres.

The mineral composition of veinlet disseminated ore is 
extremely diverse but varies with the composition of the 
adjacent massive ore and may comprise pyrrhotite, chalco 
pyrite and talnakhite varieties. Despite this relationship, 
veinlet-disseminated ore always has a higher proportion of
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Figure 20.3. Platinum, palladium, sulphur, nickel and copper distribution along the sections of drill holes a) K3-204, b) K3-436. The mineralogically 
defined types of massive ore (cross-hatched area) are: Cp, pentlandite-chalcopyrite; Cub-Cp, pentlandite-cubanite-chalcopyrite; Cp-Cub, chalcopy- 
rite-cubanite; Pnt-Mt-Mh, pentlandite-magnetite-mooihoekite; Pnt-Mh, pentlandite-mooihoekite; Pnt-Cub-Mh, pentlandite-cubanite-mooihoekite.
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Ores with intermediate concentrations 
of PGE.

Figure 20.4. The mineral and geochemical zoning of the Oktyabr'sky 
massive ore: a) the distribution of mineral types of massive ore within 
the roof of the orebody; b) the distribution of copper in the ores; 
c) platinum group element (PGE) distribution and association.
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Table 20.2. Typical compositions of coexisting sulphide minerals in massive ore, (from X-ray microanalysis).

Mineral Association

Pentlandite-chalcopyrite-hexagonal 
pyrrhotite

Pentlandite-troilite-hexagonal 
pyrrhotite-chalcopyrite-cubanite

Pentlandite-troilite -cubanite

Pentlandite-cubanite-talnakhite

Pentlandite-cubanite-mooihoekite

Pentlandite-heazlewoodite-bornite

Pentlandite-godlevskite-bornite

Pentlandite -chalcopyrite-hexagonal 
pyrrhotite

Pentlandite-monoclinic 
pyrrhotite-chalcopyrite

All values reported in w. 1 7c

Minerals

pyrrhotite 
pentlandite

pyrrhotite 
troilite 
pentlandite

troilite
pentlandite

talnakhite
pentlandite

mooihoekite
pentlandite

bornite
pentlandite

pentlandite 
bornite

pyrrhotite 
pentlandite

pyrrhotite 
pentlandite

Ni

0.60 
35.5

0.08 
n.a. 

32.0

63.5
28.5

0.75
28.8

0.26
25.0

n.a.
44.6

41.6 
62.75

0.70 
36.0

0.46 
37.3

Fe

59.4 
29.7

61.2 
62.4 
33.6

n.a.
38.1

29.10
37.2

31.88
40.7

11.7
24.1

25.1 
3.94

59.5 
28.7

59.10 
28.2

Co

n.a. 
1.7

n.a. 
n.a. 
1.2

n.a.
1.0

n.a.
0.40

n.a.
0.90

n.a.
0.47

0.30 
1.69

n.a. 
2.1

n.a. 
1.9

Cu

n.a. 
n.a

n.a. 
n.a 
n.a.

n.a.
0.02

37.15
0.50

35.91
0.10

63.2
n.a.

n.a. 
0.13

na.a 
n.a.

n.a. 
n.a.

S

37.80 
33.3

38.6 
36.50 
33.0

36.60
33.2

33.31
32.4

32.44
32.5

26.1
31.5

32.2 
33.15

38.6 
33.1

38.9 
33.2

I

97.9 
99.9

99.6 
98.9 

100.4

100.10
100.82

100.31
99.3

100.49
99.2

101.0
99.7

99.2 
101.67

98.80 
99.9

98.40 
100.6

copper sulphides than the related massive ore, showing an 
average Ni/Cu ratio of close to 0.2 (see Table 20.2).

Most of the veinlet-disseminated orebodies display 
type I mineral zoning (see Figure 20.2). These are normal 
pyrrhotite ores with the high-sulphur pyrrhotite and 
high-nickel pentlandite, which give way to chalcopy- 
rite-dominant ore with a high-nickel (to 469fc Ni) pentlan 
dite, that may coexist with bornite and millerite. The outer 
parts of the zoned orebodies may contain the assemblage 
pyrite + millerite.

Veinlet-disseminated ore is the only ore type which is 
characterized by a wide development of hydrothermal alter 
ation of the primary sulphides. This is shown by the forma 
tion of mixed mineral assemblages, such as valeriite -h tochi 
linite (and similar phases), coexisting with brucite, serpen 
tine and magnetite.

PGE DISTRIBUTION IN THE 
SULPHIDE ORES

The economic value of the ores of the Talnakh ore junction 
depends in large part on their PGE contents.

In general, PGEs are associated with sulphides. How 
ever, the degree of PGE fractionation and the level to which 
each of the elements has been concentrated depends on the 
ore types involved.

Differences in the fractionation of PGE show up 
primarily in the ratio of palladium and platinum to the rare 
PGE (rhodium, iridium, ruthenium and osmium). Thus, the 
ratio KF - (Pt H- Pd * Rh)7(Ru * Ir * Os)1 reflects the

degree of fractionation of Pt -f- Pd -i- Rh from Ru -H Ir H- Os 
(Figure 20.5).

Disseminated ore is characterized by a lower total con 
tent of PGE (see Table 20. l) as compared to that of the other 
ore types. The distribution of all of the PGE in disseminated 
ore, within each intrusion, is fairly uniform, which accounts 
for the rather small variations in the metal contents: Pt, 0.6 
to l.0 g/t; Pd, 3.0 to 4.0 g/t; Rh, 0.03 to 0.06 g/t; Ru, 0.14 to 
0.20 g/t; Ir, 0.01 to 0.03 g/t; and Os, 0.02 to 0.04 g/t. 
The sulphides associated with taxitic gabbrodolerites are 
slightly richer in PGE than those associated with picrites.

The varying PGE contents in the disseminated ore from 
the different intrusions depends completely on the amount 
of sulphide present (see Figure 20. l). The correlation coef 
ficient of S to Pd, Rh, Ru, Ir and Os is nearly l; only plati 
num varies when the sulphur content remains constant.

The ratio that best shows the enrichment in PGE in dif 
ferent types of sulphides (ZPGE x lOVS) is amongst the 
highest in the case of disseminated ore, reaching 0.85 to 
1.90 for some of the intrusive bodies. It should be noted that 
only the disseminated ore type is characterized by a high 
degree of enrichment in platinum, palladium and all of the 
rare PGE together (Kp = 7.6 to 22.4, which is one of the 
lowest values for the whole of the ore field). The Pt/Pd ratio 
is 0.25 to 0.35.

' Editor's comment: Fractionation of the type referred to by Dr. Distler 
is often expressed by the ratio (Pt + Pd)t(Rh + RU + Ir* Os). However, 
Dr. Distler has chosen to express the ratio as shown in the text and in 
Figure 20.5, and this has been retained.
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The massive ore is characterized by very complicated 
patterns of PGE distribution that are different for the zoned 
and unzoned orebodies.

In the unzoned pyrrhotite ore, the PGEs are distributed 
relatively evenly (in g/t): Pt, l .5 to 2.0; Pd, 7.0 to 9.0; Rh, 0.6 
to 1.2; Ru, 0.2 to 0.3; Ir, 0.06 to 0.10; and Os, 0.03 to 0.05. 
Platinum and palladium are enriched in near-contact parts 
of the orebodies in proportion to their enrichment in copper. 
In general, all massive ores are characterized by the same 
trend of increasing palladium and platinum with increasing 
copper. The relationship between palladium and platinum 
and copper is only observed in pyrrhotite ore when the Cu 
concentration is equal or higher than 3.5 to 4.0 weight 9fc in 
lOO^o sulphide. The correlation between the total of plati 
num + palladium and copper content is absent if copper 
drops below this value and the distribution of platinum and 
palladium becomes irregular.

Pyrrhotite ores are marked by low levels of palladium 
and platinum and maximum levels of rhodium, iridium, 
ruthenium and osmium; rhodium often approaches 
platinum in concentration. Pyrrhotite ores, therefore, show 
the lowest Kp values of all ore types. The average value of 

x 106/8 for massive ore is 0.4, which is 1/3 that of the

disseminated ore; the Pt/Pd ratio is the same for both ore 
types (0.23 to 0.25).

The greatest variability in PGE concentration is 
observed in the zoned orebodies (see Table 20.1) and 
reflects a change from pyrrhotite to pyrrhotite-chalcopyrite 
(type I zoning) ore, or to cubanite ore and eventually to tal 
nakhite or mooihoekite ore (type II zoning, see Figure 20.4).

In contrast to the pyrrhotite ore, talnakhite (mooihoe 
kite) ore is characterized by strongly fractionated PGE 
being rich in palladium and platinum and poor in iridium, 
rhodium, osmium and ruthenium; the decrease in osmium 
and ruthenium is not as pronounced as that of iridium and 
rhodium. This type of PGE fractionation gives rise to maxi 
mum values of KF, which approach 285 to 470 for some 
zoned massive sulphide bodies. The function XPGE x 1067S 
^ 1.8 to 4.2) for these massive ores is the highest amongst 
all of the massive ore types and is higher than that typical of 
disseminated ore.

The absolute Pt and Pd contents in the massive ore may 
exceed 10 to 25 g/t and 40 to 100 g/t, respectively; some 
samples contain as much as 1000 g/t (Pt + Pd). The Pt/Pd 
ratio (like that of all ore types) remains relatively constant at 
0.24 to 0.30.

10 0.2 0. 4 0.4 1.2 1.6 O 12 10 20 30 40 50 l/ 200 300

Cu/Ni Pt/Pd 5PGE/S (Pt+Pd+RhJ/tIr+Ru+Os)

Figure 20.5. Graphical representation of platinum group element (PGE) in the Talnakh copper-nickel ores. The geological column is from Figure 20. l. 
The hatched areas show the ranges of each of the parameters describing PGE distribution.
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Although platinum and palladium reach high concen 
trations in the copper-rich talnakhite (mooihoekite) ore, 
their correlation with copper is not perfect (Figure 20.3a, 
20.3b). They tend to be most concentrated mainly in the 
upper exocontacts of the copper-rich orebodies.

The cubanite ore occupies an intermediate position 
with regard to PGE contents and ratios. The XPGE x 1067S 
ratio does not reach that of the disseminated ore, although 
cubanite ore is one of the richest ore types with regard to 
total PGE content. Like other ore types, the Pt/Pd ratio 
remains constant at 0.23 to 0.24.

The majority of the veinlet-disseminated type ore 
bodies are associated with pyrrhotite massive ore; PGE con 
centration increases with an increase in copper; the total 
PGE content tends to be higher than that of the associated 
massive pyrrhotite ore when viewed on a 1009fc sulphide 
basis. Veinlet-disseminated ore is characterized by lower 
rhodium, iridium, osmium and ruthenium than massive ore, 
although typical values of KF (20 to 60) are less than those 
typical of copper-rich massive ore.

Comparison of the general trends of PGE distribution 
within the ore types and ore mineral varieties shows that the 
principal division lies between their distribution in dissemi 
nated ore as compared to all other ore types. When 
considered on a 100*^ sulphide basis, the highest PGE 
levels occur in the horizons of disseminated ore in the 
layered intrusions; this ore type is also the least fractionated. 
This means that the sulphide liquids that were responsible 
for the formation of the disseminated and massive sulphide 
mineralization differed in their PGE concentrations, which 
is in agreement with the geological-genetic model proposed 
for the Noril'sk deposits. This model suggests that the intro 
duction of the sulphide-bearing intrusions was followed by 
the separate introduction of the sulphide melt responsible 
for the massive ore. The intrusions and sulphides are 
thought to have originated as a result of the differentiation of 
sulphide-rich silicate magma at mantle depths.

PGE fractionation is most noticeable during the differ 
entiation of the sulphide liquid; this differentiation is 
responsible for the variations in mineral assemblages within 
and between different types of massive ore. The maximum 
concentrations of rhodium, iridium, osmium and ruthenium 
are found in assemblages resulting from the crystallization 
of the monosulphide solid solution (pyrrhotite ore); mini 
mum concentrations of platinum and palladium are present 
in these assemblages. Maximum platinum and palladium 
concentrations occur in the ores that are composed of sul 
phides forming from copper-rich intermediate solid solu 
tion (talnakhite, mooihoekite ores). An analysis of all of the 
data on PGE distribution within the massive ores has 
revealed several compositional ranges within which the 
correlation between the copper content and the concentra 
tion of the noble metals is absent (Figure 20.6).

This is also true of pyrrhotite ore with a Cu content 
equal to or less than 3.5 weight 9c. This ore is marked by a 
considerable range in the concentration of total palladium 
and platinum at a constant copper content. Apparently this 
copper content corresponds to the limit of copper solubility 
in monosulphide solid solution, while both platinum and

wtf.
Cu

20-

10-

25
(Pt+Pd) ppm

50

wt 
f. 
Cu

20

10-

1 .0
(Rh+lr+Ru+Os) ppm

2,0

Figure 20.6. Correlation between platinum group element (PGE) con 
tent of the ores and their copper content. The areas of horizontal hatching 
are those in which the correlations are contrary to the general trend. The 
numbers on the diagram mark the copper contents at these boundaries.

palladium remain completely soluble. Correlation between 
rhodium, iridium, ruthenium and osmium in this ore is 
either absent or weakly positive. Analyses of the different 
mineral assemblages have revealed that the correlation can 
be observed in those pyrrhotite ores in which crystallization 
occurred at the highest sulphur fugacity (ores with the 
high-sulphur pyrrhotites); these conditions led to a higher 
copper and lower PGE solubility in the monosulphide solid 
solutions than conditions of lower sulphur fugacity.

The second compositional range, which is marked by 
an abnormal distribution of palladium and platinum, is that 
of the most copper-rich ores. Concentrations of PGE in 
some samples can be 1.5 to 3 times higher than those of 
others. This is explicable by the fact that, although the in 
crease in concentration of both metals proceeds with 
increasing copper content of the sulphide liquid, their 
deposition is nevertheless regulated by autonomous 
processes, which differ from those that control the crystalli 
zation of intermediate solid solution; the solubility of plati 
num and palladium within the intermediate solid solution is 
very limited, and it is very likely that these metals precipi 
tated as other phases.

In ores in which cubanite is dominant (40 to 50 
volume 9fc), no correlation between either platinum and
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palladium, or rhodium, iridium, ruthenium and osmium is 
present. PGE distribution resembles that in pyrrhotite and 
talnakhite ores. Cubanite-dominant ores are also character 
ized by a violation of the normal correlation both between 
copper and both platinum + palladium and the rare PGE 
(rhodium, ruthenium, iridium and osmium); moreover, the 
distribution of PGE within this ore type is similar to that 
within the pyrrhotite and talnakhite ores. This is explicable 
if the cubanite ores are the product of the interaction 
between high-sulphur monosulphide solid solutions and 
low-sulphur, high-copper residual liquid (Distler et al. 
1988); this is reflected in the evolution of the mineral assem 
blages and in the proportions of the main ore-forming 
sulphides (Genkin et al. 1981).

PGE ASSOCIATIONS AND THEIR 
EVOLUTION

The associations shown by the PGE in the sulphide ore as a 
whole and among individual mineral assemblages are the 
result of differentiation of sulphide liquid. The associations 
formed by the PGE, and the stability of these, are major fac 
tors that have determined their behaviour during differenti 
ation of the liquid.

Two main types of associations govern PGE in the 
Noril'sk ore deposits. They occur in solid solution in the 
main ore-forming sulphides and as discrete PGE minerals. 
It should be noted that both types of associations are equally 
important with regard to the total balance of PGE in the ore, 
although distribution between the 2 types is different for 
each of the 6 metals and also varies for a single metal 
depending on the ore type within which it occurs.

The massive sulphide ore has been studied in the 
greatest detail. Rhodium, iridium, ruthenium and osmium 
show nearly complete solubility in the ore-forming sul 
phides of the massive ore. Individual minerals of these 
metals are absent in the ores regardless of their concentra 
tion. This is why it has been necessary to use chemical 
analyses of more than 200 monomineralic samples of pyrr 
hotite, pentlandite and chalcopyrite (with greater than 97 to 
99^o purity) to study quantitatively their solubility. These 
data have been compared with experimental studies of the 
distribution of the same metals between sulphides and the 
coexisting sulphide liquid.

Rhodium is concentrated mainly in pyrrhotite and pent 
landite; it ranges from 0.11 to l .6 g/t in pyrrhotite (from dif 
ferent orebodies) and from 0.12 to 1.8 g/t in pentlandite 
(Table 20.3). Most samples show an approximately equal 
distribution of rhodium between these 2 minerals. However, 
in some samples, pentlandite is richer in Rh, showing a dis 
tribution coefficient of 0.5 to 0.2 (Figure 20.7). Similar dis 
tribution coefficients were obtained experimentally when 
rhodium solubility was studied in the iron-nickel sulphides 
that had been crystallized from sulphide melts (Distler et al. 
1977). It has been observed that high-sulphur pyrrhotites 
are always enriched in rhodium as compared to low-sulphur 
pyrrhotites; troilite contains only a minimum amount of 
rhodium. This relationship between rhodium solubility and 
the composition of pyrrhotite accounts for the distribution

Table 20.3. Rhodium content in ore-forming sulphides of massive ore 
(bulk chemical analysis of the monomineralic samples).

No. Mine; Ore Type Mineral

1/1
1/2

2/1

2/2

3/1

3/2

4/1

4/2

5/1

5/2

6/1

6/2

7

8

7/1

7/2

8

Komsomol'sky Mine pyrrhotite

Massive, pyrrhotite pentlandite

pyrrhotite

pentlandite

pyrrhotite

pentlandite

Oktyabr'sky Mine pyrrhotite

Massive, pyrrhotite pentlandite

pyrrhotite

pentlandite

pyrrhotite

pentlandite

pyrrhotite

pyrrhotite

Massive talnakhite- pentlandite

cubanite pentlandite

Massive chalcopyrite pentlandite

1.6

1.6

0.2

0.4

1.6

1.8

0.70

0.56

0.11

0.24

0.68

0.63

1.40

0.65

0.13

0.12

0.13

of rhodium in the orebodies. Thus, the increase in rhodium 
in the contact-related parts of orebodies (Figure 20.8) is 
consistent with the increase in the proportion of high-sul 
phur monoclinic pyrrhotite relative to the lower-sulphur 
varieties, which are more prevalent in the central or lower 
parts of the orebody. The sharp decrease of rhodium concen 
tration in the copper-rich types of massive ore is the result of 
troilite replacing high-sulphur pyrrhotite and the eventual 
disappearance of the pyrrhotite-group minerals in certain 
parts of the ores with this mineral assemblage. Low concen 
trations of Rh (less than 0.15 g/t) were determined in several 
monomineralic samples of mooihoekite and talnakhite from 
copper-rich ore.

The distribution trend for iridium in the ore-forming 
sulphides duplicates almost exactly that which has been 
established for rhodium. Iridium concentrations vary from 
0.05 to 0.25 g/t in pyrrhotite (Table 20.4) and from 0.05 to 
0.20 g/t in pentlandite; there are 2 distribution coefficients: 
one is close to l, the other is about 0.5 (see Figure 20.7). The 
absence of pyrrhotite in the cubanite and talnakhite ores 
and the replacement of pyrrhotite by troilite are major 
factors accounting for the pronounced decrease in iridium 
in copper-rich ores; the chalcopyrite-group minerals are 
essentially devoid of iridium.

Ruthenium and osmium are distributed between pyrr 
hotite, pentlandite and chalcopyrite (Table 20.5). Pyrrhotite 
contains 0. l O to 0.45 g/t Ru and 0.07 to 0.25 g/t Os, pentlan 
dite contains 0.06 to 0.32 g/t Ru and 0.05 to 0. l O g/t Os and 
chalcopyrite contains 0.10 to 0.43 g/t Ru and 0.03 to 0.08 g/t 
Os. The partial solubility of both metals in chalcopyrite
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Figure 20.7. Distribution of palladium, rhodium, iridium, ruthenium and osmium between natural pentlandite and pyrrhotite from deposits of the 
Noril'sk region, Kambalda, Strathcona, Merensky, and the Sudbury region from Distler et al. (1988). The experimental data are from Distler et al.
(1977).
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1,0 2.0 1,0 2,0 1 ,0 2,0 1 ,0 2.0 Rh

l 20 60

Figure 20.8. Variation of the bulk content of Rh (g/t) with the proportion of monoclinic pyrrhotite (Pom volume 9fc) in massive pyrrhotite ores from drill 
holes. The amount of monoclinic pyrrhotite shown on the figure is the percentage of total pyrrhotite.

Table 20.4. Iridium content in pyrrhotite of pyrrhotite massive ore.

NO./NO.
i
2
3
4
5
6

7
g
9

10
11

Mine Ir, g/t

Komsomol' sky Mine 0.16
0.20
0.24
0.25
0.25
0.08

Oktyabr'sky Mine 0.05
0.13
0.07
0.05
0.06

results in their more gradual disappearance from mooihoe 
kite and talnakhite ore as compared to their concentration in 
pyrrhotite ore.

Distribution coefficients for Ru and Os between pyrr 
hotite and pentlandite are 1.5 to 5.0 and 2.0, respectively, 
with the higher concentrations of these metals in pyrrhotite.

Natural and experimental data are in good agreement 
(Distler et al. 1977, 1988).

Palladium is the only PGE that occurs in the massive 
ore equally in solid solution in the ore-forming sul 
phides and as discrete palladium-rich minerals; however, 
its distribution between these 2 types of associations varies 
depending on the composition of the ore in question.

Palladium is concentrated mainly in pentlandite (Table 
20.6); however, some data suggest partial Pd solubility in 
pyrrhotite, up to several tenths of a gram per tonne. Palla 
dium contents in pentlandite from massive ore can reach 
120 to 150 g/t; the palladium-rich pentlandite is normally 
associated with high-sulphur pyrrhotite. In the assemblages 
of zoned bodies of massive ore, palladium solubility in pent 
landite shows 2 distinct trends: it decreases sharply in cuba 
nite and talnakhite ores (Figure 20.9, lines I and II); and this 
is accompanied by an increase of iron content in pentlandite. 
Pyrrhotite-chalcopyrite and chalcopyrite ores (see Figure 
20.9, lines III and IV) are characterized by an increase in the 
palladium content in the pentlandite which is associated 
with the most copper-rich ores. The iron content of 
this pentlandite show a concurrent, significant decrease. 
Both trends are associated with a sharp increase in the total 
palladium content of both high-copper ore types. Thus,
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Table 20.5. The ruthenium and osmium content in the ore-forming
sulphides of the massive pyrrhotite ores (the chemical analysis of the 
monomineral samples),

No. Mine

1 Komsomol'sky Mine

2/1

2/2

2/3

3/1

3/2

4

5/1

5/2

6/1

6/2

6/3

7/1 Oktyabr'sky Mine

7/2

8/1

8/2

9/1

9/2

10/1

10/2

10/3

11/1 Mayak Mine

11/2

12/1

12/2

13/1

14/1

14/2

All values reported in g/t.

Mineral

pyrrhotite

pyrrhotite

chalcopyrite

pentlandite

pyrrhotite

chalcopyrite

pyrrhotite

pyrrhotite

chalcopyrite

pyrrhotite

chalcopyrite

pentlandite

pyrrhotite

chalcopyrite

pyrrhotite

pentlandite

pyrrhotite

chalcopyrite

pyrrhotite

chalcopyrite

pentlandite

pyrrhotite

chalcopyrite

pyrrhotite

chalcopyrite

pyrrhotite

pyrrhotite

chalcopyrite

Ru

0.98

0.13

0.09

0.32

0.38

0.21

0.40

0.36

0.17

0.45

0.16

0.32

0.08

0.17

0.55

0.11

0.16

0.08

0.14

0.09

0.06

0.34

0.43

0.40

0.06

0.16

0.70

0.25

Os

0.15

0.06

0.03

0.05

0.17

0.06

0.17

0.07

0.06

0.12

0.05

0.05

0.02

0.02

0.08

0.04

0.03

0.03

0.07

0.02

0.02

0.23

0.08

0.25

0.05

0.08

0.18

0.05
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Figure 20.9. The relation between composition of pentlandite and the
content of palladium: I-IV — zoned orebodies of
and Oktyabr'sky deposits and the Oktyabr'sky (III)

the Talnakh
and Talnakh

(IV) veinlet-disseminated ore. The arrows show the distribution of
pentlandites within the zoned orebodies on moving from pyrrhotite to
more copper-rich (chalcopyrite and talnakhite) ores.

palladium solubility correlates in general with an increase in 
nickel in pentlandite. It does not depend on changes in the 
bulk content of palladium in the ore, and it is controlled only 
by the condition of crystallization of pentlandite and the 
mineral assemblage within which it occurs.

Palladium solubility in the pentlandite varies with the 
frequency of occurrence of discrete palladium-rich phases. 
In pyrrhotite ore, palladium minerals are either absent or 
present in very limited amounts; 90 to 100*^ of the palla 
dium in these ores occurs in solid solution in pentlandite. In 
pyrrhotite ores, palladium occurs as minerals belonging to 
the system platinum -i- palladium + copper + tin. Ore 
in which tetragonal chalcopyrite is dominant is likely to

contain a greater variety and proportion of discrete palla 
dium minerals. These are particularly common in talnakhite 
and mooihoekite ores (Table 20.7; Genkin 1968; Genkin 
and Yevstigneeva 1986; Genkin et al. 1981).

At present, it is not possible to estimate directly 
and reliably the amount of platinum in common sulphide 
minerals. Indirect estimates suggest that no more than 109fc 
of the total platinum occurs in this association. Probably, 
all platinum was at one time in solid solution in early crys 
tallizing (high temperature) high-sulphur monosulphide 
solid solution (MSS); this is supported by the presence of
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Table 20.6. Palladium in solid solution in pentlandite (X-ray micro- 
analysis).

Table 20.7. Platinum group minerals in the sulphide ores of the 
Noril'sk deposits.

No. Mine

1/1 Komsomol' sky

1/2 
1/3 
2/1

2/2 
3/1

3/2

4/1 
4/2

5

6
7 
8

9 Oktyabr'sky 
10 
11 
12 
13

14 
15 
16 
17 
18 
19

20 
21 
22 
23

24 

25

26
27

28/1 Mayak

28/2 
29

30

31
32

33

Ore Types

pyrrhotite 
massive

troilite-cubanite 
massive

chalcopyrite 
veinlet- 
disseminated

disseminated 
in the layered 
intrusion

pyrrhotite 
massive

pyrrhotite- 
chalcopyrite 
massive

talnakhite- 
cubanite 
massive

pyrrhotite 
veinlet- 
disseminated

chalcopyrite 
veinlet- 
disseminated

disseminated 
in the layered 
intrusion

pyrrhotite 
massive

pyrrhotite- 
cubanite 
massive

talnakhite- 
cubanite 
massive

Textures of 
the Minerals

lamellae in 
pyrrhotite 

rim 
porphyry grain 
lamellae in 
pyrrhotite 

rim 
lamellae in 
pyrrhotite 

rim

rim 
porphyry grain

porphyry grain

rim 
rim 
rim

rim 
rim 
rim 
rim 
rim

rim 
rim 
rim 
rim 
rim 
rim

porphyry grain 
porphyry grain 
porphyry grain 
porphyry grain

porphyry grain

porphyry grain

rim

lamellae in 
pyrrhotite 

rim 
lamellae in 
pyrrhotite 

lamellae in 
pyrrhotite

porphyry grain 
porphyry grain

porphyry grain

Pd
g/t

76

60 
50 
66

52 
66

56

30 
36

300

1200 
300 
640

64 
34 
54 
50 
70

86 
120 
76 
76 
98 

100

28 
20 
40 
50

160

170

740 
390

110

123 
90

77

59 
20

32

Mineral Chemical Formula

Atokite Pd3 Sn 
Braggite (Pt, Pd, Ni)S 
Cabriite* Pd2SnCu 
Cooperite PtS 
Froodite PdBi2 
Geversite PtSb2 
Hollingworthite (Rh, Pt, Ru, Ir)AsS 
Insizwaite PtBi2 
Isoferroplatinum Pt3Fe 
Isomertieite Pd 1 1 Sb2 As2 
Kharayelakhite* (Cu, Pt, Fe, Pb, Ni)9S8 
Kotulskite PdTe 
Majakite* PdNiAs 
Maslovite* PtBiTe 
Merenskyite Pd(Te, Bi)2 
Mertieite II (Pd, Pt)g(Sb,As)3 
Michenerite PdBiTe 
Moncheite PtTe2 
Niggliite PtSn 
Palarstanide* Pd5 (As, Sn)2 
Palladoarsenide* Pd2As 
Paolovite* Pd2Sn 
Plumbopalladinite* Pd3 Pb2 
Polarite* Pd(Bi, Pb) 
Rustenburgite Pt3 Sn 
Sobolevskite* PdBi 
Sopcheite Ag4?d3Te4 
Sperrylite PtAs2 
Stannopalladinite* (Pd, Pt)5 Sn2Cu 
Stibiopalladinite Pd5^.xSb2.x 
Sudburyite PdSb 
Taimyrite* (Pd, Pt)9Sn4Cu3 
Telargpalite* (Pd, Ag)4 + xTe 
Tetraferroplatinum PtFe 
Urvantsevite* Pd(Bi, Pb)2 
Vincentite Pd3(As, Te) 
Vysotskite* (Pd, Ni)S 
Zvyagintsevite* Pd3 Pb

* Minerals first identified from the Noril'sk deposits.

intergrowths of isoferroplatinum and pyrrhotite, the struc 
ture of which is reminiscent of that of the breakdown of a 
solid solution.

The platinum minerals occur in all types of massive 
ore. Sperrylite and isoferroplatinum are the most com 
mon platinum phases in pyrrhotite ore; while typical for 
the Talnakh deposit, these minerals are absent from 
the Oktyabr'sky deposit. The amount and the variety of 
platinum minerals increase markedly with an increase in the 
total platinum concentration in the ore.

Similar patterns govern the distribution of various PGE 
associations in veinlet-disseminated ores. However, dis-
cpminatfH ciilnhiH^c in thp lavprpH intmcinns ctanH cliohtlv
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apart from the rest of the ore types. They are characterized 
by the highest concentrations of PGE in the ore-forming sul 
phides. Thus, Rh and Ir solubilities in pyrrhotite in some of 
the samples can reach 30 and 3 g/t, respectively. These pyrr- 
hotites are also enriched in ruthenium and osmium. The 
maximum known concentrations of Pd in the pentlandite 
from the Oktyabr'sky and Talnakh deposits are 740 and 
1200 g/t, respectively. Chrissoulis et al. (1991) have shown 
that, in the disseminated ore, the Pt content in solid solution 
in pyrrhotite can reach l g/t. Such high concentrations of 
PGE in the sulphides have never been observed in massive 
ore. However, it should be noted that the disseminated ores 
are characterized by a highly uneven distribution of PGE in 
sulphides; thus, even a single standard polished thin section 
can contain both high-PGE and low-PGE sulphide grains.

All PGEs are in solid solution in the ore-forming sul 
phides of the disseminated ore, and platinum group metals 
(PGMs) are absent with the exception of platinum, which 
typically is present as sperrylite and cooperite.

LOW SULPHIDE PLATINUM
MINERALIZATION OF THE

NORIL'SK INTRUSIONS
The discovery of platinum mineralization of this type in the 
Noril'sk layered intrusions came as a surprise, because it 
was difficult to anticipate such extreme concentration of 
PGE in a magmatic system that was so depleted in sulphide.

The horizon in question occurs at the base of the Upper 
gabbro series and is overlain by a layer of plagioclase cumu 
lates, which comprise the anorthositic gabbro (see Figure 
20.1). The petrographic composition of the rocks forming 
this horizon is extremely unusual for this level of the intru 
sion. The sequence includes irregularly alternating olivine- 
rich rocks, including plagioperidotite, picrite and troctolite, 
with clinopyroxenite, anorthosite and normal gabbro. Seg 
regations of chromite, chromite ± plagioclase and chromite 
-l- olivine are always present, and chrome spinel is uniformly 
distributed in accessory amounts all along the horizon. 
The horizon is also characterized by the consistent devel 
opment of amygdule-like and irregular aggregates of vola 
tile-bearing minerals, including prehnite, phlogopite, am 
phibole and apatite. The uniform taxitic structure of the 
horizon distinguishes it from the rest of the Upper gabbro 
series, which is characterized by homogeneous rocks. The 
structure and composition of this PGE-bearing horizon is 
similar to that of the Critical Zone of the Bushveld Complex 
and similar zones in other rhythmically layered complexes.

The horizon contains no more than 0.2 to 0.3 weight 9fc 
Cu and Ni; however, its PGE content either equals or 
may exceed that of typical pyrrhotite massive ore. The 
IPGE x 106 ratio reaches 10 to 12 (see Figure 20.5); the 
bulk concentration of PGE is about 6 to 10 g/t, reaching 
60 g/t in some parts. The Pt/Pd ratio is similar to that of the 
whole of the ore field, namely, 0.25 to 0.30. The PGE- 
bearing mineral assemblages have certain unique features. 
PGEs are usually present as discrete PGMs, namely, sul 
phides, tellurides and tellurobismuthites. These may occur

in intergrowths with pyrrhotite, chalcopyrite, pentlandite 
and chromium spinel, but, more commonly, they form seg 
regations unrelated to the sulphides that form intergrowths 
with prehnite, phlogopite, apatite, amphibole and other vol 
atile-bearing minerals. PGEs are also found in solid solution 
in sulpharsenides (cobaltite-gersdorffite group).

CONCENTRATION MECHANISMS
FOR PGE IN THE NORIL'SK

DEPOSITS
In order to understand the nature of the platinum mineraliza 
tion at Noril'sk, one has to explain how such a large concen 
tration of platinum metals came into existence. The author 
appreciates the complexity of this problem and the 
inadequacy of our knowledge in this area; nevertheless, the 
author believes that the modern geological-genetic model 
for the formation of magmatic ores in the northwestern part 
of the Siberian Platform (Distler et al. 1988; Duzhikov et al. 
1992) allows one to propose a general sequence of events, 
which could have provided for the formation of the unique 
platinum-rich mineralization of the Noril'sk deposits.

The model shows that the geological-tectonic regime 
of magmatism in this region allowed for multiple differenti 
ation and separation of a primary mantle melt, the composi 
tion of which was similar to that of pyrolite. This resulted in 
the development of a differentiated volcanic complex, 
which included volcanic rocks ranging from ultramafic and 
subalkalic basalts to olivine tholeiites (the Ivakinsky to 
Nadezhdinsky volcanic sequences), and a series of 
variously differentiated intrusions. Segregation of immis 
cible sulphide liquid occurred from a gigantic volume of 
primary magma into a very small volume of magma, equal 
to that of all of the layered intrusions (Duzhikov et al. 1992). 
PGE concentration resulted from the long-term interaction 
of this immiscible sulphide liquid with a large volume of 
silicate magma of changing composition; PGE accumulated 
in the sulphide liquid as this underwent multiple re-equili 
bration with influxes of fresh magma in accordance with the 
coefficients governing PGE partitioning between sulphide 
and silicate liquids. The sulphide liquid concentrated only 
part of the PGE, and large amounts remained with the mag 
mas (including those giving rise to the lavas; Distler et al. 
1976).

During the formation of the sulphide ore, the behaviour 
of the PGE depends mainly on the evolution of the sulphide 
liquid in response to the changes in temperature and in the 
activities of the components, including sulphur and oxygen. 
Palladium, platinum and the rare PGE were distributed 
between high-copper and low-copper fractions of the sul 
phide melt independently of the other parameters that were 
determining their state. The main factors controlling their 
distributions were the electronic configurations of copper, 
palladium, platinum and silver in the presence of sulphur. 
These predetermined the behaviour of submolecular clus 
ters of these metals during differentiation of the sulphide 
liquid (Distler et al. 1988).

The development of different associations of the plati 
num metals in the ores depended largely on the evolution of
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the intensive parameters of the sulphide systems, par 
ticularly temperature and sulphur fugacity. It is known that 
pressure does not have a major influence on sulphide equili 
bration; the metallic components of these systems can be 
considered as inert, because the changes in their activities 
are a direct consequence of variations in the sulphur activity. 
With regard to the major ore-forming components, in some 
cases, the ratio of iron to nickel activity can change due to 
the development of pentlandite. The ratio of iron to copper 
activity can also change as a result of the crystallization of 
cubanite or of the different phases of the chalcopyrite group.

Natural and experimental data indicate that a low solu 
bility of platinum metals in the products of the crystalliza 
tion of the sulphide melts occurred in assemblages that 
formed at maximum sulphur fugacity. Exceptions to this are 
the rare PGE and, to a lesser extent, palladium. The 
solubility of platinum is usually extremely low. Platinum

solubility depends to a certain extent on the temperature, 
because relatively platinum-rich pyrrhotites are known; 
these crystallized from the sulphide liquid during the forma 
tion of the intrusions.

The sulphide melts evolved along 2 main trends. This is 
illustrated in Figure 20.10 in which lines of monovariant 
equilibria for pyrrhotite with varying metal/sulphur ratios 
and also lines for compositions of intermediate solid solu 
tions with different metal/sulphur and copper/iron ratios are 
shown. The dash lines outline areas in which the composi 
tions of the sulphide melts evolved during the formation of 
zoned and unzoned massive sulphide ores. These fields are 
drawn on the basis of the compositions of the actual 
sulphide assemblages and on their sequence of formation 
within the orebodies.

One evolutionary trend (field I, see Figure 20.10) is the 
most common in the Noril'sk deposits and develops under

400 600 800 1000 1200 1400 "C
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Figure 20.10. Plot of sulphur fugacity versus temperature for the sulphide associations that define zoning in massive sulphide ore. The diagram has 
been constructed with regard to the sequence of assemblages outlined in Figure 20.3.
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conditions of decreasing temperature and constant or 
slightly increasing sulphur fugacity. The sulphide assem 
blages that are formed in this case are referred to as high- 
sulphur ones; the order of their crystallization corresponds 
to that of type I zoning in the massive ore, which was 
described above. As shown, Figure 20.10, field I lies above 
the sulfidization curves of all PGE except platinum, which 
implies that, except for platinum, all PGE may be soluble in 
sulphide. Experimental data indicate that the solubility of 
PGE, excluding platinum, in iron-nickel sulphide melts is 
several orders of magnitude higher than the observed con 
centrations of these metals in the ores. This indicates that if 
the ore-forming system had corresponded in composition to 
that of MSS, complete solubility of all of the PGE (except 
platinum) would have occurred under these conditions. 
However, in more complex melts (particularly those rich in 
copper), PGE will be distributed between crystallizing MSS 
and residual liquid; the PGE distribution between them will 
be determined not only by their solubility in MSS, but also 
by their geochemical affinity for the components that accu 
mulate in the liquid. It can be predicted that, in the actual sul 
phide melt, rhodium, iridium, ruthenium and osmium will 
dissolve completely in MSS, while palladium will distribute 
between MSS and nickel- and copper-rich residual liquid. 
PGE distribution between the pyrrhotites and pentlandites 
of varying composition has been discussed in detail else 
where (Distler et al. 1977, 1988).

The second trend (field II in Figure 20.10) corresponds 
to the development of type II zoning at Noril'sk. The 
low-sulphur sulphide assemblages that developed reflect 
their crystallization under conditions of simultaneously 
decreasing temperature and sulphur fugacity. This composi 
tion field lies below the sulfidization lines for all PGE 
except ruthenium and osmium. These 2 metals show 
a limited solubility in MSS. A marked drop in sulphur 
fugacity accounts for the decrease in palladium solubility 
in pentlandite.

An understanding of the formation of PGE solid solu 
tions in the ore-forming sulphides is very helpful in inter 
preting the formation of discrete PGE minerals. The frac 
tionation of PGE during the evolution, differentiation and 
subsequent crystallization of the sulphide liquids is prelimi 
nary to the formation of these minerals. The ability of PGE 
to attain saturation in the ore-forming sulphides predeter 
mines whether this or that metal will be available to form 
separate minerals or will be removed from the sphere of 
mineral formation. Thus, the solubility of PGE in the 
ore-forming sulphides is one of the most important factors, 
particularly when one considers that the PGE mineralogy 
indicates that most develop during the final stages of the ore 
formation (Genkin et al. 1981; Genkin and Yevstigneeva 
1986).

The relatively late stage deposition of platinum group 
minerals (PGMs) in the sulphide ores has been interpreted 
by a number of scholars as the consequence of the introduc 
tion of the PGE in a fluid, which (according to them) 
accounts for the localization of the platinum-palladium

phases. The development of these ideas is historical, origi 
nating when it was believed that PGMs were the major (or 
even the only) host of PGE in the ores. The understanding of 
the role that solid solutions contribute to hosting the PGE 
casts doubt on the concept of the introduction of the PGE by 
a fluid. If one accepts that fluids have played a role in PGE 
introduction, one must subtract that part of platinum and 
palladium that are accommodated within PGM from the 
overall content of PGE in the sulphide melt. One must look 
upon the origin of this platinum and palladium as separate to 
that of the remainder of the platinum and palladium, and the 
rhodium, iridium, ruthenium and osmium, all of which are 
in solid solution in the ore-bearing sulphides. It is hard to 
believe that such contrasting origins can be justified reason 
ably. On the other hand, if we assume that all of the PGEs 
were originally components of the sulphide melt and that 
their present associations are the result of the evolution of 
this melt, then we can account not only for their distribution 
within the ores, but also for the distribution of those compo 
nents that act as ligands in palladium-platinum compounds. 
In support of this, it should be noted that all of the Noril'sk 
ore types that have developed mineral zoning involving 
high-sulphur assemblages have sulphides as the most com 
mon PGM (mainly platinum). The sulphides are accompa 
nied by arsenides and to a lesser degree by compounds con 
taining tellurium and bismuth. The assemblages that have 
developed at low-sulphur fugacity are characterized by a 
predominance of alloys and intermetallic compounds; other 
PGMs are strictly subordinate.

Analysis of most intergrowths of PGM indicates that 
the ligands involved and the stoichiometry of the minerals 
has a random character; this is taken to reflect a random 
distribution of these components in the microvolumes of 
residual sulphide liquid distributed within the mass of 
nearly solidified massive sulphide. The residual liquid 
concentrates only those components that do not participate 
in the crystallization of the major sulphide phases from the 
sulphide liquid. The relative concentrations of components 
in these microvolumes depends on their bulk concentrations 
in the initial sulphide liquids. On the other hand, the inter 
growths in question include such varied associations as: 
1) galena + altaite or platinum and palladium intermetallic 
phases containing lead and tellurium; 2) cassiterite and 
magnetite or platinum-palladium-tin phases co-existing 
with the melts in the platinum-iron system; and 3) argen- 
tian-pentlandite or native silver. This variability indicates 
that each of the microvolumes of residual liquid was charac 
terized by drastically different chemical conditions. The 
relatively random distribution of these chemical conditions 
cannot be explained by the input of components from a 
hypothetical fluid, because its high mobility would lead 
inevitably to homogenization of the chemical potentials of 
the discrete microvolumes in equilibrium with it. This leads 
to the conclusion that the development of the PGM associ 
ations, together with their coexisting phases, reflects the 
formation of submolecular clusters; these developed in the 
primary sulphide melt at the precrystallization stage in 
response to cation-anion interaction in the melt.
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Chapter 21
Spatial and Petrologic Aspects of the Intrusions of the 

Noril'sk and Talnakh Ore Junctions
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Abstract
Study of new, deep boreholes has resulted in the partial reclassification of the most important intrusion types 
of the Noril'sk and Talnakh ore junctions and a better understanding of their construction, that is, their 
external geometry and internal stratigraphy. The mineralized "NoriPsk-type" intrusions are divided into 2 
types: ore-bearing and weakly mineralized (Zubovsky-type). The so-called "Kruglogorsky" sills of leuco 
cratic gabbro are now considered to be bordering apophyses of the ore-bearing and Zubovsky-type intru 
sions. Intrusions of the Lower Talnakh-type are characterized by arcuate zones (lenses) of thickness greater 
than 40 m, with conformable bordering apophyses (sills) of lesser thickness that may extend over more than 
50 km2.

Emplacement of mineralized intrusions within the ore junctions was controlled by the Noril'sk- 
Kharayelakh fault and by these arcuate zones of maximum thickness (ZMT) of the Lower Talnakh-type 
intrusions. The geometry and internal stratigraphy of the ore-bearing intrusions and their bordering 
apophyses is strongly influenced by host-rock characteristics; by the NoriPsk-Kharayelakh fault and 
secondary fissures and flexures; and by the ZMTs of the Lower Talnakh-type intrusions. Because of the latter 
influence, and the fact that the top of the Lower Talnakh intrusion is mineralized when the Kharayelakh in 
trusion comes in contact with it, the Lower Talnakh-type intrusions are considered to have been emplaced 
slightly earlier than the ore-bearing intrusions.

In plan, the external geometry of the ore-bearing intrusions is essentially symmetric with respect to 
their elongate main bodies—the thickest and most fully differentiated parts of the intrusions—which contain 
the most ore and in which picritic gabbrodolerite is usually a component. These main bodies are surrounded 
by narrow flanks and more extensive frontal parts, in which the intrusions decrease in thickness and rise into 
higher host-rock strata. In section, the frontal parts typically rise more abruptly and split more extensively 
than the flanks. A single bordering apophysis typically extends beyond the flanks and frontal parts of each 
ore-bearing intrusion. In section, large parts of the main bodies of the ore-bearing intrusions have an internal 
"stratigraphy" of more ultramafic rocks overlain by progressively less mafic rocks, that is, broadly similar to 
that expected from in situ differentiation of a single pulse of magma. However, frequent exceptions to an 
idealized stratigraphic sequence, coupled with new geochemical data, suggest that the ore-bearing intrusions 
may have formed by sequential introduction of several distinct magma types.

INTRODUCTION ore J unction) to tne north and the Noril'sk depression
	(Noril'sk ore junction) to the south; the Kayerkansky-

The Noril'sk region is situated on the northwestern margin Pyasinsky anticline, which runs approximately east-west,
of the Siberian Platform in an area of extensive exposures of separates these depressions. The Noril'sk- and Lower
the Siberian flood basalt province(SFBP) of latest Permian Talnakh-type intrusions of the Talnakh and Noril'sk ore
and Early Triassic age (Fedorenko, this volume; Czamanske junctions are situated in strata that slope gently down
et al., this volume). The rich magmatic copper nickel toward the centres of the 2 depressions. Their host rocks are
sulphide deposits of the area are associated with "fully marine sedimentary rocks (Figure 21.1; from bottom to top:
differentiated" (i.e., containing rock types ranging from the Zubovsky, Kureisky, Razvedochninsky, Manturovsky,
olivinite or picritic gabbrodolerite to leucocratic gabbro), Yuktinsky, Nakokhozsky, and Kalargonsky formations;
mafic- ultramafic, Noril'sk-type intrusions that occur in DrD3); terrigenous sedimentary deposits (the Tunguska
"ore junctions."Ore junctions are localized centres in which series; C2-P2); and the 6 lowermost suites of basaltic to
these Noril'sk-type intrusions are associated with Lower picritic volcanic rocks (the Ivakinsky to Nadezhdinsky
Talnakh-type, mafic-ultramafic intrusions that do not suites; P2-T-i; Fedorenko, this volume, Figure 2). 
contain significant mineralization. The Talnakh and
Noril'sk ore junctions of the Noril'sk area are the only 2 ore The Talnakh and Noril'sk ore junctions have been
junctions known to contain bodies of massive ore. These ore studied for more than 30 and 70 years, respectively,
junctions are located where the Noril'sk-Kharayelakh fault However, study of core from new deep boreholes has
cuts the margins of 2 broad depressions (Fedorenko, this shed light on a number of problems connected with the
volume, Figure 1), the Kharayelakh depression (Talnakh intrusions. This report is based on materials received by
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1.

T.E. Zen'ko from the Noril'sk Expedition and the Noril'sk 
Nickel State Concern and is the result of 1 7 years of investi 
gation of these unique intrusions (Zen'ko 1979, 1983, 1986, 
1987, 1989 and 1 992). The main goals of this study were to:

more precisely classify the intrusions of the ore junc 
tions and to establish their identifying characteristics
determine the controls on the location of intrusions of 
different types within the ore junctions
search for regularities in the external geometry and 
internal stratigraphy of the different types of intrusions

Ivakinsky suite; 
lavas and tuffs

Tungusska series; 
siltstones, sandstones, 
coals, conglomerates

Kalargonsky formation;
dolomites, limestones,

dolomitic marls

Tal
Nakokhozsky formation; 

dolomitic marls, anhydrites
Yuktinsky formation; 

dolomites

Manturovsky formation;
dolomitic marls, dolomites,
anhydrites, marls, lenses

of salt (NaCI)

1*-L Nor
Razvedochninsky formation;
argillites, layers and lenses

of limestones, siltstones,
sandstones

Kureysky formation; 
argillites, marls

Zubovsky formation;
dolomitic marls,

anhydrites

Khrebtovsky formation;
dolomitic marls, 

anhydrites, dolomites

Yampakhtinsky formation;
dolomites with layers of

anhydrite
Postichny formation; dolomitic 
marls, dolomites, anhydrites

4. determine factors responsible for local deviations from 
the main principles of location, external geometry and 
internal stratigraphy for the different intrusion types

5. identify the relative sequence of emplacement of the 
different intrusion types
About 15 distinct types of mafic intrusion are 

recognized in the Noril'sk region. They are distinguished by 
age in relation to lava suites, and by petrographic and 
geochemical characteristics (Fedorenko, this volume; 
Naldrett et al. 1992). Most of these intrusion types occur 
throughout the Noril'sk region, but only in the ore junctions 
are found both 1) strongly and weakly mineralized, "fully 
differentiated," mafic-ultramafic intrusions of the Noril'sk 
type that are geochemically comparable, except for their 
sulphide contents and 2) somewhat less differentiated intru 
sions and thinner, undifferentiated sills of the Lower 
Talnakh type that are geochemically and petrographically 
distinct from the Noril'sk-type intrusions and do not contain 
significant mineralization. Characteristics of these 2 intru 
sion types are discussed by Fedorenko (this volume), 
Czamanske et al. (this volume) and Naldrett et al. (1992). 
Samples from Noril'sk-type intrusions are characterized by 
relatively flat rare earth element (REE) patterns, and high 
nickel and chromium contents. The Noril'sk-type intrusions 
vary considerably in their degree of mineralization and in 
their patterns of differentiation and internal stratigraphy, but 
contained copper nickel-sulphide ores are always character 
ized by high platinum group element (PGE) contents. 
We subdivide this group into an ore-bearing type (intru 
sions that contain bodies of massive ore) and a Zubovsky 
type (intrusions that contain only disseminated mineraliza 
tion, commonly minor). Considered separately in many

Coal
Conglomerate
Sandstone
Siltstone
Argillite
Marl

Limestone 
Dolomitic marl 
Dolomite 
Anhydrite 
Salt (NaCI) 
Breccia

Figure 21.1. Generalized stratigraphic column for Silurian to Permian 
formations based on typical stratigraphic thicknesses for the Talnakh ore 
junction. Vertical bars show the approximate ranges in stratigraphic 
position of the base of each intrusion: Nor, Noril'sk I; L Nor, Lower 
Noril'sk; Tal, Talnakh; Kha, Kharayelakh; and L Tal, Lower Talnakh. 
For each ore-bearing intrusion, the lower part of the bar (patterned) 
represents the main body and the upper part (unpatterned), the frontal 
parts of the intrusion. Stratigraphic positions are not shown forthe flanks 
and bordering apophyses of these intrusions. In the northern part of the 
Noril'sk ore junction, the base of the Noril'sk I intrusion cuts as much as 
100 m above the base of the Ivakinsky basalt suite (uppermost Permian), 
and its frontal parts cut upward through as much as another 100 m of 
Ivakinsky basalt and 50 m of the overlying Syverminsky basalt suite 
(lowermost Triassic). Note that the northern tip of the NE branch of the 
Talnakh intrusion lies in the Zubovsky, Kureisky and Razvedochninsky 
formations due to a washout along the axis of a pre-Tunguska anticline, 
whereby, the Tunguska series lies directly on the Razvedochninsky, 
Kureisky and Zubovsky formations (see Figure 21.5). Second column 
shows unit names, which are derived from the age and name of the suite 
or formation they represent.
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papers are sills of leucocratic gabbro (Likhachev 1965), 
called Kruglogorsky-type intrusions in recent reports (e.g., 
Turovtsev et al. 1986). We consider these sills to be 
apophyses of ore-bearing and Zubovsky-type intrusions. 
Samples from Lower Talnakh-type intrusions are character 
ized by relatively steep REE patterns and low contents of 
nickel and chromium; they contain only small amounts 
of disseminated sulphide minerals (commonly less than 
l weight 9fc S), which are characterized by very low PGE 
contents. The thinner, undifferentiated sills of the Lower 
Talnakh-type are distinguished from all other types of 
unmineralized sills found in the 2 ore junctions by contain 
ing grains of first-generation olivine (O^) and lenticular 
intercalations of picrite-like gabbrodolerite. In this report, 
we significantly expand the definition of the Lower 
Talnakh-type intrusions to include not only their zones of 
maximum thickness (ZMTs), but also these geochemically 
and petrographically distinctive, thinner undifferentiated 
gabbrodolerite sills, typical of the Talnakh, Noril'sk and 
other ore junctions, which are now shown to be extensive 
apophyses from these ZMTs (Zen'ko 1986,1989 and 1992).

The ore-bearing, Zubovsky- and Lower Talnakh-type 
intrusions of the ore junctions are not the only intrusion 
types that contain grains of O\\ and first-generation plagio 
clase (Pli); however, O^ and P^ grains found in these 3 
intrusion types are of similar, almost unique composition. 
They are more forsteritic and anorthitic than coexisting 
second-generation grains of these minerals, and than Oli 
and Pl-i grains in most other intrusion types of the Noril'sk 
region (Ryabov 1992). Grains of O^ are considered to be 
intratelluric, they are idiomorphic or resorbed (rounded or 
oval; 0.5 to 3 mm in diameter) and contain no inclusions 
of other minerals. Second-generation olivine (O12) is con 
sidered to have crystallized in situ; it occurs as either: 
1) large and clutch or paw-like (l to 5 mm), oikocrystic 
(0.5 to l mm), or xenomorphic (0.3 to 0.5 mm) grains 
that contain, or are penetrated by, laths and microlites of 
plagioclase; or 2) small to very small (0.01 to 0.04 mm) 
rounded and idiomorphic grains. Grains of P^ are also in 
tratelluric; they are untwinned and show no zoning. Large 
grains of P^ (0.5 to l cm long), with either idiomorphic 
shapes or corroded margins, often form cores that compose 
the greater parts of zoned, tabular-prismatic to xeno 
morphic grains of second-generation plagioclase (P12 ; 
lengths greater than 0.6 to 0.8 mm, width:length greater than 
l :3). Small grains of P^ with corroded margins may be in 
cluded in various zones of other large, zoned grains of P12 . 
All grains of P12 , whether small microlites or cored with 
large grains of Pli, are found as zoned laths (width:length 
less than l :3) with abundant twins.

THE INTRUSION TYPES

Lower Talnakh (Nizhnetalnakh)-Type 
Intrusions

The best known intrusions of this type are the Lower 
Talnakh (Nizhnetalnakh) intrusion of the Talnakh ore junc 
tion (Figure 21.2) and the Lower Noril'sk (Nizhnenoril'sk)

intrusion of the Noril'sk ore junction (Figure 21.3). Each of 
these intrusions consists of a main, elongate, thicker lens or 
"zone of maximum thickness" (ZMT), 40 to 130 m thick, 
and undifferentiated sills of 10 to 40 m thickness that extend 
far beyond the ZMT (Figures 21.2, 21.3 and 21.4; Zen'ko, 
1986, 1989 and 1992). A continuation of the main ZMT of 
the Lower Talnakh intrusion extends to the east of the 
Noril'sk-Kharayelakh fault, and discontinuous lenses of the 
ZMT of the Lower Talnakh intrusion form a belt along this 
fault (see Figures 21.2 and 21.4). In plan view, the main 
ZMT of each of these 2 intrusions forms a narrow and elon 
gate arc of relatively constant width that extends westward 
from the Noril'sk-Kharayelakh fault and then bends to the 
south. As constrained by these 2 main, arcuate ZMTs and 
the Noril'sk—Kharayelakh fault, the Talnakh and Noril'sk 
ore junctions each can be divided into a part that lies within 
this area and a part that lies outside the area.

The main ZMTs of both the Lower Talnakh and Lower 
Noril'sk intrusions lie in marine sediments of D-i age near 
the boundary of the Kureisky and Razvedochninsky forma 
tions (see Figure 21.1). (Here and afterwards, the strati 
graphic position of an intrusion is given as that of its base.) 
Within limits of 40 to 130 m, maximum thicknesses of these 
main, arcuate ZMTs generally decrease with distance from 
the Noril'sk-Kharayelakh fault. The belt of ZMT lenses of 
the Lower Talnakh intrusion that lies along the Noril'sk- 
Kharayelakh fault (see Figure 21.2) is an exception; in the 
southern part of the Talnakh ore junction, west of the 
Noril'sk-Kharayelakh fault, ZMT lenses in this belt have 
large pinches and swells in plan and vertical section, and 
their thickness may reach 420 m (see Figure 21.4, cross sec 
tion N-S). Small offshoots are formed in the pinches (prob 
ably along minor east-west faults connected with the 
Noril'sk-Kharayelakh fault). The southern part of this belt 
of ZMT lenses lies in marine sediments of DT age (from the 
Zubovsky to the lower Razvedochninsky formations). To 
the north, this belt crosses into the east, uplifted side of the

Noril'sk-Kharayelakh fault, and the ZMT rises, from 
south to north, from the boundary of the Kureisky and 
Razvedochninsky formations into the Tunguska series. 
That part of the Lower Talnakh intrusion that lies in the 
Tunguska series is situated in the outlying, northern part of 
the Talnakh ore junction. North of point "X" in Figures 21.2 
and 21.5, the Lower Talnakh intrusion lies above the north 
east (NE) branch of the Talnakh intrusion.

The 10 to 40 m thick, undifferentiated sills that extend 
out from the ZMT of the Lower Talnakh intrusion were 
emplaced almost conformably with their host sedimentary 
strata (see Figure 21.4). These sills spread over the entire 
area of the Talnakh ore junction and beyond, toward the 
north and west and probably to the east. Equivalent sills 
related to the Lower Noril'sk intrusion extend over much of 
that part of the Noril'sk ore junction that lies west of the 
Noril'sk-Kharayelakh fault (see Figure 21.3). Within the 
Talnakh and Noril'sk ore junctions, these 10 to 40 m 
thick sills are situated in the same stratigraphic interval as 
the ZMTs. In the Talnakh ore junction, the stratigraphic 
position of these sills regularly rises from southwest to 
northeast, from the Zubovsky formation to the Tunguska
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TALNAKH INTRUSION 

NE BRANCH 

SW BRANCH

j-rrrn KHARAELAKH

O 5
L - -L - . t______l - l l

KILOMETERS

ORE-BEARING INTRUSIONS

A-Main body
B-Area of decreasing thickness of the intrusions and

thinning of the horizon of picritic gabbrodoterite in
the main body

BORDERING APOPHYSES OF THE ORE-BEARING INTRUSIONS

SYMBOLS

A-ln lower strata (for the Kharaelakh intrusion, in the lower 
and middle part of the Razvedochninsky formation, for 
the Talnakh intrusion, in the Zubovsky and Kureysky 
formations)

B-ln upper strata (for the Kharaelakh intrusion, in the upper 
Razvedochninsky and Manlurovsky formations, for the 
Talnakh intrusion, in the interval from 100 m beneath the 
base of the Tungussky series to the lower part of the 
basalt sequence)

"Zone of maximum thickness" (ZMT) of 
the Lower Talnakh intrusion

Massive orebodies

Erosional boundaries of the intrusions 
and their apophyses

A-Main suture of the NoriCsk-Kharaelakh
fault 

B-Secondary fault

Boreholes

Figure 21.2. Plan showing subsurface outlines of the ore-bearing and Lower Talnakh intrusions of the Talnakh ore junction: N-S and W-E, lines of cross 
sections shown in Figure 21.4; KE, minor extension of the Kharayelakh intrusion to the east of the Noril'sk-Kharayelakh fault. Note that if 2 intrusions 
or apophyses overlap, the area of the upper one is shown, but the boundary of the ZMT of the Lower Talnakh intrusion is always shown (observe that the 
ZMT is represented by several discontinuous lenses that trend in a belt from just east of the NoriV sk-Kharayelakh fault in the north, to just west of it in 
the south). Beyond the bounds of the ZMT, the Lower Talnakh intrusion is represented by a sill of lesser thickness that extends under the whole area of 
Figure 21.2, as well as farther to the north and northwest and probably to the east. The indicated secondary fault is the west-bounding fault to the central 
graben. This fault limits the northern part of the SW branch of the Talnakh intrusion on the west and the Kharayelakh intrusion on the east; it formed 
before the injection of these intrusions, but later was activated to vertically displace the southern part of the SW branch.
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series (see Figures 21.1,21.4 and 21.5). In the Noril'sk ore stratigraphic position of the undifferentiated sills of the 
junction, these sills lie in strata from the Zubovsky to Noril'sk ore junction are not well understood, 
the Razvedochninsky formations. At present, changes in

Mt. Gudchihi

Mt. Chernaya

Upper and Lower ft;OR-26 
Dvugorbinsky

ntrusion of 
•g deep hole PE-21

ORE-BEARING NORIL'SK l INTRUSION

A-Frontal part 
Main body 

B-Thickness 50-200 m 
C-Thickness >200 m 

ZUBOVSKY-TYPE INTRUSIONS

c: Jfj;~ A-Thickness 50-200 m 
^AKJB B-Thickness >200 m

LOWER NORIL'SK INTRUSION

A-"Zone of maximum thickness" (ZMT)
B-"Minimum extent of the thinner 

bordering sill

Massive orebodies

BOUNDARIES OF INTRUSIONS

T-,—j] A-Determined 
l/B/C B-lnferred

C-Boundary of the ZMT 
SYMBOLS

/A /B
A-Main suture of the Noril'sk-

Kharaelakh fault 
B-Secondary faults

Boreholes

Figure 21.3. Plan showing subsurface outlines of the ore-bearing, Zubovsky-type and Lower Noril'sk intrusions of the Noril'sk ore junction. If 2 or 
more intrusions overlap, the area of the upper one is shown, but the boundary of the ZMT of the Lower Noril'sk intrusion is always shown. The flanks 
and bordering apophyses of the Noril'sk I intrusion are not shown because the flanks are narrow and the bordering apophyses have not been well traced.
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The ZMTs are the most differentiated parts of Lower 
Talnakh-type intrusions. In section, the lithologic sequence 
within the ZMTs is (from bottom to top, with values 
indicating modal tfc olivine of both generations): picritic 
gabbrodolerite (40 to 60*^; found only in very thick parts 
of the ZMTs), picritic-like gabbrodolerite (20 to 40*7c); 
olivine and olivine-bearing gabbrodolerite (5 to 209fc); and 
gabbrodiorite, with gradation into contaminated rocks, 
which contain large amounts of quartz (10 to 30 modal (2fc) 
and lesser amounts of pyroxene (5 to 20 modal ^c). The 
thinner, undifferentiated sills of the Lower Talnakh type 
consist predominately of olivine and olivine-bearing gab 
brodolerite that contain O^. Rarely, lenses or lenticular 
intercalations of picritic-like gabbrodolerite are present. 
The geochemical and petrographic characteristics of these 
sills are very similar to those for rocks of comparable 
lithology in the ZMTs.

In external geometry and internal "stratigraphy," intru 
sions of the Lower Talnakh type differ in several ways from 
the ore-bearing (and, probably, Zubovsky-type) intrusions 
and represent a quite different type of parental magma.

1. On average, the Noril'sk-type (ore bearing and 
Zubovsky type) intrusions contain lower contents of 
magnesium, potassium and light rare earth elements 
(LREEs), and higher contents of total iron, chromium

and nickel, than intrusions of the Lower Talnakh type 
(Naldrett et al. 1992; Czamanske et al., this volume).

2. The compositions of the main rock-forming minerals 
(olivine, plagioclase and augite) in the Noril'sk-type 
and Lower Talnakh intrusions are similar. However, 
data for the Lower Talnakh intrusions are displaced to 
ward An and Fo, and away from Fs on the triangular 
diagrams An-Fa-Fs (Figure 21.6a, relations of olivine, 
plagioclase and augite compositions) and Wo-En-Fs 
(see Figure 21.6b, augite compositions).

3. The NiO content of Ol! grains is 0.17 to 0.30 weight 9fc 
in Noril'sk-type intrusions and 0.02 to 0.13 weight Ve 
in Lower Talnakh-type intrusions (analyses by 
T.E. Zen'ko on materials of the Noril'sk Expedition 
1989; Naldrett et al. 1992, Table 1).

Ore-Bearing Intrusions
Only 3 intrusions contained bodies of massive ore (see 
Figures 21.2 and 21.3 and Table 21.1); in the Talnakh ore 
junction, these are the Kharayelakh and Talnakh intrusions. 
The Kharayelakh intrusion lies predominately in slightly 
downdropped strata on the west side of the Noril'sk- 
Kharayelakh fault. At location "KE" of Figure 21.2, the 
Kharayelakh intrusion extends to the east side of the 
Noril'sk-Kharayelakh fault and pinches out abruptly. The 
Talnakh intrusion extends along the Noril'sk-Kharayelakh

South
1556

Locator of Figure 2

The ZMT continues 
y to the east

UPPER PERMIAN-LOWER TRIASSIC 
(basalts, tuffs, and picrites)

Khakanchansky and Nadezhdinsky
suites

Ivakmsky, Syvermmsky. and 
Gudchikhinsky suites

MIDDLE CARBONIFEROUS-UPPER PERMIAN 
(sandstone, siltstone, argillite, coal)

DEVONIAN (marl, argillite, anhydrite, dolomite)

Manturovsky formation 

Razvedochinsky formation 

Kureysky formation

Khrebtovsky and Zubovsky 
formations

INTRUSIONS

Talnakh intrusion

Yuktinsky, Nakokhozsky, 
and Kalargonsky formations

UPPER SILURIAN-LOWER DEVONIAN (marl

Postichny and Yampakhtinsky 
formations

North
CB-45 Meters 

800

- 1000

- 1200

1400

Si- 1800

"T-4- 2000

Lower Talnakh intrusion 
A-"Zone of maximum thickness" (ZMT) 
B-Sill of lesser thickness

Undifferentiated intrusions of various 
types.

Faults

Boreholes

Figure 21.5. Geological cross section, showing relations between the Lower Talnakh intrusion and the NE branch of the Talnakh intrusion in the 
vicinity of their crossover in stratigraphic position at point "X" of Figure 21.2. Apophyses spread to the east and west from near the bottom of the 
NE branch of the Talnakh intrusion and, as indicated, the ZMT of the Lower Talnakh intrusion continues to the east (see Figure 21.2). Because Figure 
21.2 is congested, this line of section is not drawn there; the section runs south-southwest from borehole CB-45, roughly parallel to the Noril'sk- 
Kharayelakh fault. In detail, however, the section is sinusoidal, approximately following the thick, central part and massive orebodies of this part of the 
NE branch of the Talnakh intrusion. The circled "X" of Figure 21.2 is represented true to scale and position in Figure 21.5.
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SYMBOLS
A Kharayelakh intrusion 
O Lower Talnakh intrusion 
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Figure 21.6. Electron-microprobe analyses for the Kharayelakh and 
Lower Talnakh intrusions presented on the triangular diagrams 
(a) An-Fa-Fs and (b) Wo-En-Fs. Figure 21.6a was constructed by 
locating singular points, based on electron-microprobe analyses, that re 
late the An content of plagioclase, the Fa content of olivine and the Fs 
content of augite coexisting in thin section. Figure 21.6b is based on 
electron-microprobe analyses of clino- and orthopyroxene. Individual 
ly plotted clinopyroxene compositions for the Kharayelakh and Lower 
Talnakh intrusions are considered anomalous. All line work in Figure 
21.6b relates to the data of Wager and Brown (1967, Figure 19) for the 
Skaergaard intrusion. Electron-microprobe analyses by T.E. Zen'ko on 
materials of the Noril'sk Expedition, 1989.

fault (see Figure 21.2); it is composed of a northeast (NE) 
branch that lies on the east side of this fault and a southwest 
(SW) branch that lies in the downdropped west side of the 
fault. In the Noril'sk ore junction, massive ore was found 
only in the Noril'sk I intrusion, which lies west of the 
Noril'sk-Kharayelakh fault (see Figure 21.3).

Note that nomenclature for the ore-bearing intrusions is 
not yet standardized, even among Russian geologists. The 
NE and S W branches of the Talnakh intrusion may represent 
parts of a single intrusion, emplaced near the contact of the 
Kalargonsky formation and the Tunguska series. The 
Talnakh intrusion has also been called the Main Talnakh in 
trusion, and the SW branch of the Talnakh intrusion is some 
times still referred to as the "intrusion of the central graben." 
Finally, the intrusion here referred to as the Kharayelakh 
intrusion has been called the northwest branch of the 
Talnakh intrusion. These older names date from times when 
the extent of these intrusions and their mineralization were 
poorly known. In particular, the Kharayelakh intrusion has 
been named after the enormous Main Kharayelakh orebody 
that it hosts, and in recognition that it was emplaced at a 
distinctly different stratigraphic level than the Talnakh 
intrusion.

Turovtsev et al. (1986) considered the South Noril'sk 
intrusion (see Figure 21.3, borehole PE-16) to be an exten 
sion of the Noril'sk I intrusion. This intrusion lies southeast 
of the Noril'sk I intrusion on the east, uplifted side of 
Noril'sk-Kharayelakh fault and has been traced in drill core 
and outcrop for 70 km to the south. O.N. Simonov (Noril'sk 
Expedition, personal communication, 1992) considers it to 
represent a feeder to the Noril'sk I intrusion. The intrusions 
are not connected in the zone of the Noril'sk-Kharayelakh 
fault and differ significantly from one another. The South 
Noril'sk intrusion is situated at a higher stratigraphic level, 
in basaltic and ultramafic volcanic rocks of the SFBP; 
its stratigraphic position gradually rises from north to south 
(from the Ivakinsky to the Nadezhdinsky suites). The intru 
sion has a distinctive external geometry; its upper and lower 
contacts are nearly parallel, and steeply dipping apophyses 
extend upward from it. The intrusion is commonly 
50 to 90 m thick (rarely 115 to 117 m) and is composed 
predominately of olivine and olivine-bearing gabbro- 
dolerite; rarely present are taxitic and picritic gabbro- 
dolerite and leucocratic gabbro. In many aspects, the South 
Noril'sk intrusion differs from the Noril'sk I and other 
ore-bearing intrusions. We consider it to be a separate 
intrusion of the Zubovsky type.

The Kharayelakh, Talnakh and Noril'sk I intrusions are 
situated predominately within the central parts of the 
ore junctions, as limited by the main arcuate ZMTs of 
the Lower Talnakh-type intrusions and the Noril'sk- 
Kharayelakh fault. Parts of the ore-bearing intrusions over 
lap these ZMTs, but only the southern tip of the S W branch 
and northern part of the NE branch of the Talnakh intrusion, 
and the north tip of the Noril'sk I intrusion, lie beyond the 
ZMTs (Zen'ko 1992). The ore-bearing intrusions are com 
monly situated stratigraphically above the Lower Talnakh- 
type intrusions (see Figure 21.4). Only the northern part 
of the NE branch of the Talnakh intrusion lies below the
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northern part of ZMT of the Lower Talnakh intrusion (north 
of point "X," Figures 21.2 and 21.5). Despite 2 extensive 
surfaces of direct contact between the Lower Talnakh intru 
sion and the NE branch of the Talnakh intrusion (see Figure 
21.5), neither crosscutting minor dikes nor chilled contacts 
between the intrusions have been found. The overall geom 
etry of the intrusive relations in cross section, however, is 
consistent with the Lower Talnakh intrusion being slightly 
older.

In plan, the ore-bearing intrusions have a zonation that 
is roughly symmetric with respect to their main bodies and 
then concentric around their frontal parts (see Figures 21.2 
and 21.3; Zen'ko 1986 and 1989). The main body of each 
intrusion (the densely cross-hatched central part, Figures 
21.2 and 21.3) is the thickest (50 to 350 m) and most fully 
differentiated part of the intrusion, is situated lowest in the 
stratigraphic section and maintains a relatively constant 
stratigraphic position, and contains the most ore; it is sur 
rounded by flanks and frontal parts. The flanks and frontal 
parts of the intrusions usually rise to higher stratigraphic 
positions; the frontal parts (vertically lined pattern of 
Figures 21.2 and 21.3) typically rise more abruptly and split 
more intensively in stratigraphic section than the flanks. At 
the frontal parts of the intrusions, apophyses branched off 
first near the roof, gradually thinned out, and were 
succeeded by lower apophyses of later origin. This 
regularity is most characteristic of the western and southern 
frontal parts of the Kharayelakh intrusion (e.g., Figure 
21.4). Thicknesses may contract abruptly along the flanks 
of the intrusions; where the flanks of the ore-bearing intru 
sions are characterized by 2 apophyses in the stratigraphic 
section, the upper, thicker apophysis pinches out most 
abruptly. Typically, single bordering apophyses remain as 
continuous extensions of the flanks and frontal parts of the 
intrusions; they are situated higher in the stratigraphic sec 
tion than the main bodies of the intrusion. These apophyses 
are relatively thin (10 to 50 m) and extend laterally from a 
few to 15 km. In most cases, these bordering apophyses are 
almost conformable to the host strata, but in places they rise 
steeply (e.g., when they lie in basalts; see Table 21.1).

It is important to recognize that the ore-bearing intru 
sions are most often represented in map plan by projections 
to the surface of the approximate boundary between the 
main bodies of the intrusions, plus their flanks and frontal 
parts (more or less differentiated), and their bordering apo 
physes (compare the position of borehole 595 in Figures 
21.2 and 21.4). This simplification is useful but gives the 
general impression that the intrusions are "blind" and may 
be misleading in attempting to understand their origin.

Deviation from the fairly regular symmetry of the 
ore-bearing intrusions takes place only if the main body of 
an intrusion is limited by the main suture of the Noril'sk- 
Kharayelakh fault, or faults or flexures that almost parallel 
this main suture. Parts of the Noril'sk-Kharayelakh fault 
probably served as near vertical conduits, but the faults 
were generally barriers to subhorizontal movement of 
ore-bearing magmas at emplacement levels. Thus, western 
flank and bordering apophyses are almost totally absent 
from the NE and S W branches of the Talnakh intrusion. (If

the SW branch of the Talnakh intrusion is an extension, 
through the Noril'sk-Kharayelakh fault, of the NE branch, 
it would represent a major exception to this rule.) Only the 
southern part of the S W branch of the Talnakh intrusion has 
undergone notable vertical displacement, in this case, by the 
west-bounding fault of the central graben. Structural con 
trols also cause the main body and frontal parts of the 
Noril'sk I intrusion and the main body of the Kharayelakh 
intrusion near its northern frontal part to split (in plan) into 
2 distinct fingers (see Figures 21.2 and 21.3).

Likhachev (1965) proposed that stratigraphically con 
cordant, bordering apophyses found in the Noril'sk ore 
junction represent a distinct Kruglogorsky-type of intrusion 
(sills of leucocratic gabbro). Concurrently, V.A. Lyul'ko 
and A.B. Dushatkin (material of the Noril'sk Expedition 
1967 and 1981) thought that some of these sills in the 
Talnakh and Noril'sk ore junctions were apophyses of 
ore-bearing and Zubovsky-type intrusions. Zen'ko (1986 
and 1989) found that in the Talnakh ore junction these sills 
are very closely connected in plan and in section with the 
ore-bearing intrusions.

We believe the Kruglogorsky sills to be stratigraph 
ically concordant, bordering apophyses of the ore-bearing 
and Zubovsky-type intrusions; the following observations 
have been made (cf. Figures 21.2 and 21.4):
1. Each apophysis is closely connected in plan and in sec 

tion with a specific intrusion, which it surrounds.
2. The geometry of the flanks and frontal parts of intru 

sions (the zones of transition from the main bodies of 
intrusions to their bordering apophyses) is comparable 
everywhere.

3. There are 2 apophyses in the stratigraphic section only 
if the intrusion changes stratigraphic position abruptly 
as a consequence of the presence of the ZMT of the 
Lower Talnakh intrusion in this section (northern part 
of the NE branch of the Talnakh intrusion and southern 
frontal part of the Kharayelakh intrusion, Figures 21.4 
and 21.5 and Table 21.2).

Characteristics of each ore-bearing intrusion and position 
within the ore junctions vary in the intrusion succes 
sion—Kharayelakh-Talnakh-Noril'sk I (see Table 21.1; 
Zen'ko 1992). These characteristics can be considered in 
terms of the positions of the intrusions within the ore junc 
tions; their total sulphide contents and the distribution of 
orebodies within them; and their morphologies. In the intru 
sion succession—Kharayelakh-Talnakh-Noril'sk I—the 
intrusions occupy increasingly higher positions in the strati 
graphic section, and the magmas, on average, travelled 
progressively farther from feeder zones near the Noril'sk- 
Kharayelakh fault (Fedorenko, this volume, Figure l); there 
is a successive, notable decrease in their total sulphide con 
tent (disseminated plus massive ore). The distribution of 
massive orebodies changes from rather uniform in the 
Kharayelakh intrusion, through increasing amounts of ore 
in the frontal, near-frontal and middle parts of the NE 
branch of the Talnakh intrusion, to smaller bodies of mas 
sive ore present only in the frontal and near-frontal parts of 
the Noril'sk I intrusion. In this intrusion succession, there is
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significant variation in: 1) the shapes of the intrusions 
in plan (respectively, roughly triangular, band-like and 
arcuate) and in section (from layer-like to trough-like); 
2) the maximum thickness (respectively, 220, 260 and 
350 m); 3) the abruptness of change of thickness on the 
flanks (from gradual to very abrupt); and 4) the orientation 
of bordering apophyses with respect to bedding in host 
strata, from conformable to steeply dipping. Steeply dip 
ping apophyses show less differentiation and are less exten 
sive than those with shallow dips; for example, apophyses in 
basalt typically rise steeply, have minimal extent and simple 
construction. It is apparent that these regularities largely 
result from the intruding magmas having adapted to the 
strength and lamination of the enclosing rocks.

Most fully differentiated are the thick, main bodies and 
most of the frontal parts of the ore-bearing intrusions, for 
which the typical "stratigraphic" sequence is outlined in 
Figure 21.7. Relatively thin layers of contact gabbrodolerite 
are found at the lower, and often upper, contacts of these 
intrusions. Sometimes contaminated rocks rather than 
contact gabbrodolerite are found at the upper contact; they 
contain no olivine and large amounts of quartz and micro 
pegmatite. Lower taxitic (often autobrecciated), picritic and 
olivine gabbrodolerite contain many grains of An-rich Pl-| 
(intratelluric phenocrysts); lower taxitic gabbrodolerite 
contains large glomerocrysts of P^. Picritic gabbrodolerite 
and lenses of olivinite within this rock type contain 40 to 
80 modal 9fc olivine, all O^. The olivine in olivine and 
olivine-bearing gabbrodolerite is entirely O12 ; its modal 
abundance decreases from the base of the olivine gabbro 
dolerite to the top of the olivine-bearing gabbrodolerite 
(from 25 to 09fc). Olivine-bearing gabbrodolerite contains 
the most augite (Aug, 20 to 309fc), predominately as almost 
prismatic grains. The gabbrodiorite is a coarse-grained 
rock (grain sizes may reach several cm but are more typi 
cally l to 2 cm) that represents crystallization of residual 
liquid. It consists of prismatic grains of plagioclase (50 to 
60%) and augite (approximately 309fc), smaller grains of 
quartz with micropegmatite (O to 109fc) and accessory 
minerals (apatite, titanomagnetite, ilmenite, etc.). Leuco 
cratic gabbro (leucogabbro) or upper taxitic gabbrodolerite 
are often found above the gabbrodiorite. These rocks 
contain concentrations of P^; leucocratic gabbro contains 
70 to 80 modal 96 PI T , whereas, upper taxitic gabbrodolerite 
usually contains less than 50 to 60 modal 9fc P^ + P12 . The 
upper and lower taxitic gabbrodolerite are distinctly differ 
ent units; typically, upper taxitic gabbrodolerite contains 
much less modal olivine (O^ + O12 ) and correspondingly 
less MgO (see Figure 21.7). In contact with gabbrodiorite, 
upper taxitic gabbrodolerite may contain almost prismatic 
to prismatic augite and minor quartz with micropegmatite. 
The phases O1 2 + P12 + Aug in the lower and upper contact 
gabbrodolerite and P12 -i- Aug in the gabbrodiorite formed 
during in situ crystallization of initial melt and residual 
liquid, respectively.

Compositions of CIPW-normative plagioclase (P^ 4- 
P1 2 ) and olivine (O^ + O1 2 ) were calculated from approxi 
mately 400 analyses of rocks from the lower part of the 
stratigraphic sequence in the Kharayelakh and Talnakh

intrusions (Figure 21.8). These data show that there is a 
region in the centre of the Kharayelakh intrusion and a 
region in the middle, near-frontal and frontal parts of the 
NE branch of the Talnakh intrusion where the calculated 
compositions of plagioclase in lower taxitic and olivine 
gabbrodolerite (rocks contain predominately Pl-i) are the 
most An rich, and the calculated compositions of olivine in
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Figure 21.7. Typical "stratigraphy" in the "fully differentiated," main 
body of an ore-bearing intrusion, including suggested derivation of the 
notable phases and a proposed sequence of magma inputs that may have 
contributed to stratification within the intrusions. This proposed 
sequence of inputs is: l, leucogabbroic; 2, basaltic; and 3, picritic. 
Dotted pattern, disseminated ore; solid black ellipses, massive ore. Rela 
tive thicknesses of rock units shown in the columns for modal "2fc olivine 
and MgO weight 9c are typical for an intrusion thickness of approxi 
mately 140 m. Note that whether one believes that this typical strati 
graphy evolves predominantly from crystallization differentiation of a 
single magma input or emplacement of sequential magmatic pulses of 
differing composition, the derivation of the notable phases is un 
doubtedly quite similar. In places, the uppermost rock unit may be 
contaminated gabbrodolerite rather than contact gabbrodolerite; these 
contaminated rocks contain P12 , no modal olivine, less than 6 weight 9fc 
MgO, and much quartz + micropegmatite. See text for explanation of 
additional abbreviations.
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picritic gabbrodolerite are the most Fo rich (rocks contain 
only Ol-i). Because O\-\ and Pli are the most anorthitic 
and forsteritic, respectively, rocks in these regions are 
inferred to contain maximum abundances of Pli and Oli 
(Zen'ko 1987).

It is notable that concentrations of Oli and P^ within 
lithologic units, as inferred by Zen'ko (1987), appear 
to vary with respect to their thickness. The inferred concen 
trations of O\-[ andPl-i in taxitic, picritic and olivine gabbro 
dolerite of the Kharayelakh intrusion are inverse to the 
thicknesses of these units; whereas, in the NE branch of the 
Talnakh intrusion, concentrations of Oli and Pit are greater 
in thicker units (Stepanov 1981 and unpublished data of 
D.A. Dodin). In other words, first-generation minerals are 
distributed rather uniformly in the Kharayelakh intrusion, 
as are the orebodies, but in the NE branch of the Talnakh in 
trusion, these minerals are concentrated in the frontal and 
near-frontal parts of the intrusion, as are the orebodies (see 
DISCUSSION).

The ore-bearing intrusions are hosts to enormous quan 
tities of sulphide ore, but the genetic relation between the 
ores and intrusions is a subject of debate. Sulphides are con 
centrated principally in a main layer of disseminated ore and 
in bodies of massive ore, whose positions in the plans and

sections of the ore-bearing intrusions are well defined. The 
main layer of disseminated ore and the bodies of massive 
ore lie exactly within the plan area of picritic gabbrodolerite 
occurrence; this area includes the main bodies, most of the 
frontal parts and sometimes the flanks of the intrusions 
where thicknesses are equal to or greater than 35 to 50 m. 
The main layers of disseminated ore and bodies of massive 
ore usually are closely related. In section, the main layer of 
disseminated ore always lies in taxitic and picritic gabbro 
dolerite in the lower part of the intrusion; the ore content 
usually increases downward (see Figure 21.7). These ores 
are unusual and often spectacular; they typically contain 
ovoid (in picritic gabbrodolerite) and xenomorphic (in 
taxitic gabbrodolerite) sulphide aggregates, as much as 
several centimetres across, that represent trapped sulphide 
melt globules. Several percent of coarse, subhedral magne 
tite crystals within these aggregates reflect the solubility of 
oxygen in this sulphide melt (Naldrett 1969). In picritic 
gabbrodolerite, a copper-rich melt fraction rose to the top of 
each globule and solidified above earlier crystallized, more 
dense crystals of monosulphide solid solution. Analyses of 
the coexisting phases, as well as photographs and discussion 
of this unusual ore, are presented by Czamanske et al. 
(1992). Only rarely, in the frontal areas of intrusions, does 
the layer of disseminated ore rise partially into olivine

Main suture of the Noril'sk- 
Kharaelakh fault

Boundary of the Kharaelakh 
intrusion

Boundary of the Talnakh
intrusion

I ..••••••j Boundary delimiting the marginal
parts of the ore-bearing intrusions 
in which picritic gabbrodolerite is 
absent

Boreholes

Supposed movement directions of 
magma leading to zonation of 
disseminated ore and massive 
orebodies (Genkin et al., 1981)

Supposed feeder zone 
(Genkin etal., 1981)

Figure 21.8. CIPW mineral compositions for the ore-bearing intrusions of the Talnakh ore junction: a) normative plagioclase compositions in taxitic 
gabbrodolerite; b) normative olivine compositions in picritic gabbrodolerite; c) normative plagioclase compositions in olivine gabbrodolerite. If the 
Kharayelakh and Talnakh intrusions overlap, data for the Kharayelakh intrusion are shown.
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gabbrodolerite. Bodies of massive ore always lie near the 
base of the intrusions, in taxitic gabbrodolerite or in rocks of 
the footwall.

The picritic gabbrodolerite and most other lithologic 
units thin out in the flanks and extreme frontal parts of each 
ore-bearing intrusion, where its thickness decreases 
abruptly. Bordering apophyses most commonly form as 
extensions of the taxitic gabbrodolerite or, rarely, the olivine 
gabbrodolerite unit from near the bases of the intrusions. 
Near the main bodies of the intrusions, the stratigraphically 
concordant, bordering apophyses (Kruglogorsky sills) 
commonly consist (from bottom to top) of taxitic or olivine 
taxitic-like gabbrodolerite and leucocratic gabbro or, rarely, 
gabbrodiorite. The structure of these apophyses becomes 
more simple with distance from the intrusions, where they 
consist of olivine gabbrodolerite containing phenocrysts

KZ-997 
100m

and glomerocrysts of PI-, (Figure 21.9). Steeply dipping 
bordering apophyses everywhere consist of olivine gabbro 
dolerite containing phenocrysts and glomerocrysts of Pl^ 
The geochemical and petrographic characteristics of the 
rocks of the bordering apophyses are similar to those of 
comparable lithologic units in the main bodies of the 
intrusions.

Zubovsky-Type Intrusions
Zubovsky-type intrusions are much like ore-bearing intru 
sions in mineralogy and chemistry, but do not contain 
massive orebodies. They are found only in the Noril'sk 
ore junction and include the following intrusions: 
Mt. Chernaya, Noril'sk II, Zubovsky, Gorstroy, Upper 
Bjstrinsky, Upper Ambarninsky, Upper and Lower Dvugor- 
binsky, Mt. Gudchihi, South Noril'sk and the intrusion of
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borehole PE-21 (see Figure 21.3). To the west of the 
Noril'sk-Kharayelakh fault, Zubovsky-type intrusions are 
situated mainly outside the arcuate ZMT of the Lower 
Noril'sk intrusion. The most massive of these intrusions 
(thicknesses greater than 200 m) are found mainly east of 
this fault, where only Zubovsky-type intrusions are found.

The location of Zubovsky-type intrusions in the 
stratigraphic section also changes in relation to the 
Noril'sk-Kharayelakh fault. West of this fault, Zubovsky- 
type intrusions intruded lower strata (the Zubovsky to 
Manturovsky formations); whereas, in the uplifted, east 
side of the fault, they are situated in a broad interval of the 
stratigraphic section from the Zubovsky formation to the 
Nadezhdinsky basalt suite. Thus, the Noril'sk II and South 
Noril'sk intrusions, which cut the Nadezhdinsky basalt 
suite, were emplaced after eruption of the first and second 
basalt assemblages (Fedorenko, this volume; Czamanske 
et al., this volume). In detail, the location in plan of the 
Zubovsky-type intrusions often depends on secondary 
fissures associated with the main Noril'sk-Kharayelakh 
fault. East of the Noril'sk-Kharayelakh fault, Zubovsky- 
type intrusions are situated mainly east of the major second 
ary fault that parallels it (see Figure 21.3). The intrusions 
that stretch out northwest of the Noril'sk-Kharayelakh fault 
(borehole NP-24, Upper Ambarninsky intrusion, and bore 
hole PE-21) may have been injected from a north 
west-trending secondary fissure.

Because the Zubovsky-type intrusions are either much 
eroded or only rarely cut in boreholes, they have been less 
studied, and knowledge of them is fragmental. Changes 
in morphology, localization and construction of the 
Zubovsky-type intrusions are probably similar to those of 
the ore-bearing intrusions. For example, a bordering 
apophysis that surrounds the Mt. Chernaya intrusion is 
similar to the bordering apophyses of ore-bearing intru 
sions; it rises higher than the Mt. Chernaya intrusion, was 
emplaced almost conformably, and vertical sections of this 
apophysis are similar to those for the bordering apophyses 
of the ore-bearing intrusions.

RELATIVE AGES OF THE 
INTRUSION TYPES

Intrusions of the different types appear to have been injected 
almost simultaneously. Dalrymple et al. (1991 and unpub 
lished data) found by 40Ar739Ar dating of biotite that the 
crystallization ages of the Noril'sk I and Lower Talnakh in 
trusions are comparable within the measurement error of 
±1.6 m.y. at 249 Ma. However, based on the apparent influ 
ence of some intrusions on the emplacement of other intru 
sions, the several types of intrusion appear to have been 
emplaced in sequence. Lower Talnakh-type intrusions were 
earliest. Probably the Zubovsky-type intrusions were em 
placed next, because the Upper Ambarninsky intrusion of 
the Zubovsky type decreased in thickness when its base 
came into contact with the top of the ZMT of the Lower 
Noril'sk intrusion (borehole NP-13, see Figure 21.3). The 
ore-bearing intrusions were apparently emplaced last, 
because emplacement of the Noril'sk I intrusion to the

southwest is limited by a Zubovsky-type intrusion (deep 
borehole PE-21, Figure 21.3).

V.A. Lyul'ko and other investigators (material of the 
Noril'sk Expedition 1967) first proposed that the ore- 
bearing intrusions were injected after the Lower Talnakh- 
type intrusions. In the Talnakh ore junction, they deter 
mined that the top of the Lower Talnakh intrusion is miner 
alized where the ore-bearing Kharayelakh intrusion comes 
in contact with it. We now have additional evidence that the 
Lower Talnakh-type intrusions were injected earlier than 
the ore-bearing intrusions (Zen'ko 1986, 1989 and 1992) 
and have systematized this evidence in Table 21.2. When 
ore-bearing intrusions are in contact, or close to contact, 
with the ZMTs of Lower Talnakh-type intrusions, they have 
been affected in the following ways: 1) in plan, they 
decrease in area and change shape; 2) in section, they 
become thinner, abruptly change stratigraphic position, 
form additional bordering apophyses and their frontal parts 
split more intensely; and 3) massive orebodies decrease in 
number and size. When the ore-bearing intrusions are not 
far removed from the ZMTs of the Lower Talnakh-type 
intrusions in plan or in section, they undergo some of the 
most important of these changes.

DISCUSSION
The intrusions of the Noril'sk and Talnakh ore junctions 
strongly differ from other spatially and genetically related 
mafic magmatic bodies of the Noril'sk area. They all con 
tain olivine and plagioclase grains of the first generation, 
which are, respectively, more forsteritic and anorthitic than 
olivine and plagioclase in most other types of intrusions. 
Their average composition is more magnesium rich than 
that of most intrusions and basalts of the Noril'sk region 
(e.g., Naldrett et al. 1992). On the basis of comparison of 
CIPW-normative compositions for approximately 3000 sil 
icate analyses of intrusions and basalts with experimental 
data for the system Fo-An-Di-SiO2 (obtained under dry 
conditions and with a small amount of water), Zen'ko 
(1979) suggested that mafic and ultramafic magmas paren 
tal to the extrusive and intrusive rocks of the Noril'sk region 
formed during partial melting of the mantle, which con 
tained olivine + clinopyroxene -t- orthopyroxene + spinel, at 
approximately 20 kilobars.

The enormous quantities of sulphide ore found in the 
ore-bearing intrusions of the Noril'sk and Talnakh ore junc 
tions could not have been dissolved in the comparatively 
small volumes of parental magma represented by the 
main bodies, flanks and frontal parts of these intrusions 
(Likhachev 1973; Naldrett et al. 1992). Parental magmas to 
the ore-bearing and Zubovsky-type intrusions contained 
immiscible sulphide melt droplets, as well as Oli and P^. 
During development of the ore-bearing intrusions, enlarge 
ment of the immiscible sulphide droplets would occur as 
magma rose vertically in feeder channels and began to cool. 
Dense, large droplets and globules of sulphide melt have 
greater settling velocities than grains of Oli and Pli, and sul 
phide melt would become concentrated in the lower parts of 
the ascending magma column (Likhachev 1978 and 1983). 
Shortly before its subhorizontal emplacement, the parental
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magma may have essentially split into less mobile, more 
dense parts enriched in sulphide melt and more mobile, less 
dense parts that contained a minimum of sulphide melt. 
Further sulphide concentration might be expected when the 
denser magmas lost velocity and began to flow in the 
subhorizontal pathways now represented by the ore-bearing 
intrusions.

More dense, sulphide-laden parts of the parental 
magma would move with minimum velocity and crystallize 
nearest the feeder zones, a feature typical of the ore-bearing 
intrusions of the Talnakh ore junction, which contain much 
massive ore and are interpreted to lie near feeder zones that 
were a part of the Noril'sk-Kharayelakh fault system. In 
section, these intrusions lie at low (Kharayelakh intrusion, 
maximum ore content) and intermediate (Talnakh intrusion, 
medium ore content) stratigraphic positions. Less dense 
parts of the parental magma moved above this more dense 
magma with greater velocity and travelled farther from the 
feeder zones. Thus, much of the Noril'sk I intrusion, which 
contains the least ore, lies comparatively far from the 
Noril'sk-Kharayelakh fault and at the highest stratigraphic 
level. In the succession of ore-bearing intrusions— 
Kharayelakh-Talnakh-Noril'sk I—the decrease in total 
sulphide content (the sum of disseminated and massive ore) 
and the resulting increase in the velocity of the parental 
magmas have led to the occurrence of increasing propor 
tions of massive ore, O^ and Pl-i in the frontal and near- 
frontal parts of the intrusions. The least dense parts of the 
parental magma formed Zubovsky-type intrusions, which 
contain minimal ore. These intrusions usually lie far from 
the Noril'sk-Kharayelakh fault and at various stratigraphic 
intervals.

We now discuss 2 rather different schemes that each 
have the potential for explaining many features of these 
complex intrusions. Only further study can provide the 
constraints that will determine which aspects of each 
scheme are tenable.

The Case for a Single Magma Input
Each ore-bearing (and probably Zubovsky-type) intrusion 
may have had only l parental magma, which under 
went crystallization differentiation. This process was 
earlier described for the ore-junction intrusions of the 
Noril'sk area (Zen'ko 1983) on the basis of the model of 
Frenkel et al. (1988). Their model for crystallization differ 
entiation was based on comparison of data from natural 
doleritic sills, petrologic and geochemical and petrologic 
experiment, and computer simulation of the process of 
crystallization differentiation. The main bodies of the ore- 
bearing intrusions consist largely of a cumulate-like 
sequence (see Figure 21.7) containing "cumulus" phases 
(approximately 5096 of some units). In the ore-bearing and 
probably Zubovsky-type intrusions, these phases were: 
1) intratelluric Ol1f Pl-i and sulphide droplets carried up 
from an intermediate chamber; and 2) O12 , Pl2 and 
ultimately Aug that formed in situ. Cumulus phases were 
distributed in accord with their rates of settling (Stokes 
Law) and their order of crystallization. In the ore-bearing

intrusions, these cumulus phases systematically change in 
number and proportion from the bottom to the top of the 
cumulate-like sequence. In the taxitic and picritic gabbro- 
dolerite of the lower part of this sequence, the only sus 
pended phases were intratelluric Oli, Pli and sulphide 
globules, which were distributed according to their rates of 
settling. Taxitic gabbrodolerite contains the largest sulphide 
globules and large P^ glomerocrysts; picritic gabbro 
dolerite contains O^, smaller sulphide globules and smaller, 
sparse P^. In the olivine gabbrodolerite of the middle of the 
sequence, the cumulus phases were suspended, intratelluric 
P^, as well as O12 -H P12 that formed during early in situ crys 
tallization. In the olivine-bearing and olivine-free gabbro 
dolerite of the upper part of the sequence, the cumulus 
phases were only those that crystallized in situ—P12 4- O12 4- 
Aug. In the middle and upper part of the sequence, the order 
of crystallization had a significant influence on the distribu 
tion of the minerals that formed in situ. The gabbrodiorite 
that lies above this cumulate-like sequence is the result of 
crystallization of residual liquid; it has a relatively low MgO 
content and is enriched in SiO2 , iron, potassium, sodium, 
titanium, phosphorus and incompatible trace elements 
(e.g., Czamanske et al., this volume).

The leucocratic gabbro and upper taxitic gabbro 
dolerite that lie above the gabbrodiorite were formed when 
P^ (the least dense among the intratelluric suspended 
phases—sulphide globules, O^ and P^) was frozen to the 
roof of the intrusion; it was trapped because the rate of 
movement of the upper solidification front within the 
chamber was more rapid than the rate of Pl-i settling. 
According to Frenkel et al. (1988), plagioclase can reach 
concentrations of 95 modal 9c in rocks formed by freezing to 
the roof of the chamber. Leucocratic gabbro contains 70 to 
80 modal 9c PV, whereas, upper taxitic gabbrodolerite usu 
ally contains less P^ (50 to 60 modal 7c P^ 4- P12 ). The melt 
that crystallizes in the interstices between Pl-i grains 
in upper taxitic gabbrodolerite evolves downward from 
having the composition of the initial melt (parental magma 
less suspended phases) to having a composition similar to 
that of gabbrodolerite. Rarely, the upper taxitic gabbro 
dolerite contains trapped grains of Oli or minor 
concentrations of Oli.

Above the interface between the lower contact gabbro 
dolerite and lower taxitic gabbrodolerite units, the concen 
tration of cumulus phases (glomerocrysts of Pli 4- sulphide 
globules; see Figure 21.7) increases. This vertical profile of 
the increasing concentration of "frozen" intratelluric or 
early cumulus phases depends on the relation between their 
settling velocities and the rate of movement, from the top 
and bottom of the intrusion, of the solidification fronts in the 
chamber. Among others, Barker (1983) noted that, 
during flow differentiation, suspended phases are under- 
represented along the margins of magma conduits and 
concentrated in central regions. Thus, the compositions of 
the thin units of lower and upper contact gabbrodolerite may 
be expected to approximate the composition of the parental 
magma without suspended phases (O1 1; Pl-i and sulphide 
globules). This initial melt fraction probably contained 7 to 
8 weight 9c MgO, as found in the lower and upper contact
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gabbrodolerites as well as in bordering apophyses of the 
ore-bearing intrusions (steeply dipping apophyses and 
stratigraphically concordant apophyses far from the intru 
sions). The massive orebodies apparently formed after the 
lower contact gabbrodolerite consolidated and fractured, 
allowing passage of the sulphide melt.

This overall scheme of crystallization differentiation 
takes into account: 1) the order of crystallization of the 
parental magma (comparison of the CIPW-normative aver 
age compositions of the intrusive rocks and experimental 
data in the system Fo-An-Di-SiO2); 2) the rates of settling of 
silicate minerals and sulphide globules (Stokes Law); 3) the 
compositions of the rock units; and 4) the changes in the 
contents, generations, morphologies and compositions of 
the main rock-forming minerals (olivine, plagioclase and 
augite).

The Case for Multiple Magma Inputs
Geochemical and isotopic analyses of borehole samples 
from the Lower Talnakh, Kharayelakh and Noril'sk I intru 
sions strongly indicate that the situation is more complex. It 
now seems probable that each of these intrusions was 
built by the introduction of several magmas of distinct 
composition that may have followed somewhat different 
evolutionary paths, yet represent a broadly similar mantle 
source region (Czamanske et al., this volume). By relating 
this new geochemical and isotopic information to the 
general petrologic sequence represented in the most com 
plete sections of the ore-bearing intrusions (see Figure 
21.7), we have developed an alternative interpretation to the 
simple model of in situ differentiation just discussed. As 
noted in Figure 21.7 (following the ideas of V. A. Fedorenko, 
TsNIGRI, written communication, 1992), this interpreta 
tion involves consideration of the emplacement of 3 dis 
tinct silicate magmas, in the sequence—leucogabbroic- 
basaltic-picritic (l, 2 and 3, respectively, Figure 21.7); 
voluminous sulphide melt may have been emplaced as a dis 
crete, fourth magma type. The leucogabbroic magma was 
laden with plagioclase (Pli), and the picritic magma with 
olivine (O^)—each phase intratelluric, formed by crystalli 
zation in l or more intermediate staging chambers. This 
sequence of emplacement could have produced the 
stratigraphic sequence and cumulate-like relations typical 
of the main bodies of the ore-bearing intrusions and the rock 
compositions characteristic of the apophyses to these intru 
sions. According to this interpretation, the ore-bearing 
intrusions initially may have been parts of the thinner sills, 
composed of leucocratic gabbro or gabbrodolerite, which 
now appear as apophyses. Subsequent influx of basaltic 
magma, followed by the abrupt emplacement of picritic 
magma carrying large amounts of intratelluric olivine and 
sulphide melt, may have locally inflated parts of these sills 
to produce the main bodies of the ore-bearing intrusions. 
Relatively rapid and forceful emplacement of the dense 
picritic magmas could have been responsible for much of 
the disruption at the margins of the intrusions and for the 
concentration of picritic magma and ore at the frontal parts

of some ore-bearing intrusions. It is probable that additional 
material was fed into the apophyses, because taxitic rocks 
and minor amounts of picritic rock are found in them. 
Likhachev (1965) suggested that early formed sills of leuco 
cratic gabbro represent the upper part of a magma column 
enriched in Pli, and that later, the rest of the magma 
column—enriched in sulphide globules, Ol! and minor 
Pl-i—was injected to form the ore-bearing intrusions.

Because massive sulphide veins may be crosscutting, 
many geologists intimately familiar with the district have 
come to believe that the massive ores represent separate, 
relatively late emplacement of sulphide melt into the 
chambers occupied by silicate magma. Nevertheless, the Pb 
and Re-Os isotopic data for the intrusive rocks, dis 
seminated ores and massive ores overlap extensively, 
indicating an intimate relation between each host intrusion 
and its contained ore. On the basis of these isotopic data, 
Wooden et al. (1992), Czamanske et al. (this volume) and 
Walker et al. (in press) conclude that each ore-bearing intru 
sion and its associated sulphide ore represent a slightly 
different mantle source region or were derived by a some 
what different evolutionary path. Moreover, several lines 
of evidence suggest that the northern branch of the 
Kharayelakh intrusion, as represented by borehole 
KZ-1879 (see Figure 21.2), was fed with magma and ore 
that make it geochemically and isotopically distinct from its 
western branch and more geochemically and isotopically 
similar to the Talnakh intrusion (Czamanske et al., this 
volume; Zientek et al., this volume).

Except for the relatively mobile, sulphide ore melts and 
the common occurrence of autobrecciation in taxitic rocks, 
the general lack of crosscutting relations and evidence of 
chilling between rock units suggests that the time intervals 
between the intrusion of the 3 magma types were short and 
that there would have been variable degrees of mixing, 
particularly between the picritic and basaltic magma inputs. 
This mixing, predominately above the dense picritic 
magma, would allow development of the cumulate-like 
stratigraphic relations that characterize the thick middle 
parts of the sequence (see Figure 21.7). This interpretation 
simplifies the understanding of numerous perplexing petro 
logic and geochemical relations among the units that 
compose the ore-bearing intrusions.
1. Unequal proportions of the 3 magma types, perhaps in 

response to structural adjustments, can readily account 
for the observed variations in the lithologic sequence 
from borehole to borehole and intrusion to intrusion.

2. The irregular distribution of leucocratic gabbro, its 
enrichment in P^ and its autobrecciation during the 
formation of taxitic gabbrodolerite are more compat 
ible with it being an early intrusive phase, rather than an 
in situ differentiate of a single magma input. This was 
the opinion of Likhachev (1965).

3. There may be lithologic sequences beneath the main 
picritic unit that have relatively low MgO and chro 
mium contents or distinct Sr-isotopic compositions 
(Czamanske et al., this volume). These relations 
are more readily understood if there was a substantial,
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relatively early input of basaltic magma, containing 
7 to 8 weight 9fc MgO, followed by the injection of 
picritic magma.

4. Some abrupt changes between lithologic units in 2. 
major- and minor-element contents, in sulphide con 
tents and in ratios involving PGEs seem better 
explained by multiple inputs of mafic-ultramafic 
magma.

On the basis of the distribution of Pl^ O1-, and sulphide 
ore (Zen'ko 1987), and the results of geochemical study 
(Czamanske et al. this volume), we propose that the feeder 
zones for the ore-bearing intrusions were located as follows: 
l) for the NE branch of the Talnakh intrusion—near its north 
end, along the main suture of the Noril'sk-Kharayelakh 
fault; 2) for the S W branch of the Talnakh intrusion—at its 4. 
north end, either from a separate, vertical feeder or, more 
probably, as an offshoot of the NE branch that penetrated the 
Noril'sk-Kharayelakh fault; 3) for the northern branch of 
the Kharayelakh intrusion—along the main suture of the 
Noril'sk-Kharayelakh fault near the point where it crosses 
the fault at "KE" of Figure 21.2; 4) for the southern 
and western branches of the Kharayelakh intrusion—in a 
central position, near the Noril'sk-Kharayelakh fault and 
south of the position of borehole KZ-1879 (see Figure 
21.2); and 5) for the Noril'sk I intrusion—to the south, 
along a fissure that almost parallels the Noril'sk-Kharaye- ,- 
lakh fault (see Figure 21.3). For the Kharayelakh intrusion, 
this proposal is not significantly different from that of 
Genkin et al. (1981), as shown in Figure 21.8. In spite of 
intense mining activity and extensive drilling, there have 
been no discoveries of feeder dikes to the ore-bearing intru 
sions. Unless the feeder dikes were closed by structural 
readjustment, there may someday be discovery of picritic, 
sulphide-bearing feeder dikes that can be related to the 
picritic gabbrodolerite units of the ore-bearing intrusions or 6. 
of massive sulphide dikes that represent ore magma that 
failed to reach the intrusive chamber. Discovery of such 
dikes could significantly clarify understanding of the 
emplacement process.

We emphasize that observed stratigraphic sequences 
within the intrusions may represent significant modification 
of the relations to be expected either from relatively simple 
crystallization differentiation from a single magma input or 
from inputs of several magma types. Late-stage complica 
tions, such as horizontal movement of magma over irregular 
floor geometries in response to tectonic adjustments or 
sequential emplacement of additional magma, would cause 
irregularities in lithologic sequences and thicknesses and 
make it difficult to reconstruct the overall development of 
the internal stratigraphic sequence.

8.

CONCLUSIONS
l. Classification of intrusions of the Talnakh and Noril'sk 

ore junctions is refined, and the definition of the Lower 
Talnakh type is extended. It is proposed that the intru 
sions formerly called the Noril'sk type should be 9. 
divided into 2 types: ore bearing and Zubovsky. Sills of

leucocratic gabbro (formerly the Kruglogorsky type) 
are bordering apophyses of the ore-bearing and 
Zubovsky-type intrusions.
Lower Talnakh-type intrusions consist of main, elon 
gate, arcuate lenses of greater thickness (ZMT) and 
extensive bordering sills of lesser thickness that spread 
under much of the area of each ore junction. In addition, 
discontinuous lenses of the ZMT of the Lower Talnakh 
intrusion lie in a belt along the Noril'sk-Kharayelakh 
fault.
Emplacement of the various intrusion types into 
the ore junctions was almost simultaneous, but in 
the sequence—Lower Talnakh-Zubovsky type-ore 
bearing.
Concentric placement of the intrusions of each type 
within the Talnakh and Noril'sk ore junctions is docu 
mented for the first time. Ore-bearing intrusions are 
situated mainly in the central parts of these ore 
junctions, within areas constrained by the main, arcuate 
ZMTs of the Lower Talnakh-type intrusions and the 
Noril'sk-Kharayelakh fault. If present, Zubovsky-type 
intrusions are generally situated in the outlying parts of 
the ore junctions, that is, on the east side of the 
Noril'sk-Kharayelakh fault or beyond the ZMTs on the 
west side of this fault.
Emplacement of the ore-bearing intrusions was 
from feeder zones that lay along the main suture of 
the Noril'sk-Kharayelakh fault or secondary fissures 
which border this fault. With increasing elevation 
in stratigraphic position and generally increasing 
distance from the Noril'sk-Kharayelakh fault, ore 
contents in the intrusions decrease in the succession— 
Kharayelakh-Talnakh-Noril'sk I.
The ore-bearing intrusions have a symmetric zonation. 
The main bodies of these intrusions are medially 
situated and in the lowest stratigraphic position; they 
have the greatest thickness, are the most differentiated 
and contain the most ore. These main bodies are sur 
rounded by flanks and frontal parts, in which the intru 
sions abruptly decrease in thickness and rise to higher 
strata; in their frontal parts, the intrusions typically rise 
more abruptly and split intensively in section. A single 
bordering apophysis typically extends beyond the 
flanks and frontal parts of each ore-bearing intrusion.
Host-rock strength and lamination influenced: the 
shapes of the ore-bearing intrusions in plan and in sec 
tion; their thickness; the style of change in thickness on 
their flanks; and the extent and character of layering 
and differentiation of their bordering apophyses.
The above-discovered regularities in placement, con 
struction and zonation can change locally under the in 
fluence of the main suture of the Noril'sk-Kharayelakh 
fault or secondary fissures and flexures that border 
the Noril'sk-Kharayelakh fault, as well as under the 
influence of earlier intrusions.
The ore-bearing intrusions are unusually complex 
bodies whose evolution will only be revealed by
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continued comprehensive studies including not only 
detailed petrography, but major-element, trace element 
and isotopic analyses of characteristic rock units, as 
well as electron-microprobe analyses of mineral phases 
with respect to type (i.e., generation) and stratigraphic 
position.
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Abstract
The stratigraphy of the flood basalt sequence at Noril'sk consists of subalkalic and tholeiitic formations (the 
Ivakinsky and Syverminsky, respectively), which are overlain by the Gudchichinsky Formation which con 
tains tholeiites and a unit of picritic basalt (GPBU). The Ivakinsky through Gudchichinsky flows constitute 
the Lower Series and are characterized by relatively high TiO2 (GPBU: 1.2 to 2.2 weight 7c), Nb/La (GPBU: 
0.98 to 1.04) and radiogenic eNdCHUR (GPBU: +S.9 to +T.4; CHUR—chondrite uniform reservoir). These are 
separated from the overlying Tuklonsky Formation by the Khakanchansky Formation Tuff. The Tuklonsky 
Formation tholeiites and picritic basalt unit (TPBU) are part of the Upper Series and are characterized by 
low TiO2 (TPBU: 0.5 to 0.8 weight 9fc), Nb/La (0.43 to 0.50) and eNdCHUR (TPBU: -2.6); the tholeiitic 
members have high magnesium number (0.64 to 0.68). The overlying series of tholeiites, belonging to the 
Nadezhdinsky, Morongovsky, Mokulaevsky and Kharayelakhsky formations, are relatively low TiO2 rocks 
(1.2 to 1.4 weight *fo), with low Nb/La (0.43 to 0.71). These rocks show a progressive upwards decline in SiO2 
(55 to 48 weight 7e), La/Sm (4.5 to 1.6), Ti/Zr (88 to 38) and 6srUR (+61 to *4; UR—uniform reservoir), with 
little change in magnesium number (0.54 to 0.60).

The high-titanium Lower Series includes subalkalic basalts, tholeiites and picrites that have high 
Ti, Ti/Y and Nb/La, which is typical of enriched melts from an asthenosphere mantle plume source. The 
Upper Series tholeiitic and picritic lavas have the geochemical signatures of melts, which have variable con 
tributions from the continental mantle (low Ti, Ti/Y and Nb/La). The lithospheric mantle may be the source of 
the Mokulaevsky and Tuklonsky lavas, and this source was presumably created by ancient subduction of sed 
iment into the mantle (Lightfoot et al. 1993). The lower part of the Nadezhdinsky lavas (Nd-|) are generated by 
superimposed higher level contamination of the Tuklonsky lava by 8^ of granodiorite accompanied by the 
removal of 249fc of a gabbroic crystal assemblage (plagioclase, olivine and augite in the proportions 
41:35:24). Cu/Yb and Ni/Yb are low in the lowermost Nadezhdinsky lavas, and this is consistent with less than 
1.5 ̂ c sulphide removal. The removal of sulphide appears to have decreased as an increasing proportion of 
Mokulaev sky-like magma was mixed with contaminated lower Nadezhdinsky magma in a deep zoned 
magma chamber. The most contaminated lavas are the most depleted in nickel and copper, and it is therefore 
suggested that assimilation of silica-rich crust triggered the segregation of sulphides.

The Nadezhdinsky-Iike lavas are believed to be comagmatic with the weakly mineralized Lower 
Talnakh and Lower Noril'sk intrusions, whereas Morongovsky-like lavas are believed to be comagmatic with 
the mineralized Talnakh and Noril'sk intrusions (Naldrett et al. 1992). We suggest that the nickel and copper 
derived from the Nadezhdinsky lavas were concentrated by gravity in a vertically zoned magma chamber 
and emplaced as a sulphide magma along the Noril'sk-Kharayelakh fault zone into the Talnakh and Noril'sk 
intrusions to form the deposits.

INTRODUCTION relatively undeformed, continental flood basalts (CFB),
such as the Deccan, Parana, Columbia River and Siberian

The interpretation of geochemical variations in basaltic traps, detailed studies of the mineralogy, petrology and 
rocks in terms of petrogenetic processes is greatly facili- geochemical compositions of lava flows, sequentially 
tated in cases where there is good spatial and temporal con- erupted one on top of the other, provide valuable evidence 
trol on the relative sequence of lava flows. In young, regarding: 1) the processes within the magma conduit
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and/or chamber system (e.g., fractional crystallization, seg 
regation of sulphides, magma mixing, assimilation) and the 
triggering of eruptions; 2) the compositions of the source 
regions of these magmas, and the processes governing the 
evolution of these sources; and 3) the relative importance of 
continental rifting and mantle plumes in the genesis of CFB. 
Perhaps more importantly, this knowledge is fundamental 
to an understanding of why the intrusive parts of CFB are 
hosts to some of the world's largest deposits of economic 
nickel sulphide mineralization enriched in copper and the 
platinum group elements (PGEs) (e.g., Naldrett et al. 1992). 
At Noril'sk, on the northwestern margin of the Siberian 
Platform (Figure 22. la), there is an unprecedented opportu 
nity to investigate this issue as there is a well-developed 
association of extrusive and intrusive magma types.

The Deccan Trap basalts have been the subject of this 
type of stratigraphically controlled geochemical study (e.g., 
Mahoney et al. 1982; Cox and Hawkesworth 1985; Devey 
and Lightfoot 1986; Lightfoot and Hawkesworth 1988; 
Lightfoot, Hawkesworth et al. 1990). The success of these 
programs led to the formulation of a sampling and analytical 
program for the Siberian Trap (Lightfoot, Naldrett et al. 
1990). This paper is primarily concerned with detailed 
variations in the composition of lava samples collected from 
a drill core (SG-9, north of Talnakh) and a section (IF, east 
of Noril'sk). This is a relatively small but important area of 
the western part of the traps, which covered an original area 
of greater than 1.5 x 10" km2 of Siberia (Zolotukhin and 
Al'mukhamedov 1988).

Basaltic trap 

Tuffaceous sequences 

Intrusive trap 

Basement outcrop

\o, "o l Platform sedimentary 
sequence

* Explosive breccia pipes

,. — Boundary of Siberian 
platform

.^^V-- Boundary of Tunguska
"^ basin

An outline of the stratigraphic variations, based on 
trace element concentration and ratio data, has been given 
by Lightfoot, Naldrett et al. (1990). Based on samples from 
a single drill core (SG-9), Lightfoot, Naldrett et al. (1990) 
characterized 6 of the 11 formations recognized by, amongst 
others, Fedorenko et al. (1984) and placed them into a 
Lower and Upper Series (Table 22.1). Lightfoot, Naldrett 
et al. (1990) grouped the alkalic and subalkalic basalts 
of the Ivakinsky Formation (lv), the tholeiites of the 
Syverminsky Formation (Sv) and the tholeiitic and picritic 
basalts of,the Gudchichinsky Formation (Gd) into the 
Lower Series, and the tholeiites of the Nadezhdinsky 
Formation (Nd), Morongovsky Formation (Mr) and 
Mokulaevsky (Mk) into the Upper Series. The overlying 
Kharayelakhsky Formation (Kh), Kumginsky Formation 
(Ku) and Samoedsky Formation (Sm) were also tentatively 
placed in the Upper Series.

Lightfoot, Naldrett et al. (1990) concentrated their 
efforts on understanding the compositional variations 
within samples from the Upper Series, which is well 
developed in core SG-9. They showed that the Nd is essen 
tially characterized by geochemical features consistent 
with substantial degrees (perhaps as much as 239fc) of

Table 22.1. Sequence of formations and variation in thickness (m) 
of Siberian Trap formations and units documented in this study.

FORMATION GROUP

Samoedsky T2sm3
T2sm2
T2sm 1

Kumginsky T2km
Kharayelakhsky "^2^4

T2hr3
T2hr2
T2hr 1

Mokulaevsky TT mk4
T-|mk3
T-)mk2
T-imk-)

Morongovsky TIITU^
Timr-i

Nadezhdinsky T-|nd3
Tind2
T-|nd-|

Tuklonsky* T-]tk
Khakanchansky T-) hk
Gudchichinsky* T-|gd2

Tigd-|
Syverminsky P2sv
Ivakinsky P2i v3

P2 iv2
?2ivi

RANGE OF 
THICKNESS (m)

^00
230-280
140-180
160-210
95-215

205-365
15-210
60-105
40-165

140-265
40-290
35-275

175-640
45-150
25-150
75-260
50-260
0-220

10-260
0-190
0-160
0-195
0-135
0-100
0-240

Figure 22.1a. Geological map of the Siberian Platform showing the 
location of the Siberian Trap sequence (basaltic trap and tuffaceous 
sequences), the intrusive trap and the Noril'sk district study area.

* Picrites are allocated to the TPBU (Tuklonsky Formation) 
and GPBU (Gudchichinsky Formation)
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contamination of mantle-derived Mk-like magmas by 
tonalitic upper crust. They showed that the Mk lavas are 
similar in many respects to the Nd but appear to be less 
contaminated. Between the base of the Nd and the top of the 
Mk, geochemical variations were interpreted in terms of a 
progressive decline in the proportion of a tonalitic crustal 
contaminant relative to a mantle-derived, perhaps more 
primitive, precursor of the Mk lavas.

Lightfoot, Naldrett et al. (1990) propose one possible 
interpretation based on Patchett (1980), in which there is a 
progressive decline in the availability of crustal material as 
the walls of the magma conduits and chambers are progres 
sively depleted in the more mobile constituents and isolated 
from the magma by a rind of solidified basalt. Naldrett et al. 
(1992) argued that, in detail, the geochemical variations are 
due to mixing of magmas, and this model is more consistent 
with continuous replenishment of a contaminated Nd 
magma chamber by repeated influxes of fresh uncon- 
taminated Mk magma in an open system (e.g, O'Hara and 
Mathews 1981). Alternatively, Lightfootetal. 1993 pointed

out that the variation can also be explained by a contribution 
from an upper mantle source containing a recycled crustal 
component, such as shale (see also Hergt et al. 1991), which 
has been isolated from the convecting mantle for a sufficient 
length of time to develop radiogenic Sr and unradiogenic 
Nd isotopic signatures. Lightfoot, Naldrett et al. (1990) 
attempted to model the relationship between the Upper 
Series and the Lower Series in terms of variation in the 
degree of partial melting of the source region and different 
degrees of subsequent fractionation of the magma. They 
determined that 2 or more different sources were required to 
explain the fundamentally different chemistries of the 
Lower and Upper Series.

This paper documents major and trace element geo 
chemical data from a 900 m surface section (named IF) 
located east of Noril'sk near the Imangdinsky fault (Figure 
22. l b) and examines the variation in chemostratigraphy 
within this exposed sequence and between this sequence, 
drill core SG-9 and other cores. It also documents the 
distribution and thickness of the lava formations. The paper

'••'*.\:\ Jurassic and Cretaceous sediment

Kumginsky and Samoyedsky 
lava formations

Mokulaevsky and Kharayelakhsky 
lava formations

Morongovsky lava formation

Khakanchansky, Tuklonsky and 
Nadezhdinsky lava formations
Ivakinsky. Syverminsky. and 
Gudchichinsky lava formations

Cambrian to Upper Permian sediments

Bolgokhtoksky Granitoid complex

Northwest trending faults

Main Northeast and North northeast 
trending faults
Minor northeast and North northeast

Drill core A section locations

10 20 30 40 50 km

Figure 22.1b. Distribution of lavas in the Noril'sk district (inset shows the location of the study area in the Commonwealth of Independent States), 
showing the locations of drill cores and sections referred to in text.
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addresses the extent to which petrogenetic processes such as 
crystal fractionation, immiscible sulphide segregation and 
contamination explain the compositional variations within 
and between the formations and the relative timing of these 
events. Such data also provide a stratigraphic geochemical 
framework that can be used to understand better the relative 
timing of emplacement, origin and evolution of the intru 
sions of the Noril'sk region, and the reason why some of the 
intrusions carry significant amounts of sulphide enriched in 
nickel, copper, gold and the platinum group elements 
(Naldrett et al. 1992), whereas others are barren of such 
mineralization.

GEOLOGY OF THE TUNGUSKA 
BASIN

The Siberian Trap basalts are located on the Siberian 
Platform, which is dominantly an Archean to Lower 
Proterozoic terrain composed of gneisses, crystalline 
schists, quartzites and marbles overlain by volcanogenic 
sedimentary rocks (see Figure 22.la, based on Lurje and 
Masaitis 1964). The platform is surrounded by major 
regional faults to the north and west. The Noril'sk region 
lies close to a possible triple junction at the northwestern 
margin of the Siberian Trap, and the trap was erupted close 
to the inferred Permo-Triassic site of the Jan Meyen hot 
spot (Morgan 1981). The depth to the Moho increases 
systematically away from this junction towards the south- 
east. Since the Upper Proterozoic, a cover of subhorizontal 
sedimentary and volcanic rocks has been formed on the 
basement. Magmatic activity commenced in the Late 
Permian and peaked in the Early Triassic at 248 Ma (Renne 
andBasu 1991; Dairympleetal. 1991). Over 1.5 x 106 km2 
of the platform was covered in basaltic lavas, and this was 
accompanied by the emplacement of intrusive dikes and 
sills.

The largest basin in the region of the Siberian Trap 
is the Tunguska basin, where the main series of geo- 
chemically homogeneous Putorana lavas were erupted (see 
Figures 22.la, 22.Ib; Sharma et al. 1991). The thickness 
of the lava pile in the Tunguska synclinorium is typically 
greater than 3 km in the northwest and thins to the south- 
east in the region of the Tunguska river (see Figure 22.la), 
where the sequence is typically only a few tens of metres 
thick. A few thick flows (up to 150 m) are known to extend 
for several hundred kilometres (Mezhvilk and Vasilyev 
1967), but most of the flow packages occur in limited 
areas. In the centre of the Tunguska basin, the flows consist 
dominantly of tholeiitic basalt; to the northwest, picritic, 
alkalic and subalkalic variants are developed, and this 
petrological variation characterizes the Noril'sk district 
(Fedorenko 1981; Fedorenko et al. 1984). More dif 
ferentiated rocks such as basaltic andesites, dacites and 
trachytes are developed at the southern margin of the basin. 
Pyroclastic deposits are irregularly distributed within the 
Tunguska basin (see Figure 22.la). Tuffs thin towards the 
north and west where the lavas are well developed. To the 
centre of the basin, explosive tuffs reach a maximum 
thickness of 700 m. In the southern part of the basin, the tuffs

are not accompanied by basaltic lavas (Zolotukhin and 
Al'mukhamedov 1988).

Intrusive facies of the trap (called Intrusive traps) occur 
dominantly at the margins of the Tunguska basin, but these 
are also well developed along fault lines such as the 
Noril'sk-Kharayelakh fault (see Figure 22. l b). In the 
Precambrian basement, the intrusions occur as thin sills or 
dikes; most of the thicker differentiated and undifferen- 
tiated sills occur in the Devonian sedimentary and volcanic 
cover. Sills vary in thickness from a few metres up to 500 m, 
and in some sedimentary-volcanic packages, the sequence 
has been thickened by over 50^o by the intrusion of trap- 
related sills (Zolutukhin and Al'mukhamedov 1988). Dike 
swarms such as the Avamsky dikes occur around the 
northern and northeastern margins of the Tunguska basin 
(Krasnov et al. 1966).

GEOLOGY OF THE
NORIL'SK-KHARAYELAKH

REGION AND DISTRIBUTION OF
LAVA FORMATIONS

Figure 22. Ib (after Naldrett et al. 1992) shows the distribu 
tion of Siberian Trap lavas in the Noril'sk-Kharayelakh 
Province, the pre- and post-eruptive sedimentary sequences 
and the locations of the major fault zones. Figure 22.le 
shows 2 geological sections (approximately north-south 
and east- west) depicting the lateral and vertical distribution 
of lavas of the Noril'sk district. These sections show 
the basinal structure of the Noril'sk, Vologochansky, 
Kharayelakh and western limb of the Tungusky basin and 
illustrate the general distribution and thickness of the lava 
formations.

In this study, we adopt the nomenclature used by 
Fedorenko (1981) and Zolotukhin and Al'mukhamedov 
(1988). We subdivide the Lower Series into 3 forma 
tions—the Ivakinsky (lv), Syverminsky (Sv) and Gudchi- 
chinsky (Gd). We then subdivide the Upper Series into 8 
formations—the Khakanchansky (Kk), Tuklohsky (Tk), 
Nadezhdinsky (Nd), Morongovsky (Mr), Mokulaevsky 
(Mk), Kharayelakhsky (Kh), Kumginsky (Ku) and 
Samoedsky (Sm). The formations are further subdivided 
into units. For example, the Nd is subdivided into units Ndj , 
Nd2 and Nd3 , the Tk into tholeiitic lavas and a picritic unit 
(TPBU) and the Gd into lavas and a picritic unit (GPBU) 
(see Table 22. l for details).

The lateral variation in flow package thickness is 
important to an understanding of the migration of the 
eruptive centres in the Noril'sk region throughout the period 
of volcanic activity. Figure 22.2a shows the location of 31 
different sites in the Noril'sk region studied by Fedorenko 
(1979,1991). The general stratigraphy of each of these sites 
is summarized in Figure 22.2b. This information, together 
with data from Fedorenko (1979, 1991), can be used to 
generate a series of paleothickness plots, which are used to 
illustrate locations and migration of centres of volcanic 
activity.

Fedorenko (this volume) shows the axis of maximum 
paleothickness of the lavas and contours (50 m intervals)
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depicting the variation in thickness of the basalts. 
Figure 22.2c summarizes the information from Fedorenko 
(this volume) by showing the locations of the areas of 
maximum lava thickness and the names of these zones 
of activity. Also shown is the maximum thickness of 
Khakanchansky tuffs and the northeastern migration of the 
Mr and Mk volcanic edifice. This demonstrates that mag 
matic activity was focused along discrete lineaments, which 
include the North Kharayelakhsky, Noril'sk-Kharayelakh 
and Imangdinsky faults (see Figure 22. l b). Although we do 
not see the feeder dikes for the basalt formations, the 
sequence in which the flows were erupted and the lateral 
variation in their thickness suggest that the centres of 
activity switched episodically between different eruptive 
sites rather than continuously as, for example, when a 
mantle plume migrates under the craton. Although we can 
not comment on the spatial migration of volcanism in the 
Siberian Trap as a whole, we note that in the Noril'sk dis 
trict, there is no continuous migration in activity until the 
Mr, after which the volcanic edifice appears to migrate 
northeast. This compares with the Deccan Trap, where 
the basalt edifice gradually migrated from north to south 
over a distance of greater than 500 km, presumably 
accompanying the northward migration of India over the 
Reunion-Chagos-Laccadives plume-ridge system (Devey 
and Lightfoot 1986).

Drill core SG-9 (located close to Section No. 21 in 
Figure 22.2a) cuts 2200 m of basalt belonging to the lv, Sv, 
Gd, Nd, Mr, Mk and Kh Formation lavas (see Table 22. l and

Lightfoot et al. 1993). Lavas of the Nd to Mk are well devel 
oped, but the Sv is weakly developed, and there are no Tk 
lavas between the Gd and Nd. The lavas in drill core SG-9 
may have been in part altered by hydrothermal fluids 
produced during the late emplacement of large sills in the 
vicinity of Talnakh. Exposure IF (located close to Section 
No. 23 in Figure 22.2a) comprises 800 m of basalt strati 
graphy (see Table 22. l; Naldrett et al. 1992; Lightfoot et al. 
1993) and consists of lv, Sv, Gd, Tk and Nd lavas. The Sv 
and Tk are very well represented in section IF.

Drill cores HM-6 and CR-7KU are located close to 
drill core SG-9 (see Figure 22.2a), and samples from these 
cores have been assigned equivalent stratigraphic positions 
in drill core SG-9. Section TL-4 (Figure 22.2a) contains 
lavas that are not represented in drill core SG-9 or section 
IF; these lavas are from the top of the Upper Sequence and 
include Yuryakhsho-Kaltaminsky (Yy-Kt) high-titanium 
basalts within a sequence of Mr Formation lavas.

Breaks in the eruption of magma are best identified by 
the presence of tuff horizons separating flows or groups 
of flows. In exposure IF and drill core SG-9, tuffs of the 
Khakanchansky Formation represent their most pro 
nounced development (Figures 22.3a, 22.3b). Tuffs are 
conspicuously absent from the Mk and in the Lower Series, 
suggesting that these lavas were erupted more passively 
from, vent systems rather than explosively. The general re 
duction in the number of tuff horizons upwards through drill 
core SG-9 suggests to us that there was a general reduction 
in the degree of explosive magmatism with time. The

Vologochansky basin Kharayelakh basin

Location of the sections

1 Quaternary. Cretaceous 
and Jurassic sediments

Samoedsky suite

Kumgkisky suite

l Kharaelakhsky and 
l Mokulaevsky suites

Morongovsky suite

j Nadezhdlnsky suite

' Khakanchansky and
; Tukkmsky suites
' Krakkisky, Syvermhsky and
. QudchlkWnsKy suites
T

Paleozoic sedhnents 

Noril'sk-Kharayelakh fault

. Main drW holes and 
exposures

t. Intrusions and stratigraphy of sedimentary 
formattone are not shown

2. Khakanchansky and Tukkmsky suites ara 
not shown whore the m thickness is 
less than 50 m

50 100 km

Figure 22.1c. North-south and east-west geological cross sections depicting the geology of the Noril'sk, Vologochansky, Kharayelakhsky and 
Tungusky synclinal sequences. Triangular boundary in inset map refers to margin of basaltic trap sediments under basalt sequence.
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presence of the thick Khakhanchansky tuff at the Gd-Tk 
boundary may indicate a pronounced break in the eruption 
of lavas. The tuff marks a boundary that coincides with a 
significant shift in the chemical signatures of the basalts 
above and below this level (Lightfoot, Naldrett et al. 1990) 
and the temporal migration of the volcanic edifice 
during the time of eruption of the Mr and Mk lavas (see 
Figure 22.2c).

ANALYTICAL METHODS
Representative samples weighing 100 to 500 g were col 
lected from 1.5-inch drill core and surface exposure. The 
samples were crushed using a steel-plate jaw crusher, and 
coarser amygdaloidal fragments were removed. The 
samples were then ground in 99.8^0 pure alumina planetary 
mills. These mills are known to introduce a maximum of 
Q.25% A1 2O3 during routine sample preparation (Lightfoot, 
Naldrett et al. 1990). Major and trace element analytical 
data were determined in the Geoscience Laboratories of the 
Ontario Geological Survey, following published analytical 
methodologies (OGS 1990). The major element oxides 
were determined by wavelength dispersive X-ray fluores 
cence; the rare earth elements, Y, Zr, Nb, Rb, Sr, Cs, Th, U, 
Ta and Hf were determined by inductively coupled plasma 
mass spectrometry using the Ru-Re internal standardization 
scheme on solutions stabilized in the presence of HF 
(Doherty 1989, 1991); Ni, Cu, Co, Se, V and Zn were 
determined by inductively coupled plasma optical emission 
spectroscopy; Ba and Cr were determined by flame atomic 
absorption. In Table 22.2, major element oxides are re 
calculated to 1009fc free of loss on ignition (LOI). Three of 
the larger (greater than 400 g) samples were split in half and 
prepared in duplicate. No significant difference in the 
analysis of the 2 parts resulted (see Table 22.2, samples 
1F-472, 1F-516 and 1F-706), suggesting that the 
sampling, preparation and analytical protocols were not 
biased. Quality control measures included the analysis of 
the in-house Keweenawan basalt standard (MRB-29) as an 
unknown (a blind standard) (see Table 22.2), blind 
duplicates and the routine determination of international 
standards such as BHVO-1. The analysis of MRB-29 indi 
cates that precision over the period of analytical work was 
5*26 relative standard deviation (rsd), or better, and the 
accuracies were within 59fc rsd of the established values 
(Lightfoot et al. 1991). Duplicate determinations of 
analytes in the same samples verified a worst case Stfc rsd 
precision. Analytical data for BHVO-1 verify the accuracy 
to be 59fc rsd, or better, on the trace elements. The instru 
mental methods were able to determine all of the analytes 
in all samples at levels well above the analytical 60 
determination limit (Potts 1987). An analytical data bank 
for 106 volcanic samples form the basis of the present study 
(Table 22.2 shows a subset of these analyses). These consist 
of 45 new whole rock analyses of samples from this study 
(see Table 22.2 and Lightfoot et al. 1993), 44 whole rock 
analyses published by Lightfoot, Naldrett et al. (1990) for 
core SG-9, 8 analyses of Ivakinsky, Syverminsky and 
Gudchichinsky basalt from cores SG-7KU and HM^6 (see 
Figure 22.1 for locations and Table 22.2 for analyses) and

9 analyses of lavas from TL-4 (see Figure 22.1 and Table 
22.2). A complete Sr-, Nd- and Pb-isotopic study has 
proceeded in parallel with this study (Lightfoot et al. 1993).

ALTERATION AND FLOW 
HETEROGENEITY

The basalts from drill core SG-9 described by Lightfoot, 
Naldrett et al. (1990) are relatively fresh, but some samples 
have pervasive bifurcating veins of micaceous material and 
amygdales filled with secondary zeolites and, in almost all 
of the samples, at least some of the groundmass glass is 
replaced by a fine micaceous material. It is evident that the 
veins represent the paths of fluids migrating through the 
basalt, and the alteration is probably a consequence of 
hydrothermal circulation at the time of eruption and/or 
alteration by more recent groundwaters. The contempora 
neous or subsequent emplacement of sills may have contrib 
uted the heat required to mobilize formational fluids from 
the underlying Tunguska series sedimentary rocks which 
contain significant evaporite horizons.

Lightfoot, Naldrett et al. (1990) identify rubidium, 
potassium and possibly strontium as having been mobile, on 
the basis of the more scattered trends defined by these

^ Sediments Younger o 15 30 45 60 km ; 
j than Traps N

Figure 22.2a. Location of 31 sites in the Noril'sk district where 
stratigraphy of the lavas has been subdivided.
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Recent boundaries of volcanic formations

Axis of maximum paleothickness of lava's 
of the tvakinsky-Nadezhdinsky lavas

] Norifsk-Kharayelakh fault

l Zones of Volcanic Activity 

(j) Tundrinsky-Verkhnepyasinsky 

(D North Kharayelakh 

(5) Pyasinsky 

0 Noril'sk-Kharayelakh 

(5) Imangdinsky 

© Khakanchansky 

® Moroogcwsky-Mokulaevsky

Dominant Lavas 
Erupted

lv

Iv.GPBU

GPBU.Nd

Gd

Sv.Tk

tuffs

Mr.Mk

Figure 22.2c. Locations of zones of maximum thickness of lavas in the 
Noril'sk district. These zones are correlated with the locations of major 
fault zones and are believed to record the episodic switching in the 
location of the volcanic edifice. For explanation of abbreviations, see 
Figure 22.2b.

elements compared with other large-ion lithophile elements 
(LIL; e.g., thorium) when plotted against other, less mobile, 
high field-strength elements (HFSE; e.g., yttrium). Some 
LIL like thorium are known to be less mobile, yet show 
comparable general enrichment and/or depletion behaviour 
to rubidium and potassium, and it is thought that this is not 
purely a consequence of alteration. Unpublished barium 
and cesium data for core SG-9 and rubidium, potassium, 
barium and cesium data for basalts from exposure IF (see 
Table 22.2) indicate that this entire group of elements has 
been subject to a general alteration-induced enrichment 
and/or depletion history that has smeared out the detail in

the trends produced by magmatic processes. In the study of 
outcrop section IF, 4 samples were collected vertically 
through a compound flow unit within the Tk Formation, but 
only l sample was available from within each lobe of the 
compound flow (a more comprehensive study of within- 
flow variations is underway). The picritic basalt samples 
from the Tk Formation have a relatively wide range in major 
and trace element compositions that is beyond analytical 
uncertainty (see Table 22.2). The widest compositional 
range is shown in nickel and chromium, which probably 
reflects modal variations in the abundance of olivine and 
chrome spinel.

GEOCHEMICAL
CLASSIFICATION SCHEME FOR

THE BASALTS
The most important features that can be used to distinguish 
basalts from each of the formations and units are sum 
marized from Lightfoot, Naldrett et al. (1990) and this study 
(Table 22.3 and Figures 22.3a, 22.3b). These features are 
characteristic of each of the formations and units and, in 
principle, can be used to classify most unknown basalt on 
the basis of chemical composition alone. The ratio-ratio 
plots in Figures 22.4a to 22.4b show the variation in La/Sm 
versus Gd/Yb and Ni/Yb versus La/Yb for each of the 
formations and units. These plots show that the lavas 
allocated to each of the formations and units occur in dis 
crete fields which only rarely overlap. All of the formations 
are distinguished using these 2 plots, except for the Mr and 
Mk which have very similar compositions.

PETROGRAPHY AND
CHEMOSTRATIGRAPHY OF

CORE SG-9 AND SECTIONS IF
AND TL-4

The stratigraphic positions, sample locations, flow contacts, 
petrography and boundaries of formations and units of 
sections IF and TL-4 and drill core SG-9 are shown in 
Figures 22.3a to 22.3c. lv flows are porphyritic and sub 
alkalic, and towards the base of the formation, some contain 
titanium-rich augites. Intrusive rocks of the Yergalakhsky 
type correlate with trachybasalts of the lower part of the lv 
Formation on the basis of petrography. Sv flows are always 
tholeiitic and generally aphyric. The Gd tholeiites are glom 
eroporphyritic to porphyritic in the lower part and picritic in 
the upper part of drill core SG-9, but picritic in the lower 
part and aphyric in the upper part of l F. Tk basalts are poiki 
litic in the lower part of the formation in section IF, but 
picritic in the upper part. Picritic flows occur as narrow flow 
units, which frequently pinch-out laterally. Nd flows are 
dominantly porphyritic in section IF and drill core SG-9, 
although l Nda flow is glomeroporphyritic. Mr flows in drill 
core SG-9 are porphyritic, but in the overlying Mk, 
there are an increasing number of glomeroporphyritic to 
aphyric flows (which have remarkably constant chemical 
compositions despite the considerable variation in modal 
phenocryst abundance). Morongovsky flows in section
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Table 22.2. Geochemical data for samples from outcrop sections IF and TL-4, and drill cores SG-7KU and HM-6, Imangdinsky and Noril'sk 
districts; see footnote for explanation. Additional data for SG-9 are presented in Lightfoot, Naldrett et al. (1990) and for IF in Lightfoot et al. 
1993.

Depth 
(m)

2031.0
2053.0
2126.0
2181.0
127.0
235.0
270.0
284.5
68.0

103.0
149.0
169.0
178.0
190.0
205.0
229.0
242.0
260.0
267.0
275.0
290.0
324.0
333.0
346.0
364.0
392.0
414.0
465.0
472.0
510.0
516.0
520.0
623.0
625.0
640.0
706.0
736.0
770.0
786.0
164.0
175.7
180.0
200.2
211.8
213.0
218.7
222.0
236.7

Core/ Formation 
Section 

(Sample No.)

CR-7KU
CR-7KU
CR-7KU
CR-7KU
HM-6
HM-6
HM-6
HM-6
1F(45)
1F(1)
1F(3)
1F(4)
1F(5)
1F(6)
1F(8)
1F(9)
1F(10)
1F(12)
1F(13)
1F(14)
1F(15)
1F(17)
1F(19)
1F(20)
1F(21)
1F(23)
1F(24)
1F(26)
1F(27)
1F(29)
1F(31)
1F(32)
1F(35)
1F(36)
1F(37)
1F(39)
1F(40)
1F(42)
1F(43)
TL-4
TL-4
TL-4
TL-4
TL-4
TL-4
TL-4
TL-4
TL-4

Cd
Cd
Sv
lv
Sv
Sv
lv
lv
Eg
lv
lv
Sv
Sv
Sv
Sv
Sv
Sv
Sv
Sv
Sv
Sv
GPBU
GPBU
Kh
Tk
Tk
Tk
Tk
Tk
Tk
TPBU
TPBU
Ndi
Ndi
Ndi
Nd2
Nd2
Nd2
Nd2
Mr-Sm
Mr-Sm
Mr-Sm
Yy-Kt
Yy-Kt
Yy-Kt
Yy-Kt
Mr-Sm
Mr-Sm

Mg- 
number

0.528
0.596
0.602
0.522
0.558
0.538
0.338
0.344
0.478
0.491
0.341
0.559
0.533
0.573
0.572
0.565
0.568
0.532
0.540
0.549
0.545
0.736
0.612
0.571
0.644
0.655
0.668
0.643
0.654
0.683
0.758
0.752
0.598
0.574
0.602
0.590
0.583
0.544
0.533
0.583
0.560
0.591
0.550
0.546
0.537
0.495
0.599
0.580

SiO2
wt Ve

51.9
48.9
53.1
50.3
51.4
53.4
51.3
52.3
47.9
49.3
53.2
53.0
54.6
53.1
54.2
52.8
52.7
51.5
52.5
51.9
54.0
46.2
51.0
59.3
50.0
49.6
49.4
50.1
49.5
49.0
47.5
47.3
52.8
53.3
52.7
52.4
53.1
53.7
51.8
49.1
48.1
49.1
47.8
46.3
46.1
45.6
48.7
49.6

TiO2
wt Ve

1.86
1.35
1.47
1.64
1.47
1.61
2.23
2.26
2.47
2.25
2.30
1.51
1.58
1.57
1.58
1.61
1.60
1.87
1.79
1.73
1.70
1.66
2.25
1.08
0.88
0.81
0.81
0.95
0.93
0.84
0.78
0.75
0.98
0.98
0.96
0.96
1.00
1.12
1.21
1.13
1.21
1.06
3.48
3.74
3.73
3.77
1.05
1.06

AI203
wt %

16.0
19.2
16.2
16.5
16.8
15.6
17.4
14.8
15.9
16.3
14.5
16.1
15.4
15.3
14.9
15.3
15.7
15.1
15.1
15.1
14.8
8.31

12.2
15.9
15.2
16.4
15.6
16.2
15.7
14.8
12.2
12.4
15.7
16.0
15.2
15.8
15.8
14.7
15.6
16.0
16.1
14.5
11.5
11.7
11.8
12.2
15.3
15.9

Fe203
wt Ve

11.0
9.84

10.3
11.4
10.8
11.0
12.9
13.7
14.3
15.3
12.9
10.7
9.92

11.1
10.7
11.0
10.8
12.0
12.0
11.6
11.5
16.3
12.1
9.28

11.4
10.4
11.0
10.9
11.1
11.2
12.6
12.5
10.4
10.3
10.3
10.5
10.7
11.3
11.8
12.4
12.6
10.8
14.9
16.1
16.1
16.4
12.0
12.2

MgO
wt Ve

5.32
6.23
6.70
5.34
5.87
5.50
2.82
3.10
5.62
6.37
2.86
5.82
4.85
6.40
6.11
6.14
6.10
5.85
6.06
6.08
5.94

19.5
8.22
5.30
8.89
8.47
9.54
8.45
9.00

10.4
16.9
16.4
6.67
5.94
6.73
6.47
6.45
5.77
5.78
7.42
6.88
6.73
7.84
8.33
8.06
6.89
7.69
7.27

MnO
wt Ve

0.17
0.14
0.14
0.18
0.15
0.13
0.17
0.21
0.18
0.19
0.18
0.14
0.14
0.15
0.16
0.15
0.14
0.17
0.17
0.15
0.16
0.21
0.18
0.12
0.18
0.17
0.17
0.18
0.18
0.16
0.17
0.17
0.15
0.15
0.15
0.14
0.14
0.16
0.19
0.19
0.25
0.21
0.21
0.18
0.42
0.22
0.23
0.19

CaO
wt Ve

9.97
10.9
8.71

11.3
10.2
7.33
6.72
7.15
8.88
4.17
7.32
9.14
8.74
5.72
6.94
7.28
7.44
8.59
7.75
7.40
6.75
7.15

10.3
5.05
9.75

12.0
11.5
9.74

11.4
11.2
8.22
8.91
9.55
9.84

11.2
10.8
9.00

10.1
10.3
11.5
12.7
14.5
9.62
9.44
9.74

10.2
11.4
11.2

Na2O
wt Ve

2.58
2.58
2.52
2.70
2.51
3.76
3.40
3.16
3.26
4.82
3.51
2.62
2.92
3.80
3.02
3.80
3.73
3.32
3.12
3.75
3.36
0.41
3.47
1.65
2.59
1.81
1.65
2.78
1.94
1.89
1.26
1.03
2.63
2.47
1.72
1.85
2.38
1.98
2.22
1.92
1.84
1.71
2.59
2.23
2.05
2.67
1.89
1.96

K20
Wt Ve

0.88
0.59
0.68
0.47
0.56
1.45
2.28
2.40
1.12
0.97
2.40
0.77
1.57
2.62
2.16
1.70
1.51
1.27
1.19
1.97
1.46
0.03
0.03
2.12
1.02
0.24
0.29
0.56
0.22
0.35
0.32
0.40
1.02
0.90
0.86
0.97
1.29
1.04
0.99
0.26
0.16
1.22
1.54
1.50
1.39
1.52
1.63
0.47

P205
wt Ve

0.25
0.15
0.21
0.23
0.21
0.22
0.79
0.86
0.37
0.33
0.85
0.21
0.24
0.22
0.27
0.25
0.26
0.32
0.29
0.29
0.30
0.15
0.22
0.20
0.08
0.09
0.08
0.10
0.07
0.07
0.05
0.06
0.12
0.13
0.11
0.12
0.12
0.15
0.15
0.11
0.13
0.16
0.50
0.50
0.51
0.56
0.13
0.12

LOI
wt Ve

3.0
2.2
4.8
7.6
4.2
3.2
1.6
1.8
2.7
4.2
2.8
3.7
3.0
3.7
3.3
4.5
4.5
2.9
3.3
3.3
3.4
7.1
3.9
9.2
3.0
3.2
3.6
3.9
4.6
3.9
5.0
4.6
2.2
2.3
2.6
1.4
1.7
1.6
2.4
2.0
4.3

11.0
2.7
3.2
3.4
2.3
8.9
2.0
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Table 22.2. (coni.) Geochemical data for samples from outcrop sections IF and TL-4, and drill cores SG-7KU and HM-6, Imangdinsky and 
Noril'sk districts; see footnote for explanation. Additional data for SG-9 are presented in Lightfoot, Naldrett et al. (1990) and for IF in Lightfoot 
et al. 1993.

Depth Core/ Formation 
(m) Section 

(Sample No.)

ObsMRB-29*
(20)
Exp MRB-29

Compound flow average*
n = 4
(30,31,32,33)
2O

Duplicate sample preparations
472 1F27 1

2
516 1F31 1

2
706 1F39 1

2

Averages
Yuryakhsho-Kaltaminsky 11 = 2
Mokulaevsky (Mk) n = 8
Morongovsky (Mr2) 11 = 4
Morongovsky (Mn) 11 = 6
Nadezhdinsky (Nd3) n = 2
Nadezhdinsky (Nd2) n = 10
Nadezhdinsky (Ndi)ns 11
TPBU 11 = 4
Tuklonsky (Tk) n = 9
GPBU n = 5
Gudchichinsky (Gd) n = 6
Syverminsky (Sv) n s 19
Ivakinsky (lv) 0 = 9

Mg- 
number

n.a.
n.a.

0.757
0.008

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

0.54
0.55
0.58
0.56
0.57
0.56
0.59
0.76
0.66
0.72
0.57
0.56
0.37

SiO2
wt Ve

49.5
0.2

49.1

47.35
0.84

47.0
46.8
44.6
44.6
51.0
51.3

49.9
48.7
48.9
49.4
50.4
52.2
52.2
47.4
49.6
47.9
50.8
52.8
51.7

TiO2
wt Ve

1.91
0.04
1.96

0.67
0.30

0.88
0.86
0.30
0.31
0.94
0.93

3.6
1.20
1.12
1.10
1.01
1.06
0.94
0.67
0.88
1.61
1.84
1.62
2.26

A1203
wt Ve

12.56

0.11
12.65

12.35
0.60

14.9
14.8
11.5
11.6
15.4
15.1

11.66
16.43
16.75
16.29
16.50
15.95
16.38
12.33
15.70
9.85

16.07
15.61
15.41

Fe2O3
wt Ve

13.46
0.11

13.61

12.28
1.03

10.5
10.5
11.8
11.8
10.2
10.1

15.53
12.80
12.30
12.40
11.45
11.18
10.24
12.28
10.97
14.85
11.29
11.06
13.73

MgO
wt Ve

6.09
0.06
6.13

16.40
0.91

8.54
8.40

15.9
15.8
6.30
6.37

7.93
6.83
7.19
6.90
6.57
6.07
6.32

16.41
8.99

16.44
6.57
6.01
3.55

MnO
wt Ve

0.18
0.01
0.19

0.18
0.01

0.17
0.16
0.16
0.17
0.12
0.12

0.31
0.19
0.19
0.18
0.18
0.16
0.16
0.18
0.17
0.20
0.16
0.15
0.19

CaO
wt Ve

9.25
0.06
9.53

9.44
2.74

10.8
10.9
7.72
7.75

10.5
10.6

9.68
11.42
11.21
11.29
10.99
10.08
10.33
9.44

11.11
7.49
9.48
7.83
6.95

Na20
wt Ve

2.39
0.14
2.45

0.99
0.40

1.84
1.76
1.18
1.22
1.80
1.83

2.32
2.00
1.93
1.95
1.93
2.15
2.35
0.99
2.10
0.97
2.97
3.24
3.47

K20
wt Ve

0.71

0.02
0.69

0.31
0.16

0.21
0.20
0.30
0.31
0.94
0.93

1.47
0.30
0.33
0.38
0.84
0.98
1.00
0.31
0.34
0.52
0.67
1.40
1.98

P205
wt Ve

0.25
0
0.25

0.05
0.01

0.07
0.07
0.05
0.06
0.12
0.12

0.51
0.10
0.11
0.11
0.15
0.12
0.10
0.06
0.08
0.12
0.19
0.25
0.75

LOI
wt Ve

2.8
0
n.a.

5.05
1.18

4.6
4.5
4.9
4.6
1.4
1.9

3.05
1.82
1.45
1.87
1.65
1.67
2.76
5.05
3.77
6.12
2.85
3.87
2.52

LOI — loss on ignition.
All major element oxides recalculated to 7009fc free of LOI
n s number of analyses;. = not determined
mg-number = MgO/fMgO + 0.85FezO^) (mole *fo)
* Not recalculated free of LOI
6 Based on data shown free of LOI, Samples 1F-30, 31, 32, and 33

Formation Names
lv = Ivakinsky
Sv = Syverminsky
Gd = Gudchichinsky (GPBU = Gudchichinsky picritic basalt unit)
Kh = Khakanchansky
Tk = Tuklonsky (TPBU = Tuklonsky picritic basalt unit)
Nd = Nadezhdinsky
Mr-Sm = Morongovsky-Samoedsky
Yy-Kt = Yuryakhsho-Kaltaminsky
Eg = Yergalakhsky trachydolerite (= lv)
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Table 22.2. (coni.) Geochemical data for samples from outcrop sections IF and TL-4, and drill cores SG-7KU and HM-6, Imangdinsky and Noril'sk 
districts; see footnote for explanation. Additional data for SG-9 are presented in Lightfoot, Naldrett et al. (1990) and for IF in Lightfoot et al. 1993.

Depth
(m)

2031.0
2053.0
2126.0
2181.0
127.0
235.0
270.0
284.5
68.0
103.0
149.0
169.0
178.0
190.0
205.0
229.0
242.0
260.0
267.0
275.0
290.0
324.0
333.0
346.0
364.0
392.0
414.0
465.0
472.0
510.0
516.0
520.0
623.0
625.0
640.0
706.0
736.0
770.0
786.0
164.0
175.7
180.0
200.2
211.8
213.0
218.7
222.0
236.7

Core/ 
Section 

(Sample No.)

CR-7KU
CR-7KU
CR-7KU
CR-7KU
HM-6
HM-6
HM-6
HM-6

1F(45)
1F(1)
1F(3)
1F(4)
1F(5)
1F(6)
1F(8)
1F(9)
1F(10)
1F(12)
1F(13)
1F(14)
1F(15)
1F(17)
1F(19)
1F(20)
1F(21)
1F(23)
1F(24)
1F(26)
1F(27)
1F(29)
1F(31)
1F(32)
1F(35)
1F(36)
1F(37)
1F(39)
1F(40)
1F(42)
1F(43)
TL^
TL-4

TL^
TL-4
TL-4
TL-4

TL-4
TL-4

TL^

Ba
ppm

539
310
301
328
389
830
1034
840
431
1075
876
447
417
941
776
852
788
733
533
1185
776
25
31
556
344
131
106
297
206
213
140
139
454
360
341
335
400
364
356
144
122
200
703
652
664
690
374
161

Rb 
ppm

7.0
9.1
5.0
n.a.
n.a.
n.a.
n.a.
n.a.

18.9
20.7
47.5
12.8
29.8
91.6
49.2
40.9
41.0
27.9
24.4
50.7
34.2
2.5
0.8

63.8
22.8
2.6
4.7

10.9
1.4
3.6
8.3
7.8

18.6
48.3
12.2
19.4
41.9
16.3
16.3
1.8
0.8

46.0
26.1
30.0
26.8
30.0
48.0
6.4

Sr 
ppm

307
432
234
n.a.
198
n.a.
n.a.
n.a.
475
809
344
542
352
323
577
537
644
495
505
612
555
105
42

2045
646
203
185
365
257
199
152
167
493
433
243
243
293
233
249
176
87

365
572
584
544
656
465
192

Y
ppm

25.2
17.3
26.1
25.5
22.8
26.3
47.2
47.7
26.7
27.4
44.4
25.2
27.1
26.1
25.3
25.0
24.9
26.4
25.6
24.7
23.8
14.9
23.5
21.1
16.4
14.9
15.2
16.2
14.9
14.0
12.0
11.5
21.2
21.8
19.9
27.0
20.4
23.2
23.8
20.3
20.0
21.0
26.8
30.0
27.1
32.0
21.0
20.7

Zr
ppm

178
115
138
n.a.
108
n.a.
n.a.
n.a.
202
184
367
200
222
216
217
201
195
209
200
189
192
92
136
162
61
60
59
65
69
64
56
54
130
124
117
122
122
139
136
81
87
87

256
250
271
269
94
90

Hf 
ppm

n.a.
2.90
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
4.95
4.76
9.30
5.06
5.61
5.48
5.02
5.06
5.09
4.89
5.05
4.70
4.70
2.51
3.76
4.10
1.74
1.79
1.60
1.80
1.92
1.74
1.51
1.33
3.56
3.20
3.08
3.29
3.36
3.70
3.54
2.16
2.29
n.a.
6.62
n.a.
6.96
n.a.
n.a.
2.57

Nb 
ppm

12.0
7.0

13.0
n.a.

16.0
n.a.
n.a.
n.a.

16.0
16.6
29.1
16.4
17.7
17.4
17.0
15.4
15.2
15.0
14.3
13.5
13.9
6.5
10.2
13.4
2.7
2.5
2.6
2.9
2.9
2.6
2.2
2.2
9.0
8.2
6.7
8.1
7.8
9.3
9.6
3.9
4.1
5.0

30.0
25.0
30.9
29.0
n.d.
4.5

Ta 
ppm

n.a.
0.47
n.a
n.a.
n.a.
n.a.
n.a.
n.a.
0.84
0.88
1.49
0.91
1.03
0.99
0.94
0.84
0.86
0.85
0.79
0.73
0.70
0.39
0.63
0.75
0.18
0.18
0.16
0.19
0.19
0.15
0.13
0.12
0.59
0.51
0.41
0.48
0.48
0.50
0.54
0.25
0.26
n.a.
1.90
n.a.
1.95
n.a.
n.a.
0.29

Th 
ppm

1.86
0.91
3.60
2.68
2.46
n.a.
5.73
n.a.
1.92
n.a.
n.a.
n.a.
n.a.
n.a.
4.18
3.60
3.56
n.a.
n.a.
2.44
2.42
0.62
0.91
5.06
0.69
0.63
0.61
0.59
0.65
0.62
0.47
0.47
3.26
3.10
2.75
3.04
3.18
3.64
3.25
1.03
1.07
n.a.
3.01
n.a.
3.82
n.a.
n.a.
1.45

U 
ppm

0.47
0.25
0.91
0.71
0.55
n.a.
1.18
n.a.
0.51
n.a.
n.a.
n.a.
n.a.
n.a.
1.12
0.91
0.93
n.a.
n.a.
0.58
0.57
0.19
0.27
1.30
0.17
0.16
0.15
0.15
0.16
0.15
0.11
0.12
0.87
0.86
0.73
0.74
0.81
0.96
0.89
0.38
0.41
n.a.
0.72
n.a.
0.80
n.a.
n.a.
0.48

Co 
ppm

36
39
37
35
35
33
21
25
43
44
25
36
33
35
34
35
35
36
36
34
32
84
38
28
47
47
51
46
47
54
73
74
38
36
39
40
41
41
43
48
49
41
50
56
55
53
44
48

Cu 
ppm

24
72
33
34
33
45
23
24
31
27
18
38
36
35
39
38
32
32
31
32
22
102
110
64
122
103
104
103
98
85
68
77
21
25
13
57
54
134
88

121
131
103
79
83
132
31
116
133

Ni 
ppm

39
76
92
64
65
50
14
10
35
34
11
75
58
64
53
57
61
43
33
39
33

842
140
72
100
117
136
94
103
148
288
292
19
17
13
39
41
29
43
113
115
92
161
144
145
131
91
100

Cr 
ppm

215
271
296
238
238
217
36
34
48
42
31

243
215
218
228
211
218
192
158
183
166
850
323
176
373
410
425
327
401
525
815
675
129
140
68
142
138
35
36
90
92
119
590
358
386
314
194
105

Zn
ppm

123
83

102
83

109
175
n.a.
158
122
119
146
96
95
99
95
94
92
100
100
95
91
99
72
81
71
71
64
66
64
68
69
69
80
80
76
80
83
89
93
78
83
76
105
122
137
125
87
81

Se 
ppm

27
24
22
23
24

n.a.
21
22
23
22
20
21
22
21
19
21
22
25
25
24
23
19
28
17
32
31
30
28
26
29
7
5

29
28
29
29
29
29
28
31
34
31
27
27
29
26
31
31

V 
ppm

205
163
155
165
171
24
118
124
212
201
123
164
164
162
169
180
177
202
201
193
188
200
280
143
239
222
218
233
218
215
175
177
211
200
211
200
206
218
213
256
263
187
309
315
341
339
212
252
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Table 22.2. (coni.) Geochemical data for samples from outcrop sections IF and TL-4, and drill cores SG 
districts; see footnote for explanation. Additional data for SG-9 are presented in Lightfoot, Naldrett et al.

P. C. Lightfoot et al.

-7KU and HM-6, Imangdinsky and Noril'sk 
(1990) and for IF in Lightfoot et al. 1993.

Depth Core/ 
(m) Section 

(Sample No.)

Obs MRB-29

20

Expected MRB-29

Obs BHVO-1

20

Expected BHVO-1

Ba 
ppm

314

16

311

-

-

-

Rb Sr 
ppm ppm

13.91303

0.36 6

14.3 312

9.40399

0.65 32

9 400

Y
ppm

24.92

0.31

25.08

24.06

1.66

n.a.

Zr
ppm

174

5

170

177

12

n.a.

Hf 
ppm

4.72

0.33

4.8

4.61

0.30

n.a.

Nb 
ppm

13.9

0.3

14.1

19.9

0.6

19

Ta 
ppm

0.83

0.04

0.84

1.19

0.07

n.a.

Th 
ppm

2.32

0.13

n.a.

1.10

0.09

n.a.

U
ppm

0.54

0.04

n.a.

0.37

0.04

n.a.

Co 
ppm

47

1

47

40

1

47

Cu 
ppm

151

10

150

137

1

n.a.

Ni 
ppm

99

3

91

107

6

n.a.

Cr Zn 
ppm ppm

265 107

7 12

270 117

- 102

- 1

- 100

Se V 
ppm ppm

30 293

2 5

29 282

29 294

1 3

n.a. n.a.

Compound flow average

n = 4

20

126

37

7.4 147

3.6 34

10.7

3.6

47

25

1.25

0.64

1.93

1.10

0.11

0.05

0.45

0.17

0.11

0.04

73

329

63

34

284

193

810 67

9 2.0

6.5 171

2.0 23

Duplicate sample preparations

472 IF-27 1

2

516IF-31 1

2

706 IF-39 1

2

Averages

Yuryakhsho- 
Kaltaminsky

Mokulaevsky (Mk)

Morongovsky (Mr2)

Morongovsky (Mri )

Nadezhdinsky (Nds)

Nadezhdinsky (Ndj)

Nadezhdinsky (Ndj)

Tuklonsky (TPBU)

Tuklonsky (Tk)

Gudchichinsky 
(GPBU)

Gudchichinsky (Gd)

Syverminsky (Sv)

Ivakinsky (lv)

206

207

140

130

335

329

683

283

304

338

373

416

460

126

199

306

331

643

900

1.38256

1.22253

8.27152

8.47150

19.3 242

18.6 245

26 558

4 215

6 207

4 207

21 251

22 282

29 283

7 147

4 249

9 207

11 300

36 440

36 458

14.9

14.7

12.0

12.4

21.5

22.1

26.9

22.7

22.3

23.1

23.2

23.0

20.7

10.7

15.3

14.7

21.6

25.3

43.5

69

62

56

57

122

127

263

89

89

98

106

130

119

48

63

86

144

191

315

1.92

1.72

1.51

1.46

3.29

3.27

6.79

2.43

2.43

2.63

2.79

3.48

3.22

1.25

1.76

2.44

3.60

5.00

7.78

2.88

2.40

2.27

2.24

8.04

7.96

30.5

4.5

5.1

5.7

7.0

9.0

8.3

1.9

2.7

6.6

11.0

15.4

27.2

0.19

0.17

1.51

1.46

0.48

0.48

1.92

0.26

0.32

0.32

0.42

0.52

0.50

0.11

0.18

0.40

0.60

0.85

1.37

0.65

0.61

0.47

0.49

3.04

3.08

3.41

0.99

1.07

1.48

1.87

2.98

3.04

0.45

0.64

1.00

1.40

2.86

5.43

0.16

0.16

0.11

0.12

0.74

0.79

0.76

0.37

0.45

0.54

0.96

0.85

0.81

0.11

0.16

0.38

0.36

0.70

1.30

47

50

73

74

40

40

-

-

-

-

-

-

-

-

-

-

-

-

-

98

99

68

68

57

59

105

132

122

113

97

87

32

62

101

96

71

34

23

103

110

288

292

39

40

153

103

107

86

81

45

23

284

110

696

83

55

18

401 64

406 69

815 69

800 70

139 80

138 79

488 121

178 102

171 97

156 97

145 88

84 94

134 84

810 67

393 68

789 111

269 92

214 100

41 152

26 218

28 224

7 175

6 180

29 200

28 200

28 325

37 265

35 249

38 270

32 219

30 216

30 212

6 170

30 224

24 229

27 227

23 169

22 140
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Table 22.2. (cont.) Geochemical data for samples from outcrop sections IF and TL-4, and drill cores SG-7KU and HM-6, Imangdinsky and Noril'sk 
districts; see footnote for explanation. Additional data for SG-9 are presented in Lightfoot, Naldrett et al. (1990) and for IF in Lightfoot et al. 1993.

Depth
(m)

2031.0
2053.0
2126.0
2181.0
127.0
235.0
270.0
284.5
68.0
103.0
149.0
169.0
178.0
190.0
205.0
229.0
242.0
260.0
267.0
275.0
290.0
324.0
333.0
346.0
364.0
392.0
414.0
465.0
472.0
510.0
516.0
520.0
623.0
625.0
640.0
706.0
736.0
770.0
786.0
164.0
175.7
180.0
200.2
211.8
213.0
218.7
222.0
236.7

Core/ La 
Section ppm 

(Sample No.)

CR-7KU
CR-7KU
CR-7KU
CR-7KU
HM-6
HM-6
HM-6
HM-6
IF (45)
1F(1)
IF (3)
IF (4)
IF (5)
IF (6)
IF (8)
IF (9)
IF (10)
1F(12)
IF (13)
IF (14)
1F(15)
IF (17)
1F(19)
IF (20)
1F(21)
IF (23)
IF (24)
IF (26)
IF (27)
IF (29)
IF (31)
IF (32)
IF (35)
IF (36)
IF (37)
IF (39)
IF (40)
IF (42)
IF (43)
TL-*
TL^t
TL-4
TL-4
TL^t
TL-4
JL-4
1L-*
TL-4

21.99
9.20

21.32
20.33
19.63
24.41
49.91
47.70
22.87
24.32
50.49
23.64
27.61
26.80
25.07
22.80
24.89
22.47
21.43
21.68
20.84

6.16
9.63

23.82
4.88
4.88
4.77
6.17
6.57
5.50
4.50
4.46

16.26
18.20
14.95
n.a.

17.47
19.35
18.51
7.04
7.16
n.a.

36.48
n.a.

33.05
n.a.
n.a.
8.48

Ce 
ppm

49.98
20.99
49.14
46.30
44.82
52.63

112.4
106.2
54.68
56.09

113.9
54.12
58.95
57.47
56.32
50.15
50.32
50.33
48.59
48.13
46.21
16.50
25.60
53.13
11.83
11.01
11.38
14.44
14.01
12.50
10.42
10.27
35.68
40.04
33.01
n.a.

37.47
41.39
39.88
17.24
17.12
n.a.

87.14
n.a.

84.62
n.a.
n.a.

19.24

Pr 
ppm

4.94
n.a.
4.67
4.68
4.67
5.78

11.43
n.a.
6.47
6.76

13.09
6.16
6.74
6.54
6.67
6.03
6.06
6.11
6.03
5.76
5.76
2.42
3.55
6.17
1.49
1.42
1.49
1.76
1.79
1.56
1.31
1.3.1
4.13
4.62
3.79
n.a.
4.23
4.84
4.55
2.16
2.19
n.a.

10.20
n.a.

10.08
n.a.
n.a.
2.32

Nd 
ppm

25.78
13.23
23.74
23.34
24.68
26.80
56.43
55.18
27.70
29.33
56.16
26.04
28.69
27.91
27.44
25.34
24.51
26.82
25.37
24.68
24.62
12.02
18.56
25.21
7.40
6.91
6.94
8.68
8.21
6.81
5.93
6.06

16.32
17.78
15.57
n.a.

17.35
19.75
19.46
9.81

10.48
n.a.

45.89
n.a.

45.96
n.a.
n.a.

10.88

Sm 
ppm

5.74
3.49
5.13
5.42
5.67
5.79

12.09
11.51
6.29
6.71

11.95
5.69
6.42
6.13
6.09
5.67
5.64
5.99
5.62
5.44
5.37
3.46
5.17
5.14
2.10
2.05
2.05
2.31
2.23
1.94
1.74
1.64
3.90
4.00
3.48
n.a.

3.91
4.54
4.21
2.92
2.89
n.a.

10.09
n.a.

10.22
n.a.
n.a.

2.90

Eu 
ppm

2.02
1.35
1.64
1.73
1.81
1.69
3.29
3.39
2.04
2.06
3.32
1.75
1.84
1.69
1.78
1.74
1.85
2.02
1.88
1.96
1.80
1.22
1.77
1.49
0.86
0.78
0.84
0.87
0.85
0.82
0.70
0.66
1.07
1.14
1.06
n.a.
1.11
1.24
1.24
0.98
1.04
n.a.
3.16
n.a.
3.19
n.a.
n.a.
0.97

Gd 
ppm

6.05
3.71
5.14
5.42
4.75
5.51

10.4
10.0
5.94
6.16

10.7
5.30
5.69
5.65
5.66
5.37
5.21
5.61
5.29
5.50
5.00
3.41
5.31
4.51
2.76
2.61
2.58
2.67
2.56
2.52
2.08
2.13
3.97
4.10
3.79
n.a.
3.73
4.33
4.36
3.56
3.69
n.a.
8.60
n.a.
8.87
n.a.
n.a.
3.63

Tb 
ppm

0.89
0.59
0.77
0.84
0.77
0.81
1.62
1.53
0.89
0.95
1.59
0.81
0.93
0.89
0.88
0.83
0.86
0.84
0.84
0.79
0.77
0.55
0.79
0.66
0.46
0.42
0.42
0.46
0.43
0.38
0.32
0.32
0.60
0.65
0.56
n.a.
0.62
0.69
0.68
0.57
0.56
n.a.
1.08
n.a.
1.17
n.a.
n.a.
0.58

Dy
ppm

4.81
3.46
4.58
4.61
4.51
5.19
9.05
9.37
5.51
5.42
9.25
4.97
5.39
5.24
5.34
5.09
5.05
5.22
4.97
5.06
4.64
3.20
4.86
4.03
3.04
2.86
2.84
2.97
2.84
2.63
2.23
2.24
4.04
4.05
3.75
n.a.
3.88
4.36
4.28
3.85
3.94
n.a.
6.15
n.a.
6.16
n.a.
n.a.
3.95

Ho 
ppm

0.99
0.69
0.95
0.96
0.91
1.02
1.77
1.78
1.10
1.13
1.83
0.97
1.09
1.06
1.05
0.98
0.99
1.04
0.98
1.00
0.92
0.61
0.87
0.80
0.64
0.59
0.61
0.62
0.58
0.53
0.45
0.45
0.80
0.84
0.79
n.a.
0.81
0.90
0.94
0.82
0.82
n.a.
1.08
n.a.
1.08
n.a.
n.a.
0.80

Er 
ppm

2.54
1.92
2.39
2.60
2.37
2.93
4.70
4.78
2.79
2.98
4.74
2.59
2.91
2.63
2.73
2.57
2.59
2.66
2.50
2.37
2.35
1.43
2.18
2.04
1.72
1.55
1.68
1.68
1.56
1.52
1.36
1.23
2.31
2.32
2.08
n.a.

2.18
2.43
2.45
2.20
2.15
n.a.

2.51
n.a.

2.67
n.a.
n.a.

2.36

Tm 
ppm

0.36
0.25
0.34
0.36
0.33
0.39
0.63
0.69
0.39
0.42
0.66
0.36
0.40
0.40
0.40
0.37
0.36
0.39
0.36
0.36
0.34
0.21
0.30
0.31
0.26
0.24
0.24
0.26
0.24
0.21
0.19
0.18
0.32
0.31
0.30
n.a.

0.32
0.37
0.36
0.32
0.33
n.a.

0.33
n.a.

0.33
n.a.
n.a.

0.34

Yb Lu 
ppm ppm

2.14
1.46
2.01
2.13
2.06
2.60
4.15
4.29
2.56
2.63
4.20
2.33
2.62
2.43
2.28
2.40
2.44
2.43
2.25
2.26
2.15
1.19
1.73
2.00
1.72
1.58
1.62
1.57
1.54
1.40
1.21
1.23
2.17
2.18
1.99
n.a.

2.23
2.42
2.38
2.11
2.15
n.a.

1.93
n.a.

1.96
n.a.
n.a.

2.25

0.30
0.23
0.31
0.32
0.31
0.37
0.61
0.64
0.36
0.42
0.66
0.35
0.40
0.39
0.38
0.35
0.36
0.34
0.35
0.33
0.33
0.18
0.27
0.31
0.26
0.22
0.23
0.24
0.23
0.23
0.18
0.21
0.32
0.34
0.31
n.a.

0.33
0.35
0.37
0.33
0.35
n.a.

0.29
n.a.

0.30
n.a.
n.a.

0.35

La/Sm

3.83
2.64
4.16
3.75
3.46
4.22
4.13
4.14
3.64
3.62
4.23
4.15
4.30
4.37
4.12
4.02
4.41
3.75
3.81
3.99
3.88
1.78
1.86
4.63
2.32
2.38
2.33
2.67
2.95
2.84
2.59
2.72
4.17
4.55
4.30
n.a.

4.47
4.26
4.40
2.41
2.48
n.a.

3.62
n.a.

3.23
n.a.
n.a.

2.92

Gd/Yb Eu*

2.83
2.54
2.56
2.54
2.31
2.12
2.51
2.33
2.32
2.34
2.54
2.27
2.17
2.33
2.48
2.24
2.14
2.31
2.35
2.43
2.33
2.87
3.07
2.25
1.60
1.65
1.59
1.70
1.66
1.80
1.72
1.73
1.83
1.88
1.90
n.a.
1.67
1.79
1.83
1.69
1.72
n.a.

4.46
n.a.

4.53
n.a.
n.a.

1.61

1.14
2.22

-0.65
-0.70
0.94

-2.29
-5.89
-2.44

0.24
-0.93
-5.63
-0.89
-2.22
-3.39
-2.14
-1.10
0.70
1.32
0.99
2.09
1.09
1.14
0.63

-1.48
1.00
0.35
1.19
0.77
0.91
1.31
1.04
0.67

-2.90
-2.47
-1.67

n.a.
-1.97
-2,92
-2.16
-0.91
-0.30

n.a.
0.61
n.a.

0.19
n.a.
n.a.

-1.12
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Table 22.2. (coni.) Geochemical data for samples from outcrop sections IF and TL-4, and drill cores SG-7KU and HM-6, Imangdinsky and Noril'sk 
districts; see footnote for explanation. Additional data for SG-9 are presented in Lightfoot, Naldrett et al. (1990) and for IF in Lightfoot et al. 1993.

Depth Core/ La Ce 
(m) Section ppm ppm 

(Sample No.)

Obs MRB-29 (n = 4) - 20.52 49.55

(2C) - 0.64 1.10

Expected MRB-29 20.38 48.85

ObsBHVO-1 - 15.37 39.47

OBS2Q - 0.67 2.39

ExpBHVO-1 - 15.8 3.9

Compound flow average (n s 4)

(30,31,32,33) 4.03 9.27

2d 1.87 4.29

Duplicate sample preparations

1F27(472) 1 6.57 14.01 
2 6.54 14.04

1F31 (516) 1 4.50 10.42 
2 4.65 10.71

1F39(706) 1 16.21 35.69 
2 16.20 36.63

Averages

Yuryakhsho- 34.77 85.88 
Kaltaminsky

Mokulaevsky (Mk) 7.04 16.80

Morongovsky (Mr2) 7.33 17.13

Morongovsky (MrO 9.07 20.75

Nadezhdinsky (Nd3 ) 12.91 28.04

Nadezhdinsky (Nd2) 17.33 37.65

Nadezhdinsky (NdO 16.40 35.40

Tuklonsky (TPBU) 4.03 9.27

Tuklonsky (Tk) 5.53 12.68

Gudchichinsky 6.42 16.66 
(GPBU)

Gudchichinsky (Gd) 14.10 32.65

Syverminsky (Sv) 22.81 50.79

Ivakinsky (lv) 44.99 100.61

fu* = CNE[J-[CN Gd * CN Sm;
2

n.a. = not available
n.d. = not detected
- = not given 
CN — chondrite normalized

Pr 
ppm

6.09

0.31

6.3

5.22

0.23

5.7

1.20

0.49

1.78 
1.76

1.31 
1.35

4.29 
4.20

10.14

2.04

2.06

2.39

3.25

4.17

3.97

1.20

1.60

2.29

4.16

5.83

11.10

Nd 
ppm

26.48

0.40

27.68

24.69

1.21

25.2

5.55

2.17

8.21 
8.32

5.93 
6.17

17.12 
17.43

45.92

11.13

10.62

12.39

14.14

18.18

16.70

5.55

7.59

11.57

19.39

25.72

51.38

Sm 
ppm

6.18

0.10

6.21

6.24

0.30

6.2

1.59

0.65

2.23 
2.30

1.74 
1.81

4.00 
3.90

10.16

3.20

3.02

3.27

3.54

4.13

3.75

1.59

2.15

3.21

4.84

5.74

10.88

Eu 
ppm

1.88

0.07

1.94

2.16

0.10

2.06

0.64

0.19

0.85 
0.86

0.70 
0.70

1.14 
1.14

3.17

1.12

1.05

1.07

1.11

1.16

1.07

0.64

0.85

1.12

1.68

1.80

2.99

Gd 
ppm

5.72

0.31

5.46

6.05

0.44

6.4

1.91

0.68

2.56 
2.61

2.08 
2.00

3.79 
3.84

8.74

3.74

3.63

3.80

3.93

4.16

3.89

1.91

2.63

3.46

5.03

5.34

9.86

Tb 
ppm

0.82

0.02

0.83

0.87

0.05

0.96

0.79

0.11

0.43 
0.42

0.32 
0.32

0.59 
0.58

1.12

0.64

0.64

0.65

0.67

0.68

0.62

0.29

0.42

0.54

0.77

0.83

1.51

Dy
ppm

5.21

0.20

5.1

5.17

0.31

5.2

1.83

0.46

2.84 
2.95

2.23 
2.23

3.91 
3.85

6.16

4.06

4.08

4.08

4.28

4.22

3.85

2.02

2.85

3.09

4.38

4.96

8.59

Ho Er 
ppm ppm

0.99 2.52

0.05 0.13

1.0 2.55

0.89 2.38

0.06 0.14

0.99 2.4

0.42 1.18

0.15 0.46

0.58 1.56 
0.58 1.62

0.45 1.36 
0.46 1.24

0.81 2.21 
0.81 2.18

1.08 2.59

0.88 2.52

0.88 2.54

0.87 2.53

0.90 2.66

0.90 2.48

0.82 2.26

0.42 1.18

0.60 1.63

0.60 1.54

0.86 2.24

0.99 2.58

1.70 4.49

Tm 
ppm

0.37

0.03

0.37

0.32

0.02

0.33

0.17

0.07

0.24 
0.22

0.19 
0.19

0.31 
0.33

0.33

0.37

0.35

0.36

0.40

0.36

0.32

0.17

0.24

0.20

0.31

0.37

0.62

Yb 
ppm

2.34

0.08

2.35

1.94

0.11

2.02

1.11

0.39

1.54 
1.55

1.21 
1.22

2.11 
2.10

1.94

2.32

2.32

2.33

2.56

2.34

2.10

1.10

1.57

1.24

1.85

2.42

3.92

Lu La/Sm 
ppm

0.35 -

0.01 -

n.a.

0.28 -

0.03 -

0.29 -

0.17 -

0.08 -

0.23 - 
0.22 -

0.18 - 
0.19 -

0.31 - 
0.30 -

0.29 -

0.36 -

0.35 -

0.36 -

0.39 -

0.35 -

0.31 -

0.17 -

0.24 -

0.17 -

0.27 -

0.35 -

0.57 -

Gd/Yb Eu*

-

-

-

-

-

-

-

-

~

-

-

-

-

-

-

-

-

-

-

-

-

-
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Table 22.3. Geochemical characteristics of lava formations and units that are best used to characterize the rocks from each formation and/or unit.

Formation/ Mg- 
Unit number

Yuryakhsko-Kaltaminsky
Mokulaevsky
Morongovsky *:0.6
Nadezhdinsky (Nd)
TPBU ;*0.74
Tuklonsky ;-0.6
GPBU
Gudchichinsky
Syverminsky
Ivakinsky -

Unit Ni/Yb Cu/Yb

Nd3 30-33 32-45
Nd2 >10 >24
Nd) <10 c24

A1203
wt Ve

11.2-12.2
M3.5
>13.5
>13.5

12-13
>13.5

8-12
M3.5
>13.5
>13.5

Ni Th 
ppm ppm

^.5
0.8-1.2

1-2
2-4

•c0.6
0.6-0.8

>490 0.6-1
*:120 2.2-3.8

2-5
2-6

Ti02
wt Ve

-
-
-
-

0.45-0.7
0.7-0.9
1.4-2.3
1.2-2.1

2-2.4
1.5-2

La/Sm

-
<2.4

2.2-3.2
>4.0

2.5-3.0
2.2-2.6

^.7
<2.7
>3.1
>3.4

Gd/Yb Ni/Yb Cu/Yb

-
<1.8
<1.8
^.1
<1.8
^.8 >58 55-71
^.3
>2.3 >45 46-84
>2.1 13-42 9-17
^.1 2-13 4-11

Data from this study, Lightfoot, Naldrett el al. (1990), and Lightfoot ei al. 1993.
TPBU — Tuklonsky picritic basalt unit
GPBU — Gudchichinsky picritic basalt unit
- criteria not required to distinguish basalt formations

TL-4 are porphyritic and increasingly amygdaloidal 
towards the top of the sequence (see Figure 22.3c). The 
Yy-Kt titanium-augitic basalts occur within the Mr 
Formation in this region.

As the abundances of major element oxides and trace 
elements appear unrelated to the modal abundance of 
phenocrysts, and as these basalts are grossly heterogeneous 
with respect to phenocryst abundances, there is a strong 
implication that these lavas have undergone equilibrium 
crystallization without significant in situ within-flow 
fractionation.

Representative variations in selected elements, oxides 
and ratios through the sequence of drill core SG-9 and 
section IF are shown in Figures 22.5a to 22.5b and 22.5c to 
22.5d, respectively. Formations are described from the base 
upwards. Particular emphasis is placed on analytical para 
meters that act as discriminants or monitors of petrogenetic 
processes discussed later. These include, for example: l) the 
relative abundances of the middle rare earth elements 
(MREE; i.e., samarium to dysprosium), zirconium, 
niobium, TiO2 and the variation in magnesium number, 
which monitor, amongst other things, the degree of frac 
tional crystallization; 2) the relative abundances of nickel, 
chromium, scandium, europium and strontium, which indi 
cate the proportions of "gabbroic" mineral phases (plagio 
clase, olivine and clinopyroxene) contributing to the 
crystalline mineral extract; 3) the abundances of the heavy 
rare earth elements (HREE; i.e., dysprosium to lutetium) 
and yttrium, which monitor the amount of garnet retained in 
the source during partial melting; 4) the abundances of 
the light rare earth elements (LREE; i.e., lanthanum to

samarium), thorium, uranium and SiO2 and the ratios of 
incompatible elements (e.g., La/Sm, Gd/Yb), which appear 
to be reliable monitors of the extent to which continental 
lithosphere has contributed to the magma (e.g., Lightfoot, 
Naldrett et al. 1990); and 5) the variations in Pb-, 
Sr- and Nd-isotopic compositions, which are sensitive to 
source compositions and mixing and/or contamination (see 
Lightfoot et al. 1993).

The Ivakinsky Formation
This formation is composed of trachybasalts, which cross 
the dividing line between the alkalic and subalkalic magma 
series (Miyashiro 1978). In section IF, 3 samples have char 
acteristically low magnesium number (less than 0.49) and 
conspicuously high TiO2 (greater than 2.25 weight 96), PzOs 
(greater than 0.33 weight 9c), La/Sm (greater than 3.6) and 
Gd/Yb (greater than 2.3). These trachybasalts are all similar 
to those identified in core SG-9 and are geochemically cor 
related with stratigraphically contemporaneous intrusive 
rocks of the Yergalakhsky type (Fedorenko et al. 1984; 
Naldrett et al. 1992). Two samples (1F^4 and IF-5) that 
were originally classified as lv lavas have a stronger affinity 
with the overlying Sv Formation, have tentatively been 
assigned to the Sv Formation and have been included in the 
Sv average. Another sample from section IF (1F-45) that 
was originally classified as an lv basalt has a stronger 
affinity with the Yergalakhsky intrusions.

The Syverminsky Formation
The rocks of this formation are sharply separated from the 
underlying lv Formation by their trace element composi 
tions (see Figures 22.5c, 22.5d). These tholeiitic basalts
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Figure 22.4. Ratio-ratio plots of a) La/Sm versus Gd/Yb and b) Ni/Yb versus La/Yb showing key discriminants that can be used to characterize the 
magma type of each formation and unit. Note that these plots distinguish almost all samples, except Mokulaevsky Formation (Mk) and Morongovsky 
Formation (Mr). Gd—Gudchichinsky Formation; GPBU—Gudchichinsky picritic basalt unit; lv—Ivakinsky Formation; Kh—Kharayelakhsky For 
mation; Ndi 2,3—umts in Nadezhdinsky Formation; REE—rare earth element; Sv—Syverminsky Formation; Tk—Tuklonsky Formation; 
TPBU—Tuklonsky picritic basalt unit.

overlap with the compositional field of the lv trachybasalts 
on an alkali-silica plot. In section l F, the S v lavas have much 
higher magnesium numbers (greater than 0.53) and lower 
incompatible element abundances (e.g., TiO2 less than 1.87 
weight 9c) than the lv and are correspondingly less evolved, 
but interestingly, they retain similar La/Sm ^ 3.75^4.41) 
and Gd/Yb ^ l .32-2.43) to the lv (La/Sm = 3.62^.23 and 
Gd/Yb = 2.34-2.54 in section IF). There is a subtle varia 
tion in chemistry systematically upwards through the Sv in 
drill core IF. In Figure 22.5d and Table 22.2, a decline in 
overall abundances of the incompatible elements cor 
responds with a slight decline in La/Sm, nickel, copper and 
chromium and an increase in CaO and vanadium with 
increasing elevation (see Figures 22.5c, 22.5d).

The Gudchichinsky Formation
In section IF, the Gd is represented by 2 picritic basalt flows 
(allocated to the GPBU) overlain by l aphyric tholeiitic 
basalt flow. On the alkali-silica plot, the picritic basalts fall 
well below the field of alkalic basalts and outside of the field 
established by Cox et al. (1979) for picritic basalts. These 
picritic basalts all have relatively high magnesium numbers 
and Gd/Yb, but low levels of the incompatible elements and 
low La/Sm ratios. These features, together with high nickel 
and chromium plus low A12O3 , are like the Gd lavas 
sampled in drill core SG-9. The Gd tholeiites and picrites 
have steep MREE/HREE patterns and have no well-devel 
oped tantalum, niobium, titanium or phosphorus anomalies.

Some of the tholeiitic and picritic members of 
the Gd have similar La/Sm and Gd/Yb ratios (tholeiites:

La/Sm = 1.86-3.83, Gd/Yb = 2.38-3.07, picritic basalts: 
La/Sm = 1.78-2.32 and Gd/Yb = 2.70-2.87 for SG-9 and 
IF data) suggesting that although the degree of evolution 
may vary, some of these lavas appear to fall broadly on a 
common liquid line of descent. In detail, there is a range of 
Sr- and Nd-isotope ratios within and between the tholeiitic 
and picritic Gd lavas, which suggests that the system has 
been more complex.

The Tliklonsky Formation
The Tk Formation is well represented in section IF; the 
complete sequence of lavas allocated to the Tk consists of 
over 10 simple and compound flow units. Five additional 
samples were originally allocated to the Tk (Tk2) but appear 
to have a strong geochemical affinity with the overlying Nd 
and, for this reason, are included with the Nadezhdinsky 
(Ndi) tholeiites. The occasional difficulty of correctly 
assigning flows to each of the formations highlights the 
utility of sensitive analytical data and good definitions of 
the magma types. The Tk Formation consists of a series of 
tholeiitic basalts overlain by a picritic basalt (TPBU). The 
TPBU samples have low alkali abundances which compare 
with the GPBU (see Table 22.2). The tholeiites have 
elevated magnesium numbers (0.64 to 0.66), remarkably 
low Ce/Yb (7 to 9), La/Sm (2.3 to 2.9) and Gd/Yb (1.6 to 
1.7) and low overall incompatible element abundances (see 
Figures 22.5c, 22.5d). These rocks also have elevated Ni, 
Cr, V and Cu. Upwards through the Tk tholeiites, there is a 
systematic decline in Cu (120 to 40 ppm), no change in 
magnesium number (0.64 to 0.66) and an increase in esrUR 
(20 to 28; UR—uniform reservoir), La/Sm (2.3 to 2.9) and
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Gd/Yb (1.6 to 1.7). The TPBU has much lower Ni (250 to 
300 ppm), incompatible element abundances, Ce/Yb (8 to 
9) and Gd/Yb (l .6 to l .7) than the GPBU and Gd tholeiites, 
but higher La/Sm (2.3 to 2.8). Tk tholeiites and picrites 
exhibit negative tantalum, niobium, titanium and 
phosphorus anomalies. The TPBU appears to be more 
closely related to the more primitive precursor of the Tk 
tholeiites than to that of the Gd basalts (Naldrett et al. 1992)

The Nadezhdinsky Formation
This formation forms a cap to the plateau from which out 
crop section l F was sampled. These rocks all occupy a field

of increasing total alkali content as silica increases, a trend 
broadly consistent with crustal contamination, as proposed 
by Lightfoot, Naldrett et al. (1990). The Nc^ basalts of 
section IF are comparable to the Nd basalts in drill core 
SG-9 (see Figure 22.5b). An important observation noted 
by Naldrett et al. (1992) is the markedly low copper (and 
nickel) in the Nd-i of drill core SG-9 (see Figures 22.5a and 
22.5b); this correlates with the low copper contents of Nd-i 
flows in section IF (see Figure 22.5c).

The Morongovsky Formation
Lightfoot, Naldrett et. al. (1990) described the geochemical 
variation through the Mr Formation in drill core SG-9; in
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Figure 22.5. Chemostratigraphy of drill core SG-9 (a and b), and section IF (c and d). Symbols used in this diagram are used in all subsequent 
diagrams to represent basalts from each of the formations and units. CHUR—chondrite uniform reservoir; Gd—Gudchichinsky Formation; 
GPBU—Gudchichinsky picritic basalt unit; lv—Ivakinsky Formation; Kh—Kharayelakhsky Formation; Mk—Mokulaevsky Formation; 
Mr-| 2—units in Morongovsky Formation; Nd-^2,3—units in Nadezhdinsky Formation; Sv—Syverminsky Formation; Tk—Tuklonsky Formation; 
TPBU—Tuklonsky picritic basalt unit; UR—uniform reservoir; Yg—Yergalakhsky intrusion.
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this study we present data for section TL-4, which records 
late Mr magmatism. The section is located north of the 
Noril'sk region (see Figure 22.2a) and stratigraphically 
includes a discrete horizon of high-titanium basalts of the 
Yuryakhsko-Kaltaminsky unit within a package of Mr 
lavas. The tholeiitic Mr lavas in section TL—4 are similar in 
composition to tholeiitic Mr lavas in drill core SG-9 
(Lightfoot, Naldrett et al. 1990). The Yuryakhsho- 
Kaltaminsky high-titanium basalt unit contains 4 samples 
that have moderate magnesium numbers (0.49 to 0.55), high 
TiO2 (3.4 to 3.7 weight 96), CaO (9.5 to 10.2 weight 96) and 
low SiO2 (46 to 48 weight 96) and A12O3 (11.5 to 12.3

U. 800

weight 9fc). These flows also have high Ta (average = l .92 
ppm) and Nb (average = 30.5 ppm), but moderate REE 
abundances (34.8 ppm La and 1.9 ppm Y; average of 4). 
These are the only lavas with compositions that have not 
only high TiO2 , but also high Ti/Y (Ti/Y = 800) currently 
known to us in the Upper Series, and it is not yet clear 
whether they are high in titanium because their source is 
similar to that of high- titanium melts from asthenospheric 
mantle sources (such as ocean island basalts), or whether it 
results from smaller degrees of partial melting of an Upper 
Series magma-type with a lithospheric signature.
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Figure 22.5. Chemostratigraphy of drill core SG-9 (a and b), and section IF (c and d). Symbols used in this diagram are used in all subsequent 
diagrams to represent basalts from each of the formations and units. CHUR—chondrite uniform reservoir; Gd—Gudchichinsky Formation; 
GPBU—Gudchichinsky picritic basalt unit; lv—Ivakinsky Formation; Kh—Kharayelakhsky Formation; Mk—Mokulaevsky Formation; 
Mr-) 2—units in Morongovsky Formation; Nd-) i2i3—units in Nadezhdinsky Formation; Sv—Syverminsky Formation; Tk—Tuklonsky Formation; 
TPBU—Tuklonsky picritic basalt unit; UR—uniform reservoir; Yg—Yergalakhsky intrusion.
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Summarizing the information presented above and the 
correlations in Figures 22.5a to 22.5d, we note:
1. The well-developed Sv basalts of section IF plot on a 

trend towards progressively lower incompatible ele 
ment abundances and ratios of La/Sm with elevation.

2. The Tk tholeiites of section l F are compositionally dif 
ferent from any of the basalts in drill core SG-9. There 
is a progressive increase in the abundances of incom 
patible elements and La/Sm from the base to the top of 
this unit.

3. The TPBU is compositionally very different from the 
GPBU; the former is characterized by lower Gd/Yb, 
nickel, chromium and incompatible element abun 
dances than the GPBU.

4. The Nd tholeiites of section IF are compositionally 
similar to the Nd tholeiites of drill core SG-9. The 
lowermost Nd tholeiites from SG-9 have comparable 
copper values to the lowermost Nd lavas of IF.

INTER- AND INTRA-FORMATION 
COMPOSITIONAL DIVERSITY

The compositional diversity within and between the forma 
tions is likely to reflect a combination of: 1) late stage pro 
cesses (such as alteration); 2) differential melting of the 
source, and evolution as the magma fractionates, segregates 
immiscible sulphides, mixes and undergoes contamination; 
and 3) an inherent heterogeneity of the source. Major and 
trace element data provide some important constraints 
on the relative importance of these processes and help to 
identify the source regions.

Major Element Variations
Most Siberian Trap lavas are low-Mg tholeiitic basalts with 
magnesium numbers of 0.5 to 0.62 (Figure 22.6a). The 
exceptions are the lv lavas, which are displaced to low- 
magnesium number (0.32 to 0.54) and moderate SiO2 (48 to 
54 weight 9fc), the more magnesium basalts of the Tk and 
the picritic basalts of the GPBU and TPBU. The Gd and Tk 
basalts have magnesium numbers upwards of 0.63 and 
reach 0.76 in the picritic basalts. The Nd-i, Nd2 and Sv 
basalts have higher SiO2 (48 to 55 weight 9fc) than the Mk 
and Mr basalts (47 to 48 weight 9fc) but similar magnesium 
numbers.

The variations in TiO2 versus magnesium number (see 
Figure 22.6b) provide evidence for an Upper Series marked 
by low TiO2 abundances (0.4 to l .3 weight *?fc), yet they have 
magnesium numbers (0.5 to 0.76) similar to the Lower 
Series flows (which have TiO2 = 1.2-2.4 weight Ve and 
magnesium number = 0.32-0.74). A line demarcates the 
low-titanium Upper Series from the high-titanium Lower 
Series (see Figure 22.6b). Importantly, both tholeiitic and 
picritic members occur in each series: the TPBU and 
underlying tholeiitic Tk lavas containing low TiO2 and the 
GPBU with tholeiitic Gd lavas containing higher TiO2 .

Figure 22.6c shows the variation in es rUR versus 
magnesium number, and Figure 22.6d shows the variation

in SiO2 versus esrUR - Upper Series flows shown in these 
plots have a wide range in Sr-isotope signature and silica 
content; the NdrMk rocks show a very limited range in 
magnesium number, although the Tk flows are considerably 
more mafic than Nd-i flows, and they have less radiogenic 
Sr isotope signatures. Lightfoot, Naldrett et al. (1990) 
attributed the variation in silica to differential amounts of 
contamination of a Mk magma-type by tonalitic upper 
crust, with very little fractional crystallization of gabbroic 
minerals. However, Lightfoot, Naldrett et al. (l 990) did not 
have access to Tk samples at that time, and so they were 
unable to evaluate the relationship between Tk and Nd! 
flows.

The major element oxides support the following 
observations:
l. There are 2 major magma series that correspond to the 

Upper and Lower Series: a high-titanium Lower Series 
and a low-titanium Upper Series. The boundary falls 
between the Gd and the Tk.

2 The picritic members of both the Gd and Tk have dif 
ferent trends on plots of A12O3 and CaO versus MgO. 
The intercept of the trajectory with the MgO axis is at 
36 to 40 weight 9fc MgO, which would be consistent 
with control by olivine.

3. Nd-i and Nd2 lavas have higher SiO2 than the overlying 
flows, and this may be attributed to addition of a 
high-SiO2 component.

4. Within the NdrMk sequence, there is no evidence of 
fractional crystallization accompanying assimilation 
of crust as the magnesium number remains constant 
despite the wide range in the Sr-isotope signature of 
these flows. However, the Tk lavas have an elevated 
magnesium number and 6srUR (similar to the Mk 
flows). The Tk could, therefore, be parental to Nd! 
lavas if contamination of a Tk magma-type (thereby 
increasing the 6srUR value) was accompanied by frac 
tional crystallization of a gabbroic mineral assemblage 
(thereby reducing the magnesium number).

5. Yy-Kt high-titanium lavas of the Morongovsky have 
similar magnesium number to Mr basalts, but they have 
much higher TiO2 and lower SiO2 , CaO and A1 2O3 
contents.

Trace Element and Sr-Nd-Isotope 
Ratio Variations

The variations in chondrite-normalized abundances of aver 
age basalt from each of the Siberian Trap formations (and 
selected units) are shown in Figures 22.7a and 22.7b. The 
normalized abundance patterns of the Lower Series flows 
are consistently different from those of the Upper Series in 
the following ways:
1. Lower Series flows have steeper terbium-ytterbium 

chondrite-normalized profiles (reflecting different 
degrees of HREE depletion) compared to Upper Series 
flows.

2. All Upper Series flows have deeper tantalum and 
niobium anomalies than Lower Series flows, which in 
turn have variable La/Nb.
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3. Nd and Mr flows have pronounced negative 
phosphorus and titanium anomalies, whereas the 
Lower Series formations and the Tk Formation either 
do not, or have much less pronounced negative 
anomalies.
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Figure 22.6. a) Variation in SiO2 versus magnesium-number, b) Variation in TiO2 versus magnesium-number, c) Variation in Sr-isotopic composi 
tion (Esr at 248 Ma) versus magnesium-number for Upper Series flows, d) Variation in Sr-isotopic composition versus SiO2 content (weight 9fc) in 
Upper Series flows. Note that a positive relationship between magnesium-number and Sr-isotopic composition might reflect assimilation coupled to 
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303



Sudbury-Noril'sk; OGS Special Volume 5

Figure 22.7. Chondrite-normalized trace element abundances in aver 
age basalt of each Siberian Trap formation and unit.

Picritic and tholeiitic lavas of the Gd have similar trace 
element abundance patterns in terms of shape, and the same 
is true for picritic and tholeiitic lavas of the Tk. Moreover, 
the patterns of the Gd lavas are steeper than the Tk lavas.

In order to understand the role of crystal fractionation 
in the Siberian Trap basalts, we have plotted thorium, TiO2, 
ytterbium and nickel abundances against zirconium abun 
dances (Figures 22.8a to 22.8d) for all available lava 
analyses from this study and Lightfoot, Naldrett et. al. 
(1990) and Lightfoot et al. 1993. Zirconium is used as an 
index of incompatible element enrichment because it is 
immobile during alteration, it does not partition to any great 
extent into gabbroic mineral phases (olivine, plagioclase 
and clinopyroxene—Pearce and Norry 1979), and it is less 
sensitive to crustal assimilation than most of the other 
incompatible elements. Fractional crystallization of olivine 
and plagioclase will tend to enrich thorium, zirconium, 
ytterbium and TiO2 to the same extent. As both ytterbium 
and TiO2 enter clinopyroxene, but zirconium and thorium 
do not, the removal of large amounts of clinopyroxene will 
produce a change in the ratios of ytterbium and titanium 
relative to thorium and zirconium.

In Figure 22.8a, we show a line depicting the effect of 
equal enrichment of thorium and zirconium based on an 
average Mk parent magma (see Table 22.2). For lavas to be 
related to the Mk by the fractionation of gabbroic minerals 
(olivine, plagioclase and clinopyroxene), they must plot 
fairly close to this l: l enrichment line. The Mr and Nd lavas 
define a trend towards very high Th (from l to 3.8 ppm) over 
a very limited range of Zr (90 to 150 ppm) (see Figure 
22.8a). This concurs with the conclusions reached by 
Lightfoot, Naldrett et al. (1990) that these lavas are not 
easily related by fractional crystallization. A component of

fractional crystallization may be hidden within this trend (at 
an angle to it), but it must be less than 10*26 (which is only 
twice the 57c 2o rsd analytical precision for these elements, 
which in turn is almost entirely hidden in the trend of the 
data).

Looking at the other variations shown in Figure 22.8a, 
we note that the Tk tholeiites and picrites plot close to the 
same trend as the Mk lavas but are relatively depleted in tho 
rium and zirconium compared with the Mk. In contrast, 
basalts and picrites from the Gd fall slightly below the 
1:1 trend, and some have higher thorium and zirconium 
than the Mk. The simplest interpretation might broadly be 
that these 3 formations (including both tholeiitic and picritic 
members) are related by fractional crystallization of gab 
broic mineral phases (olivine, plagioclase and pyroxene) 
from a parental magma characterized by a Th/Zr of approxi 
mately 0.01. The range in thorium and zirconium defined 
by this trend could be interpreted to reflect about 859fc 
fractionation of the most mafic magma. However, it is 
important to observe that although the TPBU includes some 
of the most trace element depleted lavas, the GPBU rocks 
are no more depleted in thorium and zirconium than Mk 
basalts. As all of these rocks are either picritic basalts or 
tholeiites with magnesium numbers reaching 0.74, it is very 
difficult to explain the range of thorium and zirconium by 
fractional crystallization of a single parental magma type. 
Lightfoot, Naldrett et al. (1990) noted that cumulate olivine 
is likely however to have played an important role in 
governing the composition within the GPBU, and Naldrett 
et. al. (1992) extend this argument to explain the 
compositions of TPBU, but the variations between the 2 
picritic units can not be the result of olivine control.

In marked contrast to the Mk, Gd and Tk lavas, Sv and 
lv lavas fall well above the field of the Mk (see Figure 
22.8a). The lv and Sv lavas are characterized by high Th/Zr 
(0.018), and these lavas have evolved with different Th/Zr 
compared to the overlying Gd. The entire range of S v and lv 
lavas cannot be produced by fractional crystallization of a 
gabbroic assemblage of minerals alone, as the data fall on a 
trend towards higher Th/Zr than fractionation permits. The 
array is very scattered in the case of the lv, and tight with 
little change in zirconium through a range of 2 to 5 ppm Th 
for the Sv.

Further constraints on the role of fractional crystalliza 
tion are provided by the TiO2 , ytterbium and nickel versus 
zirconium plots (Figures 22.8b to 22.8d). In Figure 22.8b 
the Tk, Mk and Gd lavas fall on a positive trend with 
Ti/Zr = 233 (see Figure 22.8b), whereas the Mr and Nd 
lavas fall on a negative trend. The lv lavas fall on a broad 
shallow trend of increasing zirconium at almost constant 
TiO2 , whereas Sv basalts fall in a tight cluster with 
little variation in TiO2 or zirconium. Furthermore, Figure 
22.8c shows that the Tk and Mk lavas fall on a trend with 
Yb/Zr = 0.276. The Mr basalts overlap with the Mk, but the 
Nd has lower Yb/Zr than the Mr and Mk. Gd and Sv lavas 
fall on a trend with the high Yb/Zr (0.39 to 0.44). The Tk, 
Mr, Mk and Nd fall on a broad trend of decreasing nickel as 
zirconium increases (see Figure 22.8d), but each has its 
own steep trend of declining nickel with little change in 
zirconium. This trend is different to the trend of Gd, Sv and
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lv (see Figure 22.8d). Yy-Kt high-titanium basalts of the 
Mr Formation have low Th (3 to 3.8 ppm), Yb (1.9 to 2 
ppm) and high Ni (130 to 160 ppm). The Yy-Kt lavas fall on 
the 1:1 enrichment trend for thorium, zirconium and TiO2 
but are displaced below it for ytterbium (see Figures 22.8a 
to 22.8d). The nickel content is very high for a lava with 
250 to 270 ppm Zr, which suggests that ferromagnesian

minerals and/or sulphides have not depleted these lavas in 
nickel.

The abstracted information from Figures 22.8a to 22.8d 
is consistent with the following petrogenetic relationships:
1. Although the Gd appears to have similar Th/Zr 

and TiO27Zr to the Mr and Tk, these lavas have very
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Figure 22.8. Variation in thorium, TiO2, ytterbium and nickel versus zirconium. Raleigh Fractional Crystallization trend (RFC) is based on partition 
coefficient data of Henderson (1982) for the removal of plagioclase, olivine and clinopyroxene in the ratio 60:15:25, respectively. Ave.—average; 
Yy-Kt—Yuryakhsho-Kaltaminsky. See Figure 22.5 for explanation of symbols and abbreviations.
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different Yb/Zr and Ni/Zr. It is therefore evident that 
the Gd cannot be related to the Mr or Tk by gabbro frac 
tionation alone. The relatively low ytterbium and high 
nickel of the Gd could be interpreted to reflect differen 
tial degrees of melting of a common mantle source, but 
this is not consistent with the variation in Ta/La and 
eSrUR (Lightfoot et al. 1993).

2. The Gd has evolved with little change in Th/Zr, TiCyZr 
and Yb/Zr. These ratios are consistent with a crystalli 
zation control. This is also true of the picritic and tho 
leiitic members of the Tk. Lightfoot, Naldrett et al. 
(1990) suggest that this relationship is broadly consis 
tent with ferromagnesian mineral (olivine) control in 
the Gudchichinsky. Naldrett et al. (1992) demonstrate 
that olivine control is also a likely explanation for the 
variations in Tk lavas. In detail, isotopic variations in 
strontium and neodymium (Lightfoot et al. 1993) 
appear to suggest that the system was more complex.

3. Sv lavas show limited variation in HFSE and TiO2 
abundances, but a greater range in LIL and SiO2 than 
the lv lavas, which may be consistent with variable 
degrees of crustal assimilation. lv lavas show a range in 
both HFSE, LIL and SiO2 (see Figure 22.5a, 22.5c and 
Figure 22.8b), which may reflect a combination of 
assimilation of crust and fractional crystallization.

4. There appears to be some evidence for limited amounts 
of fractional crystallization of gabbroic minerals with 
in basalts of both the Lower and Upper Series.

5. The high-titanium Yy-Ky lavas of the Mr Formation 
may be related to the source of the Upper Series flows 
by lower degrees of partial melting. This would explain 
why these flows fall close to the l: l enrichment trajec 
tory of the Mr for many of the incompatible elements.

Looking in more detail at the variations within the Upper 
Series, Table 22.4 provides a summary of the important 
variations between the different formations and units. These 
criteria are presented in diagrammatic form in Figure 22.9, 
where the values of Th/Yb, Sr/Yb, Cu/Yb and Ni/Yb are 
plotted against La/Yb. Ytterbium has been chosen as a 
denominator element as it emphasizes the compositional 
differences between the Upper Series flows.

The succession of lavas indicates that a basaltic magma 
(the Tk tholeiite), low in SiO2 and with low La/Yb, Th/Yb,

eSrUR = 20.7 and high Cu/Yb and Ni/Yb was succeeded 
abruptly by an SiO2-rich basalt with high La/Yb, Th/Yb, 
eSrUR and very low Cu/Yb and Ni/Yb (see Figures 22.5b, 
22.5d and 22.9c, 22.9d). The SiO2 , La/Yb, Th/Yb and eSrUR 
are explicable as the consequence of crustal contamination 
of Tk tholeiite or a more primitive relative (possibly the 
TPBU magma). Of other primitive Noril'sk magmas that 
could possibly have been involved in crustal contamination 
to give rise to the Ndi, the Gd is ruled out because of its high 
TiO2 content (see Figure 22.6b). Wooden et al (1992) 
reported that the Tk and Nd suites have similar thorium, 
uranium and Th/U ratios (3.5 to 4.5), whereas the Mr and 
Mk rocks have much lower Th/U (2 to 3). This is confirmed 
by our data (see Table 22.2 and Figures 22.5b and 22.5d). 
Limited crustal contamination (less than 109fc) of an Mk 
progenitor by, for example, average post-Archean terres 
trial shale (Th/U = 4.7, Taylor and McLennan 1985) would 
be unlikely to raise the Th/U ratio so drastically, so that a 
close relationship between the Mk and Nd-, is inconsistent 
with all data. Thus, of the magmas represented in the 
sequence of lava flows, the Tk magma is the most likely pro 
genitor of the Ndi. Moreover, this is also the likely choice on 
geological grounds, since Tk lavas immediately precede the 
Ndi in much of the Noril'sk region, take its place in the 
Imangda area, 60 km east of Noril'sk (see Figures 22. l b and 
22.3), and are also replaced in the stratigraphic succession 
by the Nd 1 in the vicinity of the Talnakh ore junction (see 
Naldrett et al. 1992; Figure 22.5).

Crustal contamination of Tk tholeiite or picrite cannot 
explain the very low Cu/Yb and Ni/Yb ratios of the Nd!, but 
if this contamination were also accompanied by the addition 
of sulphur, or if the chemical changes involved in the con 
tamination were themselves sufficient to cause saturation of 
the sulphur already present in the basaltic liquid (as sug 
gested by Irvine 1975 and Naldrett and Macdonald 1980 
with respect to the origin of the Sudbury ores), the low 
nickel and copper (and Ni/Yb, Cu/Yb) can be accounted for.

Our data indicate that there is very little systematic 
chemical difference between the Nd-\ and Nd2 lavas, except 
for their Cu/Yb and Ni/Yb ratios; the fact that Nd2 magma is 
characterized by higher values of these 2 ratios is explicable 
if less sulphide reacted with the Nd2 magma than with the 
Nd1( or if the sulphide interacting with it was already 
enriched in copper and nickel as a result of reacting with

Table 22.4. Selected averages and ranges in geochemical criteria for Upper Series lavas.

Formation/Unit

Mr2-Mk(*)
Mr,
Nd3
Nd2
Nd]
Tk

SiO2 
Range Ave.

48-49
48-50
50-51
49-55
51-54
49-50

48.7
49.4
50.4
52.2
52.2
49.6

La/Yb 
Range Ave.

2.8-3.5
5-3

5-5.2
6.5-8.3
7.0-8.3
3.0-4.5

3.0
3.9
5.0
7.4
7.8
3.5

Th/Yb 
Range Ave.

0.36-0.48
0.80-0.60
0.70-0.96

1.2-1.5
1.2-1.7

0.37-0.50

0.43
0.63
0.73
1.3
1.5
0.41

eSrUR
Range

1-22

' 1 5-28
32

40-62
45-68
25-30

Cu/Yb 
Range Ave.

37-62
37-62
32^45
26-55
4-25

56-72

57
48
38
37
15
64

Ni/Yb 
Range Ave.

34-52
20-47
31-32
11-22
5-11

56-84

45
37
32
19
T7

70

+ (ave.) value is for the Mokulaevsky Formation Data source: this study, Lightfoot, Naldrett et al. (1990), and Lightfoot et al. 1993.

306



P. C. Lightfoot et al.

Ndi as shown by the models in Figures 22.9c to 22.9d. This 
is discussed further below.

SiO2 , La/Yb, Th/Yb and eSrUR all indicate that the Nd3 
magma is substantially less contaminated than Ndi and Nd2, 
and that the Mrt lavas span a range from this to basalt in 
which essentially no contamination is recognizable. The 
Mr2 and Mk lavas are of this magma type. The average

To BQ granodiorite 
La/Yb - 78 
Th/Yb . 15.5

Cu/Yb and Ni/Yb ratios increase progressively with 
decreasing La/Yb from Nd2 to Mr-i to Mr2, indicating that 
the control here is very likely the increasing contribution 
from uncontaminated magma in these lavas rather than 
reaction with sulphide as modelled in Figure 22.9c to 22.9d.

Three important questions require answering at this 
stage, viz.: 1) what is the nature of the uncontaminated

300
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Figure 22.9. Variations in Th/Yb, Sr/Yb, Ni/Yb and Cu/Yb versus La/Yb. Assimilation Fractional Crystallisation (AFC) model is based on DePaolo 
(1981), with partition coefficients from Henderson (1982). Ave.—average; Bg—Bolgokhtoksky; Gd—Gudchichinsky Formation; lv—Ivakinsky 
Formation; Kh—Kharayelakhsky Formation; Mk—Mokulaevsky Formation; Mr—Morongovsky Formation; Ndi )2i3—units in Nadezhdinsky 
Formation; Sv—Syverminsky Formation; Tk—Tuklonsky Formation.
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magma involved in the transition from Nd2 through Mk; 
2) what caused a greater proportion of sulphide to segre 
gate from Nd-| magma than from Nd2 ; and 3) what is the 
nature of the crustal contaminant which, when added to the 
Tuklonsky, gave rise to the Nd-i ?

Naldrett et al (1992) proposed that magma was 
intruded into a fault-controlled, vertical magma chamber. 
The magma at the top was contaminated to produce the Ndi 
and Nd2 magmas and, below this, at successively deeper 
layers in the magma chamber, the magma became progres 
sively less contaminated. Naldrett et al. (1992) coupled this 
with the suggestion that subsequent intrusion of fresh 
magma at the base of the chamber could have enhanced the 
compositional differences between the uppermost and 
lowermost layers of the chamber. As discussed above, the 
Tk tholeiite, or a primitive variant, is indicated as having 
been the initial magma. The much lower Th/U ratio (2 to 3) 
of the Mr and Mk (Wooden et al. 1992) indicates that the 
transition from Nd2 to Mk cannot be the result of an in 
creasing proportion of uncontaminated Tk magma, either 
preserved or subsequently introduced at the bottom of the 
chamber, but must be the consequence of the introduction of 
pulses of a new Mk-type component, or a primitive variant 
of this. This interpretation is entirely consistent with our 
data shown in Figure 22.5a, which shows a compositional 
transition from Nd-| to Nd2 through Nd3 and M^ to Mr2 
to Mk.

With reference to question (2), it follows the above 
model of Naldrett et al.'s (1992) that the succession of lavas 
in the Noril'sk region was due to the successive emptying, 
from the top down, of the vertical magma chamber. Thus, 
the magma responsible for the Nd^ lavas overlay that 
responsible for the Nd2 . Although there are no major differ 
ences in chemical composition between the two, it is possi 
ble that volatiles became concentrated near the top of the 
chamber, raising the^D2 and decreasing the solubility of sul 
phur in the magma (Wendlandt 1982), so that more sulphide 
became immiscible here than deeper in the chamber.

With regard to question 3, in Table 22.5, we show a 
least squares petrological mixing model based on a 
hypothesis developed by one of us (V.A.F.). In this model, 
Ndi lavas are modelled by a linear combination of average 
Tk lava and crustal material accompanied by the fractiona 
tion of gabbroic mineral phases (olivine, plagioclase and 
augite). The crustal material was selected to be average 
granodiorite from the Bolgokhtoksky intrusion (see Bg in 
Table 22.5), present to the west of Noril'sk (see Figure 
22. l b). Mineral compositions are based on analyses of 
phenocrysts from the Siberian Trap (V.A. Fedorenko, 
Russian Ministry of Geology, personal communication, 
1992). The model demands mixing of Bolgokhtoksky 
granodiorite with average Tk tholeiite in the ratio 8:92, 
with 249fc subsequent fractionation of olivine, plagio 
clase and augite in the ratio of 35:41:24. There is a good 
correspondence between the observed and calculated Ndt 
composition, which requires only 89fc crust compared 
to 209b in the model involving Mk as an end member 
(Lightfoot, Naldrett et al. 1990).

Table 22.5. Petrological mixing model depicting the effect of mixing 
929fc Tk magma with 8"fo granodiorite (represented by the average 
Bolgokhtoksky [Bg] granodiorite intrusion of Permo-Triassic age), 
with subsequent removal of 89fc olivine and 109fc plagioclase and 59fc 
augite (total of 24*^ fractionation).

Parent Bg Olivine Plagioclase Augite Nd-|
granodiorite Daughter

SiO2
TiO2
A1203
FeO
MnO
MgO
Na2O
K2O
P205

49.68
0.88

15.72
9.89
0.17
9.00
2.10
0.34
0.08

64.76
0.36

15.33
6.35
0.05
1.60
3.64
5.02
0.31

37.93
0.00
0.00

23.84
0.40

36.54
0.00
0.00
0.00

48.87
0.00

31.36
0.71
0.00
0.00
2.38
0.10
0.00

50.62
0.71
1.49

11.98
0.13

13.77
0.50
0.00
0.00

52.19
0.94

16.38
9.22
0.16
6.32
2.35
1.00
0.10

Parent ± contaminant - minerals = daughter: 
Parent: Average Tukolonsky (TK) 
Daughter: Average Nadezhdinsky (Ndj) 
Contaminant: Average Bg granodiorite

Solution cumulate/crust

Tk
Bg
Olivine
Plagioclase
Augite
Ndi

1.000
0.079

-0.081
-0.095
-0.054

0.848

35
41
24

R 2 = 0.073

SiO2
Ti02
A1203
FeO
MnO
MgO
CaO
Na2O
K2O
P205

Parent 
analysis

wt *7e

49.68
0.88

15.72
9.89
0.17
9.00

11.13
2.10
0.34
0.08

Daughter 
analysis

52.19
0.94

16.38
9.22
0.16
6.32

10.33
2.35
1.00
0.10

Daughter 
calculated

52.21
1.03

16.36
9.11
0.16
6.37

10.31
2.52
0.86
0.12

Weighted 
residual

-0.02
0.09
0.03
0.11
0.00

-0.05
0.02

-0.17
0.14

-0.02

It is instructive to examine whether the trace element 
and isotope data also fit this model. The variations in Th/Yb 
versus La/Yb in Figure 22.9a require about 109fc granodio 
rite to be added to a Tk lava to generate the more extreme 
Ndi lavas. Variations in Sr/Yb versus La/Yb (see Figure 
22.9b) require that some fractional crystallization of plagio 
clase postdates assimilation in order to produce the 
scatter in Sr/Yb within Nd-Mk lavas (see also Lightfoot,
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Figure 22.10. Chondrite-normalized (CN) spider diagram showing the 
effect of contamination of Tuklonsky Formation lava by the average 
granodiorite of the Bolgokhtoksky intrusion. Abundances are 
normalized to observed Nadezhdinsky Formation (Nd-|) and corrected 
to YbcN = 10 after Thompson (1982).

Hawkesworth et al. 1990). Figure 22.10 extends this model 
to include a variety of incompatible and compatible trace 
elements. Figure 22.10 shows trace element abundances 
modelled by a linear combination of 929fc average Tk lava 
plus Wo granodiorite of the Bolgokhtoksky intrusion. The 
observed and expected abundances in Ndi have been 
normalized to YbcN = 10 (CN—chondrite normalized). 
There is good correspondence between observed and calcu 
lated Ndi for all of the incompatible elements. The model 
ling of selected compatible elements is also shown in Figure 
22.10 and confirms that the behaviour of nickel, copper and 
chromium is linked to other phases that are not included in 
this model (presumably sulphide for nickel and copper and 
possibly chrome spinel for chromium).

In Figure 22.11, the variation in Nd-isotope composi 
tion versus Sr-isotope composition of Siberian Trap lavas is 
shown (after Lightfoot et al. 1993). All of the Siberian 
basalts fall to the right of the array defined by uncontam- 
inated oceanic basalts. The Nd! through Kharayelakhsky 
formations fall on a curved trajectory anchored by the 
Kharayelaksky basalt from drill core SG-9 at unradiogenic 
Sr and the Nd-i basalts at the most radiogenic initial Sr. The 
Tk basalts fall below this array. The variation between Nd! 
and the Kharayelakhsky basalt is interpreted as resulting 
from simple mixing following the models suggested by the 
trace element data and discussed above. Isotopic ratio data 
are not available for the Bolgokhtoksky granodiorite at this 
time, but it is useful to calculate what the expected Sr- and 
Nd-isotope ratio of the crustal component would be based 
on the observed Sr- and Nd-isotope ratios of Ndi and Tk 
lavas and abundances of Rb, Sr, Sm and Nd in Ndi. Tk and 
Bolgokhtoksky granodiorite. It is calculated that the isotope 
ratios of the crustal end member would be esrUR = +133 and 
eNdcm^ .17 (see Figure 22.11 a; CHUR—chondrite uni 
form reservoir). The Sr isotopic composition is typical of 
crustal rocks, but the Nd value is more negative than many 
crustal materials but not unreasonable for crust that

has evolved with low Sm/Nd since the Proterozoic 
(TNdCHUR :; 1.5 Ga.; T—model age).

The contamination of Tuklonsky magma by upper 
crustal materials of granodioritic composition would 
therefore appear to be an acceptable explanation for the 
composition of Nd! lavas. Variations in composition 
between the Ndi unit and the Mk Formation are consistent 
with the progressive mixing of a Mk magma-type into the 
Ndi reservoir, as modelled in Figures 22.9a to 22.9d and 
Figure 22.11. What is less clear from these investigations is 
the origin of the Tk and Mk parental magmas, which have 
radiogenic Sr, unradiogenic Nd, elevated La/Yb and 
La/Sm and well-developed negative tantalum and niobium 
anomalies. Lightfoot et al. 1993 show that the variations in 
trace element ratios and isotopic compositions within Tk 
and Mk lavas are consistent with their derivation from a 
source that has evolved with high Rb/Sr and low Sm/Nd and 
acquired the trace element signature of subducted sedi 
ments. Lightfoot et al. 1993 follow Hergt et al. (1991) and 
show that significantly less than 5^c addition of average 
post-Archean shale to the source regions of the Mk lavas 
can provide a source from which Mk lavas can be generated. 
Interestingly, as demonstrated in Figure 22.lib, the Nb/La 
ratio of Mk and Tk lavas are very different, and therefore, at 
least 2 styles of enrichment are recognized in the mantle 
lithosphere component. Neither of these are associated with 
extreme depletion of nickel and copper as seen in Ndi.2 
lavas, and therefore, it is argued that the lithospheric style of 
trace element enrichment is not correlated with nickel and 
copper depletion.

SUMMARY AND CONCLUSIONS
1. The chemostratigraphy of section IF and of drill core 

SG-9, which are 60 km apart, are correlated and subdi 
vided into 9 formations and 7 units, which provide 
comprehensive coverage of the Lower Series and the 
lower part of the Upper Series. The eruptive centres of 
magmatism appear to be correlated with the main faults 
of the region, and magmatism appears to have switched 
episodically between different eruptive centres.

2. The Lower and Upper Series have different minor and 
trace element compositions. The strong HREE deple 
tion, high TiO2, tantalum and niobium contents of the 
Lower Series contrast with less steep HREE, strongly 
negative tantalum and niobium anomalies and low- 
titanium contents of the Upper Series. Both picritic and 
tholeiitic variants of each magma type are preserved in 
the Gudchichinsky and Tuklonsky formations, and 
their incompatible trace element abundance patterns 
are close to parallel, suggesting that they represent 
picritic and tholeiitic variants of each magma type. 
Ivakinsky and Syverminsky high-titanium magmas 
appear to have an asthenospheric mantle source, like 
the Gudchichinsky lavas, but the Ivakinsky and 
Syverminsky are LREE enriched, have slight negative 
tantalum and niobium anomalies and low nickel and 
copper compared to Mokulaevsky lavas. These 
features suggest that the Ivakinsky and Syverminsky 
magmas have undergone more extreme fractional
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Figure 22.11. a) Variation in esrUR versus 6NdCHUR at 248 Ma in 
Siberian Trap basalts (after Lightfoot et al. 1993). Diagram shows a 
mixing trajectory for the Ndi -Mk lavas and a model for the isotopic 
composition of crustal material required to generate Nd-| lavas from 
the Tk magma-type by crustal contamination, b) Variation in Nb/La 
versus La/Sm in Siberian Trap lavas (from Lightfoot et al. 1993). 
Note the elevated La/Sm and low Nb/La of the Ndi-2, which 
contrasts with the low La/Sm and high Nb/La ratios of the Mk and 
low La/Sm and Nb/La of the Tk. Gd lavas are displaced to low 
La/Sm at very high Nb/La and are close to the compositions of 
uncontaminated asthenosphere melts from oceanic settings. 
CHUR—chondrite uniform reservoir; MORB—mid-ocean ridge 
basalt; UR—uniform reservoir.
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crystallization than the Upper Series flows and have in 
teracted to a limited extent with the continental crust.

3. Following Lightfoot et al. 1993, we suggest that the 
Tuklonsky and Mokulaevsky lavas were derived from 
the subcontinental mantle lithosphere. The source of 
these magmas appear to have included a component of 
subducted sediment, although we note that 2 different 
enrichment styles are recorded by the Mokulaevsky 
and Tuklonsky lavas.

4. Compositional variations in the Upper Series are con 
sistent with variable amounts of crustal contamination. 
Some fractionation of plagioclase postdated contami 
nation. The removal of a sulphide phase explains 
the rapid decline in copper and nickel within the 
Nadezhdinsky NdrNd2 sequence, and it is argued that 
this was linked to SiO2 enrichment found in these 
radiogenic (eSrUR = 65), high La/Yb (7 to 8) lavas. It 
is suggested that the addition of crustal silica to 
the Tuklonsky magma promoted the segregation of 
immiscible sulphides, which then scavenged the liquid 
of nickel, copper and presumably also platinum group 
elements.

5. The new data presented in this paper reinforce the con 
clusion of Lightfoot, Naldrett et al. (1990) that the 
Nadezhdinsky lavas are the consequence of crustal 
contamination of a primitive progenitor. However, the 
identification of the Tuklonsky magma-type as the pro 
genitor, rather than the Mokulaevsky that was con 
sidered in our earlier paper, reduces the amount of 
contaminant required from over 24 to 8 weight 9fc.

6. Our data support the model of Naldrett et al. (1992) that 
crustal contamination caused sulphide saturation in the 
Nadezhdinsky lavas, which in turn resulted in them 
being very chalcophile element-depleted. It also sup 
ports their concept that the sulphide reacting with Ndi 
magma caused greater depletion in chalcophile ele 
ments than was caused by the sulphide reacting with 
Nd2 magma, which is consistent with sulphide settling 
in a vertically extensive magma chamber. This magma 
chamber may have occupied a deep part of the 
Noril'sk-Kharayelakh fault zone (see Naldrett et al. 
1992).

7. The suggestion by Naldrett et al. (1992) that pulses of 
fresh magma may have been introduced at the base of a 
stratified Nadezhdinsky magma chamber is supported 
by our data, but we find that these pulses were not 
Tuklonsky but belonged to the Mokulaevsky magma- 
type. The Morongovsky lavas represent a transition 
from Nd! to Mokulaevsky magmas that resulted from 
mixing of the pulses with Nadezhdinsky magma that 
was resident in the chamber.

8. A Nadezhdinsky-like lava is believed to be comag 
matic with the weakly mineralized Lower Talnakh and 
Lower Noril'sk intrusions, whereas a Mokulaevsky- 
like lava is believed to be comagmatic with the mineral 
ized Talnakh and Noril'sk intrusions (Naldrett et al. 
1992). Based on the results presented here, we would 
suggest that the source of the nickel, copper and PGE

within the Noril'sk intrusions is identified in the 
nickel- and copper-depleted Nd! and Nd.2 lavas. The 
sulphides appear to have been emplaced as a sulphide 
liquid later in the evolution of the intrusive systems, 
and the fact that the magma type of the mineralized 
intrusions is not the same as the Nd-\ is consistent with 
the late emplacement of sulphide magma.
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Abstract
Geochemical and isotopic data are summarized for extensive sample suites of the 3 main components—lavas, 
intrusions and ores—of the mafic-magmatic system associated with the world-class magmatic sulphide ore 
deposits of the Noril'sk-Talnakh region. Limited ranges in rare earth element and isotopic ratios characteris 
tic of these samples establish that they represent a coherent family of magmas, which we believe were derived 
ultimately from a mantle plume.

When all available data are considered, a number of significant complexities are evident. The lead- and 
osmium-isotope data show that ores from the Noril'sk district followed a different evolutionary pathway than 
ores from the Talnakh district. The magmas that formed the Lower Talnakh intrusion are distinct from those 
that formed the closely associated, ore-bearing Noril'sk I, Talnakh and Kharayelakh intrusions. Although 
they appear to relate geochemically to the transition from the second- to third-assemblage basalts of the 
Siberian flood basalt province, none of these intrusion-forming magmas can be directly related to any of the 
magmas that erupted as lavas. Whereas, the osmium-isotope data for sulphide ores and the picritic units of 
the ore-bearing intrusions suggest minimal contamination from the subcontinental lithosphere or crust, geo 
chemical and isotopic data for the basalts suggest that variable, sometimes substantial, assimilation of crustal 
rocks occurred. Finally, our data indicate that the internal "stratigraphy" of the ore-bearing intrusions 
is quite diverse and formed not only through in situ differentiation coupled with cumulus processes but, 
apparently, involved the sequential emplacement of magmas with distinct compositions.

INTRODUCTION intrusions and flood basalts. Extensive geochemical
	data have been obtained for the Siberian flood basalts

Our opportunity to sample and study ores from the famed (78 samples), the Noril'sk I intrusion (borehole NP-29,22
Noril'sk-Talnakh deposits of Siberian Russia arose in 1990 samples), the Kharayelakh intrusion (borehole KZ-1879,
through a joint memorandum of understanding between the 28 samples), the weakly mineralized Lower Talnakh intru-
United States (U.S.) Geological Survey and the Ministry of sion (borehole SG-28, 17 samples) and ores from
Geology of the USSR. These deposits constitute one of the the Noril'sk I, Kharayelakh and Talnakh intrusions (43
outstanding mineralized districts in the world; contained samples). Sources for most samples are located in Figure
copper-nickel resources are comparable to those of the 23.1, with the exception of basalt samples. The basalt
deposits at Sudbury, Canada. In addition, the Noril'sk- samples came predominately from borehole SG-32,
Talnakh deposits are the world's largest repository of plati- collared 9.8 km N200W of borehole SG-28, as well as from
num group elements (PGEs) aside from the Bushveld 3 outcrops within 75 km to the north and east of borehole
Complex, South Africa. The deposits are highly unusual in SG-32 (Fedorenko, this volume, Figure 1).
their association with a continental flood basalt province, in Ful , data sets for the ores and basahs have been pub.
the inordinate amount of massive magmatic sulphide found lished by Wooden et a, (1992 1993) who report complete
massociation with elongate mafic-ultramafic intrusions (l 5 details of sampling and analytical techniques. Reports in
to 18 km long, l to 3 km wide, less than 350 m thick) and in progress wil, indude full isotopic.data sets for the mafic
the exceptionally high contents of PGEs, copper and nickel intrusionS) inc iuding the northeast branch of the Talnakh
contained m the ores. intrusion, for which analyses are still outstanding. Because

The world-class significance of these deposits and the this report is published in conjunction with several papers
possibility that understanding their geology, including the whose subject matter encompasses many aspects of the
construction of a credible "ore-deposit model," will lead to geology of the Noril'sk-Talnakh area, we provide only a
the discovery of similar deposits elsewhere inspired a major brief discussion of the background material supporting our
program of isotopic and analytical studies of the ores, mafic presentation.
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Talnakh Intrusion (emplaced 
in upper Permian 
sedimentary rocks)

Kharaelakh Intrusion 
(emplaced in middle Devonian 
sedimentary rocks)

Massive orebodies S*v*rnl]

Dvugorbinsky

Modvaihy Creek /-^[ 
openpit J,?/

Figure 23.1. Sketch maps showing subsurface outlines of the fully 
differentiated, ore-bearing intrusions of the Noril'sk-Talnakh district. 
The 2 districts are separated by approximately 15 km along the NoriPsk- 
Kharayelakh fault, a) Intrusions of the Talnakh district, with indications 
of massive orebodies at, or beneath, their lower contacts. Boreholes and 
mines referenced in the text are designated, as is the Main Kharayelakh 
orebody, b) Intrusions of the Noril'sk district; the locations of borehole 
NP-29 and the Medvezhy Creek openpit are shown. Intrusions distin 
guished by pattern and name (see also Zen'ko and Czamanske, this 
volume).

GEOLOGICAL SETTING
The ore deposits of the Noril'sk region are associated with 
hypabyssal intrusions related to the 250 million-year-old 
Siberian flood basalt province (SFBP), one of the world's 
largest. Relatively continuous exposures of basalt once 
covered an area approaching 4 x l O6 km2 with a volume of 
2 x l O6 to 3 x l O6 km3 . We consider a mantle plume model, 
rather than a rifting model, to be most consistent with 
geological and tectonic features of the SFBP because the 
period 270 to 220 Ma was a time of continental collision 
in north central Siberia, including the Ural orogeny 
Zonenshain et al. (1990). Makarenko (1976) and 
Zonenshain et al. (1990) noted that rifting took place only 
during Middle to Late Triassic time and to the west and 
north of Noril'sk. We suggest that the modestly extensional 
features and crustal thinning, noted by Kuznetsov and 
Naumav (1975) and Zonenshain et al. (1990) to be 
characteristic of the Noril'sk area, are responses to uplift by 
a rising plume head (e.g., Griffiths and Campbell 1991, 
Figure 13).

The Noril'sk region, characterized by the thickest 
(greater than 3500 m) and most continuous sequence of 
volcanic rocks, lies at the extreme northwestern corner of 
both the Siberian Platform and the most extensive, 
relatively undisturbed exposures of the SFBP. The lavas, 
tuffs and intrusions of the SFBP (in approximate propor 
tions of 84:10:6 in the Noril'sk region) were deposited on 
and emplaced within a 4000 to 5000 m thick Cambrian 
through Upper Permian sedimentary sequence composed of 
formations containing differing proportions of carbonate, 
terrigenous and sulphate-bearing rocks. Dolomites, lime 
stones, marls, argillites, anhydrites, siltstones, variegated 
shales, sandstones and coal are present (see Zen'ko and 
Czamanske, this volume, Figure 1) and rest on a Precam 
brian basement of schists, granitic gneisses and granites. In 
contrast to most other continental flood basalt provinces, 
SFBP activity was characterized by initial and continued 
explosive volcanism. Fedorenko (this volume) provides 
an excellent summary of general information about the 
volcanic sequence.

Attempts to date SFBP magmatism (and emplacement 
of the coeval ore-bearing intrusions) have led to numerous 
conflicting ages in the range of 254 to 238 Ma. In a recent 
attempt using the 40Ar739Ar laser age-spectrum technique, 
Dalrymple et al. (1991) obtained an age of 249±l .6 (2o) Ma 
for biotite from a mineralized vein in the Noril'sk I intru 
sion, and an "apparent age" of 244.911.8 for plagioclase 
from a sample of the Syverminsky basalt suite that is cut by 
this intrusion. On the basis of this and comparable ages for 
basalt samples (see Campbell et al. 1992), they concluded 
that the Siberian flood basalts dated by them have lost about 
T.% of their radiogenic argon and suggested that typically 
these flood basalts may not be reliably datable by argon 
methods. Subsequently, Dalrymple et al. (unpublished data) 
obtained a 40Ar739Ar age of 248.9±2.8 for the Lower 
Talnakh intrusion and Campbell et al. (1992) obtained a cor 
roborating U-Pb age of 248±4 Ma for the Noril'sk I 
intrusion, based on SHRIMP (the Super High Resolution
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Ion Microprobe at the Australian National University, 
Canberra) ion-microprobe dating of zircon extracted from a 
sample of taxitic leucogabbro collected in the Medvezhy 
Creek openpit.

Because these ages are not statistically different from 
the age of 251. 1±3.6 Ma determined on the SHRIMP for the 
Permian-Triassic boundary (Claoue-Long et al. 1991), 
Campbell et al. (1992) argued that eruption of the Siberian 
flood basalts may have contributed to the Permian-Triassic 
extinction event. Furthermore, the well-developed magne 
tostratigraphy of this time (e.g., Haag and Heller 1991) and 
the fact that all SFBP lavas except those of the Ivakinsky 
suite are normally polarized (Lind and Schekoturov 1991) 
lead to the inference that the entire SFBP was formed in 
about 600000 years (Campbell et al. 1992; Czamanske, 
Fedorenko et al. 1992).

Within the greater Noril'sk area, "fully differentiated" 
ore-bearing intrusions constitute a special type of narrow, 
thin and elongate finger-like intrusions that lie principally in 
sedimentary strata; exceptionally, a few of these intrusions 
penetrate as high as 500 m above the base of the flood 
basalts, cutting the lower 6 suites. The ore-bearing 
intrusions of the Noril'sk and Talnakh districts lie athwart 
the north-northeast-striking Noril'sk-Kharayelakh fault, at 
the north margin of the Noril'sk depression and the south 
margin of the Kharayelakh depression. Presently, mining is 
concentrated in the Talnakh and Kharayelakh intrusions of 
the Talnakh district (see Figure 23. la) and in the Noril'sk I 
intrusion of the Noril'sk district (see Figure 23. l b); their 
characteristics are discussed in detail in this volume by 
Kunilov, by Likhachev and by Zen'ko and Czamanske. Out 
lines of these intrusions, as typically drawn (e.g., Figures 
23. l a and 23. l b), represent only the limits of those parts of 
much more extensive intrusions that display a broad compo 
sitional range of rock units—commonly from picritic gab- 
brodolerite to gabbrodiorite or leucogabbro (Zen'ko and 
Czamanske, this volume). Weakly mineralized, less- 
differentiated apophyses may extend well beyond these 
limits (Zen'ko and Czamanske, this volume, Figures 2, 3 
and 4). Sedimentary strata beneath the Noril'sk flood 
basalts are disrupted by numerous other types of mafic sills 
(Fedorenko, this volume, Table 4), which typically are more 
sheetlike and now compose as much as 15 to 2096 of the 
sedimentary section for 2 km below the base of the basalts. 
The ore-bearing intrusions show many morphologic, petro 
logic and geochemical contrasts with these more abun 
dantly represented, weakly mineralized or unmineralized 
intrusions, some of which are correlative with several of the 
basalt suites and some of which are clearly postvolcanic in 
age (Fedorenko, Stifeyeva et al. 1984; Fedorenko, this 
volume).

As first proposed by Fedorenko (this volume), the com 
bined results of this and earlier studies (e.g., Fedorenko, 
Makeyeva et al. 1984; Fedorenko, Stifeyeva et al. 1984; 
Lightfoot, Hawkesworth et al. 1990) suggest that emplace 
ment of the Noril'sk- and Lower Talnakh-type intrusions 
may be temporally related to the eruption of the thick tuff

unit that forms the base of the upper Morongovsky (Mr2) 
subsuite (Fedorenko, this volume, Figure 2), a midpoint in 
the volcanic sequence.

SAMPLE SELECTION
Data summarized in this report were obtained from samples 
that represent a fairly complete spectrum of rock and ore 
types from the Noril'sk-Talnakh district. Details of our 
sampling of the basalt sequence can be obtained from 
Wooden et al. (1993) and of the ores from Wooden et al. 
(1992). Our sampling of the basalt sequence extends from 
within 15m of its base to within 44 m of its top, an interval of 
nearly 3450 m (see Fedorenko, this volume, Figure 2, for the 
full stratigraphic representation of our data set). All 11 
recognized suites of the SFBP, as well as their well-defined 
subsuites, are included.

Boreholes NP-29 (Noril'sk I), KZ-1879 (Kharaye 
lakh) and SG-28 (Lower Talnakh) provided strati- 
graphically controlled samples of the major rock units in the 
2 most significant types of intrusions within the Noril'sk- 
Talnakh area. Data for each of these boreholes are presented 
here in tables and figures (using depth in the borehole in 
metres as the sample designation), but full discussion of our 
study of these intrusions is beyond the scope of this report.

Ore samples from the Noril'sk I intrusion are from 
borehole NP-29 and from the Medvezhy Creek openpit 
mine (see Figure 23.Ib); included are massive-sulphide 
vein fillings, disseminated sulphides in taxitic and contact 
gabbrodolerite and classic droplet ore in picritic gabbro- 
dolerite. Samples from the Oktyabr'sky Mine, which works 
the remarkable Main Kharayelakh orebody (see Figure 
23. l a), were obtained from underground workings and ore 
stockpiles, as well as from borehole KZ-868. Our samples 
are representative of the compositional zoning within this 
massive-sulphide orebody, which ranges from pyrrhotite- 
chalcopyrite ores containing increasing amounts of chalco 
pyrite, to mooihoekite- or talnakhite-rich assemblages 
(Czamanske, Kunilov et al. 1992). We analyzed 2 samples 
of galena-bearing ore from upper levels of the Main 
Kharayelakh orebody near the No. 2 shaft of the 
Oktyabr'sky Mine. Russian geologists designate galena of 
the type found in sample 839 as "Galena I" (early) and that 
of the type found in sample 1043 as "Galena II" (late). A 
suite of 5 samples from borehole KZ-1879 represents a 
relatively small massive-sulphide orebody 9.5 m thick that 
also lies at the lower contact of the Kharayelakh intrusion 
(see Figures 23. l a and 23.2). The Talnakh intrusion is 
represented by borehole KZ-1713 (2 samples of massive- 
sulphide ore from the base of the intrusion), borehole 
KZ-1799 (bleb ore in taxitic gabbrodolerite and matrix ore 
in hornfels) and stockpile samples from Komsomolsky 
Mine orebodies located east of the Noril'sk-Kharayelakh 
fault (massive and disseminated replacement ore hosted by 
metamorphosed Tunguska-series sedimentary strata of the 
footwall).
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RESULTS

Geochemistry of the Basalts
The volcanic sequence of the Noril'sk area is divided into 11 
suites on the basis of chemical composition, rock textures 
and the occurrence of tuffs; 7 suites are subdivided into sub- 
suites (Figure 23.3; see also Fedorenko, this volume, Figure 
2). From oldest to youngest (with their abbreviations) the 
suites are named: Ivakinsky Formation (lv), Syverminsky 
Formation (Sv), Gudchikhinsky Formation (Gd), Khakan- 
chansky Formation (Hk), Tuklonsky Formation (Tk), 
Nadezhdinsky Formation (Nd), Morongovsky Formation 
(Mr), Mokulaevsky Formation (Mk), Kharayelakhsky 
Formation (Hr), Kumginsky Formation (Km) and 
Samoedsky Formation (Sm). On the basis of geochemical 
characteristics, as well as paleotectonic reconstructions that 
suggest 2 distinct periods of structural reorganization, 
Fedorenko (1981) and Fedorenko et al. (1989) combined 
these suites into 3 basalt assemblages—lv to Gd, Hk to Nd 
and Mr to Sm. In the Noril'sk area, the Iv-Gd (first) assem 
blage constitutes about 7^o, the Hk-Nd (second) assemblage 
about 149fc and the Mr-Sm (third) assemblage the remaining 
799k of the total erupted volume.

In most respects, the major and trace element character 
istics that we have deduced for these volcanic rocks, as dis 
cussed below and presented in detail by Wooden et al. 
(1993), are comparable to those reported by Fedorenko 
(1981, this volume), Lightfoot, Naldrett et al. (1990, this

volume) and Lightfoot et al. (1993) for a comparable, but 
more stratigraphically limited, suite of samples, many from 
borehole SG-9, collared 2.9 km S25 0W of borehole SG-32.

The Ivakinsky and Syverminsky Suites
The 2 lowermost suites, the lv and Sv, comprise alkalic and 
subalkalic basalts with high contents of Na2O, K2O and 
most incompatible trace elements, and distinctive SiO2 con 
tents. The 3 subsuites of the lowermost, lv suite are alkalic 
and subalkalic basalts with an overlapping magnesium 
numbers, but distinctly different SiO2 contents: Iv 1? 47.1 to 
47.8; Iv2 , 51. l to 52.2; and Iv3 , 53.6 to 53.8 weight Ve SiO2 
(see Figures 23.3a and 23.3b). The magnesium numbers for 
the Sv samples are distinctly higher than those of the lv suite 
and are comparable to those of third-assemblage basalts; 
however, their rare earth element (REE) characteristics are 
quite different from these younger rocks (see Figures 23.3c 
and 23.3d). For both the lv and Sv suites, mantle- 
normalized trace element diagrams show a steep slope 
defined by the REEs and thorium, with a maximum at 
barium. There are negative tantalum anomalies in all 
samples.

The geochemical characteristics of both suites can 
be explained if a mantle source with a near-chondritic 
(Gd7Yb)N ratio (where the subscript "N" indicates that the 
elemental concentrations have been normalized using the 
primitive-mantle normalization values of Hofmann 1988) 
melted at relatively high pressure under conditions in which 
garnet was a residual phase; high contents of incompatible
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Figure 23.2. Stratigraphic section and modal compositions for borehole KZ-1879 through the north branch of the Kharayelakh intrusion; sample 
locations marked by ticks. Patterning key: olivine and plagioclase, first generation is shaded and second generation is unpatterned (see Zen'ko and 
Czamanske, this volume); augite, horizontal pattern for oikocrysts containing abundant microlites and laths of plagioclase that may form 30 to 509fc of 
the grain and diagonal pattern for oikocrysts that form angular infillings between plagioclase crystals; the shaded oxide phase is chromite. Note that the 
lower taxitic gabbrodolerite encountered between 1772.5 to 1798 m is typical in possessing a more magnesian upper part and a less magnesian lower 
part.
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trace elements suggest that the percentage of melting in the 
mantle source region was relatively low. The near-vertical 
trend of Sv-suite samples on the plot of tantalum versus 
thorium (Figure 23.4) is an indication that mixing occurred 
between batches of magma that had experienced very 
different fractionation and/or contamination histories. 
Assimilation of crustal material characterized by high 
thorium contents and high Th/Ta ratios is needed to produce

Primitive 
mantle, 7^3=2.3

O 0.4 0.8 1.2 1.6 
Ta, ppm

2.0 2.4

A Sm *
o Km o
v Hr A Tkp
o Mk * Tkb
D Mr? x Hk

Gd2

Sv 
Iv3

Gd L 
SvL
IVL

Figure 23.4. Plot of tantalum versus thorium contents. Large symbols 
represent our full 79-sample data set; smaller dots, squares and crosses 
(SvL, !VL, GdL) represent data from Lightfoot, Naldrett et al. (1990, this 
volume) and Lightfoot et al. (1993) for the designated basalt suites. 
Primitive-mantle ratio from Hofmann (1988). L and U, ratios for the 
lower and upper continental crust based on Taylor and McLennan 
(1985). Tkb and Tkp, Tuklonsky basalt and picrite, respectively. See text 
for explanation of additional abbreviations.

the Th/Ta ratios of about 4.5 in the lower-Sv flows; Th/Ta 
ratios near 2.3 in the upper-Sv flows reflect the eruption of 
magma with a Th/Ta ratio near that of the primitive mantle.

The Gudchikhinsky Suite
Lavas of the Gd suite range from basaltic to picritic (5 to 
22 weight 9fc MgO, anhydrous). The Gdt subsuite is com 
posed of a glomeroporphyritic flow, overlain by porphyritic 
basalts. Lightfoot, Naldrett et al. (1990, this volume) and 
Lightfoot et al. (1993) show that the Gd-i glomeropor 
phyritic basalt differs from the Sv basalts in having a lower 
content of REEs, particularly the light rare earth elements 
(LREEs). The Gd^ porphyritic basalts are geochemically 
quite similar to the Sv basalts, as stated by Fedorenko 
(1981) on the basis of an extensive set of major-element 
data.
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Picritic and picrite-like basalts that form the Gd2 sub- 
suite are as much as 150 to 200 m thick. Average weighted 
MgO contents for these MgO-rich basalts range from 9 to 
14.7 weight 9fc in different parts of the Noril'sk region 
(Naldrett et al. 1992, Figure 5E), largely as a function of 
modal olivine content. These picrites probably contained 
intratelluric olivine that was entrained from an intermediate 
chamber. Although the basalts of the suite have major- 
element compositions consistent with derivation by 
fractionational crystallization of parental picrites, ratios 
such as (La7Sm) N (see Figure 23.3d) and (Ta7Yb)N are 
significantly different and rule out a simple crystallization 
relation, as do their isotopic characteristics.

In general, the rocks of the Gd suite are characterized 
by moderate contents of incompatible elements (for a given 
magnesium number) and moderate (La/Sm)^ ratios, but 
relatively high (Gd7Yb)N ratios. The combination of high 
(GdTYb)N ratios and high contents of incompatible elements 
suggests the presence of residual garnet in the Gd source and 
a relatively low degree of melting. The geochemical charac 
teristics of the Gd suite are transitional in many respects 
between those typical of the first assemblage and those of 
the upper 2 assemblages. Their near-chondritic (ThTTa)N 
ratios (Figure 23.5) distinguish rocks of the Gd suite from 
all other SFBP basalt suites and most closely resemble those 
of asthenospheric mantle.
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The Khakanchansky and Tuklonsky Suites
Because the Hk suite consists predominately of tuffs, it is 
not well studied. The Tk basalts and picrites of the second 
assemblage have a range in major-element contents (e.g., 8 
to 16 weight 9fc MgO) but show little diversity in trace 
element ratios. One. might attempt to explain the picrite- 
basalt association in this suite by fractional crystallization, 
but neodymism-, strontium- and lead-isotope data indicate a 
more complex relation. The Tk picrites have variable strati 
graphic position and were of relatively small volume (flows 
less than 35 m thick and several km long). The volume of the 
Tk picrites in the Noril'sk region has been estimated at 
183 km3, as compared to 14 863 km3 for the Gd picrites 
(Fedorenko 1981). The Tk picrites probably also carried 
intratelluric olivine (Foeo by electron microprobe) from an 
intermediate chamber and do not represent eruption of 
high-MgO liquids. The overall geochemical characteristics 
of the Tk picrites are significantly different from those of the 
Gd picrites, they contain slightly lower contents of incom 
patible elements and TiO2 , FeO, nickel and chromium, but 
higher A12O3 and strontium contents at a given magnesium 
number. Their chondrite-normalized REE patterns are 
notably flatter; the extent of enrichment of LREEs is similar 
in the Gd and Tk picrites (see Figure 23.3c), but the con 
spicuous depletion of heavy rare earth elements (HREEs) 
that characterizes the Gd picrites is absent in the Tk picrites 
(see Figure 23.3d). Basalts and picrites of the Tk suite 
have relatively large, negative tantalum anomalies. The 
relatively flat REE patterns and low REE contents that 
characterize this suite mark a major change to relatively 
high-percentage melting of mantle sources containing little 
or no garnet, presumably an indication of melting at lower 
pressures than those characteristic of first-assemblage 
magmas.

The Nadezhdinsky and Morongovsky Suites
All Nd basalts are strongly enriched in LREEs but have rela 
tively flat HREE patterns (see Figures 23.3c and 23.3d); 
they have negative tantalum anomalies larger than those 
found for any other SFBP basalt suite. Basalts of the Nd-i 
and Nd2 subsuites have low MgO contents (6.3 to 7.3 weight 
9fc), but moderate magnesium numbers that decrease irregu 
larly with increasing stratigraphic position (from approxi 
mately 0.57 to approximately 0.53), and SiO2 contents that 
range from 51.4 to 53.7 weight 9fc (see Figures 23.3a and 
23.3b). Samples of the Nd! and Nd2 subsuites have thorium 
and tantalum contents quite different from most other lava 
suites (see Figures 23.4 and 23.5), and crustal contamina 
tion of Tk-like magmas is a reasonable way to produce the 
observed, relatively high Th/Ta ratios, as discussed above 
for the Sv suite. The majority of the Ndi and Nd2 samples, 
however, have relatively constant Th/Ta ratios over a range 
of thorium and tantalum contents, supporting the fact that 
fractionation was an important process within these sub 
suites once contamination had established the new Th/Ta 
ratio.

The uppermost subsuite of the Nadezhdinsky, Nd3, and 
the lowermost subsuite of the Morongovsky, Mr1; mark the

break between the second and third assemblages. Both the 
chemical and isotopic compositions of these subsuites are 
transitional between those of the Nd! and Nd2 subsuites and 
those of all overlying basalts (see Figures 23.3a, 23.3b, 
23.3c and 23.3d). It is intriguing that this transitional, 
but seemingly coherent, group of lavas includes both 
glomeroporphyritic (Nd3) and aphyric (Mn) basalts. With 
increasing stratigraphic position, there is a progressive 
decrease in SiO2 content and (La/Sm^ ratios (see Figures 
23.3b and 23.3d), and an increase in (Ta/La^ ratios. The 
pattern of data on the plot of thorium versus tantalum con 
tents (see Figure 23.4) and on most other trace element and 
isotopic diagrams is most readily interpreted to result from 
magma mixing, produced by an influx of Mr2-like magma 
into a magmatic system previously dominated by magmas 
that produced the Nd! and Nd2 basalts. This stage of magma 
mixing ended second-assemblage magmatism. The change 
from second- to third-assemblage magmatism is associated 
with a notable shift in the principal locus of eruptive mag 
matic activity to the northeast (Fedorenko 1983) and an in 
crease in the volumes of magma erupted (see Figure 23.3).

Other Suites
Above this level, Mr2 , Mk, Hr, Km and Sm basalts consti 
tute the third assemblage, which forms a 2000 m thick 
sequence that is remarkably uniform in composition; most 
samples have MgO contents between 6.3 and 7.8 weight 'fc, 
magnesium numbers between 0.48 and 0.56 and SiO2 con 
tents between 47.8 and 49.9 weight 9fc (see Figures 23.3a 
and 23.3b). Variations in trace element abundances, trace 
element ratios and isotopic compositions are moderate, but 
several ratios show systematic trends, with changes in these 
trends generally occurring within the Hr suite, for example, 
ratios involving the REEs (see Figure 23.3d), Th/U and 
Hf/Ta. Within this suite, the contents of many trace elements 
suddenly become higher before returning gradually to 
levels typical of underlying flows. Basalts of the third 
assemblage are moderately enriched in LREEs (see Figure 
23.3c) and have relatively flat HREE patterns, quite similar 
characteristics to those of the Tk picrites. Tantalum anoma 
lies, although ubiquitous, are smaller than in rocks of the 
second assemblage; for most of these basalts Th/Ta ratios 
are near 3.5 (see Figure 23.4).

In Figure 23.5, second- and third-assemblage suites 
define trends that are well displaced from those of the 
first-assemblage lavas, the main distinction being lower 

ratios in most of these younger lavas. These 
ratios approach those of the primitive mantle, 

which suggests that little or no garnet was residual during 
mantle melting. In Figure 23.5, one end of the trend is 
occupied by Tk picrites and third-assemblage basalts with 
low (Sm/Yb^ and moderate (Th7Ta) N ratios, and the other 
end by basalts of the Ndi and Nd2 subsuites, which have 
intermediate (SmArb)N ratios and very high (Th7Ta) N ratios. 
Increases in (ThAa)N ratios are accompanied by increases in 
SiO2 contents and initial 87S^86Sr ratios, and a decrease in 
EM values. The trend is towards the compositions of conti 
nental crust, estimates of which are shown in the inset. The 
average compositions of a diverse suite of upper-crustal
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xenoliths (see S, Figure 23.5 inset) from a diatreme of 
Morongovsky age, located 25 km south of Noril'sk (Maslov 
and Nesterovsky 1961), suggest that local crust may have 
had a particularly favourable composition.

The geochemical data presented above clearly indicate 
a complex magmatic system. These data are explicable, 
however, within a framework based on: 1) the 3 basalt 
assemblages originally proposed for the volcanic sequence 
on the basis of field relations and major-element chemistry 
(Fedorenko 1981) and now substantiated by geochemical 
and isotopic data (Wooden et al. 1993); and 2) several 
major controls on the geochemical and isotopic composi 
tions of the individual volcanic suites. These controls are: 
a) differences in parental-magma geochemistry caused by 
variations in source geochemistry, in source mineralogy as a 
result of melting at different pressures and temperatures and 
in the percentage of melting; b) fractionation of parental 
magmas, variable amounts of contamination during 
fractionation and diversity in the composition of the con 
taminants; and c) mixing of magmas. Wooden et al. (1993) 
concluded from their analysis of the geochemical and 
isotopic data for the volcanic sequence that the evolution of 
the SFBP can be explained in terms of a model that com 
bines: 1) temporal evolution in the composition of mantle- 
derived magma that is consistent with a mantle-plume 
source and 2) processing in crustal magma chambers 
in which ultimately the monotonous compositions of 
third-assemblage basalts represent a near steady-state 
balance between periodic replenishment, periodic tapping, 
continuous crystal fractionation and advancing assimilation 
(RTFA; O'Hara 1977, 1980; O'Hara and Mathews 1981). 
They concluded that a mantle plume (e.g., Griffiths and 
Campbell 1991) was the most plausible source for 
enormous volumes of mafic magma within a relatively brief 
period, but that the compositions of the Siberian continental 
flood basalts are far removed from those of their mantle 
sources.

Lead Isotope Systematics of the 
Sulphide Ores

A total of 43 sulphide-bearing ore samples have been 
analyzed from the Noril'sk and Talnakh districts. Initial
206pb;204pb versus 207Pb;204pb and 206pb7204pb versus

2oapby204pb ratios for these samples are plotted in Figures 
23.6a and 23.6b. These plots show that, on the basis of their 
206pb;204pb ratios, ores from the Noril'sk-Talnakh area 
fall into 2 groups according to their district. In all but l of 
the Noril'sk-district ore samples, 206Pb7204Pb ratios range 
from 17.983 to 18.082 (a value of 17.660 was obtained for 
sample NP-29-699.4, a sulphide-bearing contact gabbro- 
dolerite at the base of the Noril'sk I intrusion); whereas, for 
the Talnakh-district ore samples, this ratio ranges from 
18.122 to 18.365. As shown by the error ellipses on Figure 
23.6, differences in 206Pb7204Pb ratios are more easily 
resolved than differences in 207pb;204pb an(j 208pb;204pb 
ratios, and so they should be given the most emphasis. Of 35 
samples from the Talnakh district, 25 form a tight group, 
with the following ranges in initial lead-isotope ratios:
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Figure 23.6. Lead-isotope compositions for magmatic-sulphide ores 
from the Noril'sk and Talnakh districts (2(3 error ellipses indicated). (A 
single data point lies beyond the plot limits but is noted; it is not shown 
on Figure 23.7.)

206Pb7204Pb = 18 12 to 18.18, 207pb;204pb ^ 15 49 to 15.52 
and 208pb7204pb = 37.75 to 37.35 Within this group are most 
samples from the Main Kharayelakh orebody, including 6 
samples from borehole KZ-868 that form the most consis 
tent large group measured, and samples from the 2 ore- 
bodies in the Talnakh intrusion represented by boreholes 
KZ-1713 and KZ-1799. Data for the orebody in the Kha 
rayelakh intrusion represented by borehole KZ-1879 form 
a separate group that extends to higher 206Pb7204Pb ratios 
(18.18 to 18.28). Replicate analyses of Galena II document 
its relatively high 206Pb7204Pb ratio but also indicate a prob 
lem with thermal-fractionation effects that make the 
207Pb7204Pb and 208pb;204pb ratios less reliable. Data for the
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Komsomolsky Mine samples exhibit a high degree of 
scatter; 6 of the 9 samples fall outside of the main cluster of 
data for the Talnakh district.

In contrast to the geographic groups and subgroups 
defined by distinct ranges in 206Pb^04Pb ratios, the ranges in 
207pb7204pb (15.49 to 15.54) and 208pb;204pb (37.74 to 
37.95) ratios among the sample groups are comparable. A 
plot of initial ^Pb/^Pb versus 207Pb7204Pb ratios (see 
Figure 23.6c) shows the excellent correlation of these 2 
isotopic ratios and the fact that the 2 geographically and 
isotopically distinct groups form l overlapping group. We 
believe that this correlation is only coincidentally similar to 
that expected from thermal mass fractionation and that this 
lead-isotope characteristic is a feature of a mantle source 
region common to both the ores and the magmas parental to 
the intrusions.

Lead Isotope Systematics of the 
Ore-Bearing Intrusions

Comparable lead-isotope data have been obtained for 
various intrusions in the Noril'sk and Talnakh districts; as a 
direct comparison to the data for sulphide ores, we plot data 
for only the fully differentiated, ore-bearing intrusions that 
host these ores (Figure 23.7). Most of these data are for 
borehole NP-29 through the Noril'sk I intrusion and bore 
hole KZ-1879 through the Kharayelakh intrusion. In addi 
tion, data for 2 samples from both the Medvezhy Creek 
openpit and borehole KZ-1713 into the Talnakh intrusion 
are included. The ore-bearing intrusions show widely 
diverse, age-corrected lead-isotope compositions. The 2 
fields of lead-isotope data for the ores fall largely within the 
ranges defined by lead-isotope data for the intrusions and 
demonstrate that the ores and intrusions were part of a com 
mon magmatic system. Within the Noril'sk I intrusion, 
206pb;204pb ratios range from 17.75 to 18.24, and within 
borehole KZ-1879, from 17.88 to 18.30. These ranges are 
attributed to mixing of at least 2 magmas with different lead- 
isotope compositions. Although the ranges of data for the 
intrusions overlap, the average 206Pb7204Pb ratios differ for 
the Noril'sk and Talnakh districts and are, respectively, 
18.00 and 18.12. These average values lie just at the lower 
206Pb7204Pb limits of the distinct fields for the isotopic com 
positions of the ores (see Figures 23.7a and 23.7b). Because 
the ores and intrusions may be considered to represent 
immiscible liquid components, at least 2 end member rela 
tions may be considered: l) the ores may represent averages 
of the isotopic characteristics of magmas parental to the 
ore-bearing intrusions of the Noril'sk and Talnakh districts; 
or 2) the data for the intrusions may reflect variable amounts 
of contamination away from the more restricted composi 
tions indicated by the ores.

To evaluate these 2 possibilities, one must consider the 
relations between the intrusions and the ores. In Noril'sk- 
type, ore-bearing intrusions, relations between the host 
intrusion, droplet ores in picritic and taxitic gabbrodolerite, 
and massive orebodies are not those typical of in situ 
sulphide accumulation. Specifically: l) it is rare to find the
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Figure 23.7. Lead-isotope compositions for the ore-bearing intrusions 
of the Noril'sk and Talnakh districts compared to the lead-isotope data 
for the magmatic-sulphide ores which they host (from Figure 23.6, 
shown as fields, except as a cross for Galena II). Data for the intrusions 
corrected for 250 m.y. of radiogenic lead growth using measured lead, 
Th and U contents. Black dots, averages of plotted data for the ore-bear 
ing intrusions of each district. Stacey-Kramers' (1975) model growth 
curves plotted for reference.

progression—disseminated ore to matrix ore to massive 
ore—that is typical of many mafic-rock-hosted, magmatic- 
sulphide deposits; and 2) many of the massive-sulphide ore 
bodies not only lie in sedimentary strata beneath the 
ore-bearing intrusions but directly underlie intrusive rocks 
that are nearly barren of sulphide (see below). On the other 
hand, there is impressive coincidence of the thickest parts of 
the orebodies with the thickest and lowest-lying parts of the
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ore-bearing intrusions, a relation which strongly indicates 
that emplacement of the 2 was intimately related. At least 
2 possibilities may be entertained: 1) The sulphide-liquid 
component may have almost completely separated at depth, 
with the subsequent emplacement of silicate and ore mag 
mas via a common plumbing system. If this was the case, 
some sulphide liquid may even have been redistributed into 
silicate magma (e.g., to form the droplet ores) during the 
emplacement process; and 2) sulphide-liquid droplets, 
comparable in size to those typical of picritic and taxitic 
gabbrodolerite (0.5 to 3 cm in diameter) may have been 
entrained in the intrusion-forming magmas and rapidly 
accumulated in massive pools as velocities slowed at the 
point of transition from near-vertical to near-horizontal 
flow. Regardless of the mechanism, the irregular distribu 
tion of massive and droplet ores within the intrusions, and, 
indeed, the internal construction of the intrusions as a 
whole, virtually require the emplacement of multiple pulses 
of magma- and a complex history of construction for the 
intrusions. Characterized by high density and great fluidity, 
the vast pools of sulphide liquid would have been 
particularly mobile.

The geographically distinct lead-isotope compositions 
of the ores and intrusions indicate that regionally distinct 
plumbing systems and/or staging chambers existed. Mag 
mas from sources with different lead-isotope compositions 
were involved; possibly, a magma with 206Pb7204Pb = 17.7 
and another with 206Pb7204Pb = 18.3 were involved. The 
proportions of these magmas must have differed in the 
plumbing systems beneath the Noril'sk I versus the 
Kharayelakh and Talnakh intrusions, with the latter system 
receiving a larger proportion of magma characterized by 
the higher 206Pb7204Pb ratios. The lead-isotope distinc 
tion between massive-sulphide ore in boreholes KZ-868 
and KZ-1879, in the west and north branches of the 
Kharayelakh intrusion, respectively, is further evidence that 
the intrusions and ores formed by multiple pulses of magma 
from systems that were tapping sources with distinct lead- 
isotope compositions.

The high-PGE tenor of the Noril'sk-Talnakh ores 
could only have been reached by scavenging PGEs from 
vast amounts of magma. This process also would inescap 
ably produce, in the immiscible-sulphide liquids, lead- 
isotope compositions that would tend to average those of the 
compositionally diverse magmas with which these liquids 
equilibrated. The range of lead-isotope compositions for the 
ores shows that this magmatic, ore-forming process yielded 
a range of values characteristic for each district. We con 
sider the more extensive ranges in the lead-isotope compo 
sitions of the intrusions to indicate that: l) batches of silicate 
magma reached emplacement levels with diverse lead- 
isotope compositions that reflect those of their mantle 
source regions; and 2) locally, some of this magma was con 
taminated by crustal rocks.

Isotopic and Trace Element
Comparisons of the Basalts and

Intrusions

The above perspective can be broadened further by con 
sidering isotopic and trace element data for the SFBP, as 
ultimately representative of the magmatic system that 
produced the ores and ore-bearing intrusions. Data for the 
lead-isotope system (Figure 23.8) include those for 
the Lower Talnakh intrusion, a distinct intrusion type 
(Fedorenko, this volume; Zen'ko and Czamanske, this 
volume). The lead-isotope data support 4 major points: 
1) all components of the system — basalts, intrusions and 
ores — are part of a coherent family; 2) the lead-isotope 
systematics of the intrusions have little relation to those of 
the basalts of the first and second assemblages; 3) although 
most closely related to third-assemblage basalts, it would 
appear that a radiogenic component, poorly represented in 
the lavas, was involved in the evolution of the intrusions 
and ores of the Talnakh district; and 4) the whole-rock lead- 
isotope characteristics of the Lower Talnakh intrusion 
display the "Talnakh-district" signature, even though the 
intrusion is geochemically and isotopically distinctive (e.g., 
Figures 23.9 and 23.10) and contains only minor amounts 
of sulphide.

On the basis of Figure 23.8 and the plot of 
versus (Sm7Yb)N ratios (see Figure 23.5), one might 
conclude that the ore-bearing intrusions formed from 
magmas nearly indistinguishable from those that erupted to 
form the third-assemblage basalts, and that the Lower 
Talnakh intrusion relates well to the transitional magmas of 
the Nd3 and Mr-i subsuites. The data appear to fit well with 
the proposals of Fedorenko (this volume) that these intru 
sions were emplaced during the interval between the 
eruption of the Nds-Mr^ and the Mr2 lavas.

However, Figures 23. l la and 23. 1 1 b, which plot initial 
lead-isotope data versus initial strontium-isotope data, 
reveal that the magmatic system was distinctly more hetero 
geneous than indicated by the lead-isotope data alone. It is 
immediately obvious that samples from the Lower Talnakh 
intrusion typically have higher initial 87Sr786Sr ratios than 
those from the Noril'sk I and Kharayelakh intrusions, and 
that, in terms of combined lead- and strontium-isotope char 
acteristics, they are rocks distinct from any other that we 
have studied from the SFBP. Figure 23. 1 1 supports the pro 
posal that the ore-bearing intrusions may be more than tem 
porally related to the thick tuff that lies between Nd3-Mri 
and Mr2 lavas because data for the ore-bearing intrusions 
plot between the data for those lava suites. However, 
Figures 23. l la and 23. 1 1 b, taken together, support our 
earlier position (Wooden et al. 1992) that the magmas that 
produced the ore-bearing intrusions did not directly corre 
spond to those parental to any of the erupted basalts.
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Naldrett et al. (1992) and Fedorenko (this volume) pro 
posed that the ores were derived in large part from the 
copper-, nickel- and PGE-depleted NdrNd2 basalts. This 
proposal finds no support in comparison of the initial 
206pb;204pb and ersr/sesr compositions of the Nd basalts 
and the ore-bearing intrusions (see Figure 23.11). The 
proposal appears tenable, therefore, only in the extreme 
circumstances that either: 1) the Nd magmas were contami 
nated after losing those metals or 2) the crustal-isotopic sig 
natures for lead and osmium in the immiscible-sulphide 
liquid component were subsequently overwhelmed. The

strong contrast in the initial 87Sr786Sr compositions of the 
ore-bearing intrusions and the NdrNd2 basalts would 
remain a serious problem, particularly in view of the tight 
relation between the ores and their host intrusions that has 
been established by lead- and osmium-isotope studies.

In notable contrast to our conclusion that the composi 
tions of the basalts are far removed from those of their 
mantle-derived, parental magmas, Wooden et al. (1992) 
concluded that the lead contained in the ores is dominated 
by mantle sources because the overall population of the ores
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has lead-isotope compositions that lie in the upper part of 
the oceanic-basalt field and are generally similar to those of 
Hawaiian basalts. Moreover, from osmium-isotope studies, 
Walker et al. (1992, in press) concluded that the sulphide 
ores and picritic rocks in the ore-bearing intrusions were 
emplaced from at least 3 distinct mantle source regions, 
with minimal contamination by either the subcontinental 
lithosphere or the crust. Although these lesser, albeit all- 
important, components of the Siberian mafic-magmatic 
system may have passed relatively unaffected through the 
crust, additional work is required to reconcile these 2 posi 
tions. Whereas, the lead-isotope characteristics of the 
Siberian crust at 250 Ma may have been such as to make 
crustal contamination difficult to recognize, this seems 
much less likely for crustal osmium-isotope characteristics. 
In studying this complex system, it is important to keep in 
mind that the mantle source region for the parental magmas 
apparently was notcompositionally homogeneous, and that 
each isotopic system faithfully records only its own specific 
evolution.

COMPARISONS OF THE THREE 
INTRUSIONS

Russian students of the mafic intrusion types represented in 
the Noril'sk area have recognized major and trace element 
"fingerprints" for each of them (e.g., Fedorenko, Stifeyeva 
etal. 1984; Naldrett etal. 1992). Our study of drill core from 
the Noril'sk I and Kharayelakh ore-bearing intrusions un 
derscores a broad similarity in the characteristics of these 
2 intrusions and a clear distinction between these charac 
teristics and the geochemical characteristics of the Lower 
Talnakh intrusion (e.g., Figures 23.5, 23.9 and 23.11).

In Tables 23. l, 23.2,23.3,23.4,23.5 and 23.6 as well as 
Figures 23.9, 23.10 and 23.12, we present for the first time 
an indication of the geochemical and isotopic diversity 
within these 3 intrusions as a function of the stratigraphic 
position within each intrusion and in comparison with one 
another. Our sampling of drill core extended to within a few 
metres of the upper and basal contacts of each intrusion; for
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purposes of comparison, we have plotted the data upward 
from their basal contacts at a uniform scale (consult Tables 
23.4, 23.5 and 23.6). For each intrusion, a stratigraphic 
reference sample identifies a critical petrologic break. For 
borehole NP-29 (represented by dots in Figures 23.9,23.10 
and 23.12), this sample is NP-29-603, representing a thin 
(less than 4 m) sulphide-enriched magnetite-olivine cumu 
late with a gradational upper contact that contains 
36.6 weight 9fc FeO. Rocks above this cumulate unit con 
tain 3.7 to 7.0 weight 9fc MgO, minor quartz and as much as 
30 volume 9fc micropegmatite and mesostasis; below this 
unit, olivine gabbrodolerites containing 7.3 to 9.7 weight 9fc 
MgO are underlain by picritic gabbrodolerites containing 
16.1 to 23.1 weight Ve MgO (see Table 23.4; the lowermost 
sample is taxitic gabbrodolerite). For borehole KZ-1879 
(represented by squares in Figures 23.9, 23.10 and 23.12), 
the reference sample is KZ-1879-1752.5, which represents 
picritic gabbrodolerite (27.9 weight 9fc MgO) in sharp 
contact with overlying olivine poikilitic gabbrodolerite 
(10.3 weight 9fc MgO). Detailed lithologic and modal 
information is presented for borehole KZ-1879 through the 
north branch of the Kharayelakh intrusion in Figure 23.2. 
For borehole SG-28 (represented by triangles on Figures 
23.9,23.10 and 23.12), sample SG-28-1931.3 is the upper 
most of 4 samples that have Th/U ratios distinctly higher 
(3.84 to 5.17) than those for all other samples in the borehole 
(Th/U—1.70 to 3.07; see Table 23.3). The stratigraphic 
relations are similar to those described for borehole 
KZ-1879, sample SG-28-1931.3, and 3 samples of picritic 
gabbrodolerite beneath it contain greater than 23 weight 9fc

MgO and the overlying sample (SG-28-1924.3), only 
11.6 weight Ve MgO.

Plots of (La7Sm)N and (Gd7Yb)N ratios as a function of 
stratigraphic position within the 3 intrusions (see Figure 
23.9) show a strong similarity between the ore-bearing, 
Noril'sk I and Kharayelakh intrusions and the general dis 
tinction from them of the weakly mineralized Lower 
Talnakh intrusion. The relative constancy of REE ratios 
within the ore-bearing intrusions, also notable in Figure 
23.5, is the more remarkable considering the substantial 
compositional and isotopic ranges represented (see Tables 
23.4 and 23.5 and Figure 23.10). The Lower Talnakh intru 
sion has not only different, but more diverse, trace element 
characteristics.

Data listed in the tables and plotted in Figures 23.2, 
23.9,23.10,23.12 and 23.13 reveal complexity that hereto 
fore has been largely unrecognized in these mafic intru 
sions. These data allow critical insight into the construction 
of those parts of the intrusions represented by the studied 
boreholes. The olivine-magnetite cumulate represented by 
sample NP-29-603 and located 64 m below the upper con 
tact of the Noril'sk I intrusion clearly marks a break in the 
rock sequence, but it is not a sharp break and the origin of 
this unique cumulate is still problematic. Textural charac 
teristics of the samples; contents of barium, chromium, 
strontium, titanium and REEs; and initial 87Sr786Sr and 
206Pb7204Pb isotopic ratios all strongly suggest that there has 
been interfingering of magma types over the interval 
which includes this unique cumulate (between samples
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Table 23.1. Major and trace element data* for samples from borehole NP-29 through the Noril'sk l intrusion.

Sample No. 
Depth*

SiO2, wt 9fc
A1203
FeO"

MgO
CaO
Na2O
K2O
Ti02
P205
MnO
H20*
H20~

C02

Ba, ppm
Co
Cs
Hf
Pb
Rb
Se
Sr
Ta
Th
U
Y
Zr

La, ppm
Ce
Nd
Sm
Eu
Gd
Tb
Ho
Tm
Yb
Lu

NP-29 
540.9

52.44
12.87
14.79
3.65
8.09
4.00
0.79
2.59
0.51
0.27
2.62
0.72
0.09

122
36

0.12
6.39
4.76

26
18

215
1.00
3.05
1.35

74
265

23.6
56
34.1

8.55
2.87

10.0
1.57
2.21
0.905
5.64
0.841

NP-29 
561.7

50.15
12.46
16.80
4.48
9.51
2.95
0.59
2.47
0.29
0.30
1.66
1.51
0.04

144
52

1.85
3.96
1.64

24
34

282
0.534
1.88
0.748

40
144

15.2
35.1
20.4

5.75
1.86
6.90
1.13
1.64
0.677
4.37
0.654

NP-29 
563.8

50.97
12.64
16.55
4.56
8.78
3.02
0.48
2.40
0.32
0.28
1.95
1.76
0.54

148
48

1.36
4.09
0.75

16
30

280
0.510
2.21
0.927

54
174

15.6
34.2
20.7

5.62
1.94
6.93
1.15
1.64
0.710
4.43
0.623

NP-29 
567

48.49
12.38
18.09
4.96
9.36
3.14
0.47
2.54
0.28
0.29
2.36
0.88
0.07

164
55
0.34
3.41
1.89

21
36

285
0.479
1.53
0.54?

57
142

12.2
28.2
17.9
5.27
1.80
5.85
1.05
1.50
0.606
3.93
0.574

NP-29
575.3

51.04
13.92
12.97
5.97

10.04
3.89
0.36
1.38
0.21
0.22
2.74
0.31
0.93

73
46

0.17
2.49

—

19
36

140
0.310
1.15
0.468

39
93

10.9
24.4
14.6
4.07
1.39
4.65
0.78
1.14
0.488
3.03
0.448

NP-29 
584.6

48.78
11.55
17.45
5.78
9.85
3.59
0.03
2.43
0.22
0.32
2.67
0.54
0.05

54
55
—

3.53
0.65
9

43
77
0.424
1.76
0.658

51
142

13.6
31.2
18.5
5.28
1.81
6.23
1.08
1.56
0.664
4.03
0.604

NP-29
588.3

50.20
15.84
10.85
6.15

11.79
3.08
0.59
1.20
0.12
0.18
1.96
0.41
0.01

128
41

0.63
2.05
0.97

21
38

298
0.238
0.993
0.404

39
93

6.98
16.7
10.8
2.99
1.07
3.63
0.589
0.861
0.356
2.35
0.338

NP-29 
598.8

50.11
16.39
10.13
7.00

11.42
2.97
0.58
1.10
0.12
0.18
2.06
0.32
0.10

144
43

0.91
1.78
1.18

22
39

300
0.215
0.86
0.377

37
91

6.82
14.4
8.78
2.72
0.949
3.25
0.557
0.803
0.342
2.10
0.309

NP-29 
599.8

49.53
13.01
16.26
4.68
9.11
4.33
0.03
2.52
0.27
0.25
2.51
0.36
0.01

52
47

0.07
3.80
0.77
6

33
65

0.480
1.95
0.827

54
156

15.9
36.0
22.4

5.87
1.64
6.61
1.16
1.64
0.686
4.42
0.66

NP-29 
603

34.63
7.29

36.63
10.91
3.95
0.95
1.15
4.12
0.12
0.25
2.59
0.49
0.26

176
111

1.46
2.10
1.15

57
27
90

0.284
0.847
0.321

32
81

8.38
18.8
11.0 .
3.08
0.748
3.29
0.527
0.753

—

2.00
0.295

NP-29 
617.6

48.64
16.39
9.10
9.33

13.29
1.79
0.48
0.76
0.08
0.14
1.89
0.26
0.02

120
47

0.48
1.37
1.34

19
34

214
0.146
0.592
0.317

23
59

4.5
11.3
6.79
2.02
0.781
2.53
0.389
0.578
0.253
1.52
0.22

'All data recalculated to WO^o anhydrous oxides after disregarding fyO* and H^O ~ and correcting CaO and FeO(t) for measured CO^ and S 
concentrations (Table 23.4). Correction for S based on analysis of sulfide component of sample 90MC10 (Czamanske, Kunilov et al. 1992).
*Depth in core, in metres. 
"Total iron as FeO
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Table 23.1. (coni.) Major and trace element data* for samples from borehole NP-29 through the Noril'sk l intrusion.

Sample No. 
Depth*

SiO2 , wt 7c
A1203 
FeO**

MgO
CaO
Na2O
K2O
TiO2
P205
MnO
H20't-
H20-

C02

Ba, ppm
Co
Cs
Hf
Pb
Rb
Se
Sr
Ta
Th
U
Y
Zr

La, ppm
Ce
Nd
Sm
Eu
Gd
Tb
Ho
Tm
Yb
Lu

NP-29 
628

49.84
17.53 
8.38
7.31

13.58
1.93
0.37
0.82
0.51
0.16
1.05
0.37
0.06

114
37

0.52
1.57
2.27

12
36

210
0.157
0.679
0.286

18
64

5.21
12.4
7.47
8.55
0.808
2.60
0.411
0.611
0.276
1.73
0.247

NP-29 
637.9

49.92
15.93 
8.72
8.38

13.74
1.93
0.28
0.83
0.29
0.17
1.08
0.28
0.05

114
39

0.42
1.41
3.59

11
39

210
0.144
0.627
0.251

24
65

4.74
11.5
6.68
5.75
0.755
2.43
0.418
0.575
0.247
1.63
0.245

NP-29 
655.7

48.88
16.29 
9.98
9.07

12.56
1.83
0.32
0.78
0.32
0.18
1.28
0.27
0.05

114
50

0.53
1.35

—

16
33

215
0.161
0.751
0.249

28
67

4.54
11.6
6.90
5.62
0.762
2.49
0.405
0.591
0.250
1.59
0.23

NP-29 
658.7

48.61
17.46 
9.74
8.91

11.73
1.95
0.49
0.85
0.28
0.16
0.52
0.44
0.09

106
49

0.62
1.50
1.29

20
28

205
0.177
0.686
0.286

22
68

5.24
12.0
7.18
5.27
0.784
2.82
0.433
0.642
0.275
1,68
0.249

NP-29 
667

48.64
17.31 
9.46
8.65

12.30
2.04
0.45
0.88
0.21
0.16
1.79
0.25
0.07

156
46

0.33
1.44
1.31

14
29

238
0.173
0.700
0.381

25
62

5.02
11.2
7.12
4.07
0.798
2.49
0.423
0.588
0.268
1.75
0.253

NP-29 
669.7

48.16
16.29 
10.10
9.72

12.01
1.76
0.76
0.92
0.22
0.15
2.25
0.31
0.04

250
52

0.44
1.53
1.19

22
27

210
0.192
0.759
0.376

28
72

5.44
12.6
7.92
5.28
0.793
2.81
0.45
0.688

—
1.81
0.254

NP-29 
678.2

46.57
12.31 
12.84
16.14
9.15
1.41
0.35
0.90
0.12
0.23
2.15
0.22
0.06

138
80

0.61
1.43
3.58

13
28

188
0.159
0.614
0.278

26
65

4.89
10.6
6.68
2.99
0.761
2.39
0.397
0.581
0.255
1.57
0.228

NP-29 
681.2

44.55
9.33 

13.98
23.06

6.91
0.86
0.32
0.68
0.12
0.23
2.98
0.28
0.05

120
106

0.27
1.01
3.51

12
22

136
0.123
0.435
0..148

30
52

3.71
8.86
6.15
2.72
0.555
1.86
0.297
0.437

—

1.29
0.181

NP-29 
683.6

46.45
11.45 
12.64
18.35
8.31
1.29
0.35
0.84
0.27
0.21
2.25
0.27
0.25

116
97

0.45
1.27
4.11

12
26

184
0.158
0.531
0.256

17
52

4.55
12.4
7.67
5.87
0.704
2.23
0.369
0.541

—
1.55
0.234

NP-29 
684.4

6.11
12.23 
12.31
19.75
7.52
1.08
0.20
0.52
0.12
0.21
3.47
0.63
0.77

102
166

0.46
1.02
4.64
5

20
158

0.118
0.320
0.169

11
41

3.39
8.57
6.18
3.08
0.520
1.64
0.273
0.400

—

1.19
0.174

NP-29 
691.6

47.51
19.59
8.47

10.30
11.26

1.63
0.33
0.68
0.08
0.15
2.75
0.55
0.63

84
188

0.45
0.882
3.57

10
16

210
0.102
0.356
0.164

14
39

2.93
7.11
4.46
2.0
0.558
1.77
0.244
0.362

—

1.06
0.15

'All data recalculated to lOO^o anhydrous oxides after disregarding HzO* and H^O' and correcting CaO and FeO(t) for measured CO2 and S 
concentrations (Table 23.4). Correction for S based on analysis of sulfide component of sample 90MC10 (Czamanske, Kunilov et al. 1992).
*Depth in core, in metres. 
"Total iron as FeO
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Table 23.2. Major and trace element data* for samples from borehole KZ-1879 through the Kharayelakh intrusion.

Sample No. 
Depth*

SIO2 , wt 7c
A1203 
FeO"

MgO
CaO
Na2O
K2O
TiO2
P205
MnO
H2O*
H20-

CO2

Ba, ppm
Co
Cs
Hf
Pb
Rb
Se
Sr
Ta
Th
U
Y
Zr

La, ppm
Ce
Nd
Sm
Eu
Gd
Tb
Ho
Tm
Yb
Lu

KZ-1879 
1698.5

48.53
24.21 

6.86
3.92

10.67
2.06
2.91
0.59
0.08
0.16
3.72
0.10
0.13

400
28

1.23
1.14
5.18

85
14.8

325
0.146
0.637
0.390

20
48

6.73
15.1
8.45
2.11
0.724
2.22
0.332
0.462

—

1.24
0.184

KZ-1879 
1704

47.76
24.36 

5.60
6.42

12.03
1.97
1.28
0.35
0.06
0.17
3.62
0.47
0.19

178
36

0.37
0.976
2.46

36
11

352
0.123
0.503
0.267
7

41

3.1
7.80
4.87
1.44
0.621
1.75
0.266
0.345
0.141
0.909
0.144

KZ-1879 
1710.1

48.01
15.90 
8.69

11.59
13.01

1.56
0.44
0.56
0.06
0.17
2.20
0.21
0.01

102
53
0.36
0.945

—

15
33.7

268
0.105
0.440
0.213

25
53

3.32
8.61
5.69
1.57
0.543
1.80
0.305
0.405
0.176
1.12
0.163

KZ-1879 
1713.6

47.41
16.31 
9.67

12.11
11.52

1.68
0.38
0.66
0.08
0.18
1.92
0.17
0.06

95
61

0.49
1.19
6.49

12
26.3

240
0.148
0.566
0.258

21
55

4.23
10.9
6.65
1.87
0.651
2.09
0.351
0.476
0.210
1.35
0.207

KZ-1879 
1718.4

47.48
17.18 
9.71

11.18
11.23

1.85
0.35
0.71
0.11
0.18
1.31
0.22
0.04

98
59

0.55
1.33

—

12
22.7

250
0.161
0.68
0.279

16
61

5.1
11.4
7.11
1.94
0.714
2.29
0.382
0.351
0.228
1.46
0.223

KZ-1879 
1720.2

46.69
14.13 
11.40
14.44
10.47

1.46
0.44
0.69
0.08
0.21
1.88
0.25
0.06

104
71

0.41
1.27
4.64

12
25.6

192
0.138
0.616
0.256

16
54

4.55
10.4
5.88
1.83
0.619
2.23
0.363
0.514
0.226
1.42
0.217

KZ-1879 
1722.6

46.86
15.28 
10.31
13.84
11.04

1.45
0.34
0.62
0.07
0.21
1.73
0.17
0.03

100
69

0.56
1.21

—

10
25.3

205
0.131
0.599
0.265

10
44

4.38
10.4
6.23
1.81
0.629
2.05
0.326
0.479
0.212
1.36
0.201

KZ-1879
1725.2

47.06
17.85 
9.02

11.97
11.28

1.71
0.28
0.60
0.07
0.14
1.29
0.13
0.06

94
60

0.46
1.19
0.6

11
20.8

258
0.140
0.576
0.225

23
54

4.26
10.4
6.35
1.78
0.632
2.02
0.323
0.485
0.214
1.36
0.214

KZ-1879 
1729.4

46.81
17.61 
9.02

12.72
11.14

1.66
0.25
0.57
0.07
0.14
1.24
0.13
0.04

81
63

0.31
1.12

—

7
19.3

225
0.140
0.494
0.222

11
39

4.00
9.28
5.71
1.66
0.597
1.84
0.304
0.440
0.187
1.19
0.187

'AU data recalculated to lOOVo anhydrous oxides after disregarding H^O* and H^O and correcting CaO and FeO(t) for measured CO? and S 
concentrations (Table 23.4). Correction for S based on analysis of sulfide component of sample 90MC10 (Czamanske, Kunilov et al. 1992).
'Depth in core, in metres. 
"Total iron as FeO
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Table 23.2. (cont.) Major and trace element data* for samples from borehole KZ-1879 through the Kharayelakh intrusion.

Sample No. 
Depth*

SIO2, wt tfc
A12O3
FeO"

MgO
CaO
Na2O
K2O
Ti02
P205
MnO
H2O*
H2O-

CO2

Ba, ppm
Co
Cs
Hf
Pb
Rb
Se
Sr
Ta
Th
U
Y
Zr

La, ppm
Ce
Nd
Sm
Eu
Gd
Tb
Ho
Tm
Yb
Lu

KZ-1879 
1731.8

46.20
16.08
9.90

15.06
10.34

1.51
0.21
0.48
0.06
0.16
1.27
0.13
0.03

76
72

0.34
0.932
0.76
5

18.6
210

0.102
0.417
0.200

11
40

3.28
7.35
4.52
1.35
0.500
1.62
0.262
0.368

—

1.04
0.155

KZ-1879
1734.7

45.45
14.68
10.74
17.32
9.47
1.34
0.32
0.46
0.05
0.18
1.51
0.21
0.04

72
84
0.37
0.773
1.7

10
18.4

176
0.090
0.441
0.200

10
34

3.00
6.88
4.52
1.26
0.473
1.52
0.234
0.359
0.162
1.01
0.149

KZ-1879 
1738.3

46.58
17.67
8.94

13.28
11.02

1.60
0.20
0.49
0.06
0.14
1.57
0.21
0.17

68
61

0.45
0.859

—

7
17.8

215
0.106
0.443
0.196
8

37

3.28
7.44
4.81
1.35
0.497
1.59
0.254
0.378
0.163
1.02
0.155

KZ-1879 
1743.1

47.35
18.82
8.66

10.32
12.13

1.72
0.25
0.55
0.06
0.14
0.79
0.12
0.09

78
54
0.37
1.06
1.94
7

22.7
242

0.112
0.441
0.194

25
48

3.33
8.23
5.23
1.52
0.601
1.85
0.296
0.435
0.179
1.14
0.183

KZ-1879 KZ-1879
1752.5 1757

43.58
7.43

15.16
27.92

4.01
0.91
0.13
0.52
0.07
0.25
6.08
0.37
0.94

46
246

0.33
0.884

12.51
4

16.6
92

0.0985
0.324
0.099

12
36

2.64
6.11
3.89
1.16
0.387
1.48
0.242
0.357
0.161
1.00
0.15

43.63
6.32

14.79
29.59

4.17
0.72
0.13
0.36
0.06
0.23
7.42
0.43
0.36

31
189

0.26
0.653

—

6
16.6
77

0.071
0.274
0.164

10
33

2.15
5.26
3.22
0.946
0.342
1.18
0.204
0.300
0.128
0.821
0.121

KZ-1879 
1761

43.86
6.52

14.57
28.90

4.49
0.79
0.16
0.42
0.06
0.23
7.11
0.43
0.34

52
173

0.15
0.754
2.76
7

17.7
70

0.080
0.274
0.147
7

30

2.32
5.35
3.54
1.01
0.373
1.30
0.223
0.329
0.147
0.898
0.131

KZ-1879 
1763.1

44.13
6.57

15.01
28.92

3.81
0.70
0.14
0.42
0.06
0.24
8.60
0.69
0.17

28
177

0.49
0.730

—

7
17.9
74

0.079
0.272
0.122
7

29

2.44
6.11
4.01
1.13
0.377
1.34
0.216
0.323
0.140
0.902
0.137

KZ-1879 
1767.9

44.57
7.92

13.84
26.19

5.43
1.01
0.19
0.56
0.07
0.22
4.85
0.33
0.44

59
144

0.23
0.915
6.88
8

19.2
100

0.099
0.358
0.132

10
35

2.85
7.42
4.37
1.22
0.455
1.46
0.241
0.344
0.159
0.978
0.153

'All data recalculated to 1007o anhydrous oxides after disregarding H^O* and H^O' and correcting CaO and FeO(t) for measured CO^ and S 
concentrations (Table 23.4). Correction for S based on analysis of sulfide component of sample 90MC10 (Czamanske, Kunilov et al. 1992).
*Depth in core, in metres. 
"Total iron as FeO
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Table 23.2. (coni.) Major and trace element data* for samples from borehole KZ-1879 through the Kharayelakh intrusion.

Sample No. 
Depth*

SIO2, wt 9fc
A1203
FeO"

MgO
CaO
Na2O
K20
TiO2
P205
MnO
H20*
H2O-

CO2

Ba, pprn
Co
Cs
Hf
Pb
Rb
Se
Sr
Ta
Th
U
Y
Zr

La, ppm
Ce
Nd
Sm
Eu
Gd
Tb
Ho
Tm
Yb
Lu

KZ-1879 
1768.5A

48.30
15.56
9.57

13.60
9.25
1.86
0.76
0.83
0.12
0.16
2.09
0.33
0.34

146
119

0.86
1.42
3.11

24
23.6

248
0.159
0.700
0.328

15
66

5.33
11.5
7.16
2.04
0.741
2.41
0.410
0.578
0.256
1.70
0.238

KZ-1879 
1768.5B

46.70
14.22
10.66
16.84
8.49
1.66
0.52
0.65
0.08
0.19
1.94
0.21
0.07

124
171

0.72
1.18
3.95

19
18.6

205
0.139
0.467
0.230

15
45

3.98
9.54
5.76
1.62
0.642
1.87
0.307
0.454
0.206
1.32
0.192

KZ-1879
1772.1

44.53
7.87

14.57
25.32

5.42
1.14
0.23
0.59
0.08
0.23
3.07
0.21
0.56

67
126

0.24
0.924
1.05
7

21.8
112

0.097
0.358
0.179

11
32

3
7.05
4.48
1.32
0.487
1.56
0.260
0.383
0.173
1.12
0.169

KZ-1879 KZ-1879 KZ-1879 KZ-1879 KZ-1879 
1773.0 1777.4 1783.5 1785.5 1791.6

48.03
13.85
10.31
15.34
8.85
1.85
0.51
0.95
0.12
0.19
1.59
0.27
0.25

120
112

0.73
1.67
4.33

14
23.3

200
0.199
0.804
0.331

26
72

6.18
14.4
8.96
2.37
0.805
2.73
0.425
0.612
0.285
1.72
0.256

47.32
12.71
12.55
15.70
8.02
1.57
0.89
0.93
0.11
0.21
1.68
0.11
0.53

166
130

0.80
1.72

—

28
26.4

220
0.187
0.707
0.336

27
68

4.96
12.6

8.11
2.42
0.787
3.08
0.526
0.726
0.298
1.85
0.269

49.53
15.67
12.82
9.23
6.68
3.31
1.21
1.11
0.15
0.28
3.96
0.87
0.34

146
140

0.77
1.83

19.36
34
33.4

584
0.206
0.925
0.394

18
70

6.85
13.9
9.03
2.58
0.720
3.09
0.547
0.763
0.343
2.15
0.32

48.29
17.74
12.59
9.44
6.71
2.12
1.80
0.94
0.11
0.26
3.26
0.98
0.66

325
157

0.84
1.41
4.57

44
19.8

468
0.169
0.603
0.333

33
75

4.87
11.7
8.09
2.24
0.730
2.49
0.404

—
—

1.63
0.231

48.30
15.16
14.25
8.67
8.53
2.89
0.72
0.97
0.11
0.40
4.00
0.73
0.08

104
274

0.55
1.15
4.21

14
29

334
0.099
0.360
0.154

16
63

3.3
8.21
5.42
1.77
0.516
2.11
0.352
0.514

—

1.43
0.212

KZ-1879 
1793.4

48.31
16.88
11.82
8.44
9.21
2.15
1.92
0.91
0.12
0.26
3.27
0.63
0.17

280
65

1.15
1.68

36.21
59
31.7

466
0.189
0.688
0.354

19
58

6.57
14.6
9.31
2.54
0.905
3.04
0.502
0.670
0.292
1.87
0.282

KZ-1879 
1798.1

50.10
15.62
12.74
6.93
8.30
3.34
1.09
1.40
0.1
0.31
2.92
0.34
0.31

168
50
0.69
2.24
1.63

33
36.5

510
0.272
1.12
0.430

33
106

7.77
17.5
11.4
3.34
1.05
4.00
0.688
0.997
0.422
2.64
0.381

'All data recalculated to lOO^o anhydrous oxides after disregarding fyO* and H^O' and correcting CaO and FeO(t) for measured CO2 and S 
concentrations (Table 23.4). Correction for S based on analysis of sulfide component of sample 90MC10 (Czamanske, Kunilov et al. 1992).
*Depth in core, in metres.
**Total iron as FeO
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NP-29-567 and NP-29-617.6; see Tables 23.1 and 23.4 
and Figure 23.10). Trace element data suggest that 3 distinct 
magma types were emplaced into the Noril'sk I intrusion; l 
magma type predominates in the upper 60 m, a second in the 
next 60 m, with a third, picritic magma in the lower 20 m of 
the intrusion (see Table 23.4). Note the contrasts in Cu/Pt 
and Cu/Pd ratios for these 3 intervals. For the Noril'sk I in 
trusion as a whole, the lead- and strontium-isotope 
systematics are less sensitive than trace element contents to 
this emplacement pattern but reveal numerous perturba 
tions. It is notable that of the 3 borehole profiles of MgO 
content (see Tables 23.4, 23.5 and 23.6 and Figure 23.12), 
only that for borehole NP-29 through the Noril'sk I

intrusion even roughly approximates that expected from 
simple in situ differentiation of a single magma input.

Data for borehole KZ-1879 through the Kharayelakh 
intrusion reveal a similarly complex emplacement history. 
A revealing tracer is chromium; contents of chromium in 
the lower 40 m of the borehole are notably less than those in 
the overlying rocks, a relation most striking when MgO con 
tents are considered concurrently (see Table 23.5). This 
situation is most improbable if the intrusion were formed by 
a single influx of magma. Associated with this remarkable 
shift in Mg/Cr ratios at the position of sample 
KZ-1879-1752.5 is an abrupt discontinuity in sulphur and
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Figure 23.11. Plots of initial 206Pb7204Pb ratios versus initial 87Sr786Sr ratios a) and initial 207Pb7204Pb ratios versus initial 87Sr786Sr ratios b) for the 
Siberian flood basalts and the Noril'sk I, Kharayelakh, and Lower Talnakh intrusions. See explanation for Figure 23.8.
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Table 23.3. Major and trace element data* for samples from borehole SG-28 through the Lower Talnakh intrusion.

Sample No. 
Depth*

SiO2 , wt 9fc
A1203
FeO*"

MgO
CaO
Na2O
K2O
TiO2
P205
MnO
H2O*
H2O-

CO2

Ba, ppm
Co
Cs
Hf
Pb
Rb
Se
Sr
Ta
Th
U
Y
Zr

La, ppm
Ce
Nd
Sm
Eu
Gd
Tb
Ho
Tm
Yb
Lu

SG-28 
1858.9

64.21
16.61
4.60
4.82
1.82
5.30
1.44
0.87
0.21
0.12
2.23
0.64
0.97

440
16
0.19
4.58
6.4

38
18.6

584
0.736
7.95
3.24

30
210

32.4
67.7
31.4

5.93
1.29
5.40
0.718
0.932
0.357
2.16
0.315

SG-28 
1863.5

50.50
16.17

8.81
9.95
9.60
2.96
1.01
0.80
0.10
0.10
3.82
0.29
0.21

530
46

1.15
2.05
1.99

40
27.3

608
0.276
1.70
0.554

24
91

8.05
19.8
9.97
2.59
0.678
2.80
0.451
0.658
0.271
1.75
0.257

SG-28 
1885

46.80
13.57
10.32
16.51
10.15
0.78
1.13
0.52
0.06
0.18
4.05
0.25
0.04

128
77

1.57
1.22
4.08

38
20.5

176
0.168
0.925
0.443

18
57

5.91
14.1
6.98
1.83
0.498
2.00
0.307
0.399
0.175
1.10
0.170

SG-28 
1886.4

46.72
15.75
9.72

15.11
10.76
0.92
0.32
0.43
0.06
0.19
3.42
0.51
0.02

116
106

1.31
1.05
8.97

10
16.9

208
0.151
0.765
0.293

10
46

6.10
14.1
6.87
1.66
0.543
1.67
0.266
0.357

—

0.92
0.132

SG-28 
1890.1

46.69
15.53
9.78

14.70
10.99
0.99
0.59
0.45
0.05
0.23
2.64
0.28
0.07

260
69

1.28
1.07

20.2
16
20.9

226
0.153
0.803
0.293

19
51

5.81
12.6
6.24
1.63
0.637
1.65
0.265
0.348
0.153
0.96
0.142

SG-28 
1899.6

47.57
17.42
8.22

12.52
12.09
0.99
0.49
0.49
0.06
0.14
3.55
0.30
0.01

108
62

1.21
1.13
1.31

16
19.5

278
0.175
0.876
0.370

20
54

7.74
15.8
7.09
1.69
0.537
1.63
0.264
0.362
0.156
1.02
0.155

SG-28 
1909.1

47.88
15.05
10.16
14.42
10.24
0.98
0.49
0.47
0.06
0.23
0.88
0.77
0.06

80
70

1.28
1.21
5.78

23
21.5

186
0.183
0.944
0.554

16
58

6.58
14.0
7.71
1.79
0.636
1.81
0.302

—

0.184
1.14
0.163

SG-28 
1924.3

47.74
16.19
9.72

11.57
12.19

1.19
0.57
0.57
0.09
0.17
3.64
0.41
0.01

95
62

1.23
1.44
1.96

15
20.7

204
0.215
1.20
0.506

11
64

7.35
16.7
9.24
2.21
0.645
2.39
0.348
0.454
0.205
1.30
0.207

SG-28 
1931.3

44.40
9.10

11.24
23.43
10.20
0.31
0.59
0.41
0.04
0.28
5.43
0.38
0.07

45
83

1.15
0.906
1.28

25
20.2

154
0.099
0.319
0.083
8

39

4.41
11.9
7.87
2.01
0.381
2.13
0.299
0.381
0.157
0.892
0.133

'All data recalculated to lOO^o anhydrous oxides after disregarding H^O * and H^O and correcting CaO and FeO(t) for measured C02 ana S 
concentrations (Table 23.4). Correction for S based on analysis of sulfide component of sample 90MC10 (Czamanske, Kunilov et al. 1992).
'Depth in core, in metres. 
""Total iron as FeO
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Table 23.3. (coni.) Major and trace element data* for samples from borehole SG-28 through the Lower Talnakh intrusion.

Sample No. 
Depth*

SiO2 , wt 9b
A1203
FeO**

MgO
CaO
Na2O
K2O
TiO2
P2Os
MnO
H20*
H2O-

CO2

Ba, ppm
Co
Cs
Hf
Pb
Rb
Se
Sr
Ta
Th
U
Y
Zr

La, ppm
Ce
Nd
Sm
Eu
Cd
Tb
Ho
Tm
Yb
Lu

SG-28 
1941.75

45.19
9.21

12.86
23.24

7.70
0.37
0.63
0.44
0.05
0.31
5.37
0.50
0.01

74
110

1.59
1.01
3.72

29
20.4
98

0.137
0.832
0.209

12
40

5.53
12.9
6.89
1.70
0.435
1.91
0.297
0.372
0.152
0.929
0.147

SG-28 
1954.2

48.10
15.79
7.09

13.67
11.68

1.49
1.38
0.53
0.06
0.20
3.94
0.40
0.45

290
42

0.78
1.15

14.89
48
21.8

306
0.164
0.977
0.189

27
56

4.85
16.0
11.9
2.93
0.609
2.84
0.416
0.523
0.198
1.25
0.173

SG-28 
1955.7

43.71
7.93

16.22
23.96

6.56
0.38
0.43
0.43
0.06
0.32
5.37
0.44
0.02

35
160

1.28
1.03
8.72

23
18.7

108
0.141
0.830
0.191

18
42

4.10
9.95
6.25
1.48
0.361
1.68
0.269
0.366
0.159
0.976
0.152

SG-28 
1976.8

47.94
13.02
11.72
15.80
8.81
0.91
0.75
0.65
0.09
0.32
3.03
0.34
1.20

186
75

1.65
1.56
9.07

23
24.1

205
0.237
1.14
0.442

20
64

7.84
17.6
9.00
2.23
0.686
2.19
0.357
0.462
0.208
1.31
0.199

SG-28 
1986.1

45.67
8.13

13.16
24.30

6.76
0.51
0.65
0.51
0.07
0.26
6.66
0.55
0.01

95
112

1.48
1.11
3.16

18
21.2
67
0.150
0.785
0.282

17
51

5.77
12.0
6.24
1.62
0.502
1.85
0.296
0.391
0.164
1.07
0.160

SG-28 
2005.3

51.59
15.30
8.70
8.32

10.89
2.46
1.46
0.99
0.13
0.18
1.89
0.33
0.85

250
42

0.97
2.40
2.68

33
33.8

292
0.345
1.82
0.602

25
99

11.6
27.5
14.1
3.41
1.00
3.38
0.572
0.758
0.307
1.98
0.298

SG-28 
2010.5

47.10
10.38
12.21
19.90
7.73
1.01
0.74
0.64
0.08
0.21
3.65
0.34
0.35

102
95

1.80
1.45
4.33

22
22.8

146
0.211
1.12
0.403

13
56

7.43
16.4
8.27
2.17
0.598
2.38
0.383
0.538
0.222
1.41
0.201

SG-28 
2013.5

51.03
15.03
9.91
8.04

11.69
1.98
1.00
1.00
0.12
0.18
1.51
0.26
0.29

210
47

1.31
2.55
3.72

28
33.4

230
0.399
1.94
0.696

26
116

13.1
29.4
15.6
3.66
1.01
3.90
0.62
0.862
0.364
2.19
0.324

AU data recalculated to lOO^o anhydrous oxides after disregarding H^O * and fyO ~ and correcting CaO and FeO(t) for measured CO2 and S 
concentrations (Table 23.4). Correction for S based on analysis of sulfide component of sample 90MC10 (Czamanske, Kunilov et al. 1992).
*Depth in core, in metres. 
"Total iron as FeO
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Table 23.4. Selected compositional data for borehole NP-29 through the Noril'sk l intrusion.

Sample Number

NP-29-540.9

NP-29-561.7

NP-29-563.8

NP-29-567

NP-29-575.3

NP-29-584.6

NP-29-588.3

NP-29-598.8

NP-29-599.8

NP-29-603

NP-29-617.6

NP-29-628

NP-29-637.9

NP-29-655.7

NP-29-658.7

NP-29-667

NP-29-669.7

NP-29-678.2

NP-29-681.2

NP-29-683.6

NP-29-684.4

NP-29-691.6

Position*

157.2

136.4

134.3

131.1

122.8

113.5

109.8

99.3

98.3

95.1

80.5

70.1

60.2

42.4

39.4

31.1

28.4

19.9

16.9

14.5

13.7

6.5

MgOV
wt 9fc

3.65

4.48

4.56

4.96

5.97

5.78

6.15

7.00

4.68

10.91

9.33

7.31

8.38

9.07

8.91

8.65

9.72

16.14

23.06

18.35

19.75

10.30

Cr ppm^ 
ppm

2.5

2.1

3.1

4.0

11.4

4.2

75

215

2.5

180

620

500

650

440

255

275

270

2700

2550

3900

2570

110

S^ 
wt Ve

0.04

0.05

0.01

0.03

0.01

0.07

0.02

0.09

0.27

1.28

0.05

0.04

0.04

0.05

0.05

0.12

0.16

0.05

0.05

0.44

1.68

3.09

Mi*1 
ppm

29

16

44

36

58

43

83

108

36

420

182

98

126

154

132

186

198

520

900

1200

4300

9300

Cu* 
ppm

28

10

26

56

80

126

132

106

186

3000

98

88

102

116

110

118

152

134

164

3900

5300

9100

Pt* 
ppb

^.5

*c0.5

cO.5

•d). 5

6.2

•cO.5

3.7

1.4

•cO.5

200

7.7

9.1

6.1

8.4

7.7

8.9

7.5

48

200

1500

1500

2500

Pd* 
ppb

*c0.5

•cO.S

^.5

•cO.5

3.6

^.5

3.4

1.1

•c0.5

110

6.7

7.2

4.6

7.2

7.8

7.2

7.1

43

400

3500

5000

47000

Cu/Pt"

70

25

65

140

13

315

36

76

465

15

13

10

17

14

14

13

20

2.8

0.8

2.6

3.5

3.6

Cu/Pd"

70

25

65

140

22

315

39

96

465

27

15

12

22

16

14

16

21

3.1

0.4

1.1

1.1

0.2

^ Reported as weight 9fc. 
Reported as parts per million.

* Reported as ppb (x 10~3)
* Position relative to the lower contact of the intrusion, in metres.
** Where Pt or Pd ^.5 ppb, ratio calculated assuming a concentration of 0.4 ppb.

"ore-metal" contents. The strontium-isotope data (see 
Figures 23.10 and 23.12) show that the picritic input 
sampled in the interval 1746 to 1772.5 m was distinct in 
having a less radiogenic strontium-isotope composition 
than the magma represented by the overlying sequence. 
However, most surprising are the unusually radiogenic 
strontium-isotope characteristics of the lowermost 15 m of 
the borehole. It is "convenient" to ascribe these relatively 
high initial 87Sr786Sr ratios to contamination by country 
rocks, but this suggestion finds no support in the lead- 
isotope or trace element data (see Figures 23.9 and 23.10). 
Moreover, Russian workers have also considered quartz- 
rich rocks such as those found in the upper 60 m of borehole 
NP-29 to be contaminated. As far as their strontium- 
isotope compositions are concerned, these suggestions can 
not both be correct. Our view is that, with the exception of 
relatively few samples immediately adjacent to country 
rocks, the rocks of the intrusions have not experienced

significant contamination at emplacement levels. Input of 3 
distinct magma pulses is strongly indicated by data for bore 
hole KZ-1879.

The unusually low and relatively constant chromium 
content of the Lower Talnakh intrusion is conspicuous in the 
data of Tables 23.4,23.5 and 23.6. Initial ^SrWr ratios for 
the Lower Talnakh intrusion are relatively high, with the 
highest values characteristic of the picritic section that 
includes and underlies sample SG-28-1931.3, rocks that 
are also characterized by high Th/U ratios (see Figure 23.12 
and Table 23.3). Within the context of SFBP magmatism, 
the isotopic, trace element and ore-metal attributes of these 
Lower Talnakh picrites could scarcely differ more from 
those just discussed from the Kharayelakh intrusion. The 
principal indicators of a complex emplacement history 
for the Lower Talnakh intrusion are the intermediate 
stratigraphic position of the picrites and highly diverse
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Table 23.5. Selected compositional data for borehole KZ-1879 through the Kharayelakh intrusion.

Sample Number

KZ-1 879- 1698. 5

KZ-1 879- 1704

KZ-1879-1710.1

KZ-1879-1713.6

KZ-1879-1718.4

KZ-1879-1720.2

KZ-1879-1722.6

KZ-1 879- 1725. 2

KZ-1 879- 1729. 4

KZ-1 879-1 73 1.8

KZ-1 879- 1734. 7

KZ-1 879-1 738.3

KZ-1 879- 1743.1

KZ-1879-1752.5

KZ-1 879- 1757

KZ-1 879- 1761

KZ-1 879- 1763.1

KZ-1 879-1 767.9

KZ-1879-1768.5A

KZ-1 879-1 768. 5B

KZ-1879-1772.1

KZ-1 879-1 773.0

KZ-1 879- 1777 .4

KZ-1 879- 1783. 5

KZ-1879-1785.5

KZ-1 879- 179 1.6

KZ-1 879- 1793. 4

KZ-1 879- 1798.1

KZ-1879-1 800.2

KZ-1 879- 1802. 5

KZ-1 879-1 805

KZ-1 879- 1807. 7

KZ-1 879- 1808

Position* MgO^ Cr^ S^ Ni^

111.8

106.3

100.2

96.7

91.9

90.1

87.7

85.1

80.8

78.5

75.6

72.0

67.2

57.8

53.3

49.3

47.2

42.3

41.8

41.8

38.2

37.3

32.8

26.8

24.8

18.7

16.8

12.2

10.1

7.8

5.3

2.6

2.3

3.92

6.42

11.59

12.11

11.18

14.44

13.84

11.97

12.72

15.06

17.32

13.28

10.32

27.92

29.59

28.90

28.92

26.19

13.60

16.84

25.32

15.34

15.70

9.23

9.44

8.67

8.44

6.93

—

—

—

—

—

170

270

590

435

300

470

590

415

415

405

485

485

680

3200

510

350

325

245

200

230

230

210

200

235

54

220

170

130

^

^

43

^

^

0.29

0.23

0.04

0.06

0.04

0.06

0.06

0.05

0.05

0.04

0.04

0.03

0.04

2.9

1.59

1.32

1.22

0.95

1.43

2.08

0.23

1.33

1.12

1.25

2.19

4.49

0.23

0.04

35.4

31.5

35.4

32.6

34.3

200

570

265

305

285

325

380

320

345

425

475

395

285

9500

3600

3600

3200

2400

2300

2800

1400

1500

1800

1800

1900

7400

300

162

Ni, wt9fc

4.59

4.47

4.71

4.74

5.13

Cu*

450

700

87

86

76

60

69

66

61

60

50

63

93

5600

4800

5000

4000

3400

4700

6600

850

4100

4000

5000

6000

12800

650

355

Cu, wt9fc

6.67

4.57

6.70

4.00

3.27

Pt*

130

370

11

17

21

12

9.3

8.2

7.7

10

9.7

12

23

810

410

550

430

280

340

380

94

220

250

260

310

1200

64

27

2200

2600

2670

1600

2130

Pd*

270

840

7.5

17

17

9.0

9.2

7.7

12

8.9

11

10

27

2900

1500

1900

1600

1100

1700

1700

380

890

1100

1200

1300

3300

210

60

11 500

12000

12000

9450

11700

Cu/Pt**

3.5

1.9

7.9

5.1

3.6

5.0

7.4

8.0

7.9

6.0

5.2

5.3

4.0

6.9

11.7

9.1

9.3

12.1

13.8

17.4

9.0

18.6

16.0

19.2

19.4

10.7

10.2

13.1

30.3

17.6

25.1

25.0

15.4

Cu/Pd**

1.7

0.8

11.6

5.1

4.5

6.7

7.5

8.6

5.1

6.7

4.5

6.3

3.4

1.9

3.2

2.6

2.5

3.1

2.8

3.9

2.2

4.6

3.6

4.2

4.6

3.9

3.1

5.9

5.8

3.8

5.6

4.2

2.8

^ Reported as weight 9c. 
Reported as parts per million. 

* Reported as ppb (x 10~3) 
* Position relative to the lower contact of the intrusion, in metres. 

** Where Pt or Pd ^.5 ppb, ratio calculated assuming a concentration of 0.4 ppb.
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Table 23.6. Selected compositional data for borehole SG-28 through the Lower Talnakh intrusion.

Sample Number Position* MgON Cr Ni Cu Pt* Pd'

Reported as weight 9fc. 
Reported as parts per million.

* Reported as ppb (x 10~3)
* Position relative to the lower contact of the intrusion, in metres.
** Where Pt or Pd ^.5 ppb, ratio calculated assuming a concentration of 0.4 ppb.

Cu/Pt** Cu/Pd**

SG-28-1 858.9
SG-28-1 863.5
SG-28-1 885
SG-28-1 886.4
SG-28- 1890.1
SG-28-1899.6
SG-28-1909.1
SG-28- 1924. 3
SG-28-1931.3
SG-28-1941.75
SG-28-1954.2
SG-28-1955.7
SG-28-1976.8
SG-28-1986.1
SG-28-2005.3
SG-28-2010.5
SG-28-2013.5

157.7
153.1
131.6
130.2
126.5
117
107.5
92.3
85.3
74.85
62.4
60.9
39.8
30.5
11.3
6.1
3.1

4.82
9.95

16.51
15.11
14.70
12.52
14.42
11.57
23.43
23.24
13.67
23.96
15.80
24.30
8.32

19.90
8.04

160
63
57
69
78
51
66
64
110
108
45
86
63
99
59
23
34

0.04
0.05
0.15
1.25
0.10
0.08
0.24
0.43
0.32
0.53
0.06
0.20
0.10
0.32
0.49
0.35
0.06

24
114
340
580
186
200
168
158
580
620
205
890
330
620
72

405
54

28
67
160
870
160
138
50
114
98

210
46

600
76

210
73

215
64

^.5
•cO.S
^.5
2.0

•cO.5
•cO.S
1.3
0.8
5.8
6.7

•cO.S
16
1.9
8.3

^.5
4.3
0.9

^.5
•cO.S
^.5
1.6

•cO.S
•cO.5
2.5
^.5
1.2
2.0

•d). 5
10
1.4
7.3
^.5
1.4
1.0

70
168
400
435
400
345
38

143
17
31
115
38
40
25
183
50
71

70
168
400
544
400
345
20

285
82

105
115
60
54
29
183
154
64

MgO contents (primarily a reflection of varying olivine 
content) in the lower 70 m of borehole SG-28.

Further consideration of Figure 23.10 shows that, aside 
from the consistently lower initial 206Pb7204Pb ratios typical 
of the Noril'sk I intrusion, there is a minimum of infor 
mation regarding the construction of these intrusions that 
can be extracted from their lead-isotope compositions. 
Whereas, some variations in rock composition and initial 
87Sr786Sr ratio appear to be reflected in the lead-isotope data, 
there are equally large effects for all 3 variables where the 
correlations are not apparent.

Sulphur, copper and PGE contents vary complexly 
within and between lithological units in borehole KZ-1879. 
Intervals with constant or systematically varying sulphur 
contents and metal/sulphur ratios are separated by discon 
tinuities that generally correspond to contacts between 
major lithologic units (see Figure 23.13). Massive-sulphide 
ore occurs in contact-metamorphosed sedimentary rocks 
below fine-grained, contact gabbrodolerite at the base of the 
intrusion. On a 100*26 sulphide basis, the contents of copper 
and PGEs in the massive ore (as expressed by metal/sulphur 
ratios) are low, relative to sulphide mineralization in the 
overlying units. The shapes of the chondrite-normalized 
PGE -i- gold patterns for the massive ore indicate that it is 
enriched in cumulus monosulphide solid solution (MSS; 
Figure 23.14d; see also Zientek et al., this volume). 
This massive ore is separated from the disseminated ore in 
overlying taxitic and picritic gabbrodolerite by chilled, con 
tact gabbrodolerite with a low sulphur content (less than 
0.04 weight 9fc). For the disseminated ore, sulphur contents 
first decrease upwards in taxitic gabbrodolerite but then 
increase upwards in picritic gabbrodolerite; Cu/S and Pd/Pt 
ratios are constant throughout this interval. There are slight

variations in Pt/S and Ru/S ratios in this interval, but too few 
samples have been analyzed from each lithological unit to 
establish systematic variations. The compositions of trace 
amounts of sulphide in the overlying olivine poikilitic and 
olivine gabbrodolerite are quite distinctive. In these rocks, 
Cu/S is lower than, Pt/S is comparable to, and Ru/S is higher 
than that in the underlying rocks that host the disseminated 
ores. Within the olivine poikilitic gabbrodolerite, Cu/S, Pt/S 
and Ru/S ratios decrease systematically upsection, while 
sulphur contents increase. The rate at which the ratios 
change is not the same, which suggests that the systematic 
changes in composition may have been caused by fractional 
segregation of sulphide liquid (Naldrett and Wilson 1990; 
Barnes et al. 1990). Sulphur concentrations are higher in 
the 2 samples from the leucogabbro and/or upper taxitic 
gabbrodolerite; the lower sample has the highest Pt/S ratio 
measured.

Association of discontinuities in initial 87Sr786Sr ratios 
with many of the lithological transitions in borehole 
KZ-1879 suggests that the lithological sequence observed 
in this borehole did not form by in situ differentiation, but by 
injection of several pulses of magma. The sulphide 
trace element data support this interpretation and indicate 
at least 3 end members for the sulphide component of the 
sequence: l) disseminated ores in the lower part of the intru 
sion and mineralization in leucogabbro and/or upper taxitic 
gabbrodolerite; 2) trace sulphide minerals in the isoto- 
pically distinct, olivine poikilitic and olivine gabbro 
dolerite; and 3) massive sulphide. The sulphide component 
of the disseminated ores in the lower part of the intrusion 
varies only slightly in composition, although rocks hosting 
the ores are characterized by lithologic and isotopic transi 
tions or discontinuities suggestive of the involvement of
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87Sr786Sr at 250 Ma
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Figure 23.12. Vertical profiles of MgO contents (dashed lines) and initial 87Sr786Sr ratios (solid lines) for the Noril'sk I (dots), Kharayelakh (squares) 
and Lower Talnakh (triangles) intrusions. See text for discussion of stratigraphically significant samples.
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2 or more compositionally distinct magmas. The leuco- 
gabbro and/or upper taxitic gabbrodolerite have lower sul 
phur contents than rocks containing disseminated ore lower 
in the intrusion, but the shapes of their chondrite-normal- 
ized PGE patterns are identical to those for disseminated 
ores, suggesting similar evolutionary histories (see Figures 
23.14a and 23.14c). Olivine poikilitic gabbrodolerite and 
olivine gabbrodolerite containing trace quantities of sul 
phur are separated from overlying and underlying rocks by 
isotopic discontinuities and have chondrite-normalized 
PGE patterns (see Figure 23.14b) with flatter (less fraction 
ated) slopes than those for underlying disseminated ores, 
gabbrodolerite from the lower chill zone and the leuco- 
gabbro and/or upper taxitic gabbrodolerite. The enrichment 
of PGEs in the sulphide component of these rocks is little 
different from that in the disseminated ores, suggesting that 
the differences in PGE patterns reflect differences in paren 
tal magma compositions. Much of the compositional differ 
ence between the massive ore and sulphide mineralization 
within the intrusion can be attributed to the cumulate aspect 
of these ores (Zientek et al., this volume). However, low 
rhodium, ruthenium and iridium contents in the massive ore 
suggest that the cumulus MSS that accumulated in these 
ores must have been derived from sulphide liquids more 
fractionated than those represented by sulphide mineraliza 
tion in the overlying intrusion (see Figure 23.14d).

The Case for Complexity
Russian students of the ore-bearing intrusions have long 
characterized them as being "fully differentiated," in con 
trast to a wide variety of weakly mineralized or unmineral- 
ized mafic intrusions, which contain a more limited range of 
rock compositions and may, as a whole, be more leucocratic 
or melanocratic (e.g., Genkin et al. 1981). As discussed 
by Zen'ko and Czamanske (this volume), a complete 
section of rock units for the ore-bearing intrusions usually 
includes "olivinites" and picritic gabbrodolerites, which 
may contain nearly 30 weight tfc MgO, as well as quartz- 
bearing gabbrodiorite or leucogabbro near the roofs of the 
intrusions.

Much published literature leaves one with the impres 
sion that the spectrum of rock units found within the 
ore-bearing intrusions has evolved largely by differenti 
ation within a single pulse of magma. This impression is 
strengthened further by illustrations that suggest that 
a lower-, middle- and upper-layered gabbro series can 
commonly be recognized. Naldrett et al. (1992, Figure 15) 
present such a figure, even though they go on to write, "We 
believe that the complex nature of the lower contact and 
taxitic gabbrodolerite and the upper gabbro series indicates 
that the intrusions have been filled by periodic inputs of 
magma of differing composition." The data just considered 
reveal not only that each intrusion received multiple inputs 
of magma, but that the lithological, geochemical and 
isotopic "stratigraphies" for each borehole are notably 
different. V.E. Kunilov (Noril'sk State Nickel Concern, 
personal communication, 1992) and others indicate that the 
idealized section of Zen'ko and Czamanske (this volume,
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Figure 7) is found with sharply decreasing frequency in the 
intrusion sequence—Talnakh-Noril'sk I-Kharayelakh. We 
suggest that it is more misleading than helpful to think of 
these intrusions in terms of the cumulate sequences that 
elsewhere characterize classic layered mafic intrusions.

One could scarcely make a stronger point about the 
complexity of the magmatic system in time and space than 
by considering our data for the Lower Talnakh and 
Kharayelakh intrusions. There are profound geochemical 
dissimilarities between these intrusions; in particular, the 
Kharayelakh picritic gabbrodolerites contain as much as 
30 times more chromium and have initial 87Sr786Sr ratios of 
0.7051 to 0.7054 versus 0.7084 to 0.7086 for those of the 
Lower Talnakh intrusion. Yet, as shown by Zen'ko and 
Czamanske (this volume, Figure 4), the Lower Talnakh 
intrusion directly underlies the Kharayelakh intrusion by 
about 100 m and is thought to have been emplaced only 
shortly earlier.

Two further complexities of the intrusive process relate 
to the relatively small massive-sulphide orebody encoun 
tered in borehole KZ-1879 (see Figures 23.la, 23.2 and 
23.13 and Tables 23.2 and 23.5): 1) lead-isotope studies by 
Wooden et al. (1992), sulphide trace element studies by 
Zientek et al. (this volume) and osmium-isotope studies by 
Walker et al. (1992, this volume) show that this orebody and 
the disseminated ores above it are geochemically and isoto- 
pically more similar to the ores associated with the Talnakh 
intrusion than to those associated with the Kharayelakh 
intrusion. Thus, while we discuss data from this borehole as 
being representative of the Kharayelakh intrusion, there 
appears to be a close connection between the intrusive 
systems that produced the north branch of the Kharayelakh 
intrusion and the Talnakh intrusion; and 2) as is typical of 
the district, the massive-sulphide orebody of borehole 
KZ-1879 is decoupled from the intrusion above. Consider 
ation of Table 23.5 and Figures 23.2 and 23.13 shows that 
sulphur and ore-metal contents are remarkably low in the 
contact gabbrodolerite and lowermost sample of taxitic 
gabbrodolerite. This critical relation—the lack of a typical 
downward increase in the ore grade above massive-sulphide 
orebodies—together with the fact that massive ore can be 
transgressive across various rock units, has led to the view 
that the emplacement of a sulphide ore magma represents 
a final, distinct event in the intrusive history of the 
ore-bearing intrusions. It is presently indeterminate where 
this event lies on a spectrum that ranges from relatively local 
remobilization of segregated sulphide liquid to a "dramatic" 
late-stage input of sulphide-ore magma from a deep 
accumulation chamber.

CONCLUSIONS
1. The basalts, intrusions and ores of the Noril'sk- 

Talnakh district are part of a coherent magmatic 
system, with many common trace element and isotopic 
characteristics, driven by a mantle plume.

2. Our data for the basalt sequence strongly support its 
division into 3 assemblages and strongly suggest

that mantle-derived melts were processed in crustal 
chambers prior to eruption.

3. On the basis of their lead- and osmium-isotope charac 
teristics, there is an intimate relation between the 
ore-bearing intrusions and the ores which they host.

4. Whereas, the ore-bearing and Lower Talnakh-type 
intrusions relate most closely to the transition between 
second- and third-assemblage basalts in some trace 
element characteristics, isotopic data show that there is 
no direct correspondence between these intrusion types 
and any of the basalt units.

5. Magmas parental to the ore-bearing intrusions had 
significant diversity in isotopic, major-element and 
absolute trace element contents, but tightly limited 
ranges in incompatible trace element ratios.

6. The concept of a "typical" internal stratigraphy for the 
ore-bearing intrusions is misleading. Rather, numerous 
exceptions to predicted rock-unit sequences, as 
measured by lithological, chemical and isotopic char 
acteristics, occur within the studied boreholes. Litho 
logical sequences vary significantly from l intrusion to 
another and, undoubtedly, from l borehole to another 
within the same intrusion.

7. Our data indicate the input of multiple magma pulses 
and are suggestive of the mixing and interstratification 
of magma types at the level of emplacement. Cumulus 
processes may have contributed to the development 
of some parts of the lithological sequences within 
the ore-bearing intrusions, but we consider these 
sequences to be too diverse and complex to represent a 
single pulse of magma.

8. The Noril'sk-Talnakh ore-forming system was open, 
dynamic and complex. It is appropriate, therefore, to 
remain open-minded about the ore-forming and 
ore-emplacement processes, which are as yet poorly 
constrained. In particular, we cannot presently recon 
cile the fact that the erupted basaltic magmas appear to 
have assimilated lower-crustal material; whereas, 
rocks and ores from the ore-bearing intrusions appear 
to have experienced minimal contamination.
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Abstract
The Re-Os isotope systematics of the Kammikivi sill of the Pechenga Complex, Russia, have been examined. 
The melt that produced this sill has been termed ferropicritic because of its high FeO and MgO contents. It 
was also enriched in light rare earth elements, TiC^, zirconium and other incompatible trace elements. 
During crystallization, the sill differentiated into gabbro, clinopyroxene cumulate, olivine cumulate and 
nickel-copper ore-bearing zones. The gabbro and clinopyroxene cumulate parts of the sill have very high 
187Re718"Os ratios, exceeding 15 000, making samples of these rocks useful for assessing closed-system 
Re-Os behaviour following crystallization. Of the high Re/Os ratio rocks, only the systematics of the clinopy 
roxene cumulate are consistent with closed-system behaviour since the circa 1.98 Ga crystallization age of the 
sill. The lowermost parts of the olivine cumulate zone and the underlying disseminated sulphide ores have 
187Re/186Os ratios of less than 550 and contain relatively high abundances of osmium, ranging from 0.936 to 
20.9 ppb. These rocks have initial osmium-isotope compositions that are quite variable, with yos values 
ranging from +61 to +2T9. These heterogeneous, apparently enriched initial isotope compositions probably 
resulted from the substantial loss of rhenium during a subsequent postcrystallization metamorphic event. 
Whatever the cause of the heterogeneities, these results indicate that the ores were not generated solely as a 
result of closed-system crystallization of a mantle-derived magma.

Results for the Kammikivi sill are compared with previously reported results for magmatic sulphide 
ores from Sudbury, Canada and the Noril'sk region of Siberia. Sudbury ores obtained a majority of their 
osmium from a predominantly ancient crustal source. The Noril'sk orebody discussed, in contrast, was likely 
derived almost exclusively from a mantle plume with little or no crustal contamination. The Sudbury and 
Noril'sk ores show minimal evidence for subsequent re-equilibration.

INTRODUCTION moderately enriched in crustal rocks relative to the mantle
	(e.g., Morgan 1986; Walker, Shirey et al. 1989; Walker,

The Re-Os isotope system is a valuable tool for the study of MorSan et al - 1991 )' Consequently, the Re-Os system has
the age and origin of magmatic sulphide ores. Because many Potential applications in distinguishing between
osmium is one of the 6 platinum group elements (PGE), the geological processes that other isotope systems may not
Re-Os system at present is unique as a long-lived radiogenic unambiguously discern. For example, ultramafic rocks such
isotope system with direct application to PGE and related as Peridotite and komatiite, that are commonly associated
element ore genesis. ^Re decays to WQs by beta decay with magmatic sulphides and chromite ores, have very high
witha4.2xlOio yearhalf-lifethatissimilartothehalf-lives osmium concentrations relative to most crustal rocks,
of 87Rb and K7Srn (Lindner et al 1989; the i9opt.i86Os Hence ' the Re'Os system in these rocks may be llttle
system may eventually prove valuable in some ore systems, affected by crustal interaction or, presumably, hydrothermal
although w* has a much longer half-life than i87Re , and alteration. The system is therefore a unique tool with which
wpt is a low abundance isotope of Pt). The Re-Os system to examine the geochemical characteristics of the mantle
also differs from the commonly applied Rb-Sr, Sm-Nd and that Produced the parental melts to these types of rocks
U-Pb systems, for which all parent-daughter element pairs and the crystallization processes that concentrated ore
are lithophile and incompatible with mantle-melt residues, materials. In addition, magmatic sulphide ores typically
Osmium is strongly siderophile and chalcophile. During exhlblt a relatively large range m Re/Os ratios, and isochron
partial melting of the mantle, osmium exhibits a behaviour dating using ore samPles 1S usually feasible in a11 but the
similar to nickel and acts as a compatible element, youngest of deposits.
Consequently, osmium concentrations in crustal rocks are Osmium isotopes can also be diagnostic in identifying
less than those of the mantle (Morgan and Levering 1967; the general source of a mantle-derived melt. Worldwide,
Morgan etal. 1981; Barnes etal. 1985; Naldrett and Barnes at least 3 distinct mantle reservoirs for osmium-isotope
1986; Peach et al. 1990). In contrast, rhenium behaves as growth have been identified in relatively young rocks: l)the
a moderately incompatible element and is slightly to mantle sources for mid-ocean ridge basalts (MORB) have
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osmium-isotope compositions similar to chondrites, as 
identified via the study of MORB-related basal peridotites, 
ophiolites and peridotite massifs (Martin 1990; Reisberg 
et al. 1991; Snow et al. 19.91; Luck and Allegre 1991); 
2) ancient subcontinental lithospheric mantle has 
187Os7186Os ratios that are generally lower than in chon 
drites (Walker, Carlson et al. 1989); and 3) volcanic rocks 
associated with hot spot- or plume-type mantle (oceanic 
island basalts, Phanerozoic komatiites) have highly variable 
osmium-isotope compositions, with 187Os7186Os ratios as 
much as 209fc higher than chondrites (Martin 1990; Kauri 
and Hart 1993; Walker etal. 1990). In comparison to mantle 
reservoirs, continental and oceanic crust rapidly evolves to 
much more radiogenic compositions than any mantle reser 
voirs. Esser and Turekian (1993) have estimated that the 
187Re7186Os ratio of average continental crust, as deter 
mined via the study of modern river sediments, is approxi 
mately 350. Thus, in 1.0 billion years the 187Os7186Os ratio 
of new continental crust might rise from l .06 to 6.84.

In this study, we report new Re-Os isotope data for 
ferropicritic rocks and associated magmatic sulphide ores 
from the Pechenga Complex, Russia and compare these 
results with previously reported data for ores from the 
Sudbury Igneous Complex (SIC), Canada (Walker, Morgan 
et al. 1991) and ore associated with l intrusion in the 
Noril'sk region of Siberia (Walker et al., in prep.). These 3 
locations make an interesting comparison because of their 
contrasting geological settings, and because their Re-Os 
systematics clearly distinguish between different sources 
for the osmium contained in the ores.

ANALYTICAL TECHNIQUES
A variety of Re-Os analytical techniques were used to pro 
duce the data reported and reviewed here. The Pechenga, 
Sudbury and Noril'sk samples were processed for rhenium 
and osmium using either flux fusion and/or distillation or 
acid digestion and/or distillation purifications, as described 
in Morgan and Walker (1989) and Walker (1988). The iso 
tope compositions for the earlier Sudbury work were deter 
mined using the resonance ionization mass spectrometry 
(RIMS) technique described by Walker and Fassett (1986). 
The Noril'sk and Pechenga samples were analyzed using 
the higher-precision negative thermal ionization mass spec 
trometry (NTIMS) technique as described in Creaser et al. 
(1991). Mass spectrometry procedures utilized by this study 
are detailed in Horan et al. (1992) and Walker et al. (in 
prep.). The analyses of rhenium reported in Walker, Morgan 
et al. (1991) for the Sudbury ores were high by 69fc as a result 
of a spike calibration error (see Horan et al. 1992). For this 
study, the analyses have been corrected and replotted.

RESULTS 

Ores of the Pechenga Complex
The Pechenga Complex is located in northwestern Russia 
on the Kola Peninsula near the border with Norway (Figure 
24.1). The complex consists of a sedimentary-volcanic 
pile that developed during the Paleoproterozoic on a

Neoarchean granite-gneiss complex. The Pechenga 
Complex is divided into a northern and southern series. The 
northern series is the best studied and is divided into 4 suites, 
of which the Pilguarvi suite is the youngest (see Figure 
24.1). The dominantly sedimentary lower part of the Pil 
guarvi suite is called "the productive strata" because all of 
the nickel-copper ore in this region is located in this tuffa- 
ceous-sedimentary succession. Within this unit, ores are 
associated with differentiated gabbro-wehrlite intrusions 
and sills. The petrology of these igneous rocks has been 
most recently discussed in Hanski and Smolkin (1989) and 
Hanski (1992). Based on major element, trace element and 
isotope similarities, Hanski and Smolkin (1989) concluded 
that the parental magmas of the ore-bearing intrusions were 
the same as for the associated primitive volcanic rocks, 
which occur as pillow lavas, lava breccias, tuffs, massive 
lavas and differentiated, spinifex-textured flows. This 
magma type was termed ferropicrite because of its 
exceptionally high iron content, which usually exceeds 14 
weight 9fc (FeOtot), and high MgO content close to 15 weight 
9fc in liquid composition (Hanski 1992). Ferropicritic rocks 
are also characterized by low A12O3 contents and high con 
centrations of TiO2 , zirconium and other incompatible 
elements. They are strongly enriched in the light rare earth 
elements (LREE) and have immobile trace element charac 
teristics similar to within-plate transitional or alkali basalts.

Hanski et al. (1990) and Hanski (1992) report Sm-Nd 
and Pb-Pb ages for both ferropicritic volcanic rocks and 
comagmatic nickel-bearing intrusions at Pechenga. The 
Sm-Nd results for whole rock and clinopyroxenes give an 
age of 1977±52 Ma with an initial eNd value of H-1.4±0.4. 
This initial neodymium-isotope composition, together with 
the LREE-enrichment of the ferropicritic melts, is consis 
tent with derivation from a mantle source that became 
LREE-enriched about 200 million years prior to their pro 
duction. A Pb-Pb isochron generated for ferropicrite whole 
rocks and apatite separates gives an age of 1988±39 Ma, 
with an estimated parental |l of 7.91 (fi = 238U7204Pb), con 
sistent with derivation from mantle with little ancient 
crustal contamination. In addition, a zircon from an 
interlayered silicic rock, termed a tufosilitsite has a 
207pb72oepb age of 1970±5 Ma. Sulphur isotope data for 
several sills (Grinenko et al. 1967; Pushkarev et al. 1988; 
and Grinenko and Smolkin 1991; summarized by Hanski 
1992) show modest variations with 834S values ranging 
from -l to H-2. Thus, the sulphur data are consistent with 
only minimal, localized incorporation of sulphur from 
spatially associated phyllites (834S = +11 to H-15). In 
summary, the existing isotope data indicate a circa l .98 Ga 
age for these intrusive and extrusive rocks, and a derivation 
from the mantle that became incompatible element enriched 
at about 2200 Ma. There is no major or trace element, or 
isotope evidence for major crustal contamination of the 
ferropicritic melts.

Most of the igneous rocks of the Pilguarvi suite have 
been metamorphosed to greenschist facies, with olivine 
typically altered to serpentine and chlorite. There is abun 
dant petrographic evidence for postmagmatic recrystalliza 
tion of ore minerals (e.g., Distler et al. 1990). This phenom 
enon is seen microscopically as a negative texture where
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sulphide pseudomorphs have replaced earlier olivine, or 
macroscopically, as the formation of stringer ores in foot 
wall metasedimentary rocks (Hanski 1992). Whole-rock 
samples of volcanic rocks from the Pechenga Complex 
yield Rb-Sr isochron ages averaging about 1780 Ma 
(Balashovet al. 1991), suggesting metamorphism occurred 
approximately 200 million years after the magmatic event.

The origin of the ferropicritic melts is still not firmly 
established. Hanski (1992) considered derivation from both 
a lithospheric source and a plume. He noted that numerous 
similarities in the incompatible and isotope chemistry of 
many oceanic island basalts and these ferropicrites suggest 
common source characteristics. However, metasomatically 
enriched subcontinental lithosphere cannot yet be ruled out 
as the source or a contributor to the ferropicrites.

Walker et al.

For this study, we examined the Re-Os systematics of 
the Kammikivi sill, a highly differentiated ferropicritic sill. 
Samples were obtained from 2 drill cores that pierced nearly 
complete sections of the sill (cores Pet l and Pet 2). The 
2 cores were separated by approximately 60 m on the sur 
face and were collected by the Geological Survey of Finland 
during the 1920s (Vayrynen 1938). Sample numbers reflect 
the core number and the vertical distance from the top of the 
core (in metres). The Kammikivi sill grades from a quench 
gabbro at the top, into clinopyroxene cumulate, to olivine 
cumulate at the base (Figure 24.2). The basal zone of the sill 
also contains disseminated nickel-copper ore. The main ore 
minerals are pyrrhotite, pentlandite and chalcopyrite. The 
sill overlies a sulphur-poor phyllite. Table 24. l gives Re-Os 
isotope and compositional data for the sill and underlying

GEOLOGICAL MAP OF 
THE PECHENGA AREA

Figure 24.1. Geological map of the Pechenga Complex, from Hanski and Smolkin (1989). Legend: 1) Archean gneisses and schists, Archean and 
Proterozoic granitoids; 2) conglomerates; 3) andesites and basalts; 4) trachybasalts, trachyandesites, picrites; 5) quartzites, dolomites; 6) basalts, pi- 
crites; 7) productive strata (phyllites, sandstones, siltstones, tuffs, tuffites) and gabbro intrusions; 8) graphite-bearing phyllites, dolomites; 9) basalts; 
10) psammites, siltstones, sericite schists; 11) picritic tuffs and tuffites, basalts; 12) andesites, dacites; 13) basalts, andesites, dacites; 
14) gabbro-wehrlite intrusions; 15) subvolcanic andesites, dacites; 16) faults; 17) superdeep drilling site: I—Suonnu dome; and II—Kaskeljrvi dome. 
The Kammikivi site is marked with the star.
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Figure 24.2. Profile of compositional variations within the Pet l drill core of the Kammikivi sill as a function of depth in metres from the top of the drill 
core. Small black dots refer to sampling depths.

phyllite. Osmium-isotope data for these rocks are also given 
using the Yos notation, assuming an age of 1980 Ma. As 
defined by Walker, Carlson et al. (1989), Yos is the percent 
deviation of the isotope composition of a rock at any time 
compared with the composition of carbonaceous chondrites 
at that time.

Rhenium and osmium concentrations and 187Re7186Os 
ratios vary as a function of vertical position within the Pet l 
drill core, as shown in Figure 24.3. The concentrations of 
192Os are plotted for these rocks because some of the 
samples contain a predominance of radiogenic 187Os that 
was not present when the rocks crystallized. 192Os is the 
most abundant stable isotope of osmium. Both rhenium and 
osmium have the highest concentrations in the disseminated 
sulphide ores near the base. Rhenium concentrations in the 
quench gabbro (1/1.00), clinopyroxene cumulate (1/5.40) 
and olivine cumulate (1/25.66 and 1/33.10) vary by less 
than a factor of 4. In contrast, 192Os concentrations vary 
from 0.00143 to 0.3254 ppb, with the lowest concentration 
in the clinopyroxene cumulate. These Re-Os concentration 
variations lead to very high 187Re^ 86Os ratios in the quench 
gabbro and clinopyroxene cumulate. Conversely, the 
olivine cumulate and disseminated ores have moderate 
187Re^ 86Os ratios. In practical terms, the samples with high 
187Re^ 86Os can be used for dating the sill or for testing for 
postcrystallization closed- system behaviour. The samples 
with the much lower 187Re7186Os ratios are most useful for 
examining either the initial isotope compositions of the 
samples, or the effects of subsequent alteration.

In Figure 24.4, 187Re7186Os is plotted versus 
187QS/186OS. The 2 samples with 187Re^ 86Os ratios greater 
than 10 000 have model ages of 1.90 Ga (sample 1/1.00) 
and 2.02 Ga (sample 1/5.40). Because of the extremely 
high Re/Os ratios for these samples, the choice of initial 
composition is not important to the model age calculation. 
The model age uncertainties for these 2 samples, as a func 
tion of analytical uncertainties, are approximately ±40 mil 
lion years. Thus, the isotope composition of only the clino 
pyroxene cumulate (sample 1/5.40) is consistent with 
closed-system behaviour since the circa l .98 Ga crystalliza 
tion age of the rocks (see Figure 24.4a). Those samples of

the sill with 187Re7186Os ratios less than 1000 (see Figure 
24.4b) show rather variable and significantly enriched 
Yos values at 1980 Ma, ranging from -t-18 for the sample of 
olivine cumulate, 1/25.66, to -1-279 for the other sample of 
olivine cumulate, 1/33.10.

The Pet l drill core also extended into the underlying 
phyllite. Two samples of the phyllite from this drill core 
(samples 1/47.50 and 1/48.40) have rhenium concentrations 
of 1.774 and 4.328 ppb, respectively. Osmium contents in 
the phyllite are quite high with concentrations of l .387 and 
0.9273 ppb, respectively. The sample of the phyllite taken 
closest to the sill (1/47.50) has a YOS value of-1-294, similar to 
the Kammikivi ores. The lower part of the phyllite has 
a Yos value of -25, indicating open-system behaviour 
following the intrusion of the ferropicrite melt. This rock 
has a single-stage of growth model age of l .91 Ga.

The Pet 2 drill core samples are from the same dissemi 
nated ore zone of the Kammikivi sill, but they sample a part 
of the sill where the ore zone thins relative to the Pet l site. 
The 2 samples of disseminated ore from the Pet 2 drill core, 
samples 2/25.65 and 2/21.10, have significantly higher con 
centrations of Re and osmium than ores from the Pet l core. 
These 2 samples have much lower YOS values, calculated for 
l .98 Ga, of H-67 and -h62, respectively.

The magnitude and variability of the calculated initial 
Yos values indicate that the osmium-isotope compositions 
observed cannot be the result of either mantle source hetero 
geneities or of crustal interaction prior to melt emplace 
ment. No major mantle reservoirs are known with Yos values 
as great as the H-62 to -t-279 observed, and crustal contamina 
tion of the melt would likely have lead to a melt that was 
uniformly enriched in 187Os. Thus, the osmium-isotope 
compositions of the ores and some parts of the olivine 
cumulate are inconsistent with formation exclusively from 
the ferropicritic magma with no subsequent modification. 
Either these rocks assimilated variable amounts of crustal 
material during crystallization, or their Re-Os systematics 
were affected by subsequent alteration processes.

As noted above, Hanski et al. (1990) and Hanski (l992) 
reported no evidence of major crustal contamination in 
the neodymium or lead-isotope systematics of several
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Table 24.1. Rhenium and osmium-isotope and compositional data for the Kammikivi sill, Pechenga region, Russia.

Sample

Pechenga
Kammikivi

Pet 1/1.00
Pet 1/5.40
Pet 1/25.66
Pet 1/33.10
Pet 1/43.95
Pet 1/45.05
Pet 1/47.50
Pet 1/48.40
Pet 2/25.65
Pet 2/27.70

Rock Type 1

Quench gabbro
Cpx cumulate
Ol cumulate
Ol cumulate
Diss. ore
Diss. ore
Phyllite
Phyllite
Diss. ore
Diss. ore

Re

3.051(30)
1.469(15)
1.601(16)
5.147(10)

15.60(3)
19.19(4)

1.774(4)
4.328(8)

134.8(2)
69.58(20)

Os

0.065 11(23)
0.034 64(7)
0.1595(4)
0.9356(18)
2.932(6)
2.993(6)
1.387(2)
0.9273(20)

51.82(10)
20.88(4)

1920s

0.001 80
0.001 43
0.051 46
0.3254
1.030
1.027
0.5298
0.3441

19.87
7.883

1870sX1860s

869.4(50)
560.0(16)

17.93(5)
12.15(3)
1 1 .40(2)
13.17(3)
5.549(11)
7.520(15)
5.258(10)
6.313(12)

187Re71860s

27 460.(340)
16600.0 80)

509.7(52)
259.4(8)
248.4(7)
306.4(9)

55.00(16)
206.5(8)

1 1 1 .4(4)
144.9(7)

YOs(T)2

-3940
+ 1210

+18
+279
+23S
H-223
-t-294
-25

*67
+6I

1 Cpx—clinopyroxene; Ol—olivine; Diss.—disseminated
2 T—time of crystallization
Rhenium and osmium abundances in ppb. Uncertainties (2(J) in the last decimal places are shown in parentheses.
All measurements were made by negative thermal ionization mass spectrometry. YQS values (see text for further explanation) are calculated for 
Pechenga rocks at 1980 Ma, assuming a chondritic 187Os/186Os ratio at that time of 0.9476.

KAMMIKIVI 
CORE PET 1

102

187 Re7 186 0s

50-
192

0.2
—t—

Os (ppb)
0.6 0.8 1.0

-l—
1.2
-l

0123456

Re (ppb)

Figure 24.3. Profile of rhenium and osmium concentrations and 
18 'Re/186Os variations as a function of depth within the Pet l core of the 
Kammikivi sill. Note that the osmium concentrations plotted are 192Os, 
as given in Table 24. l. Symbols for zones within the sill are the same as 
in Figure 24.2.

Pechenga intrusions. They did not, however, examine any 
samples from the Kammikivi sill, nor did they analyze 
samples that contain a significant quantity of disseminated 
ore. Still, compositional similarities between the unevolved 
parts of the Kammikivi sill, compared with other 
ferropicrites, also suggest that the- Kammikivi sill was 
emplaced without major crustal interaction. Despite this 
evidence against major crustal contamination, it is

conceivable that some interaction between osmium in the 
crystallizing sill and the underlying phyllite occurred, such 
as via minor assimilation or fluid transport. The effect of 
such interactions on Re-Os isotope systematics would 
depend on the nature of the interaction and also on the rela 
tive concentrations and isotope compositions of osmium in 
the sill and phyllite. For example, the data for the samples 
from the lower parts of the sill could be explained as a result 
of mixing of ferropicritic magma with phyllite subsequent 
to emplacement as the melt evolved, if the phyllite was suf 
ficiently radiogenic and had a sufficiently high osmium 
concentration. This explanation is consistent with the obser 
vation that the Pet 2 ores, with much higher rhenium and 
osmium concentrations, have much lower YQS values than 
the Pet l ores. However, the phyllite closest to the sill has an 
initial osmium-isotope composition at 1980 Ma that is only 
marginally higher than that of the Kammikivi ores from the 
Pet l drill core (maximum yOs = -(-294). Rhenium and 
osmium concentrations in parts of other ferropicritic flows, 
believed to be representative of melt compositions, are 
approximately 1.5 ppb rhenium and between 0.6 and 
0.1 ppb osmium (Walker, Hanskietal. 1991). Thus, despite 
the relatively high abundance of osmium in the phyllite, the 
amount of assimilation necessary to raise the osmium- 
isotope composition of the ferropicrite from a mantle-like 
Yos value of approximately O to a value greater than -f 200 
would have to have been impossibly high (greater than 
50^)). Thus, interactions between the sill and phyllite at the 
time of magmatism could not have produced the isotope 
systematics now observed.

Another possible explanation for the variations in the 
apparent initial osmium isotope compositions within the 
sill is either the postcrystallization addition of osmium or 
the loss of Re. First we consider the possibility of osmium
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Figure 24.4a and b. 187Re/186Os versus 187Os7186Os plot for samples 
from the Kammikivi sill. Note the different scales between the 2 figures. 
A l .98 Ga reference line with a chondritic initial ratio is shown for com 
parison with the data. Note that all ferropicrite samples with 
i87Re;186Os ratios less than 600 plot significantly above the reference 
isochron. If no error bar is shown, analytical uncertainty is less than the 
size of the symbols. The open circles are the Pet l phyllites.

addition. At some time following crystallization, osmium 
could have been added to parts of the sill from either exter 
nal sources (e.g., the phyllite) or via the redistribution 
and/or re-equilibration of osmium within certain parts of the 
sill. As discussed above with respect to syncrystallization 
chemical interactions, there is no known material nearby 
with sufficiently high osmium concentrations and isotope 
compositions to significantly raise the i 87Os7186Os ratio or 
lower the 187Re7186Os ratio of ores such as 2/25.65, with 
51.8 ppb osmium. Thus, it seems implausible that the addi 
tion of osmium from an external source caused the observed 
isotope systematics, either as a consequence of changing the 
isotope composition of osmium or lowering the

Osmium redistribution within the sill at some time sig 
nificantly following crystallization could potentially raise 
the osmium-isotope compositions of the parts of the sill 
with low Re/Os ratios and lower the ratio for high Re/Os 
ratio rocks. For example, the average 187Re7186Os ratio

for the intruding ferropicritic melt could have been 100 to 
600, based on the assumed melt concentrations given 
above. In the 200 million years between magmatism and 
metamorphism, the average osmium-isotope composition 
of the sill could have evolved from chondritic to an initial 
i 87Os7186Os of approximately 2.9 (yOs = +207), assuming 
the highest likely 187Re7186Os ratio of the parent melt (600). 
Thus, re-equilibration of osmium within the sill could lead 
to at least some of the isotope compositions observed in the 
ores and olivine cumulate. Such a process would require 
the release of osmium from magmatic phases and the 
movement of the released osmium over metres or greater 
distances.

The similarity between the Pet l ore compositions and 
the underlying phyllite indicates that such a re-equilibration 
process would also have to have extended into the country 
rock. As noted, there is petrographic evidence for the post 
magmatic crystallization of ore minerals in both the sill and 
the phyllite. However, 2 facts indicate against this model. 
First, the clinopyroxene cumulate does not appear to have 
been significantly reset hundreds of millions of years 
following the original igneous event, as would be expected 
if the sill completely re-equilibrated. Hence, the re-equili 
bration process could not have included the entire sill. 
Secondly, if the sill remained a closed system during the 
re-equilibration event, ore samples should have 187Re7186Os 
ratios both greater than and less than 600. This is not 
observed, as all samples of the olivine cumulate zone and 
disseminated ore zone have ratios less than 550.

A more viable explanation for the Re-Os systematics of 
the Kammikivi ores is that parts of the sill lost rhenium at 
some time subsequent to crystallization. Depending on 
when the metamorphism that caused rhenium loss occurred, 
the amount of loss required could have been substantial. For 
example, the isotope systematics of olivine cumulate 
sample 1/33.10, the sample with the highest yOs value, could 
be explained as a result of approximately 769fc loss of 
rhenium at 1780 Ma. The current rhenium concentration is 
5.15 ppb, so the original concentration would have been 
21.4 ppb. The loss would have to be even larger if the time 
interval between magmatism and metamorphism was less. 
Conversely, if the rhenium loss occurred as a result of recent 
leaching, the loss would only have to be about 239fc. Other 
samples would require lower proportions of rhenium loss. 
In support of this hypothesis, it is noted that both the Kam 
mikivi quench gabbro sample 1/1.00 and phyllite 1/48.40 
give young calculated model ages that could be consistent 
with the addition of rhenium to the rocks at some time fol 
lowing 1980 Ma. For example, the Re-Os data for sample 
1/1.00 are consistent with isotope evolution from 1980 
to 1780 Ma with a rhenium concentration of 1.25 ppb 
(i87Re7i86Os = 16 900), then the rock acquired rhenium up 
to the present concentration of 3.05 ppb. A means of testing 
this hypothesis would be to examine the Re-Os isotope 
systematics of spatially associated ore minerals that formed 
as a result of secondary processes. If the observed 
systematics resulted from the metamorphic open-system 
behaviour of Re, such assemblages should yield isochrons 
that define the age of metamorphism. The suite of samples
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necessary to do this phase of study have not yet been 
collected.

In summary, the osmium contained within the 
Kammikivi ores probably originated from a mantle-derived 
melt. The Re-Os isotope systematics of some parts of the 
Kammikivi sill, however, are highly variable and are incon 
sistent with a simple magmatic origin and subsequent 
closed-system behaviour. The isotope systematics cannot 
be explained as a result of the assimilation or exchange 
processes with underlying sedimentary rocks, or the post- 
crystallization re-equilibration of osmium within the 
sill. More likely, the results indicate the postcrystallization 
loss of rhenium, perhaps during the circa 1780 Ma 
metamorphism that has reset the Rb-Sr systematics of the 
Pechenga Group volcanic rocks. The loss of rhenium in 
some of the ores must have been substantial (greater than 
5096). Open-system behaviour of the Re-Os system in 
magmatic sulphides has been observed previously. Luck 
and Allegre (1984) and Luck and Arndt (1985) noted 
anomalous model ages for sulphides associated with koma- 
tiites. Thus, in any system in which the Re-Os system is used 
as a petrogenetic indicator for magmatic sulphides, it is

imperative that closed-system behaviour be demonstrated 
via the generation of isochrons of the correct magmatic age. 
Such isochrons are discussed below for ores from Sudbury 
and Noril'sk.

Ores of the Sudbury Igneous Complex
The nickel-copper ores of the Sudbury district, Ontario, 
Canada, are associated with the 1850±1 million-year-old 
Sudbury Igneous Complex (SIC), a compositionally and 
lithologically layered intrusion that ranges from quartz 
norite at its base, through gabbro, to a granophyric cap 
(Krogh etal. 1984; Naldrett and Hewins 1984). The SIC and 
strata overlying it are exposed as a series of concentric, 
crudely elliptical rings, which dip towards the centre of the 
complex, suggesting the structure of a basin (Figure 24.5). 
The SIC is located at the contact between gneisses, green 
stone belts and intrusive tonalites of the Archean Superior 
Province to the north, and a variety of rocks of the Protero 
zoic Southern Province, which overlie the Archean base 
ment to the south. The local geological setting suggests that 
an explosion of unusually large intensity gave rise to the 
SIC, either the result of an extraterrestrial impact (French
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Figure 24.5. Map of the Sudbury Structure (modified after Souch et al. 1969). The Sudbury Igneous Complex is exposed as a series of concentric rings 
that dip towards the centre of the basinal structure. Younger, predominantly sedimentary rocks (Chelmsford, Onwatin and Onaping formations) crop 
out in the central parts of the structure. Late Archean gneisses and felsic plutonic rocks crop out on the northwest side of the structure. The Paleoprotero- 
zoic rocks of the Huronian Supergroup, including clastic sedimentary and mafic and felsic volcanic rocks, adjoin the southeastern side of the structure. 
Note the locations of the Levack West and Strathcona mines on the northwest side of the complex and the Falconbridge Mine on the eastern side of the 
complex.
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1967; Morrison 1984; Faggart et al. 1985) or volcanism 
(Thompson 1957; Muir 1984). Petrology of the SIC indi 
cates that material was derived from both the crust and the 
mantle. Ores occur at the base of the SIC, either as sulphides 
that are disseminated and interstitial to the silicates of a 
group of distinctive intrusive rocks known as the Contact 
Sublayer, or in highly fractured country rocks beneath the 
Sublayer. Dominant ore minerals are pyrrhotite, pentlandite 
and chalcopyrite. Large quantities of nickel and copper and, 
to a lesser degree, PGE have been mined (Naldrett and 
Kullerud 1967; Naldrett 1984; Souch et al. 1969; Cabri and 
Laflamme 1976).

The Re-Os isotope systematics of these rocks were 
examined by Walker, Morgan et al. (1991) in order to 
decipher how the ore formation related to the development 
of the Sudbury Structure. The chief concern was to discern 
whether the nickel, copper and PGE were extracted from 
mantle-derived melt, from melt formed via the fusion of 
ancient crust, or from a mixture of the 2 possible sources. 
The slow, chondritic-like evolution of the osmium-isotope 
system in the mantle contrasts with the much more rapid 
growth of radiogenic osmium in most crustal rocks (Allegre 
and Luck 1980), so osmium isotopes were ideal for this 
application.

Results for whole-rock samples of sulphide ores from 
the Levack West, Falconbridge and Strathcona mines are 
given in Table 24.2. These rhenium data have been cor 
rected for spike calibration errors that were present in 
Walker, Morgan et al. (1991). The concentration variations 
for these ores lead to a total range in 187Re7186Os of from 
91.8 to 1480. The Re-Os data for the ores are plotted on a 
i87Re;i86Os versus 187Os7186Os diagram in Figure 24.6. The 
data for the Levack West samples regress to give an age of 
1806±60 Ma (la) and an intercept of 5.07±0.25 (la) 
(Yos - +419). The data for the Falconbridge samples 
regress to give an age of 1825±110 Ma and an intercept of 
5.35±0.24 (y0s = -1-458). The 4 Strathcona samples regress to 
give an age of 1827±60 Ma and an intercept of 8.76±0.37 
(yOs = +814). These ages are within uncertainty of the 
accepted age of 1850±1 Ma for the complex and are 
consistent with a closed-system behaviour for rhenium and 
osmium in these ores since the magmatic event.

These results indicate that the ores crystallized from 
melts with at least 2, clearly distinguishable osmium-iso 
tope compositions. At the time of crystallization, the 
Levack West and Falconbridge ores contained approxi 
mately 60^o less radiogenic 187Os than the Strathcona ores. 
The heterogeneous initial osmium-isotope compositions 
require that at least 2 very different sources of osmium were

Table 24.2. Rhenium and osmium-isotope and compositional data for ores from the Sudbury Igneous Complex.

Sample Number

Falconbridge 
PGM-n79-108 
PGM-79-109 
PGM-79-113 
PGM-79-114 
PGM-79-118

Strathcona 
PGM-79-126 
PGM-79-128 
PGM-79-138 
PGM-79-139

Re

329.(4) 
296.(3) 
314.(3) 
142.(2) 
140.(2)

66.2(2) 
65.5(2) 

156.(2) 
203.(3)

Os 187Os7186Os

85.3(8) 
75.98) 
91.1(9) 
54.6(6) 
61.0(5)

1.79(3) 
1.87(3) 

24.5(3) 
29.2(4)

10.0(1)
10.2(1) 
9.35(11) 
8.62(9) 
8.11(10)

54.7(8) 
50.5(11) 
16.8(3) 
16.9(2)

187Re71860s

165.(2) 

156.(2) 
138.(2) 
104.(2) 
91.8(1)

1480.(50)
1400.(40)
255.(4)
279.(6)

YO.OT)1

Sudbury

Levack West
F4 18572
Duplicate

F418573
Duplicate
F4 18574
F4 18575
F418577
Duplicate
F4 18578

141.(2)

143.(2)
141.0)
144.(5)
284.(3)
218.(2)
167.(2)
180.(3)
199.(2)

28.9(4)
28.3(4)
13.6(1)
12.8(1)
64.0(6)
36.8(4)
18.5(2)
19.5(3)
25.8(2)

10.8(1)
11.3(2)
17.9(3)
18.8(2)
10.2(1)
12.6(2)
15.7(2)
15.5(3)
14.7(2)

196.(4)
203.(4)
416.(6)
451.05)
178.(3)
238.(4)
366.(5)
372.02)
309.(4)

4397
4-427
+432
+413
4393
-1-450
-1-363

4322
+441

4414 

4-463 
4433 
4466 
4452

+S54 
4-672 
4834 

+76S

! T—time of crystallization
Rhenium and osmium abundances in ppb. Uncertainties (2(3) in last decimal places are shown in parentheses. All measurements were made by 
resonance ionization mass spectrometry.
YOs values (see text for further explanation) are calculated for Sudbury ores at 1850 Ma, assuming a chondritic ^^Os/^^Os ratio at that time of 
0.9579. Data are from Walker, Morgan et al. (1991), but with corrected rhenium abundances (see text).
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Figure 24.6. 187Re7186Os versus 187Os7186Os plot for Sudbury ores 
from Walker, Morgan et al. (1991). Data for ores from 3 mines, Levack 
West, Falconbridge and Strathcona, define isochron ages of 1806± 60 
Ma, 1825±110Maand 1827160 Ma, respectively (lo). Error is smaller 
than the size of the symbols. Note the very high initial ratios for the 3 
isochrons (compare with Figure 24.4). Note also the 2 scales shown.

involved in the genesis of the ores and that mixing occurred 
either in situ, as the complex crystallized, in feeder conduits, 
or in a larger magma chamber underlying the SIC. The only 
known environment where such highly radiogenic osmium 
is produced is in the crust. Thus, the highly radiogenic 
osmium contained in the ores requires that at least l source 
was ancient crust.

The osmium contained in the ores may have been 
derived exclusively from an ancient crustal source or 
sources, or from a mixture of crust and mantle-derived 
melts. In order to estimate the possible proportions of each 
component involved in the magma mixing that produced the 
different ores, binary mixing calculations were made using 
a crustal 187Os7186Os ratio of 11 and a basalt i 87Os7186Os 
ratio of 0.96. As discussed in Walker, Morgan et al. (1991), 
the crustal composition was chosen because it is very simi 
lar to the composition of the gneissic component of some 
parts of the Superior Province at that time (Levack Gneiss). 
The basalt composition is the same as carbonaceous chon- 
drites at that time. Calculations were made for 3 scenarios: 
1) identical abundances of osmium in each component, 
0.050 ppb each; 2) 0.050 ppb osmium in the mantle-derived 
melt and 0.015 ppb osmium in the crustal component; and
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Figure 24.7. 187Os7186Os versus osmium concentration (ppt) mixing 
curves between hypothetical crust and basalt end members (from 
Walker, Morgan et al. 1991). Three melt mixtures are considered: 
1) basalt with 50 ppt osmium and 187Os7186Os = 0.958, and crust with 
50 ppt osmium and 187Os7l8®Os = 11; 2) basalt with 50 ppt osmium 
and 187Osy186Os = 0.958, and crust with 15 ppt osmium and 
1870S/186Os z 11 ; and 3) basalt with 50 ppt osmium and 187Os/186Os = 
0.958, and crust with 7 ppt osmium and 187Os/186Os = 11. Shaded bands 
show the approximate osmium-isotope compositions of the ores at 1850 
Ma. Open circles show the compositions of mixes at 109fc increments. 
Note that for mixture 3, the preferred model, the compositions of the 
Strathcona and Levack West ores suggest greater than 909fc and 75^c, 
respectively, of the crustal component in the ores.

3) 0.050 ppb osmium in the mantle-derived component and 
0.007 ppb osmium in the crustal component (similar to the 
Levack Gneiss).

The results of this modelling indicate that a large pro 
portion of old crustal osmium was included in the ores, 
whichever scenario is assumed (Figure 24.7). For example, 
if equal concentrations of osmium are assumed for end 
members (mixture 1), the modelling suggests that the 
amount of a crustal component contained in these ores 
ranges from greater than 6096 in the Strathcona ores to as 
low as 3596 in the Levack West ores. In the more likely event 
that the mantle-derived melt had a higher osmium con 
centration than the continental crust, the crustal component 
in the Levack West ores may have exceeded 6096 (mixture 
2) or even 8096 (mixture 3). For these latter 2 mixing 
scenarios, the crustal component in the Strathcona may have 
been greater than 9096.

The results for the Sudbury ores indicate that large pro 
portions of ancient crustal osmium were incorporated in the 
sulphide ores. This was the first isotope evidence that indi 
cated at least l of the ore metals (Os), and possibly the other 
PGE, were derived largely from ancient crust.

Ores of the Noril'sk l Intrusion
The Noril'sk area lies at the extreme northwest corner of the 
Archean-Proterozoic Siberian Platform in the Siberian 
flood basalt province (SFBP). Intrusive rocks that are likely 
related to the Siberian flood basalts host one of the largest 
known copper-nickel and platinum group element deposits 
near the Siberian city of Noril'sk (Figure 24.8). The
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ore-bearing intrusions were emplaced near the present con 
tact of the SFBP with underlying lagoonal and continental 
(coal bearing) sedimentary rocks of the Tunguska series 
(Upper Permian). The age of the intrusions and flood basalts 
is circa 250 Ma (Dalrymple et al. 1991). Wooden et al. 
(1992) examined the lead-isotope systematics of several of 
the ore-bearing intrusive rocks and found minor intra- 
orebody heterogeneities with respect to initial 206Pb7204Pb 
isotope compositions, but noted much larger isotope differ 
ences between orebodies associated with different intru 
sions. They also noted that the average lead-isotope compo 
sitions of the ores are broadly similar to those of oceanic 
island basalts and that the lead-isotope data are consistent 
with minimal or no crustal contamination, although the 
lead-isotope characteristics of possible contaminant in that

region are poorly constrained. The objective of the study 
of Walker et al. (in prep.) was to use Re-Os isotope 
systematics to constrain further the origin of the intrusive 
rocks and to assess the source of the PGE.

The rock samples examined by Walker et al. (in prep.) 
are from the Noril'sk l, Talnakh and Kharayelakh intru 
sions. These intrusions are petrologically complex and were 
likely produced as a result of multiple injections of melts 
including immiscible sulphide melts. The Noril'sk l intru 
sion, discussed here, is partly intrusive into the lower 2 
suites of the basalt sequence and some basalts beneath the 
intrusion are mineralized. Veinlet and droplet ores were the 
2 basic types of sulphide ores analyzed for Re-Os system 
atics in the Noril'sk l suite. Dominant ore minerals include

EXPLANATION 

Triassic flood basalts

Middle Carboniferous to Upper Permian 
(Tungusska series) sedimentary rocks

Upper Proterozoic to Lower Carboniferous 
sedimentary rocks

Figure 24.8. Map of Noril'sk region, Siberia, from Wooden et al. (1992). The Noril'sk l intrusion is shown by the arrow. Thin, curved lines represent 
faults.
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chalcopyrite, cubanite, pentlandite and pyrrhotite. Veinlet 
ores injected into the country rock are not considered here.

Isotope data for ores from the Noril'sk l intrusion are 
plotted as i 87Re7186Os versus 187Os7186Os in Figure 24.9a. 
Ores from the intrusion have 187Re7186Os ratios that range 
from 36.23 to 307.3 and 187Os7186Os ratios ranging from 
1.272 to 2.336. A regression of data for 11 samples, 
including replicates, gives an age of 245.4±8.2 Ma (2a; 
mean of standard weighted deviates [MSWD] = 95) and an 
initial 187Os7186Os ratio of 1.133±0.0192 (2a; yOs ^ 
+8.311.8; see Figure 24.9a). This age is in good agreement 
with the argon and U-Pb zircon ages for the intrusions and 
suggests a generally closed-system behaviour for the ores.

Calculated for 250 Ma, yOs values vary from +0.8 to 
4-9.3, with several samples plotting off the isochron beyond 
analytical uncertainty, hence, the large MSWD. Most 
samples, however, have YQS values averaging about +S and 
isotope compositions that plot within uncertainty of 
the isochron. To examine the isotope heterogeneities 
with greater detail, ros is plotted versus 187Re7186Os in 
Figure 24.9b. pOs is defined as the percent deviation of the 
187Os7186Os ratio of a sample from a specified isochron, in 
this case, the isochron resulting from the above regression, 
ros values vary from -5.86 to +2.30. An important question 
about these and the other ores of the Noril'sk area is whether 
their Re-Os systematics are representative of the original 
magmatic system and have remained closed to rhenium and 
osmium mobility since the time of crystallization. The 
deviance beyond analytical uncertainty of some samples 
from the isochron (see Figure 24.9b), indicates that several 
of the rocks from this orebody do not meet the requirements 
for isochronous behaviour. Walker et al (in prep.) deter 
mined that the variations in yOs exist because of several 
factors including minor postcrystallization disturbance and 
interactions with country rocks. As noted above, hetero 
geneous lead initial isotope compositions were also noted 
within orebodies by Wooden et al. (1992), suggesting that 
some isotope heterogeneities were present in the orebodies 
at the time of igneous crystallization.

Despite the minor deviations from the regression line, 
the average initial isotope composition of the samples 
analyzed from the Noril'sk l orebody is quite diagnostic. 
The positive YQS values might indicate either some 
involvement of old continental crust, or if the average 
osmium-isotope composition of these ores represents the 
isotope composition of the mantle source, then the results 
require that the ores were derived from a long-term, Re- 
enriched part of the mantle. First, we consider the possibil 
ity of crustal contamination. The rhenium and osmium con 
centrations and osmium-isotope compositions of rocks 
composing the continental crust are poorly constrained at 
present. As noted in the previous discussion of Sudbury 
ores, most rocks that compose the continental crust have rel 
atively low (less than 50 ppt) osmium concentrations. The 
phyllites with concentrations of about l ppb, associated 
with the Kammikivi ores at Pechenga, are apparently a rare 
exception. In addition, most types of upper continental crust 
are typified by much higher Re/Os ratios than in any 
known mantle reservoir. Hence, assimilation of even minor
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Figure 24.9. a) 187Re/186Os versus 187Os7186Os plot for ores from the 
Medvezhy Creek Mine. Ores define an isochron age of 245.41 8.2 Ma 
(2o). The initial 187Os7186Os ratio is 1.1331 0.019 (2o). b) rosmium 
versus 187Re7186Os plot for the same ores. rosm j um is the percent 
deviation of a sample from the 245.4 Ma isochron. Note that the error 
in rosmjum is shown to scale, but error in 187Re7186Os is not shown.

amounts of old continental crust by a basaltic precursor to 
the Noril'sk l orebody could potentially raise the osmium- 
isotope composition of the melt many YQS units, as shown in 
the mixing models for the generation of the Sudbury 
Igneous Complex ores (see Figure 24.7). Consequently, 
osmium isotopes alone cannot rule out the presence of some 
crustal component in the Noril'sk l ores. It is likely, how 
ever, that crustal contamination could only have affected the 
osmium-isotope composition of these ores if the 
contamination occurred prior to sulphide melt separation, 
perhaps in a staging chamber beneath the intrusion. This is 
because the concentration of osmium in the orebody is 
much higher than in any likely crustal contaminants. Thus, 
local contamination was probably not a significant factor in 
defining the osmium-isotope composition of the Noril'sk l 
ores.

If variable extents of crustal contamination raised the 
initial osmium-isotope compositions of the ores of the 
Noril'sk region, it would also likely have affected the lead 
isotope compositions of the same materials. For example, 
the addition of an upper crustal contaminant would
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likely have given a positive correlation between YQS and 
206Pb7204Pb as the isotope compositions of different intru 
sions are compared. Conversely, the addition of lower 
crustal materials probably would have given to a negative 
correlation. Walker et al. (in prep.) compared the lead-iso 
tope data of Wooden et al. (1992) with the osmium initial 
isotope compositions for ores from 3 intrusions and 
observed no correlations. Because of this, they concluded 
that in the case of the Noril'sk ores, crustal contamination 
probably was not a factor in the generation of melt with 
enriched initial osmium-isotope compositions, and also that 
the osmium and lead-isotope compositions likely reflect 
heterogeneities in the mantle sources of the intrusions.

As noted previously, several distinct mantle reservoirs 
for osmium-isotope growth have been identified, including 
long-term rhenium-depleted subcontinental lithosphere, 
chondrite-like MORB sources and long-term rhenium- 
enriched hot spot- or plume-type mantle. Derivation from, 
or contamination with, ancient subcontinental lithosphere 
would likely have resulted in the intrusions having osmium- 
isotope compositions that reflect long-term rhenium 
depletion, that is, negative YDS values (Walker, Carlson 
et al. 1989). This is not observed. Consequently, Walker 
et al. (in prep.) concluded that the Re-Os isotope sys 
tematics of the ores from the Noril'sk region most likely 
indicate that most of the osmium, and perhaps by 
association the other PGE and the nickel and copper, was 
derived from a mantle plume. Kauri and Hart (1993) and 
Walker et al. (1990) have speculated that some types of 
sources for mantle plumes may have become enriched in 
radiogenic osmium because, at some stage, they 
incorporated ancient recycled crust containing substantial 
Re. The involvement of subcontinental lithosphere, 
MORB-type mantle or ancient crust in the generation of 
these ores was apparently minimal. Consequently, the 
Noril'sk l ores were potentially derived from a part of the 
mantle that at one time had recycled oceanic crust added 
to it.

CONCLUSIONS
These 3 magmatic sulphide systems illustrate the utility of 
the Re-Os isotope system to distinguish among different 
possible models for their origin. The ores from the Pechenga 
Complex have variable initial osmium-isotope composi 
tions, but without isochronous Re-Os systematics. The 
Re-Os isotope systematics of these ores likely reflect deri 
vation from the ferropicritic magma, but with subsequent 
modification as a result of rhenium loss during a later meta 
morphic event. In this instance, the utility of the system for 
providing petrogenetic information is limited.

In contrast, the different ores of the Sudbury Igneous 
Complex are isochronous but have highly radiogenic initial 
isotope compositions. These ores obtained most of their 
osmium and possibly other PGE from ancient continental 
crust, most likely Superior Province granitic gneisses.

Ores from the Noril'sk l intrusion have elevated 
initial osmium-isotope compositions. Their Re-Os isotope

systematics are consistent with a closed-system behaviour 
since their circa 250 Ma origin. Osmium isotope data, when 
combined with lead-isotope data, show no evidence of the 
incorporation of ancient crust, nor of the involvement of 
ancient subcontinental lithosphere. The source of the 
osmium, and possibly the other PGE in this orebody, was 
likely a plume-derived melt or series of melts.
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Abstract
Analysis of copper-nickel-platinum group element ores from 4 mines in the Northwest Talnakh intru 

sion of the Noril'sk mining camp has revealed that platinum, palladium and gold increase and rhodium, 
iridium, ruthenium and osmium decrease with increasing copper; nickel shows little change with variation in 
copper until copper exceeds about 15 weight ^c when recalculated to lOO^e sulphide, whereupon, it starts to 
decrease. When data are recalculated to metal content in 100 9fe sulphide, it is found that the disseminated and 
Copper Ore describe a trend with copper that is significantly enriched in platinum and gold with respect to 
copper in comparison with the trend described by the massive ore. Palladium in massive, disseminated and 
Copper Ore all lie on the same trend, although the massive ore is poorer in both copper and noble metals than 
the other 2 ore types. Although they decrease with increasing copper, rhodium, iridium, ruthenium and 
osmium are higher at a given copper content in the disseminated and Copper Ore than in the massive ore.

All of the above characteristics are attributed to fractional crystallization of monosulphide solid solu 
tion (MSS) from a single sulphide liquid. The massive ore is highly enriched in cumulus MSS; the Copper Ore, 
which forms as a halo around the massive ore, represents fractionated liquid that has seeped away into the 
enclosing sedimentary rocks as fractionation has proceeded. The disseminated ore has crystallized with 
less efficient separation of cumulates and fractionating liquid. The compositional trends can be modelled 
assuming the following partition coefficients between MSS and sulphide liquid (DMSS7suL I|CI-): Cu = 0.1; 
Pd = 0.1; Pt = 0.05; Au = 0.001; Rh = 4; Ir = 4.

INTRODUCTION DESCRIPTION OF
MINERALIZATION

The Noril'sk nickel-copper ores have been the subject of A typical minerai ized intrusion (Figure 25.2) consists of a
extensive literature over the past 40 years, including the lower ~contact gabbrodolerite," a few metres thick, grading
classic contributions of Genkin et al. (1981), Distler et al. up into a ~taxitic gabbrodolerite." With increasing olivine
(1988) and Duzhikov et al. (1992). The intrusions and their content) this passes upward into -picritic gabbrodolerite,"
associated deposits occur m a series of clusters that are which is an olivine cumulate with about 50 modal 96 olivine,
referred to, locally, as ore junctions (Duzhikov etal. 1992). Olivine then decreases upward on going from ollvine
The only 2 junctions mined to the present are those at gabbrodolerite to gabbrodolerite. 
Talnakh and Noril'sk. These are related to differentiated
intrusions which occur close to and extend away from the The mineralization consists of 3 main types: dis-
Noril'sk-Kharayelakh fault (Figure 25.1). seminated ore, massive ore and Copper Ore (Genkin et al.

	1981; Duzhikov et al. 1992). Massive ore underlies the 
	intrusion and may be separated from the overlying contact

In this paper, we report the results of a collaborative gabbro by several metres of sedimentary country rock. The
study on the composition of the mineralization associated zones of massive ore usually consist of greater than 8596
with the Northwest Talnakh intrusion (known as the sulphide, but they may split into a series of thinner massive
Oktyabr'sky deposit, see Figure 25.1) of the Talnakh ore sheets separated by layers of sedimentary country rock at
junction. Models are developed to explain variations in their peripheries, or may enclose layers of sedimentary
composition both within ore types of the same deposit, rock. The upper few metres of the massive ore may com-
between different ore types of a single deposit and between prise a breccia in which fragments of country rock or contact
analogous ore types of different deposits. gabbro are enclosed in a matrix of sulphide. The contact
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[NORIL'SK-KHARAYEL AKH l ——————— FAULT F^

TALNAKH INTRUSION l
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Figure 25.1. Schematic longitudinal geological cross section of the Talnakh intrusion, showing the relationship between the Main and Northwest 
branches and the Lower Talnakh intrusion (after Zenko 1986; section compiled on the basis of data collected by NKGRE and TsNIGRI). The section 
extends in a west-northwest direction across the area shown in Figure 25.4. Legend: 1) Quaternary cover; 2 to 6) basalts: 2—Morongovsky suite; 
3—Nadezhdinsky suite; 4—Gudchichinsky suite; 5—Syverminsky suite; 6—Ivakinsky suite; 7) Tungusskaya Supergroup (continental sedimentary 
rocks); 8) Kalargonsky, Nakokhozsky, Yuktinsky formations (Upper to Middle Devonian dolomites, limestones, marls, anhydrites); 9) Manturovsky 
formation (Middle Devonian marls, anhydrites, argillites); 10) Razvedochninsky and Kureisky formations (Lower Devonian argillites, marls); 
11) Zubovsky formation (Lower Devonian marls, anhydrites); 12) Silurian dolomites, limestones; 13,14) Lower Talnakh intrusion; 15) Talnakh sill; 
16 to 18) Northwest and Main Talnakh intrusions: 16—gabbrodolerite, 17—picritic and taxitic gabbrodolerite, 18—massive sulphide; 19) trachydol 
erite sills; 20) Noril'sk-Kharayelakh fault; 21) other faults; 22) Formation boundaries; 23) drill hole.
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Figure 25.2. Idealized profile through a typical mineralized intrusion. 
G-D—gabbrodolerite.

gabbro itself is cut by a stockwork of sulphide. Photo 25. l a 
shows the base of a zone of massive ore (lens A in Figure 
25.3) at the Oktyabr'sky No. l Mine. The top of the same 
zone, 27 m above the base, where the ore is in contact with 
basal rocks of the Northwest Talnakh intrusion, is shown in 
Photo 25. Ib. Numerous fragments of the overlying chilled 
margin of the intrusion occur within the massive sulphide as 
a breccia. Above this, veinlets of sulphide cut and form a 
stockwork in the chilled margin of the intrusion, which is 
itself very poor in disseminated sulphide at this point. 
Nowhere are there any signs of In situ settling of sulphide 
from the intrusion into accumulations of massive ore. On 
the contrary, development of a breccia followed by a stock 
work of sulphide in chilled gabbrodolerite is the norm 
(Duzhikov et al. 1992). All geological evidence suggests 
that the massive ore was introduced after consolidation of 
the intrusions.

In many areas adjacent to the massive mineralization, 
the sedimentary rocks contain sulphides that have selec 
tively permeated argillaceous or dolomitic layers; the 
sulphides tend to be enriched in copper and are known 
as Copper Ore (Genkin et al. (1981) and Duzhikov et al. 
(1992) refer to these ores as "veinlet disseminated" or 
"impregnated"). In Photos 25.le and 25.Id, sulphides are 
selectively replacing argillite laminae that are interbanded 
with anhydrite. Genkin et al. (1981) reported that Copper 
Ores are zoned; on moving away from the massive sulphide 
or from the intrusion, a pyrrhotite-pentlandite-chalcopyrite
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Photo 25.1. a) Base of massive ore at Oktyabr'sky Mine No. l. b) Breccia ore near top of massive ore at Oktyabr'sky Mine No. l (28 m above the 
location of (a), c) Sulphides replacing argillaceous horizons in a hand sample from Komsomolsky Mine; hand sample is 15 cm across, d) Sulphides 
selectively replacing argillite that is interbanded with anhydrite at the base of the massive ore at Komsomolsky Mine. The massive ore appears as the 
dark zone at the top of the picture.
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Figure 25.3. Plan view of the Talnakh intrusion, showing the distribution of lenses of massive sulphide and the approximate boundaries (heavy dashed 
lines) between the different mines. Legend: 1) outline of ore-bearing intrusions (a) where the section is thickest and a complete succession is devel 
oped; (b) thinner areas where layers of picrite are not present; 2a) parts of the intrusions that are thought to represent the vanguard of the intruding mass 
of magma, 2b) parts of intrusions that are thought to represent the Hanks of the intruding magma; 3) differentiated apophyses (sills) of the ore-bearing 
intrusions (a) where they intrude low in the stratigraphy (for the Northwest intrusion this is into the low to middle Razvedochnisnky Formation for the 
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Supergroup); 4) massive sulphides underlying the intrusions; 5) erosional boundaries of intrusions 6) faults: (a) the Noril'sk-Kharayelakh fault
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Modified after Zen ko (1986) and von Gruenewaldt (1991).
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assemblage gives way to one with little or no pyrrhotite, and 
then to one in which millerite is present instead of pentlan 
dite. At the extremities of veins or sheets, bornite is present 
instead of, or together with, chalcopyrite.

The Talnakh intrusions are shown in plan view in 
Figure 25.3; here, the dark grey stipple indicates lenses of 
massive sulphide at the base of the intrusions and the lighter 
grey, the distribution of disseminated ore. The disseminated 
ore occurs primarily in picritic and taxitic gabbrodolerite, 
although towards the flanks of bodies, particularly at the 
western extremity and along the northern margin of the 
Northwest Talnakh intrusion, disseminated sulphides occur 
in olivine gabbrodolerite. The sulphides occur: 1) intersti 
tial to silicate (primarily olivine) grains, 2) as l to 2 cm 
ovoid droplets (this ore type is restricted to picritic gabbro 
dolerite) and 3) as l to 4 cm "schlieren" (irregular patches) 
in taxitic gabbrodolerite. Zones of magmatic breccia, 
in which massive sulphide segregations enclose fragments 
of the surrounding igneous rock, occur within the dissemi 
nated ore.

A second type of Copper Ore, known as Upper Copper 
Ore, consists of veinlets and disseminations, which contrib 
ute to the matrix of breccia zones at the top of intrusions. 
The fragments in the breccias have suffered contact meta 
morphism and metasomatism to hornfels and marble, alkali 
metasomatites, magnesian skarns and calc-skarns.

SAMPLING
We have had access to a variety of types of samples. We 
were provided with a series of samples through the lower 
part of the Northwest Talnakh intrusion and the underlying 
massive ore as intersected in Drill Core KZ 868 (see Figure 
25.3 for location). We had the opportunity to sample the 
Oktyabr'sky deposit 1 underground at the Komsomolsky 
Mine (lens B in Figure 25.3) and the Taimyrsky and 
Oktyabr'sky No. l mines (lens A in Figure 25.3). Other 
samples from both lenses A and B of the Oktyabr'sky 
deposit were obtained from stockpiles of specific ore types 
from specific mines. We were also provided with existing 
information from a series of drill cores through the western 
end of the Oktyabr'sky deposit.

Except for drill core, samples weighed l to 2 kg, were 
crushed to -0.5 cm and split, and a 500 g aliquot was 
powdered in a chrome steel mill (our standard technique, 
which gives rise to a blank which is free of platinum group 
elements (PGE)). Drill core samples were full core, greater 
than 10cm in length.

Table 25.1. SARM-7 analytical data (in ppb).

Rh Pd Au Pt Ir Os Ru

1 The name "Oktyabr'sky deposit" is a source of potential confusion. 
Here we are using it in the sense of Smirnov (1977) as referring to all 
ores associated with the Northwest Talnakh intrusion (which is some 
times called the Kharayelakhsky intrusion), and which lies to the west of 
the Noril 'sk-Kharayelakh fault. The name Oktyabr 'sky is also applied to 
the mine (operated as the Oktyabr'sky No. l and No. 2 mines), which lies 
at the extreme western extremity of the Northwest Talnakh intrusion, and 
the name may be applied to the orebody at this mine.

No. of analyses
Average
Standard 
Deviation
9fc
"/o Recovery
Recommended 
Values
Detection Limit

41
221

15.7

7.1
92

240

0.1

41
1365

100.5

7.4
89

1530

1.5-3

41
253

86.1

34
82

310

0.2

41
3488

250.8

7.2
93

3740

1

41
71

3.1

4.4
96
74

0.01

41
60

6.8

11.2
96
63

0.2-0.5

41
381
61.4

16.1
89
430

0.2-0.5

ANALYTICAL METHODS
Sulphur, nickel, and copper were determined by X-Ray 
Assay Laboratories using LECO® induction (in the case of 
sulpher) and atomic absorption techniques. The PGE and 
gold were determined by instrumental neutron activation 
analysis after a 50 g nickel bead fire assay preconcentration 
followed by acid leach according to the method described 
by Hoffman et al. (1979). Irradiation was performed at the 
nuclear reactor at McMaster University. Counting for Rh 
and Pd took place at McMaster, and counting after a 7 to 10 
day delay was undertaken in the Department of Geology, 
University of Toronto for platinum, ruthenium, iridium, 
osmium and gold. Statistics on an international standard, 
SARM-7, are presented in Table 25. l.

COMPOSITIONAL DATA ON THE 
OKTYABR'SKY DEPOSIT

The approach that is taken here is to first consider variations 
across the deposit as displayed in Drill Core KZ 868. 
Samples of massive ore are then discussed as a single popu 
lation. This is followed by a comparison of the average 
compositions of different ore types as seen in the drill core 
data provided by the Noril'sk Kombinat. Finally, a model is 
developed that attempts to relate all of the different ore 
types. In a companion paper in this volume, this model is 
applied to the ores of the Sudbury district (Naldrett, 
Pessaran et al., this volume).

Massive Ore
VARIATIONS WITHIN DRILL CORE 

KZ 868
Figure 25.4a is a plot of the compositional variation across 
the part of drill core KZ 868 that was studied by us. All 
analyses have been recalculated to metal content in 1009?) 
sulphide according to the method described by Naldrett and 
Duke (1980). Copper tends to increase downwards in both 
the intrusion and the massive ore, as do platinum and palla 
dium; nickel is constant in all sulphides, both disseminated 
and massive.

If one focusses on the massive ore in more detail (see 
Figure 25.4b), several very sharp peaks in copper and PGE
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content are evident, but, in each case, these are associated 
with sulphide-poor zones in the core that correspond to 
partly replaced inclusions of argillite. If these zones are 
eliminated (see Figure 25.4c), it is clear that, while nickel is 
relatively constant, (see Figure 25.4a) copper, platinum and 
palladium are low in the upper pan of the massive ore in 
comparison with their concentrations in the lower part. 
Generally, one expects to find low copper, platinum and pal 
ladium to be balanced by high rhodium and iridium in mag 
matic ores, but this ore is an anomaly; as shown in Figure 
25.4c, the lower part is also about 2Vfe times richer in iridium 
and rhodium than the upper. The increase in copper, plati 
num, palladium, rhodium and iridium is not progressive but 
occurs sharply at about the 906 m level. It appears that the 
core has intersected 2 ore types, one richer in copper, plati 
num, palladium, gold, rhodium and iridium than the other.

The sulphide-poor zones of argillite represent remnants 
of the sedimentary country rocks that are either inclusions 
or septa within the massive sulphide ore. Overall, they are 
much richer in copper, platinum, palladium and gold and 
poorer in nickel, rhodium, iridium, ruthenium and osmium 
than the enclosing massive ore. Their compositions are 
compared with that of Copper Ore below.

VARIATION WITHIN SAMPLES AS A 
WHOLE

Figures 25.5a to 25.5e are plots of platinum, gold, palla 
dium, rhodium and iridium against copper for all of our 
samples from the Oktyabr'sky deposit. Our copper, plati 
num and palladium data for core KZ 868 agree well with the 
mine data on analogous ore types from adjacent cores, and 
we have combined both sets of data for these elements. Our 
results for gold are about 509fc lower than the mine results; 
since we are assured that the latter provide a good guide to 
the gold actually recovered from the ores, we believe that 
the mine data are superior to ours. Thus, the only data shown 
in the figures are those provided by the Noril'sk Kombinat.

It is seen that copper shows great variation, ranging 
from 3.5 to 25 weight 9fc. Platinum, palladium and gold cor 
relate strongly with copper; as far as can be determined 
within the scatter of the data, samples from both lenses A 
and B (these are not distinguished separately in Figure 25.5) 
define the same trend, despite their locations being several 
kilometres apart.

There is a great deal of scatter in the rhodium and 
iridium data from lens A; the samples form a cloud with the 
upper limits of both rhodium and iridium showing a weak

820.0

840.0

860.0

880.0

900.0

920.0

940.0
0.0 50.0 100.0 O 15000 

wt96 sulfide ppb Pt

O 40000 0.00 10.00 20.00 0.00 4.00 8.00 

ppb Pd wfH Cu wttt Ni

Figure 25.4. a) Variation weight 9fc Cu and Ni and ppb Pt and Pd, all recalculated to metal content in 1009fc sulphides, and weight 7c S in the lower part of 
drill core KZ 868 through lens A of the Oktyabr'sky deposit (see Figure 25.3). The column to the left summarizes the rock types within the intrusion; 
O-G—olivine gabbrodolerite; P-G—picritic gabbrodolerite; T-G—taxitic gabbrodolerite; C-G—contact gabbrodolerite.
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Figure 25.5. Variation of a) platinum with copper, b) gold with copper, 
c) palladium with copper, d) rhodium with copper and e) iridium 
with copper in the Oktyabr'sky deposit. All metal values are recalcu 
lated to metal content in 100^; sulphides. Solid dots—massive ore; 
solid triangles—upper part of the massive ore in KZ 868; solid 
squares—adjacent Copper Ore, including sulphides in inclusions in 
massive ore; crosses—disseminated ore.

exponential decrease with increasing copper rather than a 
well-defined path. The reason for this is discussed below. 
Plots of osmium and ruthenium are not given in this paper, 
but both elements behave in a similar manner to iridium.

Disseminated Ore in Picritic and 
Taxitic Gabbrodolerite

We were able to collect only a few samples of sulphide- 
bearing picritic and taxitic gabbrodolerite, and, therefore, 
we have augmented them with data from the drill cores 
analyzed by the mine, which are discussed below. The mine 
data did not include rhodium, ruthenium, iridium or osmium 
analyses. Reference to Figure 25.5a indicates that the ma 
jority of the platinum data for the disseminated ore lie 
towards the platinum-rich side of that for the massive ore of 
the same copper content. Figure 25.5b shows that the higher 
concentration of gold in the disseminated ore relative to the 
massive ore of the same copper content is even more pro 
nounced than it is for platinum. On the other hand, Figure 
25.5c indicates that there is essentially no difference in the 
palladium content of disseminated and massive ore when 
compared on the basis of copper content. Although, on 
average, disseminated ore is low in rhodium and iridium 
relative to massive ore, when compared on the basis of 
copper content, the samples plot near the upper limit of the 
massive ore (Figures 25.5d and 25.6e).

Copper Ore
Copper Ore from the Komsomolsky Mine and "inclusion 
ore" from core KZ 868 are distinguished by squares in 
Figures 25.5a to 25.5e. The samples tend to be richer in 
copper than most other ore types, but when compared with 
the massive and disseminated ore, in all cases they tend to lie 
with the disseminated ore on the metal-rich side of the 
massive ore when compared on the basis of a constant 
copper content.

Summary of Compositional Variation 
in Ore

To summarize the compositional variations, platinum, 
palladium and gold increase with increasing copper; the 
massive ore is poorer in copper, platinum, palladium and 
gold than the Copper Ore and disseminated ore. Samples of 
Copper Ore and disseminated ore tend to lie on a trend of 
increasing platinum, palladium and gold content with 
increasing copper; the trend defines the upper limit of the 
envelope in which all of the samples of all ore types fall.

Rhodium and iridium decrease with increasing copper, 
but do so in a very diffuse cloud. Despite the fact that the 
copper and disseminated ore tend to be poorer in these 
metals than the massive ore, when they are compared with it 
on the basis of copper content, they also tend to lie on a trend 
defining the rhodium- and iridium-rich limit of the sample 
cloud.

Drill Core Data from the Western End 
of Lens A

The locations of the series of drill cores for which we have 
been provided mine data are shown in Figure 25.3. They 
intersect disseminated ore and the underlying massive ore 
of lens A in the area extending west from KZ 868 toward the 
western edge of the Northwest Talnakh Intrusion. The 
mineralization within them falls into the following major 
ore types from bottom to top (compare with Figure 25.2):
1. massive ore
2. massive ore breccia consisting of fragments of contact 

gabbro and sedimentary rock in a groundmass of 
massive sulphide located at the top of the massive 
sulphide

3. ore in "contact gabbrodolerite," which is commonly 
fractured and cut by a stockwork of relatively massive 
stringers of sulphide a few millimetres to a few centi 
metres thick

4. ore in "taxitic gabbrodolerite," which is composed of 
disseminated and stringer sulphides

5. magmatic breccia ore; this commonly occurs between 
taxitic and picritic gabbrodolerite and consists of 
fragments of local intrusive rock enclosed within 
sulphide

6. ore in "picritic gabbrodolerite," which is composed of 
disseminated sulphide (often ellipsoidal "ovoids" of
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sulphide with a chalcopyrite-rich upper part and iron- 
nickel-sulphide-rich lower part) and also sulphide 
stringers.

7. Upper Copper (breccia) Ore in which sulphides are part 
of the matrix of a breccia of metasomatised country 
rock fragments developed at the top of the intrusion

INTERCORE COMPARISON OF ORE 
TYPES

Figure 25.6 shows a series of histograms comparing average 
compositions of certain ore types2 in each of these cores for 
which information was given to us, and also for KZ 868 that 
was analyzed by us. Certain differences and similarities in 
ore compositions stand out in this figure.

3.

Average ore in taxitic and picritic gabbrodolerite is 
similar in composition.

Average massive ore is always richer in nickel and 
almost always poorer in copper, platinum, palladium 
and particularly gold than average taxitic or picritic ore 
in the same core.
The ore that forms a breccia at the top of the massive ore 
tends to have the same composition or to be slightly 
poorer in nickel and slightly richer in copper, platinum, 
palladium and gold than the massive ore that it overlies.

2 Note that only limited information on Copper Ore is available; these 
data are from 2 holes, 584 and 837, that intersected Upper Copper Ore. 
The Copper Ore that typically forms a mantle around massive ore is not 
represented in Figure 25.6.

BRECCIA
ABOVE
MASSIVE MAGMATIC UPPER

CONTACT BRECCIA COPPER 
MASSIVE TAXITE 1 PICRITE
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Figure 25.6. Comparison of average compositions of different ore types in drill cores as indicated above each column. Dataexcept for KZ 868 provided 
by the Noril'sk Kombinat.
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4. The mineralization in the contact gabbrodolerite is 
much richer in copper, platinum, palladium and gold 
than the massive and taxitic ore and slightly poorer than 
the massive ore and richer than the taxitic ore in nickel. 
The sulphides forming the matrix of the magmatic 
breccia within the intrusions have a similar composi 
tion to the ore in the taxitic and picritic gabbrodolerite.

5. The sulphides of the Upper Copper Ore overlying the 
intrusion are much poorer in nickel and tend to have the 
same or rather lower copper, platinum, palladium and 
gold than the disseminated ore in the underlying body. 
Despite the low nickel and in some cases low copper in 
sulphides, the Pt/Cu and Pd/Cu ratios are higher than 
those typical of other ores associated with the intrusion.

DISCUSSION OF
COMPOSITIONAL VARIATION IN 

ORE
Many authors have discussed reasons for the pronounced 
compositional zoning that is shown by so many nickel- 
copper ores. Hypotheses have ranged from thermal diffu 
sion (Naldrett and Kullerud 1967; Hoffman et al. 1979) to 
fractional crystallization of a sulphide magma (Hawley 
1965; Keays and Crocket 1970;Genkinetal. 1981;Naldrett 
et al. 1982; Li et al. 1992). Recent interpretations have 
favoured the fractional crystallization hypothesis, and this 
is what we propose here.

In each of the iron-nickel-sulphur, copper-iron-sulphur 
and copper-iron-nickel-sulphur systems, monosulphide 
solid solution (MSS) is the first phase to crystallize from 
a cooling liquid approximating the bulk composition of 
the Noril'sk ores. This section is concerned with the quanti 
tative modelling of the compositional variation to be 
expected in such a liquid that is undergoing MSS fraction 
ation. To do this, one must first select suitable values for

partition coefficients between MSS and iron-nickel-copper 
sulphide liquid for each of the metals of interest.

Craig and Kullerud (1969) showed that, for iron-rich 
iron-nickel-copper-sulphur liquids, the liquid is enriched in 
both nickel and copper with respect to MSS; but* as the 
liquid in equilibrium with MSS becomes richer in copper 
with falling temperature, the partitioning of nickel changes, 
and, by 8500C, the liquid is poorer in nickel than coexisting 
MSS. Thus, while the partition coefficient for copper 
is always less than l, that for nickel is at first less than l and 
becomes greater than l as the liquid becomes richer in 
copper.

Distler et al. (1977) studied the partitioning of palla 
dium, rhodium and ruthenium between MSS and coexisting 
nickel-enriched liquid in the iron-nickel-sulphur system; 
they concluded that palladium favours the liquid and that 
rhodium and ruthenium favour the MSS.

Mackovicky et al. (1986) experimentally studied the 
distribution of Pt between MSS and copper-rich residual 
liquid in the copper-iron-platinum-sulphur system and 
determined that the partition coefficients lie between 0.08 
and 0.2. Li et al. (in press) concluded from their bulk chemi 
cal and Accelerator Mass Spectrometric (AMS) studies of 
ores and sulphide minerals at the Strathcona Mine, Sudbury, 
that the MSS-sulphide-liquid partition coefficient for plati 
num lies between 0.008 and 0. l, for iridium between 4 and 6 
and for rhodium between 3 and 4 (Table 25.2).

In selecting coefficients to use in this modelling, we 
have chosen values that are: 1) consistent with the inter 
pretation of our field observations as the result of the frac 
tional crystallization of a sulphide liquid; 2) consistent with 
the experimental and field observations on areas other than 
Noril'sk; 3) and, so far as is possible, constant during the 
evolution of the sulphide liquid. The coefficients used are 
0.05 for platinum, and 4 for both iridium and rhodium as 
shown in Table 25.2.

In considering the variation diagrams appearing as 
Figures 25.5a to 25.5e in terms of an evolving sulphide

Table 25.2. Platinum group element (PGE) partition coefficients (D; based on Li et al., in press).

Observation

1) Average in Po (ppb)
2) Bulk H-wall ore (ppb in

Implication for initial MSS to crystallize

PGE in MSS less that in exsolved phases
PGE in MSS plus intercumulus liquid

Pt

5.6
74

Ir

79
59

Rh

95
123

1009fc sulphides)
3) Bulk orebody (ppb in PGE in sulphide liquid from which MSS has crystallized 742 13.3 30 

l OO^c sulphide)
D from (l) and (3) 0.008 5.9 3.2
D from (2) and (3) 0.10 4.4 4.1
Mackovicky et al. (1986) 0.08-0.2
Reel etal. (1992) 0.17* 2.1* 3.1"*
D used in this study 0.05 4 4

MSS = monosulphide solid solution [(Fe,Ni)j.x S]; Po = pyrrhotite; H-wall = hanging wall
* in abstract as referenced
* presented orally at meeting
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liquid, one must realize that each sample will consist of a 
mixture of crystals of MSS (or intermediate solid solution 
(ISS) in the case of the most copper-rich samples) plus 
trapped sulphide liquid; in the simplest case, the sulphide 
liquid will be that from which the MSS crystallized. One can 
no more expect any given sulphide sample to represent the 
composition of the liquid than one can expect, for example, 
a sample of cumulate peridotite or anorthosite from a 
layered intrusion to represent the magma from which the 
intrusion crystallized.

The modelling has been approached by considering 
perfect Rayleigh fractionation of the sulphide liquid due to 
the crystallization of MSS. Eventually, as the liquid 
becomes enriched in copper, it is known from phase 
relations in the copper-iron-sulphur system (Merwin and 
Lombard 1937; Schlegel and Schiller 1952; Hiller and 
Probsthain 1957) that ISS will join or replace MSS as a 
crystallizing phase, but our modelling is applicable except 
for very copper-rich liquids, probably those with more than 
20 weight 9fc copper.

Variation of Gold Versus Copper and 
the Value of MSS^ul "i-DCu

The AMS studies of MSS by Li et al. (in press) at Sudbury 
and Chai et al. (1992) at Jinchuan have shown extremely 
low concentrations of gold in MSS, significantly lower than 
all other noble metals. We have, therefore, assumed that 
gold is completely incompatible in MSS (DAu = 0.001); 
interpretation of the massive ore as being enriched in cumu 
lus MSS and the overall trend of the variation in this dia 
gram requires the partition coefficient for copper between 
MSS and sulphide liquid to be 0.1.

The average copper content of the sulphides in the 
Oktyabr'sky ores is about 5 weight 9fc. If this is taken as the 
copper content of the unfractionated sulphide liquid, the 
equation for perfect Rayleigh fractionation, Cm = F(D' 1 '.Xm 
(where Cm is the concentration of element m in the liquid; 
Xm is the original concentration of element m in the liquid; 
D is the partition coefficient of m between the fractionating 
phase, MSS and the liquid; and F is the fraction of liquid 
remaining uncrystallized), produces the trend for the liquid 
composition shown in Figure 25.7b if the Au content of the 
initial liquid (XAu)is taken as 0.20 ppm. On the scale of this 
diagram, the composition of the MSS coincides with the 
x-axis. Our assumption as to the initial composition of the 
sulphide liquid, coupled with the partition coefficients that 
we have used, results in the disseminated and Copper Ore 
samples falling close to the line of the evolving liquid. A line 
representing a mixture of MSS with 209fc liquid is also 
drawn in Figure 25.7b, and it is seen that most of the massive 
ore can be interpreted as a mixture of MSS with a small 
amount of liquid.

The value of DCu ^ 0. l that has been derived to explain 
the behaviour of gold has been used in all of the modelling 
that is considered below. In the later stages of the evolution 
of a sulphide liquid, at high copper contents, ISS will also

start to crystallize from the liquid together with, or in place 
of, MSS; at this stage, DCU will increase abruptly and copper 
enrichment of the liquid will either cease or become much 
less pronounced. However, it will be seen that in the 
diagrams that we discuss below, DCu = 0. l accounts well for 
the variation over much of the compositional range for 
copper.

Platinum and Palladium Versus 
Copper and DPt and DPd

The model line in Figure 25.7a is drawn on the assumption 
that Dpt - 0.05 and XPt = 2.4 ppm. The value of D Pt is within 
the range determined by Li et al. (in press) from their studies 
at Strathcona. The line lies close to the upper limit of the 
data points and, as with gold, samples of inclusion and Cop 
per Ore lie closer to the line than most of the samples of mas 
sive ore. Because the platinum partition coefficient is 50 
times higher than that used for gold, the MSS does not lie 
along the base, but some distance above it, and the separa 
tion between the MSS and liquid evolution lines is much 
less. This explains the much smaller difference that is 
present in Figure 25.7a between the composition of dis 
seminated and Copper Ore and that of massive ore than was 
true in the case of gold. The line representing a mixture of 
MSS with 209fc liquid is shown clearly in the insert to Figure 
25.7a in which it is seen that, as with gold, most of the 
samples of massive ore are interpretable as a mixture of 
MSS with a small amount of liquid. It should be noted that 
on the basis of this plot, the samples from the top of the 
massive ore in core KZ 868, that were remarked on above, 
are particularly poor in trapped liquid.

The nearly straight line variation of palladium with 
copper (see Figure 25.7c) requires DPd to be close to DCu , 
and a value of DPd of 0. l accounts well for the data; XPd has 
been chosen as 10 ppm. It is seen from Figure 25.7c that, 
because of the identical values used for DCu and DPd, the 
evolution lines for liquid and MSS are colinear; there is also 
essentially no offset between the trend of the massive ore 
and that of the disseminated and Copper Ore.

Behaviour of Rhodium and Iridium
The results of modelling rhodium variation with copper are 
shown in Figure 25.8a. Assuming that the initial liquid con 
tained 2 ppm Rh, the resulting modelling accounts, with 
relatively few exceptions, for nearly all of the data. As the 
partition coefficient for rhodium is greater than l and that 
for copper is 0.1, both liquid and MSS evolve with rhodium 
decreasing exponentially with increasing copper.

Most samples of massive ore scatter about the line rep 
resenting a mixture of MSS with 20^o liquid. The dissemi 
nated and Copper Ores lie either along or towards the liquid 
evolution line. The modelling suggests that the copper-, 
platinum- and palladium-poor samples from the top of the 
massive ore in core KZ 868 are quite fractionated, which 
accounts for their low rhodium. However, they are also very 
poor in trapped liquid, which accounts for their low copper 
content, despite their high degree of fractionation. There is
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an important lesson here that a high copper content is not 
necessarily a requisite for fractionated ore, if the ore is an 
MSS cumulate.

The iridium diagram (see Figure 25.8b) is very similar 
to that of rhodium. The initial concentration of iridium has

been assumed to be 0.2 ppm. Massive ore scatters around 
the 209fc liquid line, except for the top of the massive ore in 
KZ 868, which is characterized by much less liquid than 
this. Disseminated and Copper Ore lies close to the liquid 
evolution line.
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Figure 25.7. a) Variation of platinum with copper showing model 
curves. Initial composition of sulphide liquid that was assumed for 
modelling: Cu = 5 weight %; Pt = 2.4 ppm. Partition coefficient, 
DMSS7sul. liq.. Cu - Qi p, - o.o5. b) Variation of gold with copper 
showing model curves. Initial composition of sulphide liquid that was 
assumed for modelling: Cu = 5 weight %; Au = 0.75 ppm. Partition 
coefficient, DMSS;SU| - lic'-: Cu = 0.1, Au = 0.001. c) Variation of 
palladium with copper showing model curves. Initial composition of 
sulphide liquid that was assumed for modelling: Cu = 5 weight 9fc 
Pd = 9 ppm. Partition coefficient, DMSS;SU| - ^-. Cu = 0.1, Pd = 0.1. 
MSS—monosulphide solid solution. See Figure 25.5 for explanation of 
symbols.
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Application to Understanding 
Relationships between Ore Ttypes

The results of the above modelling indicate that the less 
copper-rich parts of the massive ore can be interpreted as 
being enriched in cumulus MSS. The composition of the 
disseminated ore is similar to that of the sulphide liquid 
required to crystallize the cumulus massive ore.

The Copper Ore that surrounds the massive ore, and ore 
that has impregnated inclusions of sedimentary rock within 
massive ore, are interpretable as fractionated sulphide 
liquid that has escaped from the massive ore as this crystal 
lized. Those who have worked with sulphide liquids, and 
tried to contain them within silica or silicate containers (e.g., 
Naldrett 1969), have experienced the enormous wetting 
ability of sulphides for silicates; this surface tension effect 
would cause the fractionating sulphide liquid to penetrate 
along grain boundaries and fine fractures and, therefore, 
escape. It is possible that as the copper content of the liquid 
increases, so does its wetting ability. It may seep into the sur 
rounding sedimentary rocks, which filter out the bulk of the 
MSS that has already crystallized, resulting in the composi 
tion of this ore being much closer to the liquid evolution 
line.

The disseminated ore is interpreted as having behaved 
differently to the massive ore, crystallizing more as a closed 
system, so that individual samples lie much closer to the 
evolution path of the liquid. In some areas, there is evidence 
that the disseminated ore has been enriched in platinum, pal 
ladium, and copper that has escaped from crystallizing mas 
sive ore; a detailed investigation of this will form the subject 
of a later study.

The differences in composition of different ore types 
that are illustrated in Figure 25.6 are understandable in the 
light of the results of the above interpretation. The massive 
ore is depleted in much of the more fractionated sulphide 
liquid and is, therefore, depleted in the components concen 
trated in this (i.e., copper, platinum, palladium and gold). 
The breccia overlying the massive ore seems to be more 
concentrated in some of the products of differentiation, and 
the stockwork of veins, which makes up much of the miner 
alization in the contact gabbro, has benefitted even more 
from the products of differentiation of the underlying mas 
sive ore, as it shows a marked enrichment in copper, plati 
num, palladium and gold. As mentioned above, it is likely 
that this upwards mobility of copper-rich, evolved sulphide 
liquid has also enriched the base of the disseminated ore in 
some areas. Where tectonic movements have resulted in 
brecciation of the host rocks within the zone of dissemi 
nated ore, the interstices between the breccia fragments 
have acted as a locus for fractionated sulphide liquid.

We prefer to defer speculation on the reason for the 
much higher PGE/Cu ratios of the samples from the external 
breccia zone above the Northwest Talnakh intrusion at its 
western end pending further study of this material.
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Figure 25.8. a) Variation of rhodium with copper showing model 
curves. Initial composition of sulphide liquid that was assumed 
for modelling: Cu z 5 weight 9fc; Rh s 2 ppm. Partition coefficient, 
rjMSS/sul. liq. : Cu - o.i, Rh n 4. b) Variation of iridium with copper 
showing model curves. Initial composition of sulphide liquid that was 
assumed for modelling: Cu = 5 weight 7c', Ir = 0.2 ppm. Partition co 
efficient, DMSS'SU( - "q-: Cu a 0.1, Ir s 4. MSS—monosulphide solid 
solution. See Figure 25.5 for explanation of symbols.
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Abstract
A remarkable feature of the NoriPsk-Talnakh area is the mineralogical and compositional zonation of the 
magmatic sulphide ore deposits. This zonation can be explained by fractional crystallization of sulphide 
liquid. The compositions of analyzed ore samples can be identified as belonging to a continuum ranging from 
evolved, residual liquids derived during the fractionation process to cumulates composed primarily of mono- 
sulphide solid solution with variable proportions of trapped liquid.

Some massive-ore samples display chondrite-normalized platinum group element-gold patterns with 
negative platinum anomalies. This feature indicates that the dominant control on ore composition is not 
sulphide liquid-silicate liquid partitioning but is the composition of monosulphide solid solution derived from 
the crystallization of sulphide liquid. Massive-sulphide ores that have compositional features typical of 
sulphide cumulates are not limited to the Noril'sk-Talnakh area but occur in several districts in a range of 
geological settings.

INTRODUCTION

The copper-nickel-platinum group element deposits of the 
Noril'sk-Talnakh area occur in relatively small, hypabys 
sal, differentiated mafic intrusions that are temporally and 
spatially related to the Mesozoic Siberian continental 
flood basalt province. Resource information about these 
deposits is difficult to obtain, but available data suggest that 
they contain in excess of 20 million metric tons of copper 
and nickel (metal), comparable to the Sudbury district in 
Canada (De Young et al. 1985). Ninety percent of the nickel, 
509fc of the copper, 75 9fc of the cobalt and virtually all of the 
platinum-group elements (PGE) produced in Russia come 
from these deposits (V.E. Kunilov, Norilsky GMK, personal 
communication, 1992). The Noril'sk-Talnakh deposits thus 
represent the largest known repository of PGE outside the 
Bushveld Complex in South Africa (Naldrett 1989). In the 
recent past, PGE production from the former Soviet Union 
was thought to be roughly equivalent to the output from 
South Africa (Coombes 1991).

Mineralogical zonation that occurs from centimetre- 
sized globules to major orebodies is one of the striking 
features of the sulphide accumulations. Ellipsoidal aggre 
gates of sulphide minerals from 0.5 to 3 cm in diameter, 
characteristic of disseminated ores in taxitic and picritic 
rocks, are sharply divided into 2 domains—l rich in copper- 
iron sulphide minerals at the top of the droplet and l rich in

pyrrhotite and pentlandite at the bottom (see Figure 5 in 
Czamanske et al. 1992). Massive orebodies are character 
ized by systematic changes in the proportions and abun 
dance of minerals that occur on the scale of hundreds of 
metres to kilometres.

This mineralogical zonation corresponds to pro 
nounced compositional changes that can largely be attrib 
uted to fractionation of monosulphide solid solution (MSS) 
from sulphide liquids. This paper will focus on how ore 
compositions have been affected by fractional crystalliza 
tion of MSS and how the compositional affects of this 
process can be recognized in deposits elsewhere.

GEOLOGICAL SETTING AND 
CHARACTERISTICS OF THE ORE

The ore deposits of the Noril'sk-Talnakh area are associated 
with hypabyssal intrusions associated with the Siberian 
flood basalt province. Milanovskiy (1976) estimates that 
rocks associated with early Mesozoic flood basalt magmat 
ism covered an area of 4 x l O6 km2 in the whole of middle 
northern Eurasia and had a volume of 2 x l O6 km3 . In addi 
tion to the better known exposures on the Siberian Platform, 
flood basalts and related rocks are also found in the late 
Mesozoic fold and thrust belt in the Taimyr Peninsula and 
occur in the basement in widespread localities beneath the 
western Siberian lowlands (Zonenshain et al. 1990). Plate 
tectonic reconstructions presented by Zonenshain et al.
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(1990) indicate that the eruption of flood basalts occurred in 
the hinterland of the Uralian fold-thrust belt.

The pattern of rock types in the Noril'sk-Talnakh area 
(Figure 26. l) has been interpreted as depressions associated 
with rift structures related to traces of deep faults (Duzhikov 
et al. 1992) or as folds (Smirnov 1966). The Noril'sk- 
Kharayelakh fault forms a prominent linear feature on both

topographic and magnetic maps for 80 to 100 km and 
is roughly coincident with the axis of the synformal struc 
tures that constitute the Noril'sk and Kharayelakh basins. 
Intrusions that host the ore deposits of the Noril'sk-Talnakh 
area occur near this fault.

The ore deposits are associated with a specific type of 
intrusion within the sill complex that formed at the time of

^ *- ' Flood basalts (Early Triassic to Late Permian) 50 km

Tungusska series (Late Permian to Middle Carboniferous) - sedimentary rocks 

Sedimentary rocks (Early Carboniferous to Late Proterozoic) 

- Fault y~ Contact

Figure 26.1. Simplified geological map of the Noril'sk-Talnakh area showing subsurface outlines of the fully differentiated, ore-bearing intrusions 
(black).
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flood basalt magmatism. The so-called ore-bearing intru 
sions are "fully" differentiated, elongate, "finger-like" 
domains that are part of more laterally extensive, less- 
differentiated sheet-like sills that are tens of metres thick 
(Smirnov 1966; Zen'ko and Czamanske, this volume). The 
inflated, finger-like parts of the sills typically can be as 
much as 350 m thick and 2.5 km wide and have lengths on 
the order of tens of kilometres. Outlines of the ore-bearing 
intrusions typically show only the extent of the fully differ 
entiated, finger-like lobes of the sills (Figure 26.2). Where 
hosted by sedimentary rocks, these elongate, ore-bearing 
intrusions are surrounded by metamorphic and metasomatic 
aureoles that are larger than what would be expected for the 
size of the intrusion (Genkin et al. 1982).

Within the finger-like parts of the sills, silicate-rich 
rocks form a vertical sequence that is suggestive of in situ 
differentiation by olivine accumulation near the base of the 
intrusion. The rocks consist predominantly of plagioclase, 
olivine and augite; much of the modal variation in the rocks 
reflects changes in the proportions of olivine and plagio 
clase. Listed in order of decreasing olivine content, rock 
types include mela-olivine gabbro, olivine gabbro, leuco- 
olivine gabbro and leucogabbro (Streckeisen 1973); the 
local terms applied to this same range of rock compositions 
are picritic gabbrodolerite, picrite-like gabbrodolerite, 
olivine and olivine-bearing gabbrodolerite, gabbrodolerite 
or gabbrodiorite and leucogabbro (Zen'ko and Czamanske, 
this volume; Czamanske et al., this volume). Chilled, sul 
phide-poor gabbrodolerite occurs along the lower margins 
of the intrusions; within a few metres, these rocks grade 
upwards into a fine- to coarse-grained variable-textured 
olivine gabbrodolerite that contains disseminated sulphide 
minerals. This variable-textured gabbrodolerite is charac 
terized by irregular variations in texture, mode and grain 
size on the scale of hand specimen to outcrop; the unit often 
contains abundant inclusions of earlier crystallized mafic 
rocks. Russian geologists refer to this unit as taxitic gabbro 
dolerite (the adjective may be derived from taxite—a vol 
canic rock that consists of a mixture of materials of varying 
texture and structure; Gary et al. 1972). These lower taxitic 
rocks are overlain by fine- to medium-grained picritic 
gabbrodolerites. Inclusions of the taxitic rocks are found in 
the lowermost picritic units; where observed by the senior 
author, these inclusions range from single crystals to poly- 
crystalline aggregates a few centimetres in diameter to 
sharply defined, rounded fragments several tens of centi 
metres in diameter. Concentrations of disseminated sul 
phide minerals occur in the picritic gabbrodolerites as well. 
From this point, the proportion of olivine generally 
decreases upsection through olivine-biotite gabbrodolerite, 
olivine gabbrodolerite and olivine-bearing gabbrodolerite. 
The uppermost unit, gabbrodolerite or gabbrodiorite, con 
tains little or no olivine; the rocks near the upper contact of 
the sills are characterized by variable grain size, intrusion 
breccias, local domains with pegmatoidal textures and melt 
segregations. Irregularly, leucogabbro is present at the 
upper contacts bf the intrusions.

However, the ore-bearing intrusions most probably do 
not form by simple in situ differentiation of a single batch of

Tolnokh intrusion
(includes intrusion of central graben)

l j l 1 1 Kharyoelakh intrusion

Massive suphide orebodies

Mine boundaries 

Sampled drill holes

4km

Figure 26.2. Plan showing subsurface extent of the ore-bearing 
branches of the Talnakh and Kharayelakh intrusions, Talnakh district, 
with locations of massive orebodies, drill hole sites and mine 
designations.

magma, but by emplacement of multiple pulses of magma 
of differing composition (Czamanske et al., this volume). 
The transitions between rock types typically do not reflect a 
gradational change in the proportion of olivine but, rather, 
are characterized by abrupt changes in mode, grain size and 
texture. Multiple modally graded sequences may occur in a 
section, and significant lateral changes in the proportion of 
rock types are common. An abrupt change in initial stron 
tium isotope ratios across a lithologic transition from 
picritic gabbrodolerite to olivine gabbrodolerite in drill hole 
KZ1879 through the Kharayelakh intrusion is the most di 
rect evidence that some of these lithologic changes may re 
sult from the repeated influx of magma.

Sulphide Mineralization
Depending on the amount of sulphide present and the 
spatial-temporal relation to intrusive rocks, sulphide miner 
alization has been subdivided into: 1) disseminated ores in 
intrusive rocks, 2) massive ores and 3) veinlet-disseminated 
ores and breccioid ores in country rocks adjacent to the 
mineralized intrusions (Genkin et al. 1982; Duzhikov et al. 
1992). Our sampling has primarily focussed on the first 2 
ore types.
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Disseminated-sulphide mineralization within the 
ore-bearing intrusions is typically concentrated in the 
middle and lower parts of the picritic units and the upper and 
middle parts of the taxitic units near the lower margin of the 
intrusions. Away from this interval, the amount of sulphide 
minerals gradually decreases to the lower contact of the 
intrusion and decreases in rocks overlying the picritic unit. 
Morphological types of disseminated sulphide aggregates 
include ovoid-drop-like forms, which occur principally in 
the picritic units, and interstitial grains that form irregular 
shapes moulded against silicate minerals or form thin inter 
granular films along silicate grain boundaries.

Massive ores vary in their setting, size and distribution. 
They range from thin veinlets to sheet-like orebodies that 
can extend for several kilometres with thickness ranging up 
to 50 m. Although massive ores are spatially associated 
with the ore-bearing intrusions, they are not a typical 
end-member of a textural continuum that would include 
matrix ore and disseminated ore. Massive-sulphide 
orebodies show sharp and sometimes transgressive contacts 
with the ore-bearing intrusions; this temporal relation is also 
supported by a lack of matrix ore in most intrusions and the 
virtual absence of entrained igneous silicate minerals in 
massive ores. In the Talnakh district, massive ores are local 
ized in rocks underlying the intrusions and, to a lesser 
extent, in the lower contact zone of the intrusions. Massive 
ores in the metamorphosed sedimentary rocks typically 
have no direct contact with the ore-bearing intrusions. The 
largest deposits are localized along the axis defining the 
thickest part of the elongate, ore-bearing intrusions (see 
Figure 26.2). In the Noril'sk district, massive-sulphide 
veins form an anastomosing zone of sheet-like orebodies 
that occur in rocks adjacent to the Noril'sk I intrusion, as

well as in the lower part of the intrusion near the transition 
from picritic to taxitic rocks (Smirnov 1966).

Veinlet-disseminated ores form in the contact- 
metamorphic aureoles of the ore-bearing intrusions and 
are commonly concentrated in envelopes surrounding 
massive-sulphide orebodies. Sulphides occur in veins and 
as metasomatic replacements; textures are complex and 
reflect the structural fabric of the rock. For example, 
sulphide minerals can occur along bedding planes in fissile 
rocks, in amygdule sites in basalts and at porphyroblast sites 
in some hornfels.

SAMPLING AND METHODS
The opportunity to visit the district and collect samples in 
1990 was part of a broader memorandum of understanding 
on scientific exchange between the United States (U.S.) 
Geological Survey and the Ministry of Geology of the 
USSR. Two weeks were devoted to investigating the mag 
matic copper-nickel-PGE ore deposits of the Noril'sk- 
Talnakh area. Material collected from drill holes in the 
Noril'sk and Talnakh districts was supplemented by 
samples collected from the Medvezhy Creek open pit, 
underground workings of the Oktyabr'sky Mine and ore 
stockpiles for the Oktyabr'sky and Komsomolsky mines.

Most analyses were carried out in laboratories of the 
U.S. Geological Survey (Tables 26.1, 26.2, 26.3 and 26.4). 
Analytical methods are as follows: iron, nickel, copper, 
silver, cobalt, lead and zinc by inductively coupled plasma 
atomic emission spectrometry (ICP-AES) (Lichte et al. 
1987); sulphur by combustion with infrared (IR) detection 
(Jackson et al. 1987); arsenic and antimony by hydride- 
generation atomic absorption spectrometry (AAS); tellu 
rium and bismuth by ion-exchange plus graphite-furnace

Table 26.1. Representative analytical data for massive-sulphide ores, Oktyabr'sk Mine area, western branch of Kharayelakh intrusion; mineral 
assemblages are listed in decreasing order of abundance.

Sample 
Number

KZ868 892.4
90OMZS2-3*
90OC4*
90OMZS1-4
900MZS1-3*
90OC13*
90OMZS1-1*
90OC9*
90OC14*
90OC8
90OMZ67-5-1*

Mineral 
assemblage

po-cp-pn
po-cp-pn
cp-po-pn
cp-po-pn
cp-po-cb-pn
cp-po-cb-pn
mh-tk-pn
mh-tk-pn
mh-tk-pn
cp-pn
cp-pn

Fe,
Wt. to

45.0
54.7
47.3
51.2
39.8
41.1
35.6
37.0
34.5
35.3
30.6

Cu,
wt. Ve

1.80
4.05

12.30
10.30
22.80
20.80
28.30
27.20
28.00
29.30
31.10

Ni,
wt. Ve

2.75
3.48
3.03
2.88
2.13
1.80
2.48
2.61
3.49
1.87
2.56

s,
wt. Ve

27.8
30.5
32.4
29.0
32.9
32.9
31.3
30.1
33.5
31.7
33.1

Ir, 
ppb

7.8
20

6
44
44

4.1
1.4

*:0.5
0.9
^
0.6

Ru, 
ppb

14
57
18
89
96
15
^
^
^
^
^

Rh, 
ppb

120
240

85
450
290

33
26
10
14

9.0
3.6

Pt, 
ppb

630
1,600
4,190
6,150
7,500
2,600

23,000
21,000
20,500
4,500
1,900

Pd, 
ppb

3570
10800
21 300
20000
29100
37000
77000

119000
140000
39000
28000

Au, 
ppm

0.10
0.05
0.93
0.70
1.40
1.10
5.30
3.97
1.05
2.35
0.28

Mineral abbreviations: po-pyrrhotite, cp-cnalcopyrite, cb-cubanite, mh-mooihoekite, tk-talnakhite, and pn-pentlandite. Minerals in assemblage 
name are listed in decreasing order of abundance.
Fe, Cu, and Ni by ICP-AES (P.M. Briggs, U.S. Geological Survey, Denver), S by combustion and IR detection (T.L. Fries, U.S. Geological Survey, 
Menlo Park); Au by graphite furnace AA (B.M. Adrian, U.S. Geological Survey, Denver). See text for additional information. Notes apply to 
Tables 2, 3, and 4.
Values reported for Fe, Cu, Ni and S are the mean of replicate analyses. PGE and Au concentrations are the median value.
*PGE by NiSfire assay and ICP-MS and INAA (A.L. Meier and R.R Carlson, U.S. Geological Survey, Denver and S.-J. Barnes, University of 
Quebec, Chicoutimi).
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Table 26.2. Analytical data for drill hole KZ868, Oktyabr'sky Mine area, western branch of Kharayelakh intrusion.

Sample 
Number

KZ868 842.7

KZ868 858.1

KZ868 860.2

KZ868 863.8

KZ868 868.3

KZ868 879.5

KZ868 883.8

KZ868 890

KZ868 890*

KZ868 892.4

KZ868 898*

KZ868 898.4*

KZ868 899.1

KZ868901.5

KZ868 903.1

KZ868 907.5

KZ868 908.5

KZ868911.4

KZ868 912.6

KZ868 914

KZ868 914.9*

KZ868918

KZ868919

KZ868 920.8*

KZ868 923

Rock Ore 
Type Type

picritic disseminated
gabbrodolerite
taxihc disseminated
gabbrodolerite
taxitic disseminated
gabbrodolerite
taxitic matrix
gabbrodolerite
taxitic disseminated
gabbrodolerite
taxitic matrix
gabbrodolerite
taxitic matrix
gabbrodolerite
taxitic disseminated
gabbrodolerite
taxitic disseminated
gabbrodolerite
massive massive
sulphide
massive massive
sulphide
Cu-rich matrix
sulphide
segregations
in hornfels
massive massive
sulphide
massive massive
sulphide
massive massive
sulphide
massive massive
sulphide
massive massive
sulphide
massive massive
sulphide
massive massive
sulphide
massive massive
sulphide
massive massive
sulphide
massive massive
sulphide
massive massive
sulphide
massive massive
sulphide
massive massive
sulphide

Fe,
wt. Ve

7.10

10.0

9.70

13.0

10.0

15.0

15.0

11.0

11.0

45.0

49.3

13.0

49.7

46.0

49.0

52.0

50.7

49.0

40.0

51.7

51.7

53.0

43.7

50.0

50.0

Cu,
wt. *fc

0.10

0.47

0.31

1.60

0.55

2.00

1.90

0.40

0.40

1.80

2.67

4.00

2.90

2.70

2.57

4.50

3.60

4.27

3.97

5.23

5.30

4.70

4.27

5.37

5.00

Ni,
wt. *?c

0.06

0.23

0.17

0.46

0.25

0.49

0.67

0.18

0.18

2.75

3.54

0.84

3.15

2.97

3.01

3.74

3.39

3.39

2.21

4.01

3.75

3.73

2.08

3.66

2.64

s,
wt. %

0.63

2.66

1.79

5.26

3.11

6.23

6.22

1.96

2.00

27.8

34.4

7.40

30.8

30.5

29.2

35.2

31.1

31.4

20.8

36.6

35.5

34.4

21.1

33.7

24.5

Ir, 
ppb

1.5

3.9

2.2

6.2

4.8

3.8

7.8

2.7

2.7

7.8

7.3

0.3

3.5

8.1

7.7

42

27

22

12

41

42

38

14

14

14

Ru, 
ppb

4.7

11

7.2

21

15.

12

19

8.7

8.8

14

11

^.5

4.7

21

14

95

57

29

20

110

120

100

17

22

28

Rh, 
ppb

7.9

28

18

47

34

35

64

22

22

120

130

4.3

87

130

110

400

330

310

167

410

410

430

187

190

140

Pt,
ppb

76

220

140

790

310

1 100

1270

150

170

630

790

2300

1 800

810

870

2170

1 800

1470

1 100

2130

1950

1 830

1700

2550

2100

Pd, 
ppb

200

910

540

2800

1000

3400

4070

940

880

3570

4250

9 100

6400

4270

4600

8830

8370

7670

5230

10300

10000

10000

6370

11000

9330

Au, 
ppm

—

—

—

—

—

—

0.30

—

—

0.10

0.10

0.50

0.13

0.05

^.05

0.20

0.18

0.12

0.15

0.20

0.15

0.10

0.10

0.20

0.22

Mineral abbreviations are: po-pyrrhotite, cp-chalcopyrite, cb-cubanite, mh-mooihoekite, tk-talnakhite, and pn-pentlandite. Minerals in 
assemblage name are listed in decreasing order of abundance.
Fe, Cu, and Ni by ICP-AES (P.M. Briggs, U.S. Geological Survey, Denver), S by combustion and IR detection (T.L. Fries, U.S. Geological Survey, 
Menlo Park); Au by graphite furnace AA (B.M. Adrian, U.S. Geological Survey, Denver). See text for additional information. Notes apply to 
Tables 2, 3, and 4.
Values reported for Fe, Cu, Ni and S are the mean of replicate analyses. PGE and Au concentrations are the median value.
*PGE by NiSfire assay and ICP-MS and INAA (A.L. Meier and R.R Carlson, U.S. Geological Survey, Denver and S.-J. Barnes, University of 
Quebec, Chicoutimi).
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Table 263. Analytical data for drill hole KZ1879, Glubokij Mine area, northern branch of Kharayelakh intrusion.

Sample 
Number

Rock Ore Fe, Cu, Ni, S, Ir, Ru, Rh, Pt, Pd, Au, 
Type Type wt. 9fc wt. "/c wt. "^ wt. 9fc ppb ppb ppb ppb ppb ppm

KZ1879 1752.5 picritic disseminated 13.0 
gabbrodolerite

KZ1879 1757 picritic disseminated 12.0 
gabbrodolerite

KZ1879 1761.0 picritic disseminated 12.0 
gabbrodolerite

KZ1879 1763.1 picritic disseminated 11.0 
gabbrodolerite

KZ1879 1767.9 picritic disseminated 11.0
gabbrodolerite 

KZ1879 1768.5B picritic disseminated 10.0
gabbrodolerite

KZ1879 1773.0 picritic disseminated 9.10 
gabbrodolerite

KZ1879 1777.4 picritic disseminated 11.0 
gabbrodolerite

KZ1879 1785.5 taxitic disseminated 11.0 
gabbrodolerite

11.0

49.7

52.0

50.0

52.7

52.0

0.96

0.50

0.48

0.41

0.33

0.66

0.45

0.43

0.64

1.20

6.67

4.57

6.70

4.00

3.27

0.53

0.36

0.33

0.30

0.24

0.33

0.20

0.23

0.27

0.75

4.59

4.47

4.71

4.74

5.13

2.90

1.59

1.32

1.22

0.95

2.08

1.33

1.12

2.19

4.49

35.4

31.5

35.4

32.6

34.3

12

6.5

6.5

4.5

3.7

5.3

2.1

4.3

4.8

13

210

61

170

27

28

36

19

21

14

11

19

8.4

14

18

33

700

130

490

92

74

100

58

68

48

37

55

40

39

48

140

1 610

740

1 300

330

350

810

410

550

430

280

380

220

250

310

1 200

2200

2600

2670

1600

2 130

2900

1 500

1 900

1 600

1 100

1 700

890

1 100

1 300

3300

11 500

12000

12000

9450

11 700

0.20

0.10

0.15

0.10

0.15

—

—

—

—

0.15

0.15

0.10

0.17

0.07

0.05

KZ1879 1791.6 taxitic matrix 
gabbrodolerite

KZ1879 1800.2* massive massive 
sulphide

KZ1879 1802.5 massive massive 
sulphide

KZ1879 1805 massive massive 
sulphide

KZ1879 1807.7* massive massive 
sulphide

KZ1879 1808 massive massive 
sulphide

Mineral abbreviations are: po-pyrrhotite, cp-chalcopyrite, cb-cubanite, mh-mooihoekite, tk-talnakhile, and pn-pentlandite. Minerals in 
assemblage name are listed in decreasing order of abundance.
Fe, Cu, and Ni by ICP-AES (P.H. Briggs, U.S. Geological Survey, Denver), S by combustion and IR detection (T.L. Fries, U.S. Geological Survey, 
Menlo Park); Au by graphite furnace AA (B.M. Adrian, U.S. Geological Survey, Denver). See text for additional information. Notes apply to 
Tables 2, 3, and 4. 
Values reported for Fe, Cu, Ni and S are the mean of replicate analyses. PGE and Au concentrations are the median value.
*PGE by NiSfire assay and ICP-MS and INAA (A.L. Meier and R.R Carlson, U.S. Geological Survey, Denver and S.-J. Barnes, University of 
Quebec, Chicoutimi).

AAS; and tin by solvent extraction plus graphite-furnace 
AAS (Wilson et al. 1987; Zientek et al. 1990; Aruscavage 
and Crock 1987). Platinum group elements were deter 
mined by NiS fire assay and inductively coupled plasma 
mass spectrometry (ICP-MS) in 10 g samples at limits of 
0.5 ppb or lower (Meier et al. 1991). The method used is 
similar to the procedures described by Robert et al. (1971) 
and Jackson et al. (1990). Without modification, the useful 
range of the method is from the detection limit to about 
5 ppm; for samples of PGE-enriched copper-rich ore, the 
sample size was reduced to 2 g or less. Accuracy is 
improved by isotope dilution using enriched 191 Ir to track 
recovery through the collection and separation procedure. 
Analytical results were referenced against S ARM-7; the 
precision obtained for 60 replicate analyses of l g samples 
of SARM-7 analyzed with routine samples over a 6 month

period is as follows (expressed as relative standard 
deviation): ruthenium, 8.349fc; rhodium, S.41%; palladium, 
6.29*7c; iridium, S.90%; and platinum, 6.609fc. Replicate 
analyses were performed for all ore samples: at least 2 for 
disseminated-ore samples; 3 or more for massive ore 
samples. Because there was some question about the 
necessity and affect of corrections in the determinations of 
rhodium and ruthenium, 30 samples that span the composi 
tional range of the massive-sulphide ores were selected and 
analyzed by NiS fire assay and instrumental neutron activa 
tion (INAA) at the University of Quebec at Chicoutimi. 
Results for rhodium, platinum and gold generally agree (the 
average of differences is less than 2*7c). Although there can 
be substantial differences in the concentrations of these 
elements among samples, there is no systematic bias 
between laboratories. Results for iridium were also in
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Table 26.4. Analytical data for drill holes KZ1713 and KZ1799, Skalisty Mine area, Talnakh intrusion.

Sample 
Number

KZ1713 862.8

KZ1713 883.8

KZ1713 886.5

KZ1713 902.8

KZ1713 910.5

KZ1713 922.9

KZ1713 928.1

KZ1713 931.3*

KZ1713 934.6

KZ1799 1321.55

KZ1799 1338.5

KZ1799 1343

KZ1799 1347.9

Rock Ore 
Type Type

olivine- disseminated 
gabbrodolerite

olivine- disseminated 
gabbrodolerite
olivine- disseminated 
gabbrodolerite

olivine- matrix 
gabbrodolerite

picritic matrix 
gabbrodolerite

taxitic matrix 
gabbrodolerite

massive massive 
sulphide

massive massive 
sulphide

massive massive 
sulphide

picritic disseminated 
olivine- 
gabbrodolerite

taxitic matrix 
gabbrodolerite

hornfels massive

massive massive

Fe,
wt. Ve

6.80

16.0

7:60

14.0

14.0

13.0

48.0

52.0

50.7

9.50

14.0

26.7

45.0

Cu,
wt. Ve

0.03

0.57

0.15

1.40

0.87

1.70

1.93

2.50

4.97

0.52

1.97

2.00

2.50

Ni,
Wt. Ve

0.03

0.40

0.09

0.83

0.68

0.65

3.79

5.53

4.89

0.28

1.06

2.54

4.12

s,
wt. Ve

0.13

1.88

0.56

5.60

4.09

4.66

22.6

37.0

36.5

1.22

6.88

17.8

28.4

Ir, 
ppb

0.6

15

3.0

21

18

11

180

780

670

6.7

25

240

25

Ru, 
ppb

2.0

40

9.2

63

54

36

430

3250

3 100

19

68

800

25

Rh, 
ppb

10

110

28

190

160

120

1 800

5050

4500

46

220

1570

600

Pt, 
ppb

59

790

190

1 100

750

670

940

1 240

1 170

370

1 530

740

950

Pd, 
ppb

190

2200

510

3500

2800

5200

5 170

6550

6 100

1 200

6400

4030

5300

Au, 
ppm

—

0.10

—

0.20

0.10

0.35

0.10

0.10

0.15

0.10

0.35

0.10

0.07

100 230 1100 1600 6200 0.10

sulphide

KZ1799 1351 massive massive 37.0 2.50 3.25 22.0 
sulphide

Mineral abbreviations are: po-pyrrhotite, cp-chalcopyrite, cb-cubanite, mh-mooihoekite, tk-talnakhite, and pn-pentlandite. Minerals in 
assemblage name are listed in decreasing order of abundance.
Fe, Cu, and Ni by 1CP-AES (P.M. Briggs, U.S. Geological Survey, Denver), S by combustion and IR detection (T.L. Fries, U.S. Geological Survey, 
Menlo Park); Au by graphite furnace AA (B.M. Adrian, U.S. Geological Survey, Denver). See text for additional information. Notes apply to 
Tables 2, 3, and 4. 
Values reported for Fe, Cu, Ni and S are the mean of replicate analyses. PGE and Au concentrations are the median value.
*PGE by NiSfire assay and ICP-MS and INAA (A.L. Meter and R.R Carlson, U.S. Geological Survey, Denver and S.-J. Barnes, University of 
Quebec, Chicoutimi).

agreement except for very copper-rich samples where the 
results of the ICP-MS analyses were higher. The reason for 
the difference is not known; there are no obvious 
interferences that should affect the ICP-MS or the INAA 
results. However, because sample weights had to be reduced 
for these high copper samples, the results reported by 
ICP-MS were close to the determination limit and are more 
likely to be in error. Determinations of palladium by 
ICP-MS were consistently lower than the results obtained 
by INAA (by an average difference of 149fc). Both laborato 
ries reference their analyses to the same standard, S ARM-7, 
but the concentration of palladium in the ore samples was in 
almost all cases greater than the standard (by as much 2 
orders of magnitude). The difference has not been 
reconciled largely due to the lack of appropriate standard

material with high concentrations of PGE. Because of inter 
ference problems in the INAA method, the ICP-MS method 
gave a better indication of the ruthenium contents of ore 
samples with high concentrations of gold and copper.

RESULTS

Mineralogical and Compositional
Zonation of Massive 

Ores—Oktyabr'sky Mine
Genkin et al. (1982) distinguish 2 patterns of zonation in 
massive ores of the Noril'sk-Talnakh area, simple and 
complex. Simple zonation refers to a change from
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pyrrhotite-dominant ores to chalcopyrite-dominant ores by 
gradual changes in proportions of pyrrhotite and chalcopy 
rite. Ores enriched in chalcopyrite are typically concen 
trated at the margins of orebodies. Complex zonation refers 
to the succession of numerous mineral varieties of ore that 
include zones enriched in cubanite or mooihoekite (talnak 
hite), as well as pyrrhotite and chalcopyrite.

The massive-sulphide ores of the Oktyabr'sky 
Mines area display a concentric arrangement of ore 
types with various proportions of sulphide minerals typical 
of complex zonation (Figure 26.3). Mineral assemblages 
at the outer, lateral edges and lower margins of 
the orebody are pyrrhotite-rich with lesser amounts of 
chalcopyrite and pentlandite. Inwards, successive zones 
of chalcopyrite-dominant and cubanite-dominant assem 
blages surround a core of mooihoekite-cubanite or talnak- 
hite-cubanite assemblages in the central and upper parts of 
the deposit. All assemblages carry pentlandite.

Genkin et al. (1982) and Stekhin (1992) both note that 
the complexly zoned massive ores of the Oktyabr'sky Mine 
occur at the western end of the main Kharayelakh orebody, 
which extends from the Oktyabr'sky Mine into the Taimyr 
Mine area and is likely continuous with the massive orebody 
at the southern margin of the Taimyr Mine area (see 
Figure 26.2). Throughout most of their length, the main 
Kharayelakh orebody and the adjacent orebody in the 
Taimry Mine are made up of pyrrhotite-dominant mas 
sive-sulphide ores characterized by simple zoning. These 
orebodies are localized along an axial zone of the finger-like 
intrusion that composes the southern margin of the western 
branch of the Kharayelakh intrusion (Duzhikov et al. 1992).

The mineralogical zonation corresponds to composi 
tional zonation (see Table 26.1). In Figure 26.4, data for 
samples collected from pyrrhotite-chalcopyrite and chalco- 
pyrite-pyrrhotite assemblages (pyrrhotite-rich ores; Cu/S 
less than 0.4) from the outer parts of the zonation sequence

[All ore types carry pentlandite]
Mooihoekite 

Mooihoekite * Cubanite 

Cubanite * Mooihoekite 

Chalcopyrite * Cubanite

Cubanite + Troilite * Chalcopyrite 

Chalcopyrite + Pyrrhotite 

Pyrrhotite * Chalcopyrite 

Pyrrhotite

Figure 26.3. Plan map of mineral-assemblage zonation in massive-sulphide ores in the Oktyabr'sky Mine area, western branch of the Kharayelakh 
intrusion.
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Figure 26.4. Box-and-whisker plots illustrating major and minor ele 
ment concentrations in massive-sulphide ores of the Oktyabr'sky Mine 
area, a) S, Fe, Cu and Mi; b) Sb, As, Bi, Te, Sn, Ag, Pb, Zn and Co; and 
c) Ir, Ru, Rh, Pt, Pd and Au. Key to symbols: horizontal line in box is the 
median value of the data; ends of the boxes are the 25th and 75th 
percentiles of the data; lines at ends of boxes ("whiskers") extend to the 
10th and 90th percentiles of the data; and dots on the top and bottom of 
the lines show outlier points of data distribution. Notches on the sides of 
the boxes show the 90th percent confidence interval about the median 
value. Po-pyrrhotite.

in the Oktyabr'sky Mine area are compared to samples from 
the mooihoekite- and talnakhite-bearing assemblages 
(copper-rich ores; Cu/S greater than 0.6) in the core of 
the deposit. Compositional differences between the 
2 groups of samples are entirely consistent with what is 
known experimentally about the partitioning behavior 
of elements between sulphide liquid and MSS (Craig 
and Kullerud 1969; Distler et al. 1977; Fleet et al. 1992; 
M.E. Fleet, University of Western Ontario, personal 
communication, 1992). Samples rich in copper are enriched 
in elements known to behave incompatibly during 
MSS crystallization: copper, platinum, palladium and 
gold (see Figure 26.4a). Pyrrhotite-rich samples are 
enriched in elements known to behave compatibly: iron, 
nickel, cobalt, iridium, ruthenium and rhodium (see 
Figures 26.4b and 26.4c). By analogy, the data presented in 
Figure 26.4b suggest that antimony, arsenic, bismuth, 
tellurium, tin, silver, lead and zinc behave incompatibly 
during MSS fractionation. Chondrite-normalized copper- 
nickel-PGE-gold plots for samples representative of partic 
ular assemblages are shown in Figure 26.5. As expected, 
ratios of incompatible to compatible elements increase from 
pyrrhotite-bearing to the copper-rich assemblages. Con 
centrations of platinum, palladium and gold decrease, and 
copper contents increase slightly between mooihoekite- 
talnakhite-cubanite-pentlandite assemblages, typical of 
the core of the mineralogically zoned massive-sulphide 
orebody, and chalcopyrite-pentlandite assemblages that 
occur as discordant segregations of massive sulphide that 
cut the intrusion immediately above the copper-rich mas 
sive sulphides. Chalcopyrite-pentlandite ores also contain 
lower concentrations of antimony, arsenic, bismuth, silver 
and tellurium, relative to mooihoekite-talnakhite-cuba- 
nite-pentlandite ores. If the chalcopyrite-pentlandite ore 
samples are related to and derived from the underlying mas 
sive-sulphide orebody, their compositional characteristics 
cannot result from MSS fractionation alone; crystallization 
of other phases such as intermediate solid solution or plati 
num group minerals from the copper-rich residual liquid 
must be considered in order to explain the depletion of 
selected incompatible elements.

Previous reports with data on the composition of ores 
from Noril'sk-Talnakh area gave no information about the 
copper-rich ores at Oktyabr'sky. Strishkov (1984) reported 
that the Oktyabr'sky reserves were 130 million tons of ore 
containing 3.9 weight 9fc copper (comparable to the copper 
concentrations in the pyrrhotite-bearing ore assemblages) 
and gave no indication of the very high copper concentra 
tions in the copper-rich ore (greater than 20 weight 9fc). 
Previously estimates of the total PGE contents of massive 
ores were as high as 11 ppm (Hulbert et al. 1988; Wyllie 
1987); we know now that PGE concentrations in 
copper-rich ore are more typically on the order of hundreds 
of ppm.

Comparison of Disseminated- and 
Massive-Ore Compositions

During the course of our investigations, we had the opportu 
nity to sample core from drill holes in the Talnakh district 
that contained both disseminated ore in picritic and taxitic
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units and massive-sulphide ore. The holes included KZ868 
in the Oktyabr'sky Mine area in the western branch of the 
Kharayelakh intrusion (see Table 26.2), KZ1879 in the area 
of the proposed Glubokij Mine in the northern branch of 
the Kharayelakh intrusion (see Table 26.3) and KZ1713 
and KZ1799 in the area of the proposed Skalisty Mine 
in the Talnakh intrusion (see Table 26.4). The lithologic 
sequence and relations illustrated for KZ868 in Figure 26.6 
are typical for the other drill holes. Disseminated ores 
occur in picritic and taxitic units at the base of the ore- 
bearing intrusions. Sulphide-mineral aggregates occur as 
coarse-grained elliptical droplets in picritic rocks and

as coarse-grained irregularly shaped, interstitial mineral 
aggregates in the taxitic rocks. Interstitial-sulphide miner 
als also occur as thin films along grain boundaries in both 
rock types. There is no increase in sulphide proportion 
downward, nor is there any suggestion that the coarse 
sulphide aggregates were settling or aggregating. The 
taxitic unit grades downward into a sulphide-poor, fine 
grained chill zone. Massive-sulphide accumulations occur 
below the chilled base of the intrusion, overlain either by 
chilled rocks at the base of the intrusion or by a thin septum 
of contact-metamorphosed sedimentary rocks that sepa 
rates the massive ore from the intrusion.

10000 -g

1000

10000 -a

10000 -g

Ni Co Os Ir Ru Rh Pt Pd Au Cu Ni Co Os Ir Ru Rh Pt Pd Au Cu
10000 -3

cp-pn

i——r
Ni Co Os Ir Ru Rh Pt Pd Au Cu

10000 -^
E cp-po-cb-pn

Ni Co Os Ir Ru Rh Pt Pd Au Cu

Figure 26.5. Chondrite-normalized nickel-cobalt-platinum group 
element-gold-copper diagrams illustrating change in pattern for 
different mineral assemblages in massive-sulphide ores of the 
Oktyabr'sky Mine area. For each plot, the highlighted patterns represent 
the indicated assemblage. Mineral abbreviations are: po—pyrrhotite; 
cp, chalcopyrite; cb, cubanite; mh, mooihoekite; tk, talnakhite; and 
pn, pentlandite. Minerals in assemblage name are listed in decreasing 
order of abundance. Values are normalized to CI chondrite.

i——r
Ni Co Os

-i———i——i———i——i——i——r
Ir Ru Rh Pt Pd Au Cu
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The compositions of spatially associated massive and 
disseminated ores recalculated to 10096 sulphide for these 
drill holes are illustrated in Figures 26.7 and 26.8. Massive 
ores have lower platinum, palladium and gold concentra 
tions than spatially associated disseminated ores. Less con 
sistent relations are seen for iridium, ruthenium and 
rhodium; concentrations in massive ores can be higher, 
comparable, or lower than those in associated disseminated 
ore. These relations lead to characteristic shapes for the 
chondrite-normalized patterns; disseminated ores have 
patterns that have relatively smooth, positive slopes for the 
PGE (and low Pd/Pt ratios), whereas, the massive ores have 
high Pd/Pt ratios and patterns characterized by smooth posi 
tive slope from osmium to rhodium, a negative slope from 
rhodium to platinum and a positive slope from palladium to 
platinum. For descriptive purposes, the patterns typical of 
the massive ores are said to be characterized by negative 
platinum anomalies.

The differences between disseminated- and massive- 
ore compositions cannot be modelled by varying 
parameters in the equation that expresses partitioning of 
elements between sulphide and silicate liquids (Campbell 
and Naldrett 1979):

(R+ 1)v = yli — A

where Y, is the final concentration of element i in the 
sulphide liquid; Xj0 is the initial concentration of element i 
in the silicate liquid; Dj is the distribution coefficient 
of element i between sulphide liquid and silicate liquid;

and R is the mass ratio of silicate liquid to sulphide 
liquid. The most obvious parameter to change is R; 
lower concentrations of PGE in massive ores relative to 
disseminated ores are generally thought to reflect lower 
values of R for the massive ores. If disseminated and 
massive ores are constrained to be derived from silicate 
magmas of similar composition (Xj0), the higher Pd/Pt 
ratios observed in the massive ores cannot be obtained by 
varying R because, in order to do so, Dpt would have to be 
greater than DPd because:

YPt

For Ypd/Ypt to increase with decreasing R, DPt must be 
greater than Dpd . Studies of offset PGE patterns on the Great 
Dyke (Naldrett and Wilson 1990) and the Munni Munni 
Complex (Barnes et al. 1990) have demonstrated that Dpd 
must be greater than Dpt. In addition, the Pd/Pt ratio of the 
silicate magma would have to be. unreasonably high (greater 
than 7) to achieve the observed concentrations of PGE in 
the sulphide ores.

The compositions of the massive-sulphide ores cannot 
be modelled using liquid-liquid partitioning because some 
of the massive-sulphide ores do not represent liquid compo 
sitions. As illustrated in Figure 26.9, the composition of the 
massive ores in drill hole KZ1713 are nearly identical to the 
composition of MSS that would crystallize from a parental 
sulphide liquid that is approximated by the composition of 
the disseminated sulphides in the overlying taxitic and 
picritic units. These massive ores do not represent liquid

840

850

930
1.0E-8 1.0E-6 1.0E-4 1.0E-2 1 100 10000

Figure 26.6. Lithologic column and stratigraphic variation of Pd/Pt, Cu/S, S, Pt/S, Ir/S and Pt/Ir for part of hole KZ868, Oktyabr'sky Mine area, 
Kharayelakh intrusion. Lithologic abbreviations are: p w/ tx—picrite with inclusions of taxitic rock; tx—taxitic gabbrodolerite; ms—massive 
sulphide; and hfls—contact-metamorphosed sedimentary rocks.
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Western branch of Kharaelakh intrusion - KZ868
100-s disseminated ores

Os Ir Ru Rh R Pd Au

Os Ir Ru Rh R Pd Au 
massive ores

Northern branch of Kharaelakh intrusion - KZ1879

1000 T

100T

0.11

0.01

0.01

Disseminated ores in taxitic and 
picritic rocks

d.

Os Ir Ru Rh R Pd Au

e.

Os Ir Ru Rh R Pd Au

Figure 26.7. Chondrite-normalized platinum group element-gold 
diagrams for disseminated (a) and massive ores (b and c) in drill hole 
KZ868, Oktyabr'sky Mine area, Kharayelakh intrusion and for dis 
seminated (d) and massive (e) ores in drill hole KZ1879, Glubokij 
Mine area, northern branch, Kharayelakh intrusion. Sample numbers 
refer to depth (m) in drill hole. Samples recalculated to 1009fc sul 
phide. Shaded area in diagrams for massive ore illustrates the compo 
sitional range for disseminated ores in the same drill hole.

Os Ir Ru Rh R Pd Au

compositions but are cumulates — some mixture of early 
precipitating MSS and trapped sulphide liquid. Partition 
coefficients (DMSS'su|Ph'de ljquid) used to calculate MSS com 
position are the experimental values presented by Fleet et al. 
(1992) and reported orally in 1992: osmium, 5.3; iridium, 
2.1; ruthenium, 3.2; rhodium, 3.1; platinum, 0.17; palla 
dium, 0.14 and gold, 0.09.

The partition coefficients (D^^'P^e lk*uid) for 
osmium, iridium, ruthenium and rhodium are all greater 
than l and for platinum, palladium and gold are less than l ; 
accordingly, one might anticipate that the osmium, iridium, 
ruthenium and rhodium contents in MSS cumulates would 
be greater than those in the parental-sulphide liquid and the 
platinum, palladium and gold contents would be less. The 
negative platinum anomaly that is typical of pyrrhotite-rich 
massive ores is not due to the depletion of platinum relative 
to the other PGE but reflects the difference in the distribu 
tion coefficients from osmium to rhodium and platinum to 
gold.

The massive ores in drill hole KZ17 13 appear to repre 
sent a simple situation, where the cumulate is composed

entirely of a cumulus phase of a composition that would 
crystallize from a parental liquid that is comparable to dis 
seminated sulphides in the overlying intrusion. Although 
massive ores from KZ1799, KZ1879 and KZ868 have 
PGE patterns indicating that they are MSS cumulates, 
the compositions of disseminated ores associated with 
the massive-sulphide ores are not reasonable models 
for parental-sulphide-liquid compositions because the 
massive-sulphide ores have iridium, ruthenium and 
rhodium contents that are less than those in the associated 
disseminated ores. If osmium, iridium, ruthenium and 
rhodium are enriched in MSS relative to the liquids from 
which it crystallizes, the parental liquids for the massive- 
sulphide ores must be more fractionated (have lower con 
centrations of osmium, iridium, ruthenium and rhodium) 
than the sulphide liquids that crystallized to form the dis 
seminated ores in the taxitic and picritic units. This points to 
a problem that is endemic in the study of cumulate pro 
cesses: the difficulty in clearly identifying parental liquids 
from which cumulates are derived. The disseminated and 
massive ores are associated only by proximity; they are not 
physically interrelated. If the parental liquids for the
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Figure 26.8. Chondrite-normalized platinum group element-gold 
diagrams for disseminated and massive ores in drill holes KZ1713 and 
KZ1799, Skalisty Mine area, Talnakh intrusion. Sample numbers refer 
to depth (m) in drill hole. Samples are recalculated to 100"??) sulphide.
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Figure 26.9. Chondrite-normalized platinum group element-gold 
diagrams for disseminated and massive ores in drill holes KZ1713 and 
KZ1799 compared to calculated composition of monosulphide solid 
solution (MSS; as described in text). Sample numbers refer to depth (m) 
in drill hole. Samples are recalculated to lOO'i'fc sulphide. Shaded areas 
represent the compositional space between parent liquid (disseminated 
ores) and calculated composition of MSS. Thin lines represent the actual 
composition of massive-sulphide ore samples.
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disseminated and massive ores are related, as suggested by 
lead isotope analyses (Wooden et al. 1992), either: 1) liquid 
parental to the massive ores previously fractionated MSS; 
or 2) it equilibrated under different conditions; or 3) there 
is a cumulate aspect to the disseminated ores as well (note 
the subtle negative platinum anomaly for the disseminated- 
ore compositions).

From studies of cumulate silicate rocks in layered 
mafic intrusions, it is well known that there are many pro 
cesses that can affect the formation and development of 
cumulates; many of these are listed by Irvine (1987). More 
detailed analysis of the data from KZ868 indicate that many 
of the problems inherent with understanding the petro 
genesis of silicate cumulates are also applicable to these 
sulphide cumulates.

Compositional trends for incompatible versus com 
patible elements in the massive-sulphide accumulation in 
KZ868 are inconsistent with in situ fractional crystalliza 
tion of MSS from a single batch of sulphide liquid. Concen 
tration of copper, platinum and palladium increases system 
atically toward the bottom of the massive-sulphide unit (see 
Figure 26.6). Although not illustrated in Figure 26.6, the 
concentration of iron shows a progressive decrease from the 
top to the bottom of the massive-sulphide unit. Assuming 
that iron is behaving in a compatible fashion by partitioning 
into MSS and copper, platinum and palladium are behaving 
as incompatible elements, the systematic compositional 
trends simply appear to indicate an increase in the trapped 
liquid component towards the base of the massive-sulphide 
unit. However, compositional trends for other elements that 
behave compatibly during MSS fractionation (iridium, 
ruthenium, rhodium) are not consistent with simply mixing 
MSS and trapped liquid. The compositional trends for 
iridium, ruthenium and rhodium do not vary antithetically 
with the incompatible elements but show a complex down 
hole distribution. The pattern appears to indicate that the 
progressive change in trapped liquid content is superim 
posed on several discrete intervals in which the original 
MSS appears to have had very different trace element com 
positions. These intervals may be separated by abrupt com 
positional discontinuities. This difference in behavior is 
also illustrated in Figure 26.10, where variation diagrams 
for platinum and palladium versus copper display positive 
linear trends, and data for rhodium and ruthenium versus 
copper appear to be scattered but actually consist of clusters 
of samples that may show positive correlations of iridium, 
ruthenium and rhodium with copper. This complexity indi 
cated by the compostional trends for iridium, ruthenium and 
rhodium is also apparent in the chondrite-normalized 
PGE-gold diagrams for the massive ores (see Figure 26.7). 
The interval from 914 to 918 (group 2) is characterized by 
discretely lower PGE concentrations than overlying sam 
ples (group l). Samples 899.1,919,920.8 and 923 (group 3) 
clearly show the affect of the addition of incompatible- 
enriched sulphide liquids (analogous to sample 898.4, a 
copper-rich sulphide segregation in a hornfels xenolith) to 
MSS cumulate; the patterns show only subtle negative 
platinum anomalies.

The complex relations suggested by inspection of the 
chondrite-normalized plots and covariation plots can be 
further investigated by constructing a simple model based 
upon the Rayleigh-distillation law. This relation can be 
used to model the distribution of trace elements between 
a liquid and solid during perfect (simple) fractional crystal 
lization; the bulk-partition coefficients of elements between 
crystallizing minerals and liquid are assumed to be constant. 
Li et al. (1993) and Naldrett et al. (this volume) have used 
this relation to model the compositional affects of the 
fractional crystallization of sulphide liquids. This relation 
can be expressed as: C\ = Col f (D' - 1) where D' is 
the bulk-partition coefficient (in this case the partition 
coefficient of element i between Mss and sulphide liquid);
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Figure 26.10. Variation diagrams for Pt/S and Pd/S versus Cu/S and 
Rh/S and Ru/S versus Cu/S for disseminated- and massive-ore types in 
drill hole KZ868, Oktyabr'sky Mine area, Kharayelakh intrusion.
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f is the weight proportion of residual liquid; C'0t i is the 
concentration of element i in the parental liquid; and C'i is 
the concentration of element i in the liquid (Allegre 
and Minster 1978). The concentration of trace elements 
in the instantaneous solid (in this case MSS) is: 

- 1).
The pyrrhotite-rich massive-sulphide ores below the 

base of the intrusion were assumed to be derived from 
parental liquids with elemental concentrations similar 
to samples of disseminated ores in taxitic rocks when recal 
culated to concentrations in 1009e sulphide: copper, 
7.0 weight 9fc, platinum, 3500 ppb, palladium, 15 000 ppb, 
rhodium, 400 ppb and ruthenium, 160 ppb. Given this 
assumption and using the partition coefficients 
experimentally determined by Fleet et al. (1992 and listed 
above), the model calculated from the Rayleigh fractiona 
tion equations was not consistent with the data. However, 
qualitative constraints on the relative partition coefficients 
among elements, based on the slope of lines on 
element-element plots (which are dependent on the ratios of 
the partition coefficients), suggest that the D values should 
be modified. Slopes on element-element plots indicate that 
rjMss/iiquid for copper is greater than for palladium which is

asQ.-
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greater than for platinum and that DMSS;iici uid for ruthenium is 
greater than for rhodium. Values of DMSSyiici uid used for the 
model are: copper, 0.1; palladium, 0.075; platinum, 0.05; 
ruthenium, 5.0 and rhodium, 3.0.

As deduced by inspection of the chondrite-normalized 
PGE patterns, comparison of model results and the data for 
KZ868 indicate that the pyrrhotite-rich massive-sulphide 
ores are not cumulates derived from parental liquids similar 
in composition to the disseminated ores in the taxitic 
gabbrodolerites (Figure 26.11). Massive ore compositions 
can only be modelled by MSS crystallization from liquids 
that are fractionated relative to the assumed, parental-liquid 
compositions; some samples from groups l and 3 require 
parental liquids that correspond to fractionated liquids with 
f values as low as 0.3 to 0.4. The amount of trapped liquid 
varies from samples of groups l and 3 (close to the line 
defining CMss) wim 1 QW amounts of trapped liquid (15 to 
2596) to samples from group 2 (close to the C|iqu jd line) with 
large amounts of trapped liquid (approximately 809fc). On 
the ruthenium-copper diagram of Figure 26.11, the compo 
sitional data for sample groups 2 and 3 form discrete linear 
arrays that cross tie lines and suggest mixing of cumulus 
MSS crystallized from compositionally distinct batches of
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Figure 26.11. Variation diagrams for Pd, Pt, Rh and Ru versus 
Cu (normalized to 100*fc sulphide) for disseminated- and massive-ore 
types in drill hole KZ868, Oktyabr'sky Mine area, Kharayelakh intru 
sion, showing the results of a model based on simple fractional crystal 
lization utilizing the Rayleigh-distillation law. Values used for CQ 1 are: 
C, 7.0 weight 9fc; Pt, 3500 ppb; Pd, 15 000 ppb; Rh, 400 ppb; and Ru, 
160 ppb. Values of DMSS'llc'uid used for the model are: Cu, 0.1; Pd, 
0.075; Pt, 0.05; Ru, 5.0 and Rh, 3.0. Heavy lines show the trajectory of 
evolving liquid compositions (C^y) and MSS compositions (C^ssX 
dashed lines connect C|jqujd and CMSS compositions for values of 
f ranging from 0.1 to 1.0 (at 0.1 increments). Massive-ore samples are 
identified by groups that are evident on chondrite-normalized PGE 
diagrams (see Figure 26.7). See text for additional description of model 
parameters and assumptions.
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fractionated parental liquid with less fractionated intercu 
mulus liquid of perhaps 2 different compositions. Note also 
that the composition of the copper-rich segregation in horn 
fels plots near the C|jqujd line at an f value close to 0.2. Model 
results for platinum, palladium and copper are also illus 
trated in Figure 26.11; the data are generally consistent with 
the model calculations with most samples falling within the 
parallelogram defined by the lines illustrating the composi 
tion of Ciiquid and CMSS and the tie lines for f equal to l .0 and 
0. l. Samples of disseminated ore and the copper-rich segre 
gation in hornfels plot near the liquid evolution line; 
massive-sulphide ores plot within the parallelogram. The 
similarity of partition coefficients do not allow a more 
quantitative discussion.

The data obtained for drill hole KZ868 suggest that 
MSS in the sampled, mineralized intercept has crystallized 
from a range of sulphide liquid compositions, that many 
samples represent a mixture of cumulus MSS and trapped 
liquid and that the interstitial melts may not be the liquids 
from which the MSS crystallized. As noted earlier, drill hole 
KZ868 is situated on the southern margin of the main 
Kharayelakh orebody and an adjacent orebody in the Tamyr 
Mine, which together consist of pyrrhotite-dominant ores 
characterized by simple zoning that grades westward into 
the complexly zoned ores of the Oktyabr'sky Mine area (see 
Figures 26.2 and 26.3). This zonation appears to record the 
lateral migration of copper-rich fractionated liquids during 
solidification of the orebody. The pyrrhotite-rich, sulphide 
cumulates in drill hole KZ868 record MSS crystallization 
from related but compositionally distinct sulphide liquids 
and suggest that lateral migration of liquids was episodic 
and complex. At least some of the cumulates could be 
derived from liquids that are only slightly fractionated rela 
tive to the composition of disseminated ores. The fraction 
ated liquid compositions suggested by cumulates in groups 
l and 3 are similar to the compositions determined for 
chalcopyrite-pyrrhotite massive ores to the north of drill 
hole KZ868 (sample OC4 in Table 26.1). The systematic 
changes in copper content with depth in the hole and the 
apparent mixing trends in Figure 26.11 indicate that migra 
tion of interstitial melts through the MSS cumulates also 
plays an important role in determining the final composition 
of the ores.

If the massive sulphides in drill holes KZ1713, KZ1799 
and KZ1879 are also cumulates, where are the copper- and 
PGE-enriched residual liquids? For KZ868, the residual 
liquid is obviously represented by the copper-rich ores to the 
north of the drill hole. The massive-sulphide intercepts in 
drill holes KZ1713 and KZ1799 are within one of a string of 
economic massive-sulphide orebodies that lie along the axis 
of the Talnakh intrusion. These massive-sulphide bodies 
probably form a single, large, interconnected ore system. 
The extent of the massive sulphides shown in Figure 26.2 
are determined by economic considerations; in reality, they 
are connected by thin, but uneconomic, massive-sulphide 
units. Ores rich in copper from the Komsomolsky Mine 
area, east of the Noril'sk-Kharayelakh fault, may be residua 
from the cumulates we analyzed from the Skalisty Mine 
area. Our knowledge of the geometry of intrusions and dis 
tribution of ore in the northern branch of the Kharayelakh

intrusion is limited; however, there are a number of 
copper-rich orebodies on the west side of the Noril'sk- 
Kharayelakh fault that could be part of the compositionally 
zoned ore system that would include the massive sulphide in 
drill hole KZ1879.

DISCUSSION
Fractional crystallization of sulphide liquids is not a new 
concept. It was initially proposed by Hawley (1962, 1965) 
to explain the mineralogical and compositional zonation of 
magmatic ore deposits at Sudbury. Subsequent exper 
imental investigations of sulphide systems have supported 
the hypothesis that copper-rich residual liquids could be 
derived by fractional crystallization (Craig and Kullerud 
1969; Hill 1984; Makovicky et al. 1986). Compositional 
zonation or differentiation resulting from fractional crystal 
lization and progressive removal of copper-rich liquids 
from early crystallizing MSS have been suggested for ores 
of the Sudbury district (Keays and Crocket 1970; Chyi and 
Crocket 1976; Cabri and LaFlamme 1976; Naldrett et al. 
1982; and Li et al. 1992), as well as ores associated with the 
Insizwa Complex (Lightfoot et al. 1984), the Talnakh intru 
sion (Genkin et al. 1982) and komatiite-hosted nickel 
deposits (Barnes and Naldrett 1987). Emphasis has been 
placed on the residua resulting from the fractionation 
process in order to explain the presence of paragenetically 
late copper-rich ores commonly associated with magmatic 
sulphide deposits. The concentration of PGE into the 
residua was a principal area of interest because the residua 
are enriched in precious metals and the qualitative behavior 
of PGE during sulphide-liquid fractionation can be deter 
mined (limitations of instrumental analysis prohibited the 
experimental determination of partitioning behavior). The 
summary data for samples of the compositionally zoned 
orebody of the Oktyabr'sky Mine are consistent with the 
experimental determinations for MSS fractionation from a 
sulphide liquid and provide qualitative information for the- 
partitioning behavior for a large suite of elements associated 
with magmatic sulphide systems.

Compositional differences between massive, matrix 
and disseminated ores within individual deposits have also 
been attributed to fractional crystallization. Lightfoot et al. 
(1984) noted that differences in rhodium, ruthenium, 
iridium, osmium, nickel and copper between disseminated 
and massive ores in the Insizwa Complex are consistent 
with MSS fractionation, but that platinum and palladium 
were not as enriched in certain massive ore types as might be 
expected. In considering compositional variation in ore 
types at Alexo, Barnes and Naldrett (1986) showed that the 
iridium-rich massive sulphides and the palladium-rich 
matrix sulphides could be derived by crystal fractionation 
of MSS from a sulphide liquid with a composition 
similar to that of the disseminated sulphides. The iridium- 
enriched sulphides represent MSS cumulates, and the palla 
dium-enriched sulphides represent fractionated liquids 
(Figure 26.12).

Barnes et al. (1988) observed compositional differ 
ences between massive and matrix ores at Agnew similar to 
those observed at Alexo by Barnes and Naldrett (1986).
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Figure 26.12. Chondrite-normalized platinum group element-gold 
diagrams for disseminated, matrix and massive ores from the Alexo 
main pit (Barnes and Naldrett 1987). Samples are recalculated to 
sulphide.

They rejected in situ differentiation of sulphide liquids as a 
possible explanation for the difference in composition 
because massive ores overlie the flow which hosts the 
matrix ore. The ores are spatially associated but not 
physically related, much like the ores at Noril'sk-Talnakh. 
The compositional differences could not simply be attrib 
uted to variations in R (mass ratio of silicate to sulphide 
liquid) because osmium, iridium, ruthenium and rhodium 
are enriched in the massive ores, whereas platinum, palla 
dium and gold are depleted. Variations in R would have 
affected all the PGE in a similar manner because they have 
similar D(su|Phide;silicate ). A strong negative platinum anomaly 
is also characteristic of the normalized PGE patterns. 
Barnes et al. (1988) suggested that different ore types 
formed from different batches of sulphide liquid, which 
separated under different temperatures or fugacities (f) of 
sulfur and/or oxygen. They note that the partition coeffi 
cient for any PGE into sulphide liquid becomes strongly 
dependent on/32 below its sulfidation curve. They propose 
that massive-ore sulphides segregated at conditions above 
the osmium and iridium sulfidation curves; whereas, matrix 
ores segregated below the sulfidation curves for these 
elements. The matrix ores would contain less osmium and 
iridium because these elements are partitioned less effi 
ciently into the sulphide-liquid phase because of the 
presence of coexisting PGE alloys. They suggested that the 
negative platinum anomalies characteristic of the massive 
ores may result from a similar process (partitioning being 
affected by platinum alloy coexisting with sulphide liquid). 
The lower platinum, palladium and nickel contents of 
the massive ores were thought to reflect batch equilibration 
in a local sulphide-rich environment giving rise to a low 
magma-sulphide ratio.

Compositional differences between massive and 
matrix ores has also been attributed to hydrothermal or 
metamorphic redistribution. For deposits in Western 
Australia, Ross and Keays (1979), Keays et al. (1981) and

Cowden et al. (1986) suggested that lower palladium con 
centrations in massive-sulphide ores can be attributed 
to loss of palladium to copper-rich veins that form during 
metamorphism. Barnes et al. (1985) noted negative 
platinum anomalies in ores associated with komatiites in 
Western Australia and the Abitibi belt in Canada and sug 
gested that both gold and platinum were remobilized from 
these ores by metamorphism and later talc-carbonate 
alteration.

Massive-sulphide ores associated with many mag- 
matic-sulphide deposits share common compositional 
features regardless of the environment of formation and the 
subsequent metamorphic or alteration history. Chondrite- 
or mantle-normalized PGE patterns of massive ores com 
monly are characterized by negative platinum anomalies 
(Figure 26.1 3). Massive ores can contain higher proportions 
of pyrrhotite than disseminated- or matrix-sulphide ores. 
Only in some examples do the massive-sulphide ores con 
tain more osmium, iridium, ruthenium and rhodium and less 
platinum, palladium and gold relative to disseminated and 
matrix ores. As illustrated earlier, any number of ad hoc 
hypotheses can be proposed to explain the peculiarities of a 
given deposit; however, the recurrence of similar com 
positional features indicate that there must be a common, 
fundamental geological process involved.

Our analysis of the field relations and compositional 
data for the Noril'sk-Talnakh area suggests that the 
compositional similarities result from cumulus processes. 
As indicated earlier, many previous studies of fractional- 
crystallization processes have focussed on the residua gen 
erated by the process; little emphasis has been placed on the 
complementary sulphide cumulates. Sulphide cumulates 
can be recognized by their distinct compositional character 
istics. The complexity of cumulus processes implies that 
sulphide cumulates can occur in a multitude of geological 
situations. Difficulties in relating spatially associated 
massive and disseminated ores do not negate the role of 
cumulate processes in determining the composition of the 
massive ores but reflect our assumption that dissemi 
nated-ore compositions can be used as a model for the 
parental-sulphide liquids.
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Figure 26.13. Chondrite-normalized platinum group element-gold diagrams for magmatic sulphide deposits in which massive ores are 
compositionally distinct from disseminated and matrix ores. Note that the massive ore types are characterized by negative platinum anomalies, a) and 
b) Komatiite- associated disseminated and massive ores from Agnew and Rocky's Reward, Western Australia (Barnes et al. 1988). c) and d) Koma- 
tiite-associated disseminated and massive ores from Shangani, Trojan and Epoch, Zimbabwe (Naldrett 1981). e) Sulphide mineralization near the base 
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Patterns represent averages of reported analyses; samples were recalculated to 1009fc sulphide.
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Chondrite normalized PGE -gold Figure 26.13

Sulphide deposits Norils'k-Talnakh
district, 390 

Chondrite normalized PGE -gold Figure 26.7
MSS crystallization, 385, 386
Sulphide mineralogy, 384 

Chondrite normalized PGE -gold
Figure 26.8, 386 

Chondrite normalized profiles Lower Series
flows, 302 

Chromite
Noril'sk complex, 169
Petrogenetic process Siberian Trap 

lavas, 298
Trace element in magma types, 331, 334 

CIPW mineral compositions of ore-bearing 
intrusions

Olivine gabbrodolerite Figure 21.8, 275
Taxitic gabbrodolerite Figure 21.8, 275 

Circular dimension Sudbury structure, 123 
Circulation magmatic model, 200 
Classification -basalts

Chemical composition, 290
Siberian Trap platform, 290 

Clearwater-West Lake impact crater,
Quebec, 47 

Cleavage and foliation trajectories Figure 5.1
Sudbury Basin, 46 

Clinopyroxene composition
Electron-microprobe analyses

Figure 21.6, 270 
Clinopyroxene cumulate

Kammikivi sill, 345, 346 
Closed-system behaviour magma, 350

Model age calculation, 346 
Cluster of deposits definition, 357 
Co-magmatic nickel-bearing intrusions

Age determination, 344 
Coal Brook open pit mine picritic layer, 193 
Coal-bearing sequence Noril'sk region, 163 
Cobalt

Ore deposits -sampling results, 136
Ore zone metal values, metal ratios

Figure 8.6, 87
Columbia River lava flows, 283 
Comparison average composition ore types 

Figure 25.6
Drill core data Western End of Lens A, 366 

Comparison of disseminated and massive ores
Compositional data, 381, 382, 383 

Comparison of North and South Range 
deposits, 137

Comparison with Noril'sk region -lava
assemblages, 175

Comparison with oceanic island basalts, 175 
Complex magmatic system

Noril'sk-Talnakh ore-bearing system, 339 
Complex structures -cratering mechanics, 123 
Composition

Kharayelakhsky ore-bearing intrusion, 
194,195, 196, 197

Lava flows, 283
Noril'sk II intrusion, 196
Noril'sk intrusions, 186
South Noril'sk intrusion, 270 

Composition and Re-Os data
Rhenium and osmium isotope data

Table 24.2, 350 
Composition of Ni-Cu ores

Oktyabr'sky deposit, 357-371 
Composition of the country rock

Oktyabr'sky Mine, 234 
Composition variation hanging wall to footwall

North Range, 143 
Composition variation in Sudbury ores

Asif, M., 133-143
Footwall copper-PGE orebodies, 133-143
Gold and copper, 143
Li, C., 133-143
Naldrett, A.J, 133-143
Pessaran, R., 133-143
Sudbury Structure, 133-143 

Composition variation -rhodium, iridium, 143 
Composition variation profile Figure 24.2

Kammikivi sill, 346 
Compositional affects

Sulphide liquid, 368, 384, 386, 389 
Compositional data

Comparison disseminated/massive ores, 
381,382,383

Glubokij Mine, 378
Massive sulphide, 362
Oktyabr'sky Mine, 376
Skalisty Mine, 379 

Compositional data -selected Table 23.4
Borehole NP 29, 334 

Compositional data -selected Table 23.5
Borehole KZ 1879, 335 

Compositional data -selected Table 23.6
Borehole SG 28, 336 

Compositional data Figure 25.4a-d
Borehole KZ 868, 361,362
Massive sulphide Oktyabr'sky

deposit, 361, 362 
Compositional data Figure 25.5a-e

Borehole KZ 868, 362-365
Copper Ore Oktyabr'sky deposit, 

362-365, 367
Disseminated ore Oktyabr'sky 

deposit, 362-365, 367
Komsomolsky Mine, 362-365 

Compositional data Lower Series flows, 302 
Compositional variation in ore -discussion

Fractional crystallization Noril'sk ore, 367 
Computer program

MAGGRAV2 -gravity profiles, 24 
Concentration mechanisms Noril'sk

deposits, 257
Concentric arrangement zonation, 380 
Conjugate faults South Range Shear Zone,

Figure 5.2, 52 
Conrad discontinuity, 163 
Contact

South Range Norite, 18
Sudbury Structure, 11 

Contact gabbrodolerite
Mineralization -description, 357 

Contact ore -cumulate enriched
Craig nickel-copper deposit, 143
Levack Main deposit, 143
Onaping Mine, 143
Strathcona deposit, 143 

Contact Sublayer petrology, 350
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Contact-type deposits
General description of ore deposit

types, 57-59 
Sublayer -norite-gabbroic inclusion

contact phase, 57-59 
Sudbury Igneous Complex, 57-59 
Sulphide mineralization, 66, 376 

Copper/nickel ratios Sudbury
Basin, 59 

Contamination
Chondrite-normalized diagram

Figure 22.10, 309 
Magma Nd chamber, 285 
Mantle-derived Mk-like magmas, 285 

Contamination -upper crustal Tuklonsky
magma, 309 

Continental crust, 344 
Continental flood basalts

see also Siberian Trap 
Deccan Trap, 283, 284 
Noril'sk district, 283 

Continental flood basalts comparison 
Th/Ta vs Sm/Yb plot

Figure 23.5, 318 
Continental lithosphere

Petrogenetic process Siberian Trap
lavas, 298

Continental rifting and magma chamber, 284 
Convective circulation in magma, 200, 201 
Copper

see also Cu
Disseminated ore in layered intrusions, 245 
Geochemistry of ore-forming

elements, 180 
Glubokij Mine, 378 
Index of fractionation, 137 
Lindsley Ni-Cu-PGE deposit

setting, 91-103 
Oktyabr'sky Mine, 377, 386 
Ore deposits -sampling results, 136 
Ore metals -levels, 61 
Ore zone metal values and metal ratios

Figure 8.6, 86, 87 
Talnakh ore junction, 226 
Types of copper-nickel ores -mineral

assemblages, 219
Copper Cliff North and South deposits, 133 
Copper Cliff offset South Range, 59 
Copper Cliff rhyolite, 59 
Copper ore

Compositional data Figure 25.4a-d,
361,362 

Compositional data Figure 25.5a-e,
362-365 

Flood basalt magmas assoc. with
Ni-Cu, 283-312 

Mineral assemblages Noril'sk
region, 221,246

Oktyabr'sky deposit, 234, 248, 357, 
358,361,367,370 

Compositional data Figure 25.5,
362-365

Sulphide mineralogy -copper content, 95 
Talnakh ore junction, 213, 214 
Upper Copper Ore, 361 
Veinlet disseminated, 358 
Zonation, 358

Copper resources Noril'sk district tonnage, 373 
Copper secondary ore minerals 

Mineralogical and geochemical
characteristics, 217 

Copper Zone Sudbury Structure tonnage
and grade, 134

Copper-nickel deposits Noril'sk complex, 169 
Copper-nickel disseminated ore

Noril'sk I -mineralization, 210 
Copper-nickel ore

Mineralogical and geochemical
characteristics, 217-230 

Mineralogical-geochemical streams, 226 
Copper-nickel ore zoning see also zonation 
Copper-nickel sulphide mineralization

Cross section through Talnakh intrusion 
Figure 19.2,233

Copper-nickel-bearing intrusions
Noril'sk region structure, 152, 153 

Copper-nickel-sulphur-chlorine
Alkali and halogen-rich phases, 67 

Copper-rich footwall orebody
Falconbridge -high cumulate-enriched,

139 
Copper-rich ores

PGE distribution in sulphide ores, 251 
Copper-rich residua

Oktyabr'sky Mine, 388 
Copper-rich sulphide liquid fractionation, 74

see also sulphide liquid
Evolution of alkali- and halogen-rich

fluid phase, 74 
Copper-rich sulphide with PGE plus Au, Ag, 65

Craig nickel copper deposit, 87
Disseminated ore in layered intrusions, 245
Footwall mineralization, 99
McCreedy East footwall sulphide 

deposit, 60
McCreedy West sulphide deposit, 59
Sudbury Basin deposits-contact 

mineralization, 59
Sublayer mineralization, 99
Victor footwall sulphide deposit, 60 

Copper/sulphur ratio
Sulphide mineralization, 66 

Country rocks -Oktyabr'sky Mine, 235
Anhydrite
Garnet-pyroxene hornfels skarn
Microdolerite
Prehnite-pyroxene hornfels
Pyroxene hornfels 

Covellite
Ore associated Noril'sk intrusions, 196 

Cowan, F.J.
Fold origin of the Sudbury Basin, 45-55 

Craig nickel-copper deposit, 77-90
Chondrite normalized metal values 

zones 1.9&9 West, 87
Contact ore -cumulate enriched, 143
Contour plan of copper values in No. 6 

Zone, 89
Contour plan of nickel values in No. 6 

Zone, 88
Copper/Nickel ratios, 87
Embayment structure -small, 90
Felsic norite contact, 79, 80
Footwall breccia, 80
Geologic plan 3050 level Craig Mine 

Figure 8.4, 83
Geologic plan 4025 level Craig Mine 

Figure 8.5, 84
Levack Gneiss Complex, 79
Mafic norite, 79
Metal distribution in the ores Table 8.1, 85
Metal zonation, 87
Mine geology, 79
Ore reserves, 85
Ore types, 85
Ore zone metal values, metal ratios 

Figure 8.6, 86, 87
Ore zones, 80
Schematic composite ore zones 

Figure 8.3, 82
Structure -strike and dip, 81
Sublayer thickening -less, 79, 90
Sulphide mineralization, 80
Sulphide mineralogy, 85
Xenoliths, 79
Zone No. l structure and lithology, 80
Zone No. 9 West structure and lithology, 80 

Craig No. 6 deposit Table 12.1, 138
Average concentrations Cu, Ni PGE and

Au 100*70 sulphides, 138 
Craig No. 9 deposit Table 12.1, 138 
Crater

Crater bowl -lopolith Sudbury, 120
Crater fill (breccia -t- melt), 105
Crater floor -reconstructed, 108
Crater size constraints Table 10.1, 106
Cratering mechanics, 123
Flow field, SIC, 113

Formation -complex, 121
Langrenus -comparison with 

Sudbury Structure, 105, 106
Shatter cones, 105
Shock metamorphic effects, 105
Size and impact models, 120
Vee-shaped orebodies Figure 10.3, 108 

Crean Hill orebody
Deformational environment, 58
Sudbury crater floor -vee shape, 107 

Creighton fault, 18, 46 
Crustal contamination

Evolution of volcanic 
assemblages, 173, 176

Morongovsky suite, 319
Nadezhdinsky suite, 311, 319
SIC endogenic model, 122
Sulphide saturation, 311
Upper Series compositional variations, 311
see also mantle, magma 

Crustal layering in sedimentary cover
Noril'sk region, 148, 149 

Crustal material Table 22.5
Bolgokhtoksky intrusion -average, 308 

Crustal osmium
Sudbury Igneous Complex, 7, 126, 351 

Crustal structure
Geophysics -see also Sudbury Structure, 11
Shortening, original dimensions, 123
Thickness Noril'sk region, 148 

Crustal two-layer model, 148, 149 
Cryptic structure of massive ores zonation, 241 
Cryptic structure of disseminated ore in

intrusions, 245 
Crystal Fractionation see also fractionation

Gabbroic minerals, 304 
Crystalline mineral extract

Petrogenetic process Siberian Trap
lavas, 298 

Crystallization see also fractionation, MSS
Ages, 277
Evolution of volcanic assemblages, 176
MSS fractionation, 381, 383 

Crystallization differentiation, 278, 279
Leucogabbroic-basaltic-picritic silicate

magmas, 279 
Crystallization history

Noril'sk I intrusion, 277
Sudbury Igneous Complex, 62 

Crystallization model history
single magma input case study, 278 

Crystallography -precipitates 67, 69 
Cu-Ni ores of Oktyabr'sky deposit

Mineralogical and geochemical
characteristics, 217-230 

Cu-Ni ores of Talnakh deposit
Chalcopyrite-rich massive ore, 217
Cubanite-rich massive ore, 217
Mineralogical and geochemical 

characteristics, 217
Ore junction ratio, 245
Total nickel in solid solution, 218
Total nickel plus copper, 218 

Cu-TiO2 variation diagram
Geochemistry of ore-forming elements -

copper, 180 
Cu/Cu-Ni/Ni diagram

Talnakh ore junction, 182
Yb-rich lavas of Noril'sk region

Figure 15.8, 182 
Cu/Ni ratio Figure 18.4

Variation in ni content monoclinic
pyrrhotite, 223 

Cubanite
Massive ore mineral assemblages, 217, 237
Mineralogical and geochemical 

characteristics, 217, 220
Ore associated with the Noril'sk 

intrusions, 196
PGE distribution in sulphide ores, 251
Sulphide mineralization, 66. 217
Zonation, 380
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Cumulate layer capping and fracturing
Footwall mineralization model -stage 2

Figure 6.6b, 63 
Cumulate layer rupturing and SIC/Breccia mix

Footwall mineralization model -stage 4
Figure 6.6d, 63 

Cumulate mineralogy
Footwall mineralization model -stage l

Figure 6.6a, 62
Cumulate olivine Siberian Trap basalts, 384 
Cumulate unit

Borehole NP 29-567, 331
Borehole NP 29-603, 325
Borehole NP 29-617.6, 331
Noril'sk I intrusion, 325 

Cumulate-like sequence
single magma input case study, 278 

Cumulates, 386
Massive ores, 384
MSS crystallization, 388
Oktyabr'sky Mine, 388
PGE patterns massive ores, 384
Sulphide liquid, 368, 384 

Cumulus MSS -see also MSS
Contact ore -cumulate enriched, 143 

Cumulus orthopyroxene norite, 113 
Cumulus processes and composition of 

magmatic ores
Talnakh district, Russia, 373-392 

Cycles of igneous activity
Geological settings of deposit, 208 

Czamanske, G.K.
Petrogenesis of Noril'sk-Talnakh ore- 

forming system, 313-341
Spatial and petrologic aspects Noril'sk and 

Talnakh, 263-281

D
Dacites, 286 
Data collection

Vibroseis -multi-channel reflection
profiling, 11, 12 

Deccan Trap lava flows, 283 
Deccan Trap basalts, 284 

Eruptive centre, 287
Deep Copper Zone deposit tonnage, grade, 134 
Definition

Cluster of deposits, 357
Foot wall-type deposits -general

description, 65
Intrusions -fully differentiated, 263 
Localized centres, 263 
Mineralogy, 375 
Ore junctions, 357 
Seismic reflection, 14 
Sublayer, 62 
Terminology, 119 

Deformation
Age -Sudbury Basin, 52 
Discontinuous fracturing, 47 
Environment South Range Footwall

Breccia, 58
Impact related material, 47 
Inelastic strain -viscous flow,

compaction, 47
Planar -Sudbury Structure, 120, 121 
Shearing -zone 4b Lindsley Ni-Cu-PGE

deposit, 97
South Range Shear Zone, 53 
Structural style -impact related, 47 
Structural style -tectonic strain rates, 47 

Density values
Average rock magnetic properties

Table 4.l, 36 
Bouguer gravity rock densities

Table 3.l, 24 
Platform cover, 150 
see also gravity models, Sudbury

Structure, 21-31
Deposit see also magmatic ore deposits and 

individual names 
Blezard, 91

Chicago, 115
Copper Cliff North and South, 133
Craig, 79-90
Deep Copper Zone, 134
Drury, 115
Duluth, 3, 70
Falconbridge, 133
Foy Offset, 59
Fraser, 137
Glubokijy Mine, 358
Komsomolsky Mine, 358
Lens B, 358
Levack Main, 143
Lindsley, 91, 96, 101,102
Lindsley Zone 1,9,80
Lindsley Zone 4, 97, 98, 99
Little Stobie No.l, 2, 100, 133
Mayak Mine, 358
McCreedy, 59, 60, 68-70, 74, 75
McCreedy East, 60
McCreedy West, 59
Mount Nickel, 91
Oktyabr'sky Mine no. l, 358
Oktyabr'sky Mine no. 2, 358
Onaping, 136, 143
Severnijy Mine, 358
Skalisty Mine, 358
Strathcona, 70, 100, 133, 136, 137, 143
Taimyr Mine, 358
Victor Deep, 60, 66, 68, 69, 70, 74, 75 

Depositional rate
Onwatin Formation, 52
Sedimentary basin, 52 

Depression see also structure, syncline
Noril'sk depression, 26 

Depth to orebody -changes in sulphides, 66 
Devonian age

Chernogorsky intrusion, 186
Kharayelakhsky intrusion, 186 

Devonian thickness -stratigraphy, 169 
Devonian to Carboniferous formations 

Figure 14.4
Siberian Platform, 168 

Diabase dikes see also dike
Magnetic anomaly -linear NW -WNW

striking, 39, 40 
Diapiric breccia

Footwall mineralization model -stage 2
Figure 6.6b, 63 

Differential melting of source
Formation -compositional diversity, 302 

Differentiated intrusions, 338
Gabbro-wehrlite intrusions, 344
Noril'sk region, 315
see also intrusions 

Differentiated ore-bearing intrusions
Gabbrodolerite, 274
Noril'sk ore junction, 209, 272, 274
Sketch map subsurface outlines 

Figure 23.l, 314
Stratigraphic sequence Figure 21.7, 274
Talnakh intrusion, 274
Zonation, 272 

Differentiated volcanic complex -mantle
melt, 257

Differentiation -magmatic SIC, 48 
Differentiation of sulphide liquid -PGE in

ore, 252 
Dike

Dolerite dike, Komsomolsky Mine, 215
Noril'sk II intrusion, 196
Onaping-Levack area, 79
Average rock magnetic properties 

Table 4.l, 36
Murray offshoots, 113 

Dikson-Khilok profile
Location of seismic profiles 

Figure 13.2, 149
Noril'sk region -seismic surveys, 148 

Discontinuity
Conrad discontinuity, 163
Moho discontinuity, 148, 159, 163 

Discontinuous fracturing, 47

Displacement -sinusoidal
Cross section Talnakh intrusion

Figure 21.5, 269 
Disseminated Ni-Cu ore 

Kammikivi sill, 345 
Oktyabr'sky deposit, 357, 370

Compositional data Figure 25.5a-e,
362-365, 367 

Disseminated ore
Talnakh ore junction, 225 

Disseminated ore in layered intrusions 
Copper, 245 
Cryptic variations, 245 

Disseminated sulphide ore 
Sublayer, 58
Talnakh ore junction, 213 

Distler. W.
Platinum mineralization of the Noril'sk

deposits, 243-260
Distribution metallic minerals ore types 

Table 9.2
Sublayer ore deposits, 96 

Distribution of different ore types Figure 20. l
Talnakh ore junction, 244 

Distribution of lava formations Figure 22. l b
Geology of the region, 285, 286 

Distribution of metallic minerals ore types 
Table 9.2

Lindsley Ni-Cu-PGE deposit, 96 
Distribution of mineral types in variants 

Table 18.2
Noril'sk region, 222 

Distribution of ore-bearing intrusions 
Noril'sk ore bearing intrusions

Figure 16.1, 187
Talnakh ore field Figure 16.6, 192 

Distribution of pyrrhotite types Table 18.1 
Structure, composition Noril'sk, 220 

Distribution pattern sulphides, 80 
Doherty, W.

Chemostratigraphy of Siberian Trap
lavas, 283-312

Dolerite dike, differentiated intrusives 
Komsomolsky Mine relationships

Figure 17.8, 215 
Drill core -see also borehole 
Drill core data Western End of Lens A 

Comparison average composition ore
types Figure 25.6, 366 

Mineralization -major ore types, 365 
Drury Mine Intrusions

Chicago Mine Intrusion, 115 
Drury Township

Cartoon source nickel in ores
Figure 10.8, 116 

Dudinka monocline
Seismic profile Yenesei-Kutaramakan

Figure 13.3, 149
Dudinka-Kharayelakhsky break, 187 
Dudinsky anticline, 163 
Duluth deposit, 3, 70

Mineralogy of complex, 70 
Production and reserves, 3 

Dvugorbinsky intrusion
Noril'sk ore junction, 276 

Dysprosium
Petrogenetic process Siberian Trap 

lavas, 298

E
Early Triassic

Intrusions and volcanic sequence Noril'sk
region, 179

East Range form and shape, 106, 107 
East Range embayment Sudbury Structure, 48 
Electron-microprobe analyses Figure 21.6

Kharayelakh intrusion, 270
Lower Talnakh intrusion, 270 

Electrum in sulphide, 67 
Elsie Mountain Formation

Basalt -altered, 93
Basalt -tholeiitic, 92
Gabbro -polysutured, 93
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Elsie Mountain Formation continued
Huronian volcanics and sediments, 92
Mount Nickel Mine, 91 

Embayments
Craig deposit, 90
East Range, 48
Sudbury Structure, 107 

Endocontact
Gabbro bodies in intrusions, 186, 189 

Endogenic model, 122
Enrichment -two styles mantle lithosphere, 309 
Errington, Vermilion copper, lead, zinc deposits

Hydrothermal genesis, 41 
Eruption breaks -tuff horizons, 287 
Eruptive centre

Deccan Trap basalt, 287
Lava flow thickness, 286
Morongovsky-Samoedsky 

assemblage, 319
Siberian Trap basalt, 287
Siberian Trap -Lower Series 

subdivision, 283-312
Siberian Trap -Upper Series

subdivision, 283-312 
Europium -petrogenesis Siberian Trap

lavas, 298
Evaporite sulphur, 5
Event size -impact melt system volume, 124 
Evolution of alkali- and halogen-rich

fluid phase, 74
Evolution of magma fractionates diversity, 302 
Evolution of magmatism reflected volcanic 

sequence
Noril'sk region, 171-183 

Evolution of PGE in massive sulphides, 252 
Evolution of volcanic assemblages

Crustal contamination, 173, 176
Crystal differentiation, 176
Magma-high ytterbium, 173, 176
Magma -low ytterbium, 173, 176
Mantle magma, 173, 176, 179
Model, 173, 176
Nickel depletion, 181, 182
Noril'sk region, 181
Ore genesis, 181, 182
Picrites, 177
Sulphide segregation, 181, 182
Tectonics, 180
Tuffites, 177
Ytterbium rich lavas, 173, 177 

Evolution of volcanic assemblages-conclusions
Chamber -intermediate, 182
Magma depletion, 183
Mantle magma, 182 

Exotic inclusions
Melt system -stratigraphic arguments, 126 

Explosive tuffs, 286 
External geometry stratigraphy -internal, 269

Fairbank Lake Fault
Magnetization events, 42 
Magnetic anomaly -interior linear

positive, 39 
Falconbridge deposit

Cumulate enrichment, 139 
South Range, 139 
Sudbury Structure, 133 
Mineralization -environment of

deposition, 58 
Re-Os isotope composition data

Table 24.2, 350
Re-Os versus Os-Os plot Figure 24.6, 351 

Falconbridge Township
Cartoon source nickel in ores

Figure 10.8, 116
Fault see structure and individual names 
Faulting

Gosses Bluff impact structure, 47 
Fe content of pyrrhotite Figure 18.3

Variation in Co content of pentlandite, 223 
Fe2O3(t) -Yb/Gd diagram with MgO content 

Figure 15.4

Volcanic assemblages -lavas, 176
see also iron 

Fecunis Lake Fault, 46 
Fedorenko, V.A.

Chemostratigraphy of Siberian Trap 
lavas, 283-312

Evolution of magmatism, 171-183
Composition of Ni-Cu ores of Oktyabr'sky 

deposit, 357-371
Petrogenesis of Noril'sk-Talnakh ore- 

forming system, 313-341 
Feeder zones

Kharayelakh intrusion, 280
Noril'sk I intrusion, 280
Talnakh intrusion, 280

Felsic Footwall units differentiation stages, 111 
Felsic norite

Craig nickel-copper deposit mine 
geology, 79, 80

Lower zone, 79
Sudbury Igneous Complex, 79 

Fence diagram -stratigraphy Figure 21.9, 276 
Ferropicrite

Aluminum oxide, 344
Iron content, 344
Melts - lithospheric source and plume, 345
Pechanga Complex, 344, 345, 347
Rare earth elements LREE, 344
Volcanic rocks -age, 344 

Finger-like lobes -apophyses, 375 
First Kharayelakhsky intrusion "the main"

Oktyabr'sky Mine, 236 
Flood basalt magmas associated Ni-Cu 

mineralization
Chemostratigraphy -source flood basalt 

magmas, 283-312
Chemostratigraphy Siberian Trap 

lavas, 283-312
see also Noril'sk district, 283-312 

Flood basalt magmatism, 171-183 
Flood basalt provinces sources magmatic

sulphides, 6 
Flows -porphyritic

Morongovsky Formation, 290
Nadezhdinsky Formation, 290 

Fluorine and chlorine Sudbury Breccia
zones, 70

Fluorite -primary, 70 
Fokinsky intrusion, 169 
Fokinsky section Noril'sk region platform, 151 
Fold -evidence for Sudbury Structure, 45-55 
Fold -upright on NW syncline

interference pattern, 50 
Fold experiments -buckle fold, 50, 51 
Fold model of the Sudbury Basin, 50 
Fold origin of the Sudbury Basin, 45-55 
Fold shortening

South Range Shear Zone -eastern
terminus, 52

Fold-basin hypothesis Onwatin Formation, 48 
Foliation patterns Figure 5.2, 47 
Footwall Breccia

Borehole geophysics, 15
Chondrite normalized (Pt+PdVCRu+lr+Os) 

ratio, 137
Contact ore deposits, 107
Craig nickel-copper deposit mine 

geology, 80
Lower Sublayer copper zones, 139
Mine (Lindsley) geology, 80
Physical rock properties, 15
Sudbury Igneous Complex, 79
Sulphide mineralization, 58, 85
Terminology, 119

Footwall copper zones see also Footwall ore 
deposits

Comparison of North, South Range
deposits, 137, 139 

Footwall copper-PGE orebodies
Composition variation in Sudbury

ores, 133-143 
Footwall felsic lithologies

Schematic evolution stratified melt 
rock. 111, 112

Footwall mineralization
Lindsley Ni-Cu-PGE deposit, 100
Sudbury Igneous Complex, 57-64 

Footwall mineralization model stages, 62, 63 
Footwall mineralization model -stage l

Figure 6.6a 
Footwall mineralization model -stage 2

Figure 6.6b 
Footwall mineralization model -stage 3

Figure 6.6c 
Footwall mineralization model -stage 4

Figure 6.6d
Footwall mineralization of the SIC, 57-64 
Footwall ore deposits

Lindsley Ni-Cu-PGE deposit, 96, 100
Lindsley Ni-Cu-PGE deposit neighbour, 91
McCreedy West, 59
North and South Range, 137, 138
Strathcona Deep Copper zone, 91
Sudbury Igneous Complex 

orebodies, 59, 139
Sulphide mineralogy, 96
Victor and McCreedy East -parts of, 91 

Footwall orebodies - Sudbury Igneous 
Complex, 139

depleted in liquid North Range
enriched in cumulus mss 

Footwall ores to Sublayer -genesis
chemical evidence, 101
physical connections, 101 

Footwall-breccia contact
Seismic reflection interpretation, 16 

Footwall-type deposits
General description of deposit types, 59
General description Sudbury Breccia, 65 

Foreland basin turbidites paleoflow analysis, 48 
Foreland basin-fill systems -depositional

rates, 52 
Formation -compositional diversity

Differential melting of source, 302
Evolution of magma fractionates, 302
Late stage processes -alteration, 302
Magma and immiscible sulphides, 302
Magma segregates, 302 

Formation in bleeding fractures -discussion
Equilibrium with fluids, 71
Precipitates, 71

Foy Offset deposit North Range, SIC, 59 
Fractional crystallization see also 

crystallization, MSS
Compositional variation hanging 

wall-footwall, 143
Compositional variation in ore- 

discussion, 367
Gabbroic minerals, 304
Magma chamber, 284
MSS fractionation, 135, 367
Noril'sk-Talnakh district, 388
Ore magma -plan fractionation 

Figure 18.9,229
Petrogenetic process Siberian Trap 

lavas, 298
Sulphide liquid, 135, 137, 368, 384, 

386,389
Sulphide magma, 7 

Fractionation see also crystallization
Alkali and halogen-rich phases, 74
Parental sulphide liquids, 384
PGE distribution in sulphide 

ores, 249, 250, 259
Thermal mass fractionation, 320, 321 

Fractures
Genetic model -explosive event, 101 

Fracturing or cataclastic flow
Impact related material, 47 

Fraser Depth deposit
Average Cu, Ni, PGE ,Au 1009fc sulphides 

Table 12.1, 138
Chondrite normalized (Pt+PdXfRu+Ir+Os) 

ratio, 137
Rhodium content, 137
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Fries, T.L.
Cumulus processes and the composition of 

magmatic ore deposits, Talnakh district, 
Russia, 373-392

Fully differentiated intrusions, 263 
Siberian flood basalt province, 263 
see also differentiation, intrusions 

Fuselage Noril'sk intrusions, 186

G
Gabbro

Leucocratic, 186, 189, 193, 274 
Gabbro -oxide rich

Magnetic interpretation, 36 
Gabbro -polysutured

Elsie Mountain Formation, 93 
Gabbro bodies in intrusions

Endocontact, 186, 189
Upper contact, 190
Wandering, 189 

Gabbrodolerite
Differentiated ore-bearing intrusions, 274
Kureisky argillites and marls, 231
Manturovsky anhydrites, 231
Noril'sk intrusions, 186, 189
Noril'sk-Talnakh ore-bearing 

intrusions, 375
Oktyabr'sky Mine, 231
Olivine-bearing and nonolivine 

gabbrodolerites, 188
Olivine-biotite thin layer, 188
Profile mineralization ore-bearing 

intrusions, 358
Picritic layer, 188, 193, 213, 274, 278, 315
Razvedochninsky argillites, 231
Talnakh ore junction, 213
Taxitic horizon, 188, 193, 210, 213, 278 

Gabbrodolerite -olivine
Noril'sk I -mineralization, 210, 275, 276
Talnakh ore junction, 275, 276 

Gabbrodolerite -olivine-bearing
South Noril'sk intrusion, 270
Talnakh ore junction, 213 

Gabbrodolerite -olivine-biotite, 188 
Gabbrodolerite -picritic

Noril'sk I -mineralization, 210, 315
Talnakh ore junction, 213, 274,

275,276, 278 
Gabbrodolerite -taxitic

Kruglogorsky sills, 276
Noril'sk I -mineralization, 210,

275. 276, 279 
Talnakh ore junction, 213, 275,

276. 278, 279 
Gabbrodolerite intrusion

Noril'sk region platform, 150
Oktyabr'sky Mine, 231 

Gabbro-anorthosite
Bouguer gravity data -positive anomaly, 24
Huronian mafic volcanics, 29 

Gabbro-granite intrusions, 169 
Gabbro-wehrlite intrusions

Ore-bearing Pilguarvi suite, 344 
Gabbrodiorite

Talnakh intrusion, 274, 276 
Gabbroic intrusive

Onaping Formation -boundary anomaly, 41 
Gabbroic mineral phases

Petrogenetic process Siberian Trap 
lavas, 298

Siberian Trap basalts, 304 
Galena in sulphide mineralization, 66, 95, 315 
Garnet in source -partial melting

Petrogenetic process Siberian Trap
lavas, 298 

Garnet residual phase
Primitive-mantle

normalization, 316, 317, 318 
Garson Fault, 46 
Garson mineralization, 58

Genesis
Ore-bearing intrusions, PGE-copper-nickel

deposits, 200 
Sudbury Igneous Complex impact melt:

evolution, 105-117 
Talnakh ore junction, 214, 215 

Genesis of Lindsley Ni-Cu-PGE ore 
deposit, 101 

brittle footwall rocks 
chemical evidence 
discussion and aspects 
filter pressing 
gravitational settling 
model -explosive event 
model -melts 
model -structure
model -schematic sections Figure 9.8,102 
physical connections 
thermal aureole 

Geochemical and isotopic constraints
Petrogenesis Noril'sk Talnakh ore-forming

system, 313-341 
Geochemical arguments -impact melt

rocks, 125 
Geochemical characteristics Noril'sk

region, 264 
Geochemical data, 299

see also geochemistry 
Asthenosphere mantle source, 301 
Basalt sequence sample selection, 315 
Basalts, 300
Borehole HM 6, 292-297 
Borehole KZ 1879, 328-330 
Borehole NP 29, 326-327 
Borehole SG 28, 332-333 
Borehole SG 7KU, 292-297 
Chondrite-normalized diagram

Figure 22. l O, 309 
Chondrite-normalized profiles, 302 
Chromium, 298 
Compositional data

Figure 25.5a-e, 362-365 
Contamination -upper crustal material, 309 
Continental lithosphere, 298 
Crystalline mineral extract, 298 
Dysprosium, 298 
Europium, 298 
Fractional crystallization, 298 
Gabbroic mineral phases, 298 
Garnet in source -partial melting, 298 
Glubokij Mine, 378 
Heavy rare earth elements HREE, 298 
High-titanium basalts, 301 
Isotopic compositions -Pb, Sr, Nd, 298 
Lanthanum, 298
Light rare earth elements LREE, 298 
Lutetium, 298 
Magma chamber model-petrological

mixing model, 308 
Magnesium numbers, 298 
Mixing and/or contamination, 298 
Nadezhdinsky Formation, 306 
Nd-isotope versus Sr-isotope composition

Figure 22.11, 310 
Nickel, 298 
Niobium, 298 
Noril'sk district, 300, 301 
Oceanic island basalts, 301 
Oktyabr'sky deposits, 361 
Oktyabr'sky Mine, 376 
Petrogenesis Noril'sk Talnakh ore-forming

system, 313-341 
Picritic basalt, 299 
Picritic basalt flows, 299 
Samarium, 298
Samples from outcrop sections, 292-297 
Scandium, 298
Section IF, 292-297, 300, 301 
Section TL 4, 292-297, 300, 301 
Selected averages and ranges

Table 22.4, 306
Shale -average post-Archean, 309 
Silicate oxide, 298 
Skalisty Mine, 379, 382

Strontium, 298 
Tantalum, 301 
Tantalum, niobium, titanium, phosphorus -

negative, 300 
Tholeiitic basalt flow, 299 
Tholeiitic basalts, 298 
Tholeiitic lavas, 301 
Thorium, 298 
Titanium oxide, 298 
Trachybasalts, 298 
Uranium, 298 
Variation SiO2,Sr,TiO2 vs Magnesium

numbers Figure 22.6, 303 
Yttrium, 298 
Yurakhsho-Kaltaminsky high-titanium

basalt unit, 301,306 
Zirconium, 298

Geochemical data samples outcrop sections 
Table 22.2

Imangdinsky district, 292 
Noril'sk district, 292 

Geochemical enrichment Sudbury Breccia
zones, 70

Geochemical features Table 15.2 
Lava assemblages, 175 
MgO content -magmatic 

assemblages, 175, 176 
Rare earth elements, 175 

Geochemistry see also geochemical data 
Borehole KZ 1879, 328-330 
Borehole NP 29, 326-327 
Borehole SG 28, 332-333 
Chemical composition -Noril'sk

region, 220 
Chemical signature of

basalts, 283, 288, 290 
General geology -Huronian footwall

rocks, 92
Gudchikhinsky suite, 317 
Imangdinsky district, 292 
Ivakinsky suite, 316 
Khakanchansky suite, 319 
Kharayelakh intrusion, 279 
Kharayelakhsky ore-bearing

intrusion, 194, 195, 196, 197 
Lower Talnakh intrusions, 279, 324 
Mineralogical and geochemical

characteristics, 217-230 
Morongovsky suite, 319 
Nadezhdinsky suite, 319 
Noril'sk district, 172,292 
Noril'sk I intrusion, 324 
Siberian Trap platform, 288 
Syverminsky suite, 316 
Tuklonsky suite, 319 
Whole rock analyses principal rock types

Table 9.l, 93 
Whole rock samples, 345 

Geochemistry -composition of pyrrhotite 
Distribution types of pyrrhotite

Table 18.1,220
Geochemistry -major and trace element data 

Massive sulphide ores plots
Figure 26.4, 381 

Geochemistry -volcanic assemblages
Mantle garnets, 175 

Geochemistry of basalts, 316 
Geochemistry of ore-forming elements Noril'sk 

region 
Copper, 180

Cu-TiO2 variation diagram, 180 
Metal distribution, 180 

Nickel, 180
Ni-MgO variation diagram, 180 

Platinum Group Elements, 181
Metal distribution, 181 

Geochemistry of volcanic assemblages
Table 15.2, 175 

Geochronology, 277
see also age determination
Lead isotope systematics of ore-bearing

intrusion, 321
Lead isotope systematics of sulphide 

ores, 320
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Geochronology continued
Process of formation from melt rock, 110
Proterozoic crystalline rocks, 163
Sudbury Igneous Complex, 21
Sudbury Structure, 21

Geographic location mineralization (mines) 
Figure 6.1

Sudbury Region, 58 
Geological setting

Kureisky Formation, 265
Noril'sk region, 208
Noril'sk-Talnakh district, 373, 374
Ore deposits -mantle-plume model, 314
Ore-bearing intrusions, 186
Razvedochninsky Formation, 265, 267 

Geological structure Noril'sk nickel-bearing
region, 161-170 

Geology -map -generalized Figure 4. l
Grenville Province, 34
Southern Province, 34
Superior Province, 34 

Geology map -simplified Sudbury Structure
Figure 2.l, 12 

Geology of massive and copper ores Noril'sk
region, 231-241

Geology of the Noril'sk region, 203-216 
Geometry -contacts South Noril'sk

intrusion, 270 
Geometry -model Sudbury crater, 106

size, thickness, rock types, volume, weight 
Geometry and facies characteristics Sudbury

Basin, 48 
Geometry of ore-bearing intrusions

Kharayelakh intrusion, 272
Noril'sk I intrusion, 272 

Geomorphology -Overburden conditions, 13 
Geophysics

Borehole surveys Sudbury Transect, 11
Electromagnetics, 29
see also gravity, lithoprobe, magnetics, 

regional geophysics
Gravity anomalies, orebody distribution 

Figure 10.4, 109
Gravity model for Sudbury 

Structure, 21-31
Lithoprobe seismic reflection transect 

Sudbury geology, 11-20
Magnetics, 11, 147
Noril'sk region -aeromagnetic surveys, 152
Noril'sk region -gravity surveys, 150
Noril'sk region -seismic surveys, 148
Regional geophysics at Noril'sk, 147-160
Seismic surveys, 11-20, 147, 148 

Geotherm metamorphic pattern, 48 
Geothermal gradient Sudbury Breccia, 61 
Glacial drift, 13 
Glacial Valley

Average rock magnetic properties
Table 4.l, 36 

Glubokij Mine
Borehole KZ 1879, 378
Copper, 378
Iridium, 378
Iron, 378
Mineralogy -geochemical streams, 227
Mining depths, 204, 207, 212
Mooihoekite, 380
Nickel, 378
Oktyabr'sky deposits, 360
Ore-bearing intrusions Table 26.3, 378
Palladium, 378
Platinum, 378
Rhodium, 378
Ruthenium, 378
Sulphur, 378 

Gneissosity -Craig nickel-copper deposit
geology, 79 

Godlevskite
Ore associated with Noril'sk

intrusions, 196 
Gold

Borehole KZ 1879, 338
Compositional data Figure 25.5a-e, 

362-365, 367

Gold versus copper -sensitive
indicator, 139

Ore deposits -sampling results, 136 
Gold and silver -levels, 61 
Gold content sulphide mineralogy, 96 
Gold versus copper, 136, 139 

Oktyabr'sky deposit, 368 
Strathcona Mine, 368

Gold with copper Oktyabr'sky deposit, 369 
Gold-copper diagrams magmatic ore deposits 

Figure 26.5
Chondrite-normalized nickel-cobalt- 

platinum, 382 
Golightly, J.P.

Sudbury Igneous Complex impact melt:
evolution, 105-117 

Gorbachev, N.S.
Chemostratigraphy of Siberian Trap

lavas, 283-312 
Composition of the Ni-Cu ores of the

Oktyabr'sky deposit, 
Noril'sk region, 357-371 

Gorstroy intrusion Noril'sk ore junction, 276 
Gosses Bluff impact structure, 47 
Graben structures Talnakh ore

junction, 210, 211 
Grade of nickel, copper and PGE comparison

Noril'sk and Sudbury, 7 
Granite -contact with the SIC, Murray Pluton, 91 
Granite -contact with Sublayer-norite-gabbroic

inclusion, 57-59 
Granodiorite

Magma chamber model-petrological
mixing model, 308 

Granophyre A, B,
Alteration Fairbank Lake fault, 42 
Average rock magnetic properties

Table 4.l, 36
Gravity field residual interpretation, 29 
Stages of differentiation, 113 
Sudbury Igneous Complex, 79 

Granophyre and quartz diorite bulk
composition, 110 

Granophyre enriched
Average rock magnetic properties

Table 4.l, 36 
Granophyre-norite transition

Figure 2.5, 15, 16
Granosyenite porphyry Noril'sk region, 157 
Graphite in Onaping Formation, 29 
Gravity see also seismic 
Gravity anomalies Noril'sk region, 148, 150 
Gravity anomalies and orebody distribution 

Figure 10.4
Sudbury Basin, 109 

Gravity density values 
Archean gneiss, 23, 24 
Cartier Granite, 24 
Noril'sk region platform, 150 

Gravity features Sudbury Structure, 21 
residual interpretation 
gravity highs and gabbro-anorthosites 

Gravity interpretation Benny greenstone
belt, 24,29

Gravity model for Sudbury Structure, 21-31 
Gravity model along profile CENTRAL

Figure 3.4,26, 28 
Gravity model along profile EAST

Figure 3.5, 27 
Gravity model along profile WEST

Figure 3.3, 25
Gravity model Figure 4.7, 40 
Gravity modification of Sudbury crater

cavity, 110 
Gravity profiles Sudbury Structure

Figure 3.l, 22
Gray Onaping Formation, 121 
Greenschist facies metamorphism, 21 
Greenschist to amphibolite facies

metamorphism, 21 
Gremyaka River formations

Features of Vendian-Cambrian formations 
Figure 14.2, 166

Ordovician to Early Devonian formations
Figure 14.3, 166 

Grenville Orogeny, 39 
Grenville Province Sudbury Region, 34 
Grieve, R.A.F.

Impact model of the Sudbury
Structure, 119-131 

Grunerite precipitates, 69 
Grunerite -chlorine rich sulphide

mineralization, 66
Gubinsky sequence stratigraphy, 163 
Gudchichinsky Formation 

Magnesium numbers, 299 
Picritic basalt flows, 165, 299 

Petrographic variations
Figure 22.3, 291

Samples from outcrop sections, 292-297 
Siberian Trap lavas, 284, 305 
Tholeiites -glomeroporhyritic, 290 
Tholeiites -picritic, 284, 286, 290 

Petrographic variations
Figure 22.3, 291 

Tholeiitic basalt flow, 299 
Gudchikhinsky suite

Asthenospheric mantle, 318 
Evolution of volcanic assemblages, 176 
Intratelluric olivine, 318 
Magnesium numbers, 318 
Stratigraphic section modal compositions

Figure 23.2, 318 
Trace element REE, LREE, 317 

Gudchikhinsky-Khakanchansky suite 
Noril'sk region, 172

H
Halide-sulphate-carbonate strata 

Platform development, 163 
Halite -alkali and halogen-rich phases, 67 
Halladay, S.H.

Lindsley Ni-Cu-PGE deposit and
geological setting, 91-103 

Halogen and trace metal-rich mineralogies
Spatial relationship, 75 

Halogen-rich fluid exsolution model, 74, 75 
Metal zonation patterns Victor Deep and

McCreedy East, 65-75 
Halogen-rich rock types Sudbury Breccia

zones, 70 
Hanski, E.

Origin of magmatic sulphide ores: a tale of
three ores, 343-355 

Pechenga Complex, 343-355 
Hawkesworth, C.J.

Chemostratigraphy of Siberian Trap
lavas, 283-312 

Hearst, R.B.
Magnetic interpretation along Sudbury

Structure, 33-43 
Heavy rare earth elements HREE

Petrogenetic process Siberian Trap
lavas, 298 

Heazlewoodite
Ore associated with the Noril'sk

intrusions, 196 
Hergt, J.

Chemostratigraphy of Siberian Trap
lavas, 283-312 

HFSE (high field-strength) elements
Siberian Trap platform, 290 

High-fluid magmatic permeability of crust
Geological settings of deposit, 208 

High-sulphur sulphide assemblages
Zoning type I and associated PGE, 259 

High-titanium basalts
Morongovsky Formation, 301 

History
Craig nickel-copper deposit, Sudbury

Ontario, 77
Noril'sk deposits, 152, 203-216 
Regional geophysics at Noril'sk, 147 

History of crater definition Sudbury 
Structure, 121
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History of crystal differentiation SIC, 110 
History of mine development

Lindsley Ni-Cu-PGE deposit, 92 
History of discovery

Geology of the Noril'sk region, 203-216
Ore-bearing intrusions of the Noril'sk

region, 185
Horizontal structural pattern Sudbury Basin, 50 
Hornfels in Oktyabr'sky Mine, 235 
Horse tail structures, 210 
Hot spot

Jan Meyen -depth, 286
Noril'sk paleovolcanic zone, 152
Osmium isotopes, 344
Permo-Triassic site for Siberian Trap 

basalts, 286
Reunion-Chagos-Laccadives plume-ridge

system, 287 
Huronian cover rocks

Reconstruction of preimpact geology, 109 
Huronian mafic volcanics

Basement density values, 29
Bouguer gravity linear zone southern 

margin, 29
Gabbro-anorthosites, 29
Nipissing Diabase, 29
Sudbury Igneous Complex norites, 29 

Huronian metasedimentary rocks
Average rock magnetic properties 

Table 4.l, 36
Bouguer gravity data -negative 

anomaly, 24
Elsie Mountain Formation, 92
Geochronology, 21
Metamorphic foliation, 21, 48
Murray Pluton, 93
Stobie Formation, 92
Structural grain, 47

Huronian outliers Transient cavity, 123 
Huronian supracrustal rocks

Southern Province, 11 
Hydrogeological conditions

Mining applications, 204, 207 
Hydrothermal genesis

Onaping Formation -boundary anomaly, 41

Igarsky region formations
Features of Vendian-Cambrian formations 

Figure 14.2, 166
Ordovician to Early Devonian formations

Figure 14.3, 166 
Igarsky-Kharayelakhsky maximum anomaly

Noril'sk region -gravity 
surveys, 150, 151, 162 

Igarsky-Khatangsky maximum Igarsky-
Noril'sk block, 162 

Igarsky-Noril'sk region Figure 14.le
Generalized geology, 165 

Igneous phenocrysts -porphyroblastic
assimilation, 71

Igneous phenocrysts oxygen-bearing copper- 
rich sulphide

Imangda area Tuklonsky lavas, 306 
Imangdinsky district

Geochemical data samples outcrop
Table 22.2, 292 

Imangdinsky fault, 285, 287 
Imangdinsky ore junction, 157 
Imangdinsky-Letninsky fault, 157, 162, 169

Stratigraphy, 163 
Imangdinsky-Mikchandinsky anomaly

Magnetic field -regional Figure 13.7, 157
Structure -fault, 157

Immiscible sulphide liquid silicate magma, 257 
Impact crater

Areal extent -size, basal contact, 45 
Impact Event Sudbury Structure, 129 
Impact melt

Evolution and ore genesis SIC, 105-117
Penokean Orogeny, 128
Semi-quantitative experiment, 128

Sudbury Event volume, 121, 129
Sudbury Igneous Complex, 123
Temperatures -sulphide melt, 126 

Impact melt scales
History of crystal differentiation, 110 

Impact model see also model
Geochemical arguments -impact melt 

rocks, 125, 349
Sudbury Structure, 122
Volumes of impact melt vs diameter of 

impact structures, 124
Volumetric arguments Sudbury

Structure, 123 
Impact model of the Sudbury Structure

Grieve, R.A.F., 119-131 
Impact related material deformation, 47 
Impact related material -brittle fracture

Meteor Crater, Arizona, 47 
Impact related physical processes Sudbury

Basin, 47 
Impact structure

crater-fill sediments Sudbury 
Structure, 123

Gosses Bluff, 47
In situ differentiation model, 278, 279 
In situ susceptibility measurements

Lithoprobe Transect, 35 
Inclusion population -cognate derived

definition, 62
Inclusion population -footwall derived, 62 
Index of fractionation -copper, 137 
India

Deccan Trap, 283
Parana Trap, 283

Induced magnetic field interpretation 
Figure 4.4, 4.5

Sudbury Structure, 36, 37, 38 
Ineleastic strain -viscous flow, compaction, 47 
Insizwa Complex comparison

Noril'sk-Talnakh district, 38 
Interstitial to silicate grains sulphide, 361 
Infracrustal discontinuity Noril'sk region, 149 
Intratelluric olivine

Gudchikhinsky suite, 318
Tuklonsky suite, 319 

Intrusion-forming magmas -entrained
Sulphide-liquid droplets, 322 

Intrusions
see also individual rock types

Age in relation to lava suites, 264
Aureoles, 375
Finger-like lobes, 375
Flood basalts, 171
Fully differentiated intrusions, 263
Gabbro-granite, 169
Gabbro-wehrlite intrusions, 344
Gabbrodolerite, 358
Geochemical characteristics, 264
Geometry - massive ore 

Figure 21.2,3, 266, 267
Isotopic and trace element 

comparisons, 322
Kruglogorsky-type intrusions, 265
Low-chromium intrusions, 169
Mafic MgO-rich differentiated, 169
Noril'sk I geological section 

Figure 17.4, 209
Noril'sk region, 165, 315
Noril'sk-Talnakh ore-bearing 

intrusions, 375
Olivinite, 263
OHvine-free to picritic 

gabbrodolerites, 170
Ore-bearing type -massive ore, 264
Petrogenesis of Noril'sk Talnakh ore- 

forming system, 313, 314
Petrography, 264
Picritic gabbrodolerite, 170, 263
Platinum Group Elements -content, 265
Potassium enrichment, 170
Rare Earth Element (REE) patterns, 264
Samples for geochemical analyses, 313
Spatial and petrologic aspects Noril'sk 

ore junction, 263-281

Spatial and petrologic aspects Talnakh ore 
junction, 263-281

Talnakh ore junction, 211,213
Taxitic gabbrodolerite, 170
Volume percentages of magmatic rock 

types Table 15.1, 172
Zones of maximum thickness (ZMT), 265
Zubovsky-type -disseminated ore, 264 

Intrusions -comparison isotopic diversity, 326 
Intrusions -differentiated see also fully 

differentiated
Geological settings of deposit, 209
Talnakh ore junction, 211 

Intrusions -gravity field interpretation
Platform cover, 150, 151 

Intrusions -nondifferentiated, 209 
Intrusions -position of base of each intrusion

Stratigraphic column Noril'sk-Talnakh 
Figure 21.1, 265

Talnakh ore junction, 213 
Intrusions -volume

Noril'sk paleovolcanic zone, 151 
Intrusions and volcanic sequence Noril'sk 

region
Early Triassic, 179
Late Permian, 179
Postlavaage, 179 

Intrusive traps, 286
Noril'sk-Kharayelakh fault, 286
Sills and dikes, 286 

Iridium
Compositional data 

Figure 25.4a-d, 361,362
Compositional data 

Figure 25.5a-e, 362-365, 367
Glubokij Mine, 378
Oktyabr'sky Mine, 370, 377
Ore forming sulphides of massive ore, 252
Pyrrhotite of pyrrhotite massive ore

Table 20.4, 254 
Iron content

Fe content of pyrrhotite, 223
Ferropicrite, 344
Glubokij Mine, 378
Oktyabr'sky Mine, 377, 386
Volcanic assemblages -lavas, 176 

Iron -f-manganese chloride in sulphides, 66 
Iron-manganese-chlorine-fluorine-rich

microphenocrysts, 71 
Isoferroplatinum in pyrrhotite, 256 
Isopach thickness of hornfels

Variation thickness, volume
Figure 16.8, 198, 199 

Isotope see also lead isotope
signature SIC, 110

Isotopic and trace-element comparisons 
intrusions, 322

Lower Talnakh intrusion, 322 
Isotopic compositions -Pb, Sr, Nd

Petrogenetic process Siberian Trap
lavas, 298

Isotopic diversity comparison of intrusions, 326 
Isotopic evidence -magmas

Kharayelakh intrusion, 279
Lower Talnakh intrusions, 279 

Ivakinsky Formation
Alkalic and subalkalic basalts, 284, 286
Magnesium numbers, 298
Trachybasalts, 298
Sample flows outcrop sections, 292-297
Siberian Trap lavas, 306
Titanium-rich augites, 290
Trachybasalts, 290
Subalkalic andesine basalt, 165 

Ivakinsky suite
Chondrite Gd/Ybn ratio, 316
Geochemistry, 316
Magnesium numbers, 316
Stratigraphic section modal compositions 

Figure 23.2, 317
Tantalum anomalies -negative, 316
Trace element REE and thorium, 316
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Ivakinsky suite continued
Volcanic sequence, 172 

Ivakinsky-Gudchikhinsky suite
Basalt assemblage, 316
Evolution of volcanic 

assemblages, 173, 176
Lava assemblages, 173, 176
Volcanic assemblages -lavas, 173 

Ivakinsky-Nadezhdinsky differentiated 
alkaline lavas

Texture and composition, 165
Trachybasalt, 165

Jacobsite, 71 
Jago, B.C.

Footwall mineralization of the Sudbury
Igneous Complex, 57-64 

Metal zonation patterns Victor Deep
orebody, 65-75 

Jan Meyen hot spot depth, 286
Permo-Triassic site Siberian Trap

basalts, 286 
Jerfisherite

Mineralogical and geochemical
characteristics, 224 

Jinchuan Mine, 3, 368
Production and reserves, 3

K
Kaltaminsky Formation

Petrographic variations Figure 22.3, 291
Samples from outcrop sections, 292-297 

Kaltaminsky suite
Ankaramite basalts, 173, 179
Lava assemblages, 173, 176 

Kambalda production and reserves, 3 
Kambalda comparison

Distribution of palladium, rhodium,
ruthenium, osmium, 253 

Kammikivi sill
Clinopyroxene cumulate, 345, 346
Composition variations profile 

Figure 24.2, 346
Disseminated nickel-copper ore, 345
Metamorphism -rhenium loss, 348
Model age calculation, 346
Olivine cumulate, 345, 346
Ore mineralogy, 345
Osmium, 349
Phyllite, 345, 346, 348
Postcrystallization loss of rhenium, 349
Quench gabbro, 345, 346
Re-Os concentration profile 

Figure 24.3, 347
Re-Os isotope data Table 24.1, 347
Re-Os system, 345
Re-Os versus Os-Os plot Figure 24a, b, 348
Recent leaching -rhenium loss, 348 

Karsky plate tectonics, 204 
Kayerkansky coal deposit, 151 
Kayerkansky-Pyasinsky anticline, 263 
Kent, J.

Petrogenesis of Noril'sk Talnakh ore- 
forming system, 313-341 

Keta-Irbinsky fault, 148, 162, 169 
Keweenawan basalt standard analyses, 288 
Khakanchansky Formation

Samples from outcrop sections, 292-297
Tholeiites, 286
Tuff horizons, 287 

Khakanchansky suite
Magnesium numbers, 319
Major element contents, 319
Volcanic assemblages evolution, 177 

Khakanchansky-Nadezhdinsky basalt
assemblage, 316 

Khakanchansky-Nadezhdinsky suite
Volcanic assemblages -lavas, 173 

Khantaika-Ribnaja anticline

Seismic profile Yenesei-Kutaramakan
Figure 13.3, 149 

Khantaisky uplift, 163 
Khantaisky-Rybninsky uplift

Noril'sk region -seismic surveys, 148 
Kharayelakh -bordering apophyses

Ore-bearing intrusions -characteristics
Table 21.l, 271 

Distribution of ore, host rock, position,
quantity

Shape of intrusion 
Kharayelakh fault zone, 265 
Kharayelakh intrusion,

Analytical data Table 26.2, 377 
206Pb7204Pb ratios vertical profiles

Figure 23.10, 325 
Borehole KZ-1879, 280 
Chromium trace element, 331, 334 
Continental flood basalts comparison, 318 
Devonian age, 186 
Distribution of intrusion, 272 
Electron-microprobe analyses

Figure 21.6, 270 
Feeder zones, 280 
Geochemistry, 194, 195, 196, 197 
Geometry of ore-bearing intrusions, 272 
Glubokij Mine, 378, 382 
Isotopic evidence -magmas, 279 
La/Sm and Gd/Yb vertical profiles

Figure 23.9, 324 
Lead isotope compositions

Figure 23.6,7,8, 320, 321,323 
Lithology -magma, 375 
Lower Talnakh intrusion, 318 
Metal/sulphur ratios, 336 
MgO contents -vertical profiles

Figure 23.12, 337 
Noril'sk region, 269 
Oceanic basalts comparison, 318 
Ore-bearing branches massive sulphide

Figure 26.2, 375
Samples for geochemical analyses, 313 
Sample selection Borehole

KZ1879, 315, 321
Sulphide liquid compositional range, 388 
Talnakh intrusion, 270 
Taxitic gabbrodolerite, 338 
Tholeiites, 284, 286 
Trough, 186,210 
Tuffs -volcanic edifice, 287 
Zone of maximum thickness, 273 

Kharayelakh syncline
Geological cross section

Figure 22. l c, 286, 287 
Kharayelakhsky-Samoyedsky sequence, 165 
Killarney Granite

Bouguer gravity data -negative
anomaly, 24 

Kimberlite
Vologchansky trough -intrusions, 157 

King, B.-S.W.
Petrogenesis of Noril'sk-Talnakh ore- 

forming system, 313-341 
Knight, R.J.

Petrogenesis of Noril'sk-Talnakh ore- 
forming system, 313-341 

Kola Peninsula Pechenga Complex, 344 
Komsomol'sky Mine 

Compositional data
Figure 25.5a-e, 362-365 

Copper ore, 213, 214 
Lead isotope compositions

Figure 23.6, 321
Massive to disseminated ore, 315 
Mine relationships Figure 17.8, 215 
Mineralogical-geochemical streams, 227 
Mining depths, 204, 211, 213 
Morphology of massive sulphides, 214 
Oktyabr'sky deposit, 358 
Ore forming sulphides of massive ore

Table 20.3, 252 
Plan view of mineralogical and chemical

zoning, 226

Pyrrhotite of pyrrhotite massive ore 
Table 20.4, 254

Solid solution in pentlandite 
Table 20.6, 256

Vertical section -mineralogical and
chemical zoning, 225 

Kruglogorsky sills, 276 
Kruglogorsky-type intrusions

Leucocratic gabbro, 169, 170, 272
Noril'sk I intrusion, 272
Noril'sk region, 265
Zubovsky-type intrusions, 265 

Kumingsky Formation -tholeiites, 284, 286 
Kunilov, V.Ye.

Composition of the Ni-Cu ores of the 
Oktyabr'sky deposit,

Norils'k region, 373-392
Cumulus processes and the composition of 

magmatic ore
deposits, Talnakh district, Russia, 373-392
Geology of the Noril'sk region, 203-216 

Kureisky Formation
Argillites, marls, gabbrodolerite, 231
Geological setting, 265 

Kureisky monocline, 162 
Kureisky syncline, 163

La/Sm and Gd/Yb vertical profiles 
Figure 23.9

Kharayelakh intrusion, 324 
Lower Talnakh intrusion, 324 
Noril'sk I intrusion, 324 

Lamproite
Vologchansky trough -intrusions, 157 

Lamsko-Khantaisky basin, 163
Tungussky syncline, 162 

Langrenus -comparison with the Sudbury
Structure, 105, 106 

Lanthanum petrogenesis Siberian Trap
lavas, 298 

Late Cambrian Izluchinsky suite
Noril'sk region platform, 150 

Late Permian
Intrusions and volcanic sequence Noril'sk

region, 179 
Late Permian -Early Triassic age

determination, 286 
Late Permian -Early Triassic sequence

Platform development, 163, 263 
Late Triassic structural lows volcanic

sequence, 172 
Lava assemblages

Mantle plume, 173, 176 
MORB and OIB basalts, 175 
Noril'sk region, 175

Geochemical features Table 15.2, 175 
Paleoisopachs Figure 15.3, 175 

Lava flows
Columbia River, 283
Composition, 283
Deccan Trap, 283
Lower Talnakh intrusion, 177
Noril'sk district, 177,283
Parana Trap, 283
Thickness eruptive centres, 286
Volcanic edifice, 287
Volcanic sequence, 172
Volume percentages of magmatic rock

types Table 15.1, 172 
Zones of maximum thickness

Figure 22.2c, 290 
Lavas and intrusions

Geochemistry of ore-forming
elements, 180

Lavas, tuffs, intrusions -proportions 
Sequence of volcanic rocks, 314 

Layered intrusions see intrusions 
Lead isotope compositions Figure 23.6 

Kharayelakh intrusion, 320 
Komsomolsky Mine, 321 
Magmatic-sulphide ores, 320
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Lead isotope compositions continued
Main Kharayelakh orebody, 320
Talnakh intrusion, 320 

Lead isotope compositions Figure 23.7
Kharayelakh intrusion, 321
Medvezhy Creek openpit, 321
Noril'sk I intrusion borehole NP-29, 321
Ore-bearing intrusions, 321
Talnakh intrusion, 321 

Lead isotope compositions Figure 23.8
Basalt assemblages, 323
Kharayelakh intrusion, 323
Lower Talnakh intrusion, 323
Noril'sk I intrusion, 323 

Lead isotope systematics of ore-bearing 
intrusion

Geochronology, 321
Noril'sk-Talnakh district, 321 

Lead isotope systematics of sulphide ores
Geochronology, 320 

Lens A
Comparison average composition ore types

Figure 25.6, 366 
Lens B

Oktyabr'sky deposit, 358 
Lenses and pods of inclusion-rich impact

melts, 121
Letninsky fault zone, 162 
Leuco-olivine gabbro

Noril'sk-Talnakh ore-bearing
intrusions, 375 

Leucocratic gabbro, 186, 189, 193, 274, 265
Apophyses, 315
Kruglogorsky-type intrusions, 272
Leucogabbroic-basaltic-picritic silicate 

magmas, 279
Noril'sk complex, 169, 265
Noril'sk intrusions, 186, 375
Talnakh intrusion, 274, 375
Taxitic gabbrodolerite, 338 

Leucocratic gneiss
North Range Footwall Breccia, 58 

Levack Gneiss
see also Levack Gneiss Complex

Amphibolite-granulite facies, 21, 24
Average rock magnetic properties 

Table 4.l, 36
Borehole geophysical studies, 15
Cartier Granite contact, 41
Gravity model, 24, 29
Layer -denser phase, 24
Physical rock properties, 15
Tectonics, 24
Thermal contact aureole of Sudbury

Igneous Structure, 39 
Levack Gneiss Complex

Basalt composition, 351
Craig nickel-copper deposit mine 

geology, 79
Mine geology, 79
North Range, 77
Sudbury Igneous Complex, 41
Transient cavity, 121 

Levack Main deposit
Contact ore -cumulate enriched, 143
Average Cu, Ni PGE, Au 100"7o sulphides

Table 12.1, 138 
Levack No. 1,2,3,4 and Fraser

deposits, 138, 139 
Levack Township

Craig nickel-copper deposit, Sudbury
Ontario, 77 

Levack West Mine
Re-Os isotope composition data 

Table 24.2, 350
Re-Os versus Os-Os plot

Figure 24.6, 351 
Li, C.

Composition variation in Sudbury
ores, 133-143 

Lickhachev, A.P.
Cumulus processes and the composition of 

magmatic ore
deposits, Talnakh district, Russia, 373-392

Ore-bearing intrusions of the Noril'sk
region, 185-201

Light Rare Earth Elements (LREE) 
Petrogenetic process Siberian Trap

lavas, 298 
Lightfoot, P.C.

Chemostratigraphy of Siberian Trap
lavas, 283-312 

Composition of the Ni-Cu ores of the
Oktyabr'sky deposit,

Noril'sk region, 357-371
LIL (large-ion lithophile) elements

Siberian Trap platform, 290 
Limb -thrust fault Sudbury Structure, 108 
Lindsley Ni-Cu-PGE deposit

Cross section 8000E geology, ore zones
Figure 9.4, 97 

Distribution metallic minerals ore types
Table 9.2, 96

Elsie Mountain Formation, 92 
Footwall mineralization, 96, 100 
General geology -Huronian footwall

rocks, 92
General geology Figure 9.1, 92 
Generalized section -distribution of ore

zones, 93
Genesis -brittle footwall rocks, 101 
Genesis -chemical evidence, 101 
Genesis -discussion and aspects, 100, 101 
Genesis -filter pressing, 101 
Genesis -gravitational settling, 101 
Genesis -physical connections, 101 
Genesis -thermal aureole, 101 
Genetic model -explosive event, 101 
Genetic model -melts, 101 
Genetic model -schematic sections

Figure 9.8, 102 
Genetic model -structure, 101 
Geological setting, 91-103 
History of development, 92 
Massive sulphide mineralization, 91 
Metal distribution -normalized 1009fc

sulphides Table 9.3, 99 
Metal distribution and relationship to ore

types, 99,100 
Ore zone relationships chondrite-

normalized, 100 
Ore zones relationship to Sudbury Igneous

Complex, 100 
Plan geology, ore zones, workings 1310

level Figure 9.3, 94 
Plan geology, ore zones, workings 1585

level Figure 9.5, 98 
Plot of (Pt+Pd) (Ir+Ru) vs Cu (Cu+Ni)

Figure 9.7, 100 
Pseudotachyte, 93 
Roll over contact, 92 
South Range Norite, 95 
Stobie Formation, 92 
Sublayer ore -sulphide mineralogy, 93, 95 
Sublayer ore with mineralization

Photo 9.l, 94 
Sudbury Breccia, 93 
Whole rock analyses rock types

Table 9.l, 93 
Zone l, 9, 80
Zone 4b sulphide mineralization, 97 
Zone 4b contacts with granite

description, 97 
Zone 4b passive contact Murray Pluton

Photo 9.2, 98
Zone 4bl connection to zone 4b, 97 
Zone 4b2 mineralization, 80, 99 
Zone 4b3 mineralization, 99 

Lindsley Ni-Cu-PGE deposit and its geological
setting, 91-103

Lindsley Ni-Cu-PGE deposit neighbour 
Blezard deposit, 91 
Little Stobie Mine, 91 
Mount Nickel Mine, 91 

Liquid removal -hosting deep-seated copper 
zone

North Range, 139 
Lithology zone of maximum thickness, 269

Lithology -columns, stratigraphic variation 
Figure 26.6

Pd/Pt ratios Oktyabr'sky Mine, 383 
Lithology -interpretative stratigraphy

Sudbury Structure, 127 
Lithology -magma Borehole KZ1879, 375 
Lithosphere see also mantle lithosphere 
Lithospheric source and plume

Ferropicrite melts, 345 
Lithoprobe

Magnetic interpretation Sudbury
Structure, 33, 35

Overburden conditions -corrections, 13 
Studies 1990-1992 summary and

conclusions, 18 
Sudbury Transect, 11 
Vibroseis -multi-channel reflection

profiles, 11, 12 
Vibroseis acquisition parameters

Table 2.l, 12
Vibroseis data acquisition problems, 14 
Vibroseis data processing sequence, 13 
Vibroseis poststack data, 14 

Lithoprobe data background, 5 
Lithoprobe Transect

In situ susceptibility measurements, 35 
Magnetic anomaly profile -Levack Gneiss

Complex, 42 
Magnetic anomaly profile -Onwatin-

Onaping contact, 42 
Magnetic anomaly profile -South Range

norite, 42 
Magnetic interpretation along Sudbury

Structure, 33-43 
Regional magnetic high -Levack Gneiss

Complex, 42 
Lithoprobe traverse

Sudbury Igneous Complex, 107 
Sudbury Structure, 108 

Lithospheric mantle -sources for magmatic
sulphides, 6 

Little Stobie Mine
Lindsley Ni-Cu-PGE deposit neighbour, 91 
Plot of (Pt-fPd) (Ir+Ru) vs Cu (Cu+Ni)

Figure 9.7, 100
Little Stobie No. l -cumulus MSS South 

Range, 139
Sulphide mineralization, 100, 133 

Little Stobie No. 2 -liquid evolution lines, 133 
Little, T.L.

Metal zonation patterns Victor Deep
orebody, 65-75

Localized centres definition, 263 
Lockerby orebody

Sudbury crater floor -vee shape, 107 
Low-chromium intrusions, 169 
Low-sulphide platinum mineralization Noril'sk

area, 257 
Low-sulphur sulphide assemblages

Zoning type II and associated PGE, 259 
Lower and Middle Nadezhdinsky lavas 

Table 15.3 
Calculation of contamination/fractional

crystallization, 178 
Lower contact layer

Melt system -stratigraphic arguments, 125 
Lower Fokinsky intrusions

MgO comagmatic formations, 186 
Lower Morongovsky suite

Evolution of volcanic assemblages, 177 
Lower Noril'sk intrusion 

Borehole NP-13, 277 
Kureisky Formation, 265 
Nadezhdinsky-like lava, 311 
Razvedochninsky Formation, 265, 267 
Stratigraphy, 265 
Zone of maximum thickness, 265 
Zubovsky-type intrusion Figure 21.3, 267 

Lower Noril'sk ore junction
Lower Noril'sk intrusion -ZMT, 265 
Nizhnenoril'sk intrusion, 265 

Lower Series flows
Chondrite-normalized profiles, 302 
Compositional diversity, 302
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Lower Series flows continued
Terbium-ytterbium chondrite-normalized

profiles, 302 
Trace element and Sr-Nd-isotope ratio

variations, 302
Lower Series Siberian Trap alkalic 

basalts, 284, 286
Tholeiitic and picritic basalts, 284, 286 

Lower Talnakh intrusion 
Age determination, 314 
Borehole SG-28, 315, 332-333 
Continental flood basalts comparison, 318 
Electron-microprobe analyses

Figure 21.6, 270 
Isotopic and trace element

comparisons, 279, 322 
Kureisky Formation, 265 
La/Sm, Gd/Yb vertical profiles

Figure 23.9, 324 
Lead isotope compositions

Figure 23.8, 323 
Lead isotope compositions

Figure 23.10, 325 
Lower Noril'sk intrusion, 311 
Magma, 278, 279 
Mantle source region, 279 
MgO contents. Figure 23.12, 337 
Nizhnetalnakh intrusion, 265 
Oceanic basalts comparison, 318 
Razvedochninsky Formation, 265, 267 
Samples for geochemical analyses, 313 
Schematic longitudinal section

Figure 23. l, 358 
Shape and size, 186 
Stratigraphy, 265
Th/Ta vs Sm/Yb plot Figure 23.5, 318 
Tungussky series, 265 
Zone of maximum thickness, 265 

Lower Talnakh low-chromium anorthositic
gabbro, 169

Lower Talnakh-type intrusions, 263 
Gabbrodolerite, 274 
Intrusions, 169 
Lithology, 269
Olivine -first generation, 265, 269 
Picrite-like gabbrodolerite, 265, 269 
Plagioclase -anorthositic, 265 
Plagioclase -forsteritic, 265 
Platinum group elements -content, 265 
Rare earth element (REE) patterns, 265 
Stratigraphic sequence Figure 21.7, 274 
Stratigraphy -internal, 269 
Talnakh ore junction, 265 
Talnakh ore junction Figure 21.2, 266 
Zones of maximum thickness (ZMT), 265 

Lower zone -norites SIC, 79 
Ludovsky volcanogenic schist stratigraphy, 163 
Lul'ko, V.A.

Geological structure of the Noril'sk
region, 161-170 

Lutetium
Petrogenetic process Siberian Trap

lavas, 298

M
Mafic clast-melt mixtures SIC, 110
Mafic MgO-rich differentiated intrusions, 169
Mafic norite

Craig nickel-copper deposit mine
geology, 79 

Mafic rocks
Volume percentages of magmatic rock

types Table 15.1, 172 
Mafic sills sedimentary strata, 315 
Magma

see also magma chamber
Aluminum oxide, 344
Continental rifting, 284
Convective circulation, 200, 201
Differentiation -magmatic, 48
Flood basalt magmatism, 171-183
Fractional crustallization, 284

Iron content, 344
Lower Talnakh intrusions, 278, 279
Magma assimilation, 284
Magma chamber model -fresh magma 

intrusions, 308
Magma chamber model-petrological 

mixing model, 308
Magma chamber model-vertical magma 

chamber, 308
Magma eruptions, 284
Magma mixing, 284
Mantle plumes, 284
Mokulaevsky magma-type, 311
Noril'sk-Talnakh ore-bearing 

intrusions, 375
Noril'sk-Talnakh ore-bearing system, 339
Ore-bearing magma chambers, 159
Pechanga Complex, 344
Rare earth elements LREE, 344
Reservoirs, 171
Segregation of sulphides, 284
Source regions of magma, 284
Staging chamber, 353
Sulphide melt, 279
Tuff horizons, 287
Vologchansky trough -intrusions, 157 

Magma -eruption breaks tuff horizons, 287 
Magma -high and low ytterbium

Evolution of volcanic
assemblages, 173, 176 

Magma -multiple magma inputs magma
source, 279 

Magma -silicate magma sequences
Leucogabbroic-basaltic-picritic silicate

magmas, 279 
Magma -single magma input case study

Crystallization model history, 278
Cumulate-like sequence, 278 

Magma -sulphide-bearing
Ore associated Noril'sk intrusions, 200 

Magma and immiscible sulphides
Formation -compositional diversity, 302 

Magma chamber
Continental rifting, 284
Fractional crustallization, 284
Magma assimilation, 284
Magma eruptions, 284
Magma mixing, 284
Mantle plumes, 284
Noril'sk-Talnakh district, 321
Segregation of sulphides, 284
Shale, 285
Source regions of magma, 284
Source - ancient crust, 351
Source - closed-system behaviour, 350
Source - open-system behaviour, 349 

Magma chamber model -fresh magma 
intrusions

Siberian Trap basalts, 308 
Magma chamber model-petrological mixing 

model
Bolgokhtoksky intrusion, 308
Siberian Trap basalts, 308
Trace element and isotope data, 308 

Magma chamber model-vertical magma 
chamber

Siberian Trap basalts, 308 
Magma conduit, 283

Mantle-derived Mk-like magmas, 285 
Magma depletion evolution of volcanic 

assemblages
conclusions, 183 

Magma Nd chamber mixing, 285 
Magma segregation

Formation -compositional diversity, 302 
Magma series -major element oxides, 302 
Magma types

Chromium trace element, 331, 334
Stratigraphy, 331 

Magmatic breccia sulphide, 361 
Magmatic composition -evolution Noril'sk

region, 171
Magmatic evolution -thickness estimate 

Noril'sk, 165

Magmatic formations Noril'sk, 
Kharayelakhsky troughs

Basalt -tholeiitic, 186 
Magmatic ore deposits

Characteristics of the ore deposits, 373,374
Geological setting, 373, 374
Sill complex, 374
Sulphide deposits Norils'k-Talnakh 

district, 390
Talnakh district, Russia, 373-392 

Magmatic sulphide assemblage
Igneous phenocrysts oxygen-bearing

copper-rich sulphide, 71 
Magmatic sulphide liquid

Fractionation -MSS crystallization, 135 
Magmatic sulphide ores

Chalcophile metals, 137
Lead isotope compositions 

Figure 25.6, 320
Re-Os isotope system, 343-355 

Magmatism
Age determination, 314
Geological settings of deposit, 208
Total mass ore associated Talnakh

intrusion, 198 
Magnesium enrichment

Sudbury Igneous Complex, 113
Noril'sk region mafic magmatic

bodies, 277 
Magnesium numbers

Gudchikhinsky suite, 299, 318
Ivakinsky suite, 298, 316
Khakanchansky suite, 319
Major element variations, 302
Morongovsky suite, 301, 319
Nadezhdinsky suite, 319
Syverminsky suite, 299, 316
Tuklonsky suite, 299, 319 

Magnetic and gravity anomalies Noril'sk
region, 157, 158 

Magnetic anomalies North and South Range
Norite, 35, 39 

Magnetic anomalies and geologic relationships
Sudbury Structure, 11, 39 

Magnetic anomaly -Sudbury 
Structure, 35, 36, 39

elliptical ring high amplitudes
interior linear positive
linear NW -WNW striking
Sudbury dike swarm, 39, 40 

Magnetic anomaly profile -Levack
Gneiss Complex, 42 

Magnetic anomaly profile -Onwatin-Onaping
contact, 42 

Magnetic anomaly profile -South Range
norite, 42

Magnetic data base map Figure 4.3, 35 
Magnetic density values

Thermal contact aureole SIC, 39 
Magnetic field -Noril'sk 2400 m

Figure 13.4, 153
Magnetic field -local residual Figure 13.6, 155 
Magnetic field -regional Figure 13.7, 156 
Magnetic field interpretation

Cartier Granite, 41
Gabbroic intrusive, 41
Levack Gneiss and Cartier Granite, 41
Magnetic field interpretation, 153,155,156
Magnetization -enhanced 

mineralization, 41
Middle Zone SIC, 36
Model -Sudbury Structure, 40, 41
Model -remanence, 42
Noril'sk region, 153, 155, 156
Noril'sk regional anomaly, 147
Norite -granophyre boundary, 41
North Range Sudbury Structure, 36, 37
Onwatin and Onaping formations, 42
South Range Sudbury Structure, 35, 36
Sudbury Igneous Complex, 41
Sudbury Structure, 33, 35
Thrust surface, 41, 42
Total magnetic field profile Figure 4.6, 40
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Magnetic interpretation along Sudbury
Structure, 33-43 

Magnetite
Massive ore mineral assemblages, 237
Mineralogical and geochemical 

characteristics, 217
Ore associated with the Noril'sk 

intrusions, 196
Oxygen solubility, 275
Sulphide mineralogy, 66 

Magnetization -enhanced mineralization
Onaping Formation -boundary anomaly, 41 

Magnetization events -Fairbank Lake Fault, 42 
Magnetostratigraphy, 315 
Main branch Talnakh intrusion

Schematic longitudinal section
Figure 25.l, 358 

Main Kharayelakh orebody
Chalcopyrite, 315
Galena-bearing ore, 315
Lead isotope compositions 

Figure 23.6, 320
Mooihoekite, 315
Noril'sk I sample selection, 315
Pyrrhotite-chalcopyrite ores, 315
Talnakhite, 315 

Main Mass North Range, 77 
Main Mass Norite geophysics, 15 
Main Mass Norite to quartz diorite trend

Lindsley Ni-Cu-PGE deposit, 95 
Main Talnakh intrusion, 270 
Major and trace-element data

see also geochemical data, 
compositional data

Borehole KZ 1879,328-330
Borehole NP 29, 326-327
Borehole SG 28, 332-333 

Major element contents
Khakanchansky suite, 319
Tuklonsky suite, 319 

Major element oxides
Magma series, 302
Siberian Trap platform, 288 

Major element variations
Magnesium numbers, 302
Silica content, 302
Sr-isotope signature, 302
Titanium oxide and magnesium

numbers, 302 
Malak talnakhite ore

Mineralogical-geochemical streams, 227 
Manicouagan impact crater, Quebec, 47 
Mantle

Osmium, 343, 349
Sudbury Structure, 350 

Mantle -asthenospheric/lithospheric
Volcanic assemblages -lavas, 173, 176 

Mantle garnets, 175 
Mantle lithosphere, 311

Enrichment -two styles, 309
Siberian Trap lavas, 311 

Mantle magma
Evolution of volcanic

assemblages, 173, 176, 179, 182 
Mantle melt

Differentiated volcanic complex, 257
Mantle garnets, 175
Pyrolite, 257 

Mantle plume, 354
Age determination, 314
Geological setting of deposits, 314
Hot spots -see also
Lava assemblages, 173, 176
Magma chamber, 284
Model, 314
Noril'sk-Talnakh ore-bearing system, 339
Osmium isotopes, 344
Volcanic evolution, 320 

Mantle source
Age determination, 324
Garnet residual phase, 316, 317, 318
Gudchikhinsky suite, 318
Ivakinsky suite, 316
Morongovsky suite, 319

Morongovsky-Samoedsky 
assemblage, 319

Multiple source magma inputs, 279
Nadezhdinsky suite, 319
Osmium isotopes, 343
Pechenga Complex, 345, 347
Syverminsky suite, 316
Tuklonsky suite, 319 

Mantle-derived magmas -basalt
Noril'sk region -gravity surveys, 151 

Mantle-derived Mk-like magmas
Mobile constituents, 285
Mokulaevsky Formation, 285
Tonalitic upper crust, 285 

Manturpvsky anhydrites, 231 
Marcasite sulphide mineralogy, 95 
Masses -size of sulphide Oktyabr'sky Mine, 235 
Massive and veinlet dissemminated ore

Noril'sk I -mineralization, 210 
Massive copper-veins in fractures

Sudbury Structure, 134 
Massive Ni-Cu ore Oktyabr'sky

deposit, 357, 370 
Massive ore, 272

Borehole KZ 1713,384
Borehole KZ 1879,336
Cross section mineralogy Figure 18.7, 228
Mineral assemblages, 237
Oktyabr'sky Mine, 232 

Photo 251 a-d, 359
PGE distribution in sulphide ores, 250
Section fingering-out into meta- 

sedimentary rocks, 237
Talnakh ore junction, 245
Vertical zoning Noril'sk 

Figure 19.7, 239, 240 
Massive ore mineral assemblages

Chalcopyrite, 237
Cubanite, 237
Magnetite, 237
Mooihoekite, 237, 238
Putoranite, 237
Pyrrhotite, 237
Talnakhite, 237
Troilite, 237

Massive ore Noril'sk-Talnakh 
Figures 21.2, 21.3

Intrusion -geometry, 266, 267 
Massive ore Talnakh ore junction, 275, 276 
Massive ore variations Oktyabr'sky Mine

Compositional data
Figure 25.4a-d, 361,362 

Massive sulphide
Bleb ore-matrix ore, 315
Chalcopyrite-rich massive ore, 217, 315
Compositional data, 362
Cubanite-rich massive ore, 217
Galena-bearing ore, 315
Massive to disseminated replacement 

ore, 315
Mineralogical and geochemical 

characteristics, 217
Mooihoekite, 315
Pyrrhotite-chalcopyrite ores, 315
Sublayer -zones, 58
Sulphide mineralization, 66
Talnakhite, 315
Victor footwall sulphide deposit, 60 

Massive sulphide -distribution of lenses 
Figure 25.3

Oktyabr'sky deposit, 360 
Massive sulphide -vein type, 67 
Massive sulphide footwall mineralization

Alkali- and halogen-rich minerals, 67-69
Stratabound zones, 67
Sulphide-silicate breccia, 66 

Massive sulphide mineralization
Lindsley Ni-Cu-PGE deposit, 91
Distribution mineral types variants 

Table 18.2,222
Lindsley Ni-Cu-PGE deposit, 96
Oktyabr'sky Mine, 236

Compositional data, 361, 362
Talnakh ore junction, 213

Massive sulphide ore-bearing mineralization
Borehole KZ 1879,336 

Massive sulphide ores plots Figure 26.4 
Geochemistry -major and trace element

data, 381 
Massive sulphide ores Table 26. l

Oktyabr'sky Mine, 376 
Massive sulphide veins in footwall gneisses

Sulphide mineralization, 85 
Massive sulphide ore sample selections

Noril'sk-Talnakh district, 315 
Matachewan Diabase

Craig nickel-copper deposit mine
geology, 79 

Matrix -thermal metamorphism Sudbury
Breccia, 61 

Mayak Mine
Mining depths, 204, 211 
Oktyabr'sky deposit, 358 
Solid solution in pentlandite

Table 20.6, 256
McCreedy Deposits, 59, 60, 68-70, 74, 75 
McCreedy East and Victor Deep footwall 

orebodies
Mineralogy, 69

McCreedy East footwall copper orebodies 
Metal zonation patterns Victor Deep

orebody, 65-75 
McCreedy East footwall deposit section

Figure 6.3, 60
McCreedy East footwall orebody 

Acanthite-agularite, 67 
Alkali- and halogen-rich minerals, 67-69 
Bornite ratios, 67 
Chalcopyrite, 67 
Chlorine abundances -contours

Figure 7.3, 70 
Composite section of mineralization

Figure 7.2, 67 
Copper/nickel ratio, 67 
Copper/sulphur ratio, 67 
Cubanite, 67
Depth to orebody -changes, 67 
Electrum, 67 
Galena, 67
Massive sulphide -vein type, 67 
Metamorphism -upper greenschist

facies, 67 
Millerite, 67 
Modal abundances, 67 
Native silver, 67 
Pentlandite, 67 
PGE -tellurium, tin-rich, 67 
Platinum ratios, 67 
Precipitates, 69 
Pyrrhotite, 67 
Seleniferous galena, 67 
Sphalerite, 67
Stages of mineralization, 67 
Summary table deposit geology 

mineralogy Table 7.1, 68, 69 
Tetradynite, 67 
Xenoliths of contact-metamorphosed

country rock, 67 
Zinc, lead and silver ratios, 67 

McCreedy East No. 5 west orebody 
Chlorine abundances -contours

Figure 7.3, 70, 71 
McCreedy West and Levack No. 2

deposit, 59, 139 
McGrath, PH.

Gravity model for the Sudbury
Structure, 21-31

Medvezhinsky carbonate flischoid, 163 
Medvezhy Creek openpit 

Lead isotope compositions
Figure 23.7, 321

Noril'sk I intrusion sample selection, 315 
Re-Os versus Os-Os plot

Figure 24.9a, b, 353 
Sampling, 376 
Taxitic leucograbbro age, 315
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Meier, A.L.
Cumulus processes and the composition of 

magmatic ore
deposits, Talnakh district, Russia, 373-392 

Mela-olivine gabbro
Noril'sk-Talnakh ore-bearing

intrusions, 375 
Melanocratic metasediments

South Range Footwall Breccia, 58 
Melt Bodies Onaping Formation, 121 
Melt system -SIC geochemical arguments, 125 
Melt system -stratigraphic arguments,

volume, 125
Melting at lower pressures Tuklonsky suite, 319 
Merensky comparison

Distribution of Pd, Rh, Ru, Os, 253 
Merenskyite

Lindsley Ni-Cu-PGE deposit, 96 
Mesozoic-Cenozoic terrigenous strata

Noril'sk region platform, 150, 165 
Metagabbro South Range, 111 
Metal abundances

Noril'sk nickel-bearing region, 165, 171
Ore zone relationships chondrite- 

normalized Figure 9.6, 100
Ratio of metals to mass of silicate, 159 

Metal distribution
Geochemistry ore-forming elements -Cu,

Ni, PGE, 180, 181 
Metal distribution

Lindsley Ni-Cu-PGE Table 9.3, 99 
Metal distribution

Craig nickel-copper ores Table 8. l, 85 
Metal zonation patterns

Composite section of mineralization 
Figure 7.2, 67

McCreedy East orebody, 65-75
Mineralogy -longitudinal section 

Figure 7.l, 66
Talnakh ore junction, 224
Victor Deep orebody, 65-75
Zone 4b Lindsley Ni-Cu-PGE deposit, 97 

Metal/sulphur ratios
Borehole KZ 1879, 336
Olivine poikilitic gabbrodolerite, 336 

Metamorphic foliation
Huronian metasedimentary rocks, 48
Sudbury Breccia, 48
Sudbury Igneous Complex, 48 

Metamorphism
Amphibolite-granulite facies, 21, 24
Aureoles, 375
Breccia fragments, 361
Foliation, 48
Greenschist facies, 21, 66
Greenschist to amphibolite facies, 21
Higher grade denser phase layer, 24
Kammikivi sill -rhenium loss, 348
Levack gneisses, 21
Matrix -thermal metamorphism, 61
Noril'sk intrusions, 197
Oktyabr'sky Mine, 231
Pattern -retrograde Sudbury Basin, 48
Pilguarvi suite, 344
Shock-metamorphic features, 21
Talnakh ore junction, 225
Texture -Footwall Breccia, 58
Thermal recrystallization, 60, 79
Upper greenschist facies, 67 

Metasomatism Noril'sk intrusions, 197 
Meteor Crater, Arizona, 47 
Methane abundance -mining, 207 
MgO comagmatic formations

Lower Fokinsky intrusions, 186 
MgO content -magmatic assemblages

Geochemical features Table 15.2, 175, 176 
MgO content -vertical profiles Figure 23.12

Kharayelakh intrusion, 337
Lower Talnakh intrusion, 337
Noril'sk I intrusion, 337 

Michenerite
Lindsley Ni-Cu-PGE deposit, 95, 96

Micromineralogy
Metal zonation patterns Victor Deep,

McCreedy East, 65-75 
Microphenocrysts stratabound zones, 67 
Microtextures

Metal zonation patterns Victor Deep and
McCreedy East, 65-75 

Microveinlets stratabound zones, 67 
Mid-ocean ridge basalts -osmium isotopes, 343 
Middle rare earth elements (MREE)

Petrogenetic process Siberian Trap
lavas, 298 

Middle Zone Sudbury Igneous Complex -
magnetics, 36

Mikchandinsky fault zone, 169 
Milkereit, B.

Lithoprobe seismic reflection transect 
Sudbury geology, 11-

20 
Millerite

Mineralogical and geochemical 
characteristics, 217, 224

Noril'sk I -mineralization, 210
Oktyabr'sky deposit, 361
Ore associated with the Noril'sk 

intrusions, 196
Sulphide mineralization, 66 

Mine geology
Craig nickel-copper deposit, 79 

Mine geology and underground exploration
Noril'sk region, 207, 208 

Mineral and chemical zoning Figure 20.4
Oktyabr'sky massive ore, 248 

Mineral assemblage zonation Figure 26.2
Taimyr Mine, 380

Mineral assemblage zonation Figure 26.3, 380 
Mineral assemblages

Copper content, 221, 246
Nickel content, 246
Pyrrhotite -hexagonal, 245, 246, 380
Oktyabr'sky Mine, 376
Zonation, 380 

Mineral assemblages -chalcopyrite
Massive ore, texture, 237 

Mineral assemblages -cubanite
Massive ore, texture, 237, 238 

Mineral assemblages -pentlandite
Mineral zoning -type I, 245, 246
Mineral zoning -type II, 246
Noril'sk region, 222
Sulphide association, 245 

Mineral assemblages -pyrrhotite
Massive ore, texture, 237
Sulphide association, 245 

Mineral assemblages -sulphide ores Figure 20.2
Talnakh ore junction, 245 

Mineral composition
Oktyabr'sky Mine, 235
Talnakh ore junction, 246 

Mineral inventory tonnes and grades
Massive sulphide mineralization, 91 

Mineral processing
Noril'sk Kombinat, 204, 220 

Mineral properties affecting beneficiation
Chemical composition -Noril'sk 

region, 220
Mineral processing, 220 

Mineralization
see also copper, nickel, sulphides, 

massive sulphide, disseminated 
sulphides, massive ore, mineral 
assemblages

Bornite, 361
Compositional data 

Figure 25.4a-d, 361,362
Compositional data 

Figure 25.5a-e, 362-365, 367
Contacts, 376
Contact gabbrodolerite, 357, 361
Massive ore Photo 25.1a-d, 359
Millerite, 361
Mineralized intrusion -idealized profile 

Figure 25.2, 358

Morphology and setting, size,
distribution, 376

Morphology of sulphide aggregates, 376 
Noril'sk region, 165, 190 
Noril'sk-Talnakh district, 315 
Noril'sk-Talnakh ore-bearing

intrusions, 375
Oktyabr'sky deposit, 357, 358, 361, 370 
Petrology, 375 
Platinum mineralization of the Noril'sk

deposits, 243
Taxitic gabbrodolerite, 357, 361 
Upper Copper Ore, 361 
Veinlet disseminated, 358 

Mineralization -formation stages of structures 
Figure 14.1, 164 

end of present day 
end of Middle Paleozoic 
end of Riphean 
end of Venedian

Mineralization -Igarsky-Noril'sk region 
Mineralization -major ore types

Drill core data Western End of Lens A, 365 
Mineralization zoning 

Intrusions, 170 
Massive ore vertical zoning

Figure 19.7, 239, 240 
McCreedy West sulphide deposit, 59 
Metal zonation patterns Victor Deep and

McCreedy East, 65-75 
Talnakh ore junction, 245 

Mineralogical and geochemical characteristics 
Chalcopyrite group minerals, 217, 222 
Copper secondary ore minerals, 217 
Cubanite, 217, 220 
Geochemistry, 217-230 
Jerfisherite, 224 
Magnetite, 217 
Massive sulphide, 217 
Millerite, 217, 224 
Mooihoekite, 217, 218 
Noble metal abundance, 217 
Noril'sk region, 217-230 
Oktyabr'sky deposit, 217-230 
Pentlandite, 217, 220, 222 
Platinum Group Elements, 217 
Putoranite, 217, 218 
Pyrite, 217, 222 
Pyrrhotite, 217, 218, 222 
Talnakhite, 217, 218 
Tochilinite, 217 
Troilite, 217 
Vallerite, 217, 224 
Violarite, 217

Mineralogical and zonation patterns 
Noril'sk region, 226 
Victor Deep footwall orebody, 66 

Mineralogical-geochemical streams 
Glubokij Mine mooihoekite, 227 
Komsomol'sky Mine, 227 
Malak talnakhite ore, 227 
Noril'sk region, 226, 227 
Oktyabr'sky Mine, 227 
Severny orebodies, 227 
Southern Main branch cubanite ore, 227 

Mineralogy
see also massive, disseminated ore, 
mineral assemblage, zonation 

Alkali and halogen-rich phases, 67-69 
Chlorine-bearing silicate and nonsilicate

phases, 69 
Definition, 375 
Elsie Mountain Formation, 93 
Evolution of alkali- and halogen-rich fluid

phase, 74 
Igneous phenocrysts -porphyroblastic

partial assimilation, 71 
Igneous phenocrysts oxygen-bearing

copper-rich sulphide, 71 
Jacobsite, 71 
Lindsley Ni-Cu-PGE deposit, 93
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Mineralogy continued
McCreedy East footwall sulphide

deposit, 60
McCreedy West sulphide deposit, 59 
Murray Pluton, 93 
Olivine, 265 
Ore associated with the Noril'sk

intrusions, 196 
Plagioclase, 265 
Plagioclase -anorthositic, 265 
Plagioclase -forsteritic, 265 
Pyrrhotite group minerals, 217 
Sellaite, 71
Sulphide mineralogy, 380 
Sulphide minerals -relationship,

accessory, 66
Victor footwall sulphide deposit, 60 

Mineralogy -flood quartz Sudbury Breccia, 61 
Mineralogy -granophyric patches, 61 
Mineralogy -longitudinal section Figure 7.1

Metal zonation patterns, 66 
Mineralogy -recrystallization Sudbury

Breccia, 60 
Mining and metallurgical industrial complex

Noril'sk Kombinat, 204, 207 
Mining depths Noril'sk region, 204, 207 
Mining methods Talnakh deposit

Figure 17.3, 207 
Mississagi sandstone

Microphotograph foliation Photo 5.1, 50 
Mixing and/or contamination

Petrogenetic process Siberian Trap
lavas, 298

Mixing model Table 11.3 SIC, 125 
Mixing of Nd magmas, 285 
MK-like magmas, 285 
Mk-1 and MP-ON horizons Figure 18.5 

Vertical section -mineralogical and
chemical zoning, 225 

Mk-1 and MP-ON horizons Figure 18.6
Plan view of mineralogical and chemical

zoning, 226 
Mobile constituents mantle-derived Mk-like

magmas, 285 
Mobile crustal block

Nickel-bearing Noril'sk region -
geology, 162

Mobile elements -rubidium, potassium, 
strontium

Siberian Trap platform, 288 
Mobile zone -Yeniseisky, 147 
Modal abundances -sulphides, 66 
Model

Aeromagnetic surveys, 152, 153 
Circulation magmatic model, 200 
Endogenic model, 122 
Evolution of volcanic

assemblages, 173, 176 
Fold model of the Sudbury Basin, 50 
Footwall mineralization Sudbury Igneous

Complex, 62, 63 
Genesis of Lindsley Ni-Cu-PGE ore

deposit, 101 
Gravity model for Sudbury

Structure, 21-31
Halogen-rich fluid exsolution, 74, 75 
Hot spots, 152 
Impact model of the Sudbury

Structure, 119-131
Localized additional geological sources, 42 
Magnetic model -remanent magnetic

parameters, 42 
Magnetic model for Sudbury

Structure, 33-43 
Magnetic model Permo-Triassic

volcanics, 154 
Mantle-plume model, 314 
Map of comparison of Sudbury 

Structure and Langrenus, 106 
MSS fractionation, 367, 368 
Noril'sk region -gravity surveys, 151 
Seismic-gravity model geometry, 42 
Sudbury Structure, 105-117 
Transient cavity, 121

Model -magma mixing, contamination, 
segregation

see also evolution of volcanic
assemblages, 171-183 

Model age calculation
Closed-system behaviour, 346
Kammikivi sill, 346 

Model for PGE in Noril'sk
Concentration mechanisms, 257
Differentiated volcanic complex, 257
Immiscible sulphide liquid, 257
Pyrolite, 257
Sulphide melts, 258 

Model for volcanic evolution
Mantle-plume source, 320
Processing in crustal magma

chambers, 320 
Model of gravitational field Figure 13.8

Magnetic and gravity anomalies, 158 
Moho discontinuity, 148, 159, 163, 286 
Mokulaevsky Formation

Mantle-derived Mk-like magmas, 285
Samples from outcrop sections, 292-297
Tholeiites, 284, 286 

Mokulaevsky magma-type
Nadezhdinsky magma chamber, 311 

Mokulaevsky-like lava Noril'sk intrusion, 311 
Molassoid sequences, 163 
Moncheite

Lindsley Ni-Cu-PGE deposit, 96 
Mooihoekite

Massive ore mineral 
assemblages, 237, 238, 315

Mineralogical, geochemical 
characteristics, 217, 218, 227

Ore associated with the Noril'sk 
intrusions, 196

Zonation, 380 
Moore, C.M.

Craig deposit, Sudbury, 77-90 
MORB and OIB basalts, 175 
Morgan, J.W.

Origin of magmatic sulphide ores: a tale of
three ores, 343-355 

Morongovsky Formation
Asthenospheric mantle source, 301
Flows -porphyritic, 290
High-titanium basalts, 301
Magnesium numbers, 301
Oceanic island basalts, 301
Samples from outcrop sections, 292-297
Tantalum, 301
Tholeiites, 284, 286
Tholeiitic lavas, 301
Titanium-rich augites, 298
Yurakhsho-Kaltaminsky high-titanium 

basalt unit, 301,306
Yuryakhsho-Kaltaminsky basalts, 287 

Morongovsky suite
Crustal contamination, 319
Magnesium numbers, 319
Trace element REE, LREE, 319 

Morongovsky-Samoedsky assemblage
Basalt assemblages, 316
Eruptive centres, 319
Evolution of volcanic 

assemblages, 173, 176, 179
Trap sequence -texture and 

composition, 165
Volcanic assemblages -lavas, 173, 176 

Morphological types of chalcopyrite, 218 
Morphological types of pyrrhotite, 218 
Morphology and setting, size, distribution

Sulphide -massive ores, 376 
Morphology of basal contact

Sublayer -norite-gabbroic inclusion
contact phase, 57-59 

Morphology of massive ores
Oktyabr'sky Mine, 236 

Morphology of sulphide aggregates
Sulphide -dissemination, 376 

Morris, W.A.
Magnetic interpretation along Sudbury 

Structure, 33-43

Morrison, G.G.
Footwall mineralization of the Sudbury 

Igneous Complex, 57-64
Metal zonation patterns McCreedy East

orebody, 65-75 
Mount Nickel Mine

Elsie Mountain Formation, 91
Lindsley Ni-Cu-PGE deposit neighbour, 91
Murray Pluton, 91
Roll over contact, 91 

MSS crystallization
Borehole KZ868, 388
Chondrite-normalized PGE -gold 

Figure 26.12, 389
Chondrite-normalized PGE -gold 

Figure 26.7, 385, 386
Rayleigh distillation law, 386, 387
Sulphide liquid, 384, 387 

MSS fractionation
Crystallization, 367, 381, 383
Noril'sk ore, 367, 368
Oktyabr'sky deposit, 368

Model curves Figure 25-7, 369
PGE partition coefficients Table 25.2, 367
Relationships between ore types, 370
Strathcona Mine, 368 

Mt. Chernaya intrusion
Bordering apophyses, 277
Noril'sk ore junction, 276 

Mt. Gudchihi intrusion, 276 
Multiple pulses of magma composition

Noril sk-Talnakh ore-bearing
intrusions, 375 

Murray Fault, 29 
Murray offshoots, 113 
Murray Pluton

Alteration -epidote, 93
Huronian volcanics and sediments, 93
Mount Nickel Mine, 91
Xenoliths, 93 

Mylonite Talnakh ore junction, 214

N
Nadezhdinsky Formation

Basalts, 165,300
Flows -porphyritic, 290
Samples from outcrop sections, 292-297
Tholeiites, 284, 286
Upper Series flows, 306 

Nadezhdinsky lavas
Chalcophile element-depleted, 311
Crustal contamination, 311 

Nadezhdinsky magma chamber
Mokulaevsky magma-type, 311 

Nadezhdinsky porphyritic basalts, 165 
Nadezhdinsky suite

Crustal contamination, 319
Evolution of volcanic assemblages, 177
Magnesium numbers, 319
Trace element REE, LREE, 319
Yb-rich lavas of Noril'sk region

Figure 15.8, 182 
Nadezhdinsky-like lava

Lower Noril'sk intrusion, 311 
Nadezhdinsky-Morongovsky suite

Noril'sk region, 172 
Naldrett, A.J.

Chemostratigraphy of Siberian Trap 
lavas, 283-312

Composition variation in Sudbury 
ores, 133-143

Composition of the Ni-Cu ores of the 
Oktyabr'sky deposit,

Noril'sk region, 357-371
Sudbury-Noril'sk symposium

introduction, 3-8 
Native gold

Lindsley Ni-Cu-PGE deposit, 96 
Native silver sulphide mineralization, 66 
Nd-isotope versus Sr-isotope composition 

Figure 22.11
Siberian Trap lavas, 310
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Neoarchean granite-gneiss complex
Pechenga Complex, 344 

Ni-Cu mineralization Oktyabr'sky
deposit, 357-371 

Ni-MgO variation diagram
Geochemistry of ore-forming elements -

nickel, 180 
Ni-MgO variation diagram

South Range Footwall rocks, 114 
Nickel

Behaviour during partial melting of 
mantle, 343

Compositional data 
Figure 25.4a-d, 361,362

Flood basalt magmas Ni-Cu, 283-312
Geochemistry of ore-forming 

elements, 180
Glubokij Mine, 378
Lindsley Ni-Cu-PGE deposit geological 

setting, 91-103
Oktyabr'sky Mine, 377
Ore deposits -sampling results, 136
Ore metals -levels, 61
Petrogenetic process Siberian Trap 

lavas, 298
Total contained nickel in world, 3
Total nickel in solid solution, 218
Total nickel plus copper, 218 

Nickel content
Mineral assemblages, 246
Sulphide mineralogy, 65, 95 

Nickel depletion
Evolution of volcanic 

assemblages, 181, 182
Mafic Sudbury Igneous Complex, 113 

Nickel ratio in ore Table 10.3, SIC, 114 
Nickel versus copper Noril'sk region 

Figure 18.1
Types Ni-Cu, mineral assemblages, 219 

Nickel-bearing region
Geological structure of the Noril'sk

region, 161-170 
Nickel-copper mineralization

Compositional variation in ore - 
discussion, 367

Craig nickel-copper deposit, 77-90
Flood basalt magmas associated Ni-Cu 

mineralization, 283-312
Oktyabr'sky deposit, 357-371
Pilguarvi suite, 344 

Nickel-rich pentlandite, 222 
Nickel-sulphide mining camps

Plot of grade vs past production, 3
Plot of present reserves, 3 

Nikolic, S.
Craig deposit, Sudbury, 77-90 

Niobium -petrogenesis Siberian Trap lavas, 298 
Nipissing Diabase

Huronian mafic volcanics, 29
Melt system -geochemical arguments, 125
Proto-ores, 115

Nipissing granophyre South Range, 111 
Nizhnenoril'sk intrusion

Zone of maximum thickness, 265
Noril'sk ore junction, 265 

Nizhnetalnakh intrusion
Talnakh ore junction, 265 

Noble metal abundance
Mineralogical and geochemical 

characteristics, 217
Talnakh ore junction, 244 

Nomenclature
Intrusion of the central graben, 270
Kharayelakh intrusion, 270
Main Talnakh intrusion, 270
Northwest branch, 270 

Norduna Fault, 46, 52 
Noril'sk and Sudbury

Grade of nickel, copper and PGE
comparison, 7 

Noril'sk complex
see also Noril'sk intrusion

Anorthosite gabbro, 169
Chromite, 169

Copper-nickel deposits, 169 
Leucocratic gabbro, 169 

Noril'sk deposits
see also Noril'sk intrusion, district 

Concentration mechanisms, 257 
Disseminated ore in layered intrusions, 245 
Evolution of PGE, 252 
Mineral assemblages -pentlandite, 245 
Mineral assemblages -pyrrhotite, 245 
Ore forming sulphides of massive ore, 252 
Overview and background history, 5 
Platform volcanism, 243 
Platinum group minerals in sulphide ores

Table 20.7, 256 
Production and reserves, 3 
Pyrrhotite -monoclinic and massive -

variation of Rh, 254 
Pyrrhotite of pyrrhotite massive ore

Table 20.4, 254
Rhodium and pyrrhotite Figure 20.8, 254 
Solid solution in pentlandite

Table 20.6, 256 
Solubility and composition of

pyrrhotite, 252 
Sour gas, 5
Zoning type I and associated PGE, 259 
Zoning type II and associated PGE, 259 

Noril'sk depression, 263 
Noril'sk district

Chemostratigraphy of Siberian Trap 
lavas, 283-312

Drill core SG 9, Figure 22.5, 300, 301 
Section IF Figure 22.5, 300, 301 
Geochemical data samples

Table 22.2, 292
Differential melting of source, 302 
Evolution of magma fractionates, 302 
Flood basalts sedimentary stratigraphy, 315 
Formations -Vendian-Cambrian

Figure 14.2, 166 
Geochemical data samples outcrop

Table 22.2, 292
General stratigraphy Figure 22.2b, 289 
High-chromium intrusions, 169 
Imangdinsky fault, 285 
Late stage processes -alteration, 302 
Lava flows, 283
Magma and immiscible sulphides, 302 
Magma segregates, 302 
Petrogenesis of Noril'sk Talnakh ore- 

forming system, 313-341 
Petrogenesis of Siberian Trap lavas, 298 
Petrographic variations Figure 22.3, 291 
Putorana lavas, 286 
Sequence of lavas, 283 
Tuklonsky lavas, 306 
Tunguska synclinorium, 286 
Volcanic edifice locations

Figure 22.2c, 290 
Noril'sk I intrusion

see also Noril'sk II, Noril'sk 
Ore-bearing intrusions -characteristics 

Table 21.l, 271 
distribution of ore, host rock,

mineralization 
position of ore, quantity of ore, shape

of intrusion 
Noril'sk I intrusion

see also Lower Noril'sk intrusion 
Bordering apophyses, 271 
Borehole NP-29, 326-327 

Lead isotope composition
Figure 23.7, 321 

Closed-system behaviour, 353 
Continental flood basalts comparison, 318 
Crystallization history, 277 
Distribution, 272 
Feeder zones, 280 
Geological section Figure 17.4, 209 
Geometry of ore-bearing intrusions, 272 
Kruglogorsky-type intrusions, 272 
La/Sm -Gd/Yb vertical profiles 

Figure 23.10, 325

Lead isotope compositions 
Figure 23.8, 323 

206pb7204Pb ratios Figure 23.10, 325
MgO contents -vertical profiles 

Figure 23.12, 337
Mineralized vein -age of biotite, 314
Noril'sk trough, 186
Oceanic basalts comparison, 318
Ore bordering intrusions 

characteristics, 271
Re-Os isotope data, 344
Re-Os versus Os-Os plot 

Figure 24.9a, b, 353
Samples for geochemical 

analyses, 313, 315, 321
Siberian flood basalts, 351, 352
South Noril'sk intrusion, 270
Stratigraphy, 331
Th/Ta versus Sm/Yb plot Figure 23.5, 318
Upper Permian age, 352
Zone of maximum thickness, 273 

Noril'sk I intrusion cross section
Figure 16.3, 189 

Noril'sk I intrusion cross section
Figure 16.5, 191 

Noril'sk I intrusion sample selection
Borehole KZ-868, 315
Borehole NP-29, 315, 321
Main Kharayelakh orebody, 315
Medvezhy Creek openpit, 315
Oktyabr'sky Mine, 315 

Noril'sk I, II Tungussky suite, 186 
Noril'sk II intrusion

Dike, 196
Noril'sk ore junction, 276
Noril'sk trough, 186 

Noril'sk intrusions
see also Noril'sk I, II intrusions listed 

seperately
Composition, 263, 270
Fuselage, 186
Gabbrodolerite, 186, 189, 270

Olivine and olivine-bearing, 270
Geometry -contacts, 270
Layered intrusions, 257
Leucocratic gabbro, 186
Low sulphide PGE mineralization, 257
Metamorphism, 197
Mokulaevsky-like lava, 311
Noril'sk-Kharayelakh fault, 270
Noril'sk region, 186

Platinum-rich, sulphide-poor
mineralization, 193 

Sulphide mineralization, 186,188,190 
Wings, 186

Shape and size, 186
South Noril'sk intrusion, 270
Stratigraphy, 270
Thickness, 270
Zubovsky-type intrusions, 270 

Noril'sk Kombinat, 204 
Noril'sk nickel-bearing region

Metal abundances, 165
Noril'sk complex, 169
Trap formation, 165
Volcanic sequence, 169 

Noril'sk ore
Compositional variation in ore - 

discussion, 367
MSS fractionation, 367, 368
PGE partition coefficients Table 25.2, 367 

Noril'sk ore junction, 209, 271
Crystallization model history, 278
Cumulate-like sequence, 278
Dvugorbinsky intrusion, 276
Gorstroy intrusion, 276
Horse tail structures, 210
Mineralogy and chemistry, 276
Mt. Chernaya intrusion, 276
Mt. Gudchichi intrusion, 276
Nizhnenoril'sk intrusion, 265
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Noril'sk ore junction continued
Noril'sk I -bordering apophyses, 271 
Noril'sk I -distribution of ore, 271 
Noril'sk I -host rock, 271 
Noril'sk I -position of ore, 271 
Noril'sk I -quantity of ore, 271 
Noril'sk I -shape of intrusion, 271 
Noril'sk I intrusion, 280 
Noril'sk II intrusion, 196, 276 
Noril'sk region mafic magmatic

bodies, 277 
Ore junctions, 157 
Ore-bearing intrusions, 272 
Spatial and petrologic aspects of the

intrusions, 263-281 
Structure, 209, 210
Upper Ambarninsky intrusion, 276, 277 
Upper Bjstrinsky intrusion, 276 
Zubovsky-type intrusion

Figure 21.3, 267, 276 
Noril'sk paleovolcanic zone 

Hot spots, 152 
Intrusions -volume, 151 
Structure -fault, 151

Noril'sk region se e also Noril'sk district 
Aeromagnetic anomalies, 157 
Aeromagnetic surveys, 147, 152 
Age in relation to lava suites, 264 
Apophyses, 315 
Basalt, 171 
Calculation of contamination/fractional

crystallization, 178 
Chemical composition, 220 
Coal-bearing sequence, 163 
Conrad discontinuity, 163 
Copper ore mineral assemblages, 221 
Cross section through Talnakh intrusion

Figure 19.2, 233 
Crustal layering in sedimentary

cover, 148, 149 
Crustal thickness, 148 
Crustal two-layer model, 148, 159 
Differentiated intrusions, 315 
Distribution different types of pyrrhotite

Table 18.1,220 
Distribution of mineral types in variants

Table 18.2,222 
Distribution of palladium, rhodium,

ruthenium, osmium, 253 
Electron-microprobe analyses

Figure 21.6, 270 
Evolution of magmatism reflected in

volcanic sequence, 171-183 
Evolution of volcanic

assemblages, 173, 177 
Evolution of volcanic assemblages -

conclusions, 182 
Flood basalt magmas associated Ni-Cu

mineralization, 283-312 
Flood basalt magmatism, 171-183 
Gabbro bodies in intrusions, 186, 189 
Gabbrodolerite, 315 
Generalized geology, 165 
Geochemical characteristics, 264 
Geochemical features Table 15.2, 175 
Geochemistry of ore-forming elements

Ni,Cu, PGE, 180, 181 
Geological settings of deposit, 208 
Geological structure of the Noril'sk

region, 161-170 
Geology of the massive and copper

ores, 231-241
Granosyenite porphyry, 157 
Gravity surveys, 151 
Infracrustal discontinuity, 149 
Intrusion, 157 
Intrusions and their relation to volcanic

sequence, 179
Kayerkansky-Pyasinsky anticline, 263 
Kharayelakh intrusion, 193-196, 269 
Kharayelakh fault zone, 265 
Kharayelakh trough, 186 
Komsomol'sky Mine morphology of

massive sulphides, 214

Komsomol'sky Mine relationships
Figure 17.8, 215

Kruglogorsky-type intrusions, 265 
Lava assemblages, 175 
Lava associations -paleoisopachs

Figure 15.3, 175
Lavas - Lower Talnakh intrusion, 177 
Lavas - Noril'sk intrusion, 177 
Leucocratic gabbro, 265 
Location of seismic profiles

Figure 13.2, 149 
Lower Fokinsky intrusions, 186 
Lower Talnakh intrusion, 265 
Mafic magmatic bodies -

differences, 277, 278, 279 
Magmatic formations Noril'sk,

Kharayelakhsky troughs, 186 
Magnetic and gravity anomalies, 158 
Magnetic anomaly shape, 157 
Magnetic field -at 2400 m Figure 13.4,153 
Magnetic field -local residual

Figure 13.6, 155
Magnetic field -regional Figure 13.7, 156 
Magnetic field Permo-Triassic

volcanics, 154
Magnetics -regional anomaly, 147 
Magnetics -regional negative anomaly, 147 
Mantle plume, 354 
Mantle-plume model, 314 
Massive ore vertical zoning

Figure 19.7, 239, 240 
Metal abundances, 171 
Mine geology and underground

exploration, 207, 208 
Mineral processing, 220 
Mineralization, 165, 190 
Mineralogical and geochemical

characteristics, 217-230 
Mineralogical and zonation patterns, 226 
Mineralogical-geochemical streams, 226 
Mineralogical-geochemical variants

massive ore, 227 
Mining applications, 204, 207 
Mining depths, 204, 207 
Mining methods Talnakh deposit

Figure 17.3, 207 
Mobile crustal block, 162 
Moho discontinuity, 148, 159, 163 
Morphological types of chalcopyrite, 218 
Morphological types of pyrrhotite, 218 
Nickel-bearing regions -geology, 162 
Noril'sk deposits, 203 
Noril'sk I, 209
Noril'sk I -mineralization, 210 
Noril'sk I geological section

Figure 17.4, 209 
Noril'sk I intrusion cross section

Figure 16.3, 189 
Noril'sk I intrusion cross section

Figure 16.5, 191 
Noril'sk intrusions, 186 
Noril'sk Kombinat, 204 
Noril'sk nickel-bearing region, 165 
Noril'sk ore bearing intrusions

Figure 16.1, 187 
Noril'sk ore bearing intrusions

Figure 16.2, 188 
Noril'sk ore junction, 209 
Noril'sk trough, 186 
Noril'sk zone, 162
Noril'sk-Kharayelakh anomaly -magnetics 

regional magnetics
Figure 13.7, 156, 157 

Noril'sk-Kharayelakh basin, 162, 163 
Noril'sk-Kharayelakh fault, 148, 149,157,

186,209,210,263,265 
North Siberian nickel-bearing area, 162 
Northern Tungussky zone, 162 
Oktyabr'sky deposit, 231, 357-371 
Olivine, 265
Ore associated with the intrusions, 196 
Ore junctions, 152, 156, 157, 159, 263 
Ore types, 220 
Ore-bearing intrusions, 185, 186, 200, 201

Model -circulation magmatic, 200 
Model -convective

circulation, 200, 201 
Ore-bearing intrusions and PGE-copper-

nickel deposits, 200 
Ore-bearing type -massive ore, 264 
Orogeny, 163
Permian-Triassic trap magmatism, 186 
Petrography, 264 
Plagioclase, 265 
Platform cover-gravity, 150 
Platform development, 165 
Platinum mineralization of the Noril'sk

deposits, 243-260 
Precambrian North Asiatic super- 

platform, 161
Rare earth element (REE) patterns, 264 
Ratio of metals to mass of silicate, 159 
Re-Os isotope data, 344 
Regional geophysics at Noril'sk, 147 
Reservoirs, 171 
Riphean basement, 147 
Schematic geological map -volcanics,

intrusions Figure, 173 
Secondary alteration sulphides, 224 
see also evolution of volcanic

assemblages, 171-183 
Seismic section Yenesei-Kutaramakan

profile Figure 13.3, 149 
Seismic surveys, 147, 148 
South Noril'sk intrusion, 270 
Spatial and petrologic aspects Noril'sk and

Talnakh, 263-281 
Spatial and petrologic aspects Noril'sk ore

junction, 263-281 
Spatial and petrologic aspects Talnakh ore

junction, 263-281 
Stratigraphy, 163 
Structure, 148, 161-170, 186

Dudinka-Kharayelakh break, 187 
Noril'sk-Delkansky basin, 162 
Noril'sk trough, 186 
Yenesei-Kutaramakan profile -

syncline Figure 13.3, 149 
Structure and tectonics Figure 17.1, 205 
Taimyr (Southern Taimyr) fold belt, 162 
Talnahk Mine, 208 
Talnakh deposit -history, 203,204 
Talnakh intrusion, 269 
Talnakh ore field Figure 16.6, 192 
Talnakh ore junction, 190 
Talnakh ore junction Cu-Ni

serpentinization, 224 
Talnakh ore junction Figure 17.2, 206 
Tectonics, 148, 162 
Tungusska basin, 187 
Types of copper-nickel ores -mineral

assemblages, 219
Variation in Co content of pentlandite, 223 
Variation in ni content Figure 18.2, 221 
Volcanic assemblages -lavas, 172,173,174 
Volcanic assemblages stratigraphy

Figure 15.2, 174
Vologchansky trough -intrusions, 157 
Volume percentages of magmatic rock

types Table 15.1, 172 
Yb-rich lavas of Noril'sk region

Figure 15.8, 182 
Yenisei region, 148 
Zubovsky-type -disseminated ore, 264 

Noril'sk-Kharayelakh basin, 162, 163 
Norirsk-Kharayelakh fault

Fault zone, 265, 269, 280, 287 
Intrusive traps, 286 
Lower Noril'sk intrusion -ZMT, 265 
Lower Talnakh intrusion -ZMT, 265 
Noril'sk ore junction, 209, 210 
Oktyabr'sky deposit, 358 
Ore deposit settings, 209 
Secondary fissures, 277 
Sketch map subsurface outlines

Figure 23.1, 314, 315 
Structure, 157, 165
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Noril'sk-Kharayelakh fault continued
Talnakh ore junction, 210, 214, 215 

Noril'sk-Kharayelakh intrusions, 159 
Noril'sk-Kharayelakh region

Distribution of lava formations 
Figure 22. Ib, 285, 286

Lava flow thickness, 286 
Noril'sk-Talnakh district, 373

Agnew Mine comparison, 388
Alexo Mine comparison, 388
Analytical techniques, 376
Basalt sequence sample selection, 315
Basalts-tuffs, 316
Borehole CR-7KU, 287
Borehole HM-6, 287
Borehole KZ-1713, 315, 321
Borehole KZ-1799, 315
Borehole KZ-1879, 280
Borehole KZ-868, 315
Borehole NP-13, 277
Borehole NP-24, 277
Borehole NP-29, 315, 321
Borehole PE-16, 270
Borehole PE-21, 277
Borehole SG-28, 315
Borehole SG-7KU, 292-297
Borehole SG-9, 284, 285, 

287, 288, 290, 292-2
Characteristics of the ore deposits, 373,374
Geochronology, 320
Geological setting, 373, 374
Insizwa Complex comparison, 388
Isotopic diversity, 326
Ivakinsky suite, 316
Ivakinsky-Gudchikhinsky 

assemblage, 316
Khakanchansky-Nadezhdinsky 

assemblage, 316
Kharayelakh intrusion, 320
Komsomolsky Mine, 321
Lead isotope systematics, 321
Magmatic ore deposits, 374
Magmatic-sulphide ores, 320
Massive sulphide ore sampling, 315
Main Kharayelakh orebody, 315
Medvezhy Creek openpit, 315
Morongovsky-Samoedsky 

assemblage, 316
Noril'sk I intrusion borehole NP-29, 321
Noril'sk-Kharayelakh fault, 374
Oktyabr'sky Mine, 315
Ore-bearing intrusions, 321
PGE, 322
Section IF, 284, 285, 287, 288, 290, 292-2
Section TL-4, 287, 290
Silicate-rich rocks, 375
Sketch map subsurface outlines 

Figure 23,l, 314
Staging chambers, 322
Structural reorganization basalts, 316
Sudbury district comparison, 388
Syverminsky suite, 316
Talnakh intrusion, 320
Thermal mass fractionation, 320, 321 

Noril'sk-Talnakh intrusions
Stratigraphic reference sample - 

breaks, 325
Petrology, 375 

Noril'sk-Talnakh ore-bearing intrusions
Augite, 375
Breccia disseminated sulphides, 375
Gabbrodolerite, 375
Leuco-olivine gabbro, 375
Leucogabbro, 375
Mela-olivine gabbro, 375
Multiple pulses of magma 

composition, 375
Olivine gabbro, 375
Olivine gabbrodolerite, 375
Olivine-bearing gabbrodolerite, 375
Picrite-like gabbrodolerite, 375
Picritic gabbrodolerite, 375
Plagioclase, 375
Sulphide -dissemination, 375

Sulphide -massive ores, 375 
Sulphide -veinlet disseminated, 375 
Taxitic gabbrodolerite, 375, 387 

Noril'sk-Talnakh ore-bearing system, 338
Complex magmatic system, 339 

Noril'sk-type ore-bearing intrusions, 170, 322 
Intrusion-forming magmas -entrained, 322 
Plumbing system -common, 322 

Norite
Average rock magnetic properties

Table 4.l, 36
Cumulus orthopyroxene, 113 
Enrichment -average magnetics

Table 4.l, 36 
Magnetic anomaly -elliptical ring high

amplitudes, 39
Magnetic interpretation, 35, 36 
Granophyre boundary South Range Norite

anomaly, 41
Main body -stages of differentiation, 113 

North and East Range magnetic anomaly -
high, 39

North and South Range Norite -composition, 39 
North Kharayelakh fault, 287 
North Range

Composition variation hanging wall
to footwall, 143 

Contact, 41, 133
Deposits, 36, 39, 59, 136, 137, 138, 139 
Footwall Breccia, 58, 135 
Footwall copper zones, 139 
Footwall orebodies -depleted in liquid, 139 
Footwall orebodies -enriched in

cumulus mss, 139 
Form and shape, 106, 107 
Foy Offset, 59
Liquid removal -efficiency host deep- 

seated copper, 139 
Plots of noble metals vs copper Sudbury

deposits, 140 
Plots of Rh and Ir vs Cu Sudbury

deposits, 142
Seismic reflection interpretation, 16 
Strathcona Mine-Webfoot Lake, 39 

North Range -McCreedy West deposit, 59 
North Range contact 

Cartier Granite, 41
Levack Gneiss and Cartier Granite, 41 
Sudbury Structure, 133 

North Range deposits
Average rock magnetic properties

Table 4.l, 36 
Average concentrations Cu, Ni, PGE and

Au 100*70 sulphides, 138 
Longitudinal projection -basal contact

Figure 12.3, 136 
Plot of rhodium and (Pt+PdXRu+Ir-f Os)

ratio, 137
North Range Footwall Breccia 

Leucocratic gneiss, 58 
Sampling procedures, 135 
Sublayer -zone of mineralization below

the Sublayer, 58 
North Range Sudbury Structure 

Induced field A Figure 4.5, 38 
Magnetic interpretation, 36, 37 
Present orientation Earth's magnetic

field Figure 4.5, 38 
Total magnetic field declination

Figure 4.5, 38 
Total magnetic field inclination

Figure 4.5, 38
North Siberian nickel-bearing area 

Noril'sk region, 162 
Precambrian North Asiatic superplat-

form, 161
Northern series Pilguarvi suite, 344 
Northern Tungussky zone, 162 
Northwest branch Talnakh intrusion, 270 

Schematic longitudinal geology section 
Figure 25.l,

358 
Northwest Talnakh intrusion

Oktyabr'sky deposit, 357-371

Northwestern rim of Siberian Platform 
Reconstruction, 161

O
Oceanic basalts

Comparison Th/Ta versus Sm/Yb plot
Figure 23.5, 318 

Mid-ocean ridge basalts -osmium
content, 343

Morongovsky Formation, 301 
Offset deposits

Ore deposits -categories, 133 
Offset dike deposits

Copper Cliff offset, 59
Foy Offset, 59
General description of ore deposit

types, 59, 133 
Offset dikes

Stages of differentiation, 113 
Sublayer ore zones, 95 

Oganersky intrusion, 165 
Oktyabr'sky deposit

Analytical methods, 361
Argillaceous or dolomite layers, 358, 362
Borehole KZ 868, 361
Bornite, 361
Breccia fragments, 357, 358, 361, 370
Comparison average composition ore types

Figure 25.6, 366
Compositional Ni-Cu ore data, 361 
Compositional data

Figure 25.5a-e, 362-365 
Compositional variation in ore -

discussion, 367
Disseminated Ni-Cu ore, 357, 370 
Glubokijy Mine, 358 
Interstitial to silicate grains, 361 
Komsomolsky Mine, 358 
Lens B, 358 
Magmatic breccia, 361 
Massive Ni-Cu ore, 357, 370

Distribution of lenses Figure 25.3, 360 
Photo 25. la-d, 359 

Mayak Mine, 358 
Millerite, 361
Mineralization -major ore types, 365 
Mineralogical and geochemical

characteristics, 217-230 
MSS fractionation, 367, 368

Model curves Figure 25.7,8, 369, 370 
Noril'sk-Kharayelakh fault, 358 
Northest Talnakh intrusion, 357-371 
Oktyabr'sky Mine no. l, 358 
Oktyabr'sky Mine no. 2, 358 
Ovoid droplets, 361
PGE partition coefficients Table 25.2, 367 
Schlieren, 361 
Severnijy Mine, 358 
Sevemy-2 orebody, 225 
Skalisty Mine, 358 
Stockwork sulphide, 358 
Taimyr Mine, 358 
Upper Copper Ore, 361 
Veinlet disseminated, 358 
Zonation, 358 

Oktyabr'sky intrusion
Analyses sulphur, base and noble

metals, 246 
Oktyabr'sky Mine

Borehole KZ 868, 377, 382
Chalcopyrite, 380
Concentric arrangement, 380
Copper, 234, 377, 386
Copper rich residue, 388
Cross section of mineralogical and

chemical zoning, 228 
Cross section through Talnakh intrusion

Figure 19.2, 233
Cryptic structure of massive ores, 241 
Crystallization, 381,383 
Cubanite, 380 
Geochemistry -major and trace element

data, 381
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Oktyabr'sky Mine continued
Gold-copper diagrams Figure 26.5, 382
Iridium, 377
Iron, 377, 386
Kharayelakhsky trough, 231
Kureisky argillites and marls, 231
Manturovsky anhydrites, 231
Massive ore mineral assemblages, 237
Massive ore vertical zoning 

Figure 19.7, 239, 240
Massive ores, 232, 379, 380 

Table 26.l, 376
Metamorphism, 231
Mineral assemblages, 380
Mineral assemblages -chalcopyrite, 237
Mineral assemblages -cubanite, 237
Mineral assemblages -pyrrhotite, 237
Mineral composition, 235
Mineral zoning massive ores, 239
Mineralogical-geochemical streams, 227
Mining depths, 204, 213
Mooihoekite, 380
MSS crystallization, 385, 386
Nickel, 377
Noril'sk I intrusion samples, 315
Ore forming sulphides of massive ore 

Table 20.3, 252
Palladium, 377, 386, 387
Pd/Pt ratios, 377, 383, 386
Pentlandite, 380
PGE content, 381
Pyrrhotite, 380
Pyrrhotite of pyrrhotite massive ore 

Table 20.4, 254
Razvedochninsky argillites, 231
Ru/S verus Cu/S Figure 26.10, 386
Ruthenium, 377
Section fingering out-metaseds. 

Figure 19.6, 237
Solid solution in pentlandite 

Table 20.6, 256
Sulphur, 377
Sulphide mineralogy, 231, 380
Taimyr Mine, 380
Talnakh ore junction, 214, 236
Talnakite, 380
Tectonics, 231
Texture, 235
Variation in Ni content Figure 18.2, 221
Zonation, 380

Oktyabr'sky Mine no. l, 2, 358 
Olivine -An-Fe-Fs content

Electron-microprobe analyses
Figure 21.6, 270 

Olivine -first generation
Lower Talnakh-type intrusions, 265, 269 

Olivine cumulate
Kammikivi sill, 345, 346
Picritic gabbrodolerite, 357, 361 

Olivine gabbro
Noril'sk-Talnakh ore-bearing

intrusions, 375 
Olivine gabbrodolerite

CIPW mineral compositions ore-bearing 
intrusions,

Figure 21.8, 275 
Olivine poikilitic gabbrodolerite

Borehole KZ-1878-1725.5, 325
Metal/sulphur ratios, 336 

Olivine tholeiites
Magnetic anomaly -linear NW -WNW

striking, 39, 40 
Olivine, plagioclase and pyroxene

Siberian Trap basalts, 304 
Olivine-bearing and nonolivine

gabbrodolerites, 188 
Olivine-bearing gabbrodolerite

Noril'sk-Talnakh ore-bearing
intrusions, 375

Olivine-biotite thin layer, 375 
Olivine-free to picritic gabbrodolerites, 170 
Olivine-magnetite cumulate

Borehole NP-29-603, 325 
Olivinite definition, 263

Onaping A, B, C, D deposits, 136, 143
Average rock magnetic properties

Table 4.l, 36 
Onaping Formation

Basal Member, 121
Black Onaping, 121
Boundary anomaly, 41
Gray Onaping, 121
Hydrothermal genesis, 41
Magnetization, 41
Melt Bodies, 121
Norite, 15
Rhodium content, 136
Shock metamorphic features -glass 

fragments, 121
Sudbury Igneous Complex, 114, 115
Temporal relationships, 52
Tuff, 15
Velocity variations, 14
Whitewater Group, 21 

Onaping Mine
Chondrite normalized (Pt+PdyCRu+Ir+Os) 

ratio, 136
Contact ore -cumulate enriched, 143
Rhodium content, 136 

Onaping No. 3 deposit Table 12.1
Average concentrations Cu, Ni, PGE and 

Au
100*70 sulphides, 138 

Onaping-Levack area
Craig nickel-copper deposit, Sudbury 

Ontario, 77-90
Dikes, 79
Geologic location plan Figure 8.1, 78 

Onwatin and Onaping formations
Magnetic high -interpretation, 42 

Onwatin Formation
Depositional rate, 52
Fold-basin hypothesis, 48
Geometry and facies characteristics, 48
Temporal relationships, 52
Shale, 15, 16
Velocity variations, 14
Whitewater Group, 21 

Open-system behaviour magma source, 349 
Ordovician to Early Devonian formations 

Figure 14.3
Siberian Platform, 166 

Ordovician-Silurian carbonates
Noril'sk region platform, 150 

Ore associated with the Kharayelakhsky
intrusion, 199 

Ore associated with the Noril'sk intrusions
Bornite, 196
Chalcocite, 196
Chalcopyrite, 196
Covellite, 196
Cubanite, 196
Godlevskite, 196
Heazlewoodite, 196
Magma -sulphide-bearing, 200
Magmatism -total mass, 198
Magnetite, 196
Millerite, 196
Mineralogy, 196
Mooihoekite, 196
Pentlandite, 196
Pyrrhotite, 196
Quantitative characteristics, 197
Talnakhite, 196
Troilite, 196 

Ore deposits -see individual deposits, mines
see also districts 

Ore forming sulphides of massive ore Table 20.3
Ir, Os, Ru content, 252 

Ore genesis
Evolution of volcanic 

assemblages, 181, 182
Sudbury Igneous Complex impact melt:

evolution, 105-117 
Ore junction environments

Geological settings of deposit, 209 
Ore junctions -definition, 263, 357

Spatial and petrologic aspects Noril'sk- 
Talnakh, 263-281

Ore metals -levels Sudbury Breccia, 61 
Ore-bearing intrusions of the Noril'sk

region, 185-201
Origin of magmatic sulphide ores: a tale of three 

ores
Role of Re-Os isotope

system, 343-355 
Orogeny

Basin development, 45, 47 
Grenville, 39 
Noril'sk region, 163 
Penokean, 30, 101, 109, 123, 128 
Tectonics, 162 
Ural, 314 

Osmium
Behaviour during partial melting of

mantle, 343 
Chalcophile, 343 
Crustal source, 7, 351 
Kammikivi sill, 349 
Mid-ocean ridge basalts, 343 
Ore forming sulphides -massive ore, 252 
Re-Os isotope system, 343-355 

Mid-ocean ridge basalts, 343 
Source of mantle-derived melt, 343 
Subcontinental lithosphere, 344 
Volcanic rocks associated hot spot

or plume-type, 344
Overburden conditions -corrections, 13 
Ovoid sulphide aggregates.droplets, 275, 361 
Oxygen solubility magnetite crystals, 275

Paleodepressions Noril'sk region, 172 
Paleoflow analysis -Chelmsford Formation, 48 
Paleoisopachs -lava associations

Noril'sk region Figure 15.3, 175 
Paleomagnetic data, 42, 107 
Paleoproterozoic Pechenga Complex, 344 
Paleoproterozoic and Archean contact, 11 
Paleoreconstruction -volcanic sequence, 172

Lava associations -Noril'sk region
Figure 15.3, 175 

Paleotectonic reconstruction
Structural reorganization basalts, 316 

Paleothickness plots lava flow thickness, 286 
Paleovolcanic zone fault, 151 
Palladium

Compositional data 
Figure 25.4a-d, 361,362

Compositional data 
Figure 25.5a-e, 362-365, 367

Glubokij Mine, 378
Oktyabr'sky Mine, 377, 386
Pd, Pt, Rh, Ru vs Cu Figure 26.11, 387
Pd/Pt ratios chondrite normalized, 383
Pd/Pt -lithology stratigraphic variations 

Figure 26.6, 383
Palladium with copper Oktyabr'sky 

deposit, 369
Solid solution in pentlandite

Table 20.6, 256 
Parana Trap lava flows, 283 
Parental sulphide liquids, 368, 384 
Partition coefficients

Fractionation, 384
Sulphide liquid, 384, 387 

Pechenga Complex
Clinopyroxene cumulate, 345, 346
Co-magmatic nickel-bearing 

intrusions, 344
Composition variations profile 

Figure 24.2, 346
Disseminated nickel-copper ore, 345
Ferropicritic volcanic rocks, 344, 345, 347
Gabbro-wehrlite ore-bearing 

intrusions, 344
Kola Peninsula, 344
Lithospheric source and plume, 345
Metamorphism, 344
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Pechenga Complex continued
Metamorphism -rhenium loss, 348
Model age calculation, 346
Olivine cumulate, 345, 346
Open-system behaviour, 349
Ore mineralogy, 345
Phyllite, 345, 346, 348
Pilguarvi suite, 344
Postcrystallization loss of rhenium, 349
Postmagmatic recrystallization, 344
Primitive volcanics Pilguarvi suite, 344
Quench gabbro, 345, 346
Re-Os concentration profile 

Figure 24.3, 347
Re-Os isotope data Table 24.1, 347
Re-Os system, 343-355
Re-Os versus Os-Os plot Figure 24a, b, 348
Recent leaching -rhenium loss, 348
Sedimentary-volcanic pile, 344
Tufosilitsite, 344
Whole rock samples, 345 

Pelite in South Range, 111 
Penokean Orogeny

Genetic model -structure, 101
Impact melt, 128
Penokean Fold Belt -reconstruction 

preimpact, 109
Structure -original dimensions, 123
Thrusting -reverse, 30 

Pentlandite
Lindsley Ni-Cu-PGE deposit, 96
Mineralogical and geochemical 

characteristics, 217, 220, 222
Nickel-rich, 222
Oktyabr'sky Mine, 235
Ore associated with the Noril'sk 

intrusions, 196
Sulphide mineralogy, 66, 85
Zonation, 380 

Pentlandite and pyrrhotite Figure 20.7
Distribution of Pd, Rh, Ru, Os, 253 

Pericratonic and rift-related troughs
Noril'sk region, 162 

Permian-Triassic boundary
Siberian flood basalts, 315 

Permian-Triassic Trap magmatism
Noril'sk region, 186
Jan Meyen hot spot, 286
Volcanic sequence Noril'sk platform, 150 

Pessaran, R.
Composition variation in Sudbury

ores, 133-143
Petrogenesis of Noril'sk Talnakh ore-forming 

system
Aerial extent, 313, 314
Geochemical and isotopic 

constraints, 313-341
Thickness, 313-341 

Petrogenesis of Siberian Trap lavas
Chromium, 298
Continental lithosphere, 298
Crystalline mineral extract, 298
Dysprosium, 298
Europium, 298
Fractional crystallization, 298
Gabbroic mineral phases, 298
Garnet in source -partial melting, 298
Heavy Rare Earth Elements (HREE), 298
Isotopic compositions -Pb, Sr, Nd, 298
Lanthanum, 298
Light Rare Earth Elements (LREE), 298
Lutetium, 298
Magnesium numbers, 298
Middle Rare Earth Elements (MREE), 298
Mixing and/or contamination, 298
Nickel, 298
Niobium, 298
Noril'sk district, 298
Samarium, 298
Scandium, 298
Silicate oxide, 298
Strontium, 298
Thorium, 298
Titanium oxide, 298

Uranium, 298
Yttrium, 298
Zirconium, 298 

Petrogenetic relationships
Gudchichinsky Formation, 305
Ivakinsky Formation, 306
Syverminsky Formation, 306
Tuklonsky Formation, 306
Ytterbium -compositional differences 

Table 22.4, 306
Yurakhsho-Kaltaminsky high-titanium

basalt unit, 301, 306 
Petrographic variations Figure 22.3

Gudchichinsky picritic basalt unit, 291
Kaltaminisky Formation, 291
Noril'sk district, 291
Samoedsky Formation, 291
Tuklonsky picritic basalt unit, 291 

Petrography
Basalts -poikilitic, 290
Chemostratigraphy Core IF and TL-4, 290
Chemostratigraphy Core SG-9, 290
Flows -porphyritic, 290
Gudchichinsky picritic basalt unit, 291
Kaltaminisky Formation, 291
Layered intrusions, 257
Middle rare earth elements MREE, 298
Noril'sk district, 264, 291
Phenocryst abundances -Siberian Trap 

lavas, 298
Postmagmatic recrystallization, 344
Samoedsky Formation, 291
Tholeiites -glomeroporhyritic, 290
Tholeiites -picritic, 290
Tholeiitic flows, 290
Titanium-rich augites, 290
Trachybasalts, 290
Tuklonsky picritic basalt unit, 291 

Petrologic breaks
Borehole KZ-1878-1725.5, 325
Borehole KZ-1879-1752.5, 331
Borehole NP-29-567, 331
Borehole NP-29-603, 325
Borehole NP-29-617.6, 331
Borehole SG-28-1931.3, 325, 334 

Petrology
Bolgokhtoksky granodiorite, 308
Contact Sublayer, 350
Craig nickel-copper deposit mine 

geology, 79
Lindsley Ni-Cu-PGE deposit, 93
Noril'sk-Talnakh intrusions, 325, 375
Spatial and petrologic aspects Noril'sk and 

Talnakh, 263-281
Upper crustal material, 309 

PGE distribution in sulphide ores
Cubanite, 251
Differentiation of sulphide liquid, 252
Massive ore, 250
Pyrrhotite, 250
Solubility, 259
Talnakh ore junction, 249, 250, 259
Talnakhite, 250, 251
Zoned orebodies, 250 

PGE partition coefficients Table 25.2
MSS fractionation, 367 

PGE patterns in massive ores
Borehole KZ 1799, 384
Borehole KZ 1879, 384
Borehole KZ 868, 384, 387 

PGE tenor, 322 
PGE-copper-nickel-bearing sulphides

Ore associated with the Noril'sk
intrusions, 196 

Phenocryst abundances -Siberian Trap
lavas, 298

Phenocryst mineral composition, 308 
Phosphorus and titanium negative anomalies

Upper Series flows, 303 
Phyllite -Kammikivi sill, 345, 346, 348 
Picrite-like gabbrodolerite

Lower Talnakh-type intrusions, 265, 269
Noril'sk-Talnakh ore-bearing 

intrusions, 375

Picrites
Evolution of volcanic assemblages, 177
Siberian Trap, 284
Volume percentages of magmatic rock

types Table 15.1, 172 
Volume of Tuklonsky suite, 319 

Picritic basalts, 286, 299
Gudchichinsky Formation, 299 
Tuklonsky Formation, 299 

Picritic gabbrodolerite
Borehole KZ-1879-1752.5, 331 
Borehole SG-28-1931.3, 325, 334 
Definition of fully differentiated, 263 
Gabbrodolerite, 188, 193, 315 
Mineralization -descriptive, 357, 361 
Noril'sk-Talnakh ore-bearing

intrusions, 375 
Olivine cumulates, 357, 361 

Pilguarvi suite
Gabbro-wehrlite intrusions Ni-Cu ore- 

bearing, 344 
Metamorphism, 344 
Pechanga primitive volcanic rocks, 344 

Plagioclase
Noril'sk-Talnakh ore-bearing

intrusions, 265, 375 
Plagioclase -An-Fe-Fs content 

Electron-microprobe analyses
Figure 21.6, 270

Lower Talnakh-type intrusions, 265 
Planar deformation Transient cavity, 123 
Plate tectonic reconstruction, 373 
Platform cover Noril'sk region, 150 
Platform volcanism Siberian Platform, 243 
Platformal phase stratigraphy, 163 
Platinum and Platinum Group Elements 

see also PGE
Alkali and Halogen-rich phases, 74 
Compositional data

Figure 25.4a-d, 361,362 
Compositional data

Figure 25.5a-e, 362-365, 367 
Content in sulphide mineralogy, 96 
Copper-rich with PGE plus Au.Ag, 65 
Evolution of PGE, 252 
Footwall mineralization, 100 
Geochemistry of ore forming elements, 181 
Glubokij Mine, 378 
Isoferroplatinum in pyrrhotite, 256 
Lindsley deposit, 91-103 
Mineralogical and geochemical

aspects, 217 
Mineralization Noril'sk

deposits, 210, 243-260 
Mineralization Noril'sk-Talnakh

camp, 137
Oktyabr'sky Mine, 248, 377, 386 
Ore metal levels, 61 
Platinum with copper Oktyabr'sky

deposit, 369 
Platinum and gold, 139 
Platinum ratios in sulphides, 67

Noril'sk Table 20.7, 256 
Platinum rich -sulphide poor Noril'sk, 193 
Plot of grade vs reserves, 4 
Sulphide mineralogy, 66 
Sperrylite in pyrrhotite, 256 
Talnakh ore junction, 247, 249 
Tellurium, tin-rich, 67 
Total contained in Bushveld, 4 
Total contained in Great Dyke, 4 
Total contained in Noril'sk, 4 
Total contained in Stillwater, 4 
Total contained in Sudbury, 4 

Platinum mineralization of the Noril'sk
deposits, 243-268 

Plumbing system
Sulphide-liquid component seperated at

depth, 322 
Plume ridge

Reunion-Chagos-Laccadives plume-ridge
system, 287

Pluton differentiation mafic clast-melt 
mixtures, 110
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Pole-reduced first vertical derivative, 34 
Possible combinations of Huronian rocks 

Table 10.2
South Range, 111 

Postcrystallization loss of rhenium Kammikivi
sill, 349

Postfold relaxation of isotherms -retrograde, 48 
Postlava age

Intrusions and volcanic sequence Noril'sk
region, 179

Poststack filter -dip, 15 
Potassium enrichment intrusions, 170 
Poulin, R. Y.

Lindsley Ni-Cu-PGE deposit and its
geological setting, 91-103 

Pre-Anabarje (Maimecha-Kotuj) formations 
Features of Vendian-Cambrian formations

Figure 14.2, 166 
Ordovician to Early Devonian formations

Figure 14.3, 166 
Pre-Taimyrsky trough, 162 
Pre-Yeniseiky zone, 162 
Precambrian basement sills and dikes, 286 
Precambrian North Asiatic superplatform

North Siberian nickel-bearing area, 161 
Precipitates

Alkali-chloride-sulphate, 71 
Alkali-halogen-rich phases, 71 
Back-scatter electron images

Photo 7. l-7.15, 72-74 
Bleeding fractures, 69, 70, 71 
Crystallography, 67, 69 
Grunerite, 69 
Iron-manganese-chlorine-fluorine-rich

microphenocrysts, 71 
McCreedy East footwall orebody, 69 
Trace element enrichment, 71 
Victor Deep footwall orebody, 69 

Precollapse structure location Sudbury 
Structure 

Pretectonic diameter -ductile strain
reversal, 107, 108 . 

Precursor rocks
Mafic Sudbury Igneous Complex, 113 

Present orientation Earth's magnetic field 
South Range Sudbury Structure

Figure 4.4, 37 
North Range Sudbury Structure

Figure 4.5, 38 
Pretectonic diameter -ductile strain reversal

Sudbury Structure, 107, 108 
Primary-secondary silicates/oxides in sulphides 

Summary deposit geology, mineralogy
Table 7.l, 68, 69 

Primitive-mantle normalization
Garnet residual phase, 316, 317, 318 

Processing in crustal magma chambers 
Model for volcanic evolution, 320 

Production and reserves, 3
see also individual deposits 

Productive strate Pilguarvi suite, 344 
Prospecting, exploration and mining of Noril'sk 

deposit
Geology of the Noril'sk region, 203-216 

Proterozoic basement density values, 29 
Proterozoic Huronian Supergroup -target rocks 

Melt system -geochemical arguments, 125 
Proterozoic mafic rocks Bouguer gravity

data, 24
Proterozoic Noril'sk-Igarsky region age, 163 
Proterozoic Southern Province, 349 
Proto-ore -target rocks with sulphides 

Onaping Formation, 114, 115 
Sudbury Region, 115

Proximity of Footwall copper-PGE orebodies 
Composition variation in Sudbury

ores, 133-143
Pseudotachyte Sudbury Breccia, 79 
PT see also Platinum and Platinum Group 

Elements, PGE
Pt/S and Pd/S vs Cu/S and Rh/S diagrams 
Ru/S verus Cu/S Figure 26.10, 386

Putoranite
Massive ore mineral assemblages, 237
Mineralogical and geochemical 

characteristics, 217, 218
Tungusska Basin lavas, 286 

Pyasinsky intrusion, 165 
Pyrite

Lindsley Ni-Cu-PGE deposit, 96
Mineralogical and geochemical 

characteristics, 217, 222
Sulphide mineralogy, 95 

Pyroclastic deposits -Trachytes, 286 
Pyrolite, 257
Pyroxenite South Range, 111 
Pyrrhotite

Lindsley deposit, 96
Massive ore mineral assemblages, 237
Massive ore Iridium content 

Table 20.4, 254
Mineral assemblages -hexagonal, 245. 246
Mineral assemblages -monoclinic, 96 

Rh and bulk composition, 254
Mineralogical and geochemical 

characteristics, 217, 218, 222
Mineralization Fairbank Lake Fault, 42
Morphological types of pyrrhotite, 218
Oktyabr'sky Mine, 235
Ore associated with the Noril'sk 

intrusions, 196
PGE distribution in sulphide ores, 250
Structural and chemical composition, 220
Sulphide mineralogy, 66, 95
Zonation, 380 

Pyrrhotite-chalcopyrite ores -massive, 315

Q
Quartz gabbro

Lindsley Ni-Cu-PGE deposit, 93 
Sudbury Igneous Complex, 79

Quench gabbro
Kammikivi sill, 345, 346

R
Rare Earth Element (REE) patterns

Lower Talnakh-type intrusions, 265
Noril'sk region, 264

Rare Earth Elements (REE) see also LREE, 
MREE

Crystallization history, 62
Ferropicrite LREE, 344
Geochemical features Table 15.2, 175
McCreedy East footwall orebody, 67
Patterns, 264, 265
Siberian Trap platform, 288 

Ratio ore associated with the Kharayelakhsky
intrusion, 199

Ratio of metals to mass of silicate, 159 
Ratio of sulphides to volume of silicates, 171 
Ratio-ratio plots Siberian Trap platform, 290 
Ratio-ratio plots La/Sm vs Gd/Yb

Figure 22.4, 299 
Ratio-ratio plots Ni/Yb vs La/Yb

Figure 22.4, 299
Rayleigh Fractional Crystallization trend 

Figure 22.8
MSS crystallization, 386, 387
Variation Th, TiO2, Yt, Ni vs Zr, 305
Noril'sk ore, 368 

Razvedochninsky Formation
Argillites, 231
Geological setting, 265, 267 

Re-Os concentration profile Figure 24.3
Kammikivi sill and Table 24.1, 347 

Re-Os isotope composition data Table 24.2
Falconbridge Mine, 350
Levack West Mine, 350
Strathcona Mine, 350 

Re-Os isotope data ferropicrites, 344 
Re-Os isotope ratio of average continental 

crust, 344

Re-Os isotope system, 344
Age and origin, 343-355
Falconbridge Mine, 350, 351
Kammikivi sill, 345, 347, 348
Kola Peninsula, 344
Levack West Mine, 350, 351
Medvezhy Creek openpit, 353
Strathcona Mine, 350, 351
Sudbury Structure, 350 

Reconstructed map -vee-shaped orebodies 
Figure 10.3

Sudbury crater, 108 
Reconstruction Siberian Platform, 161 
Reconstruction of preimpact geology

Sudbury Structure, 109 
Reconstruction of the crater floor

Sudbury Basin, 106
Recycled crustal component -shale, 285 
Reflections -steeply dipping seismic data, 14 
Regional Bouguer gravity, 23 
Regional geophysics at Noril'sk, 147-160 
Regional magnetic high -Levack Gneiss

Complex, 42 
Relative age of intrusion types, 277

Crystallization history, 277 
Remanence magnetic interpretation, 35, 36 
Remanent field vector

In situ susceptibility measurements, 35 
Rempel, G.G.

Regional geophysics at Noril'sk, 147-160 
Reservoirs of magma, 171 
Residual field gravity model interpretation, 29 
Retrograde metamorphism -see also 

metamorphic patterns
Sudbury Basin, 48 

Reunion-Chagos-Laccadives plume-ridge
system, 287

Reverse thrusting gravity model, 29, 30 
Rhenium and osmium isotope data see also 

Re-Os
Composition and Re-Os Table 24.2, 350 

Rhodium analyses
Bulk composition with pyrrhotite 

Figure 20.8, 254
Chemical analyses, 252
Compositional data 

Figure 25.4a-d, 361,362
Compositional data 

Figure 25.5a-e, 362-365, 367
Fraser Mine, 137
Glubokij Mine, 378
Massive sulphide ores Table 20.3, 252
North and South Range, 139
Onaping Mine, 136
Oktyabr'sky Mine, 377
Rh, Ir vs Cu, Oktyabr'sky deposit, 368, 370
Role of Re-Os isotope system, 343-355
Solubility and composition of 

pyrrhotite, 252
Sudbury Igneous Complex, 137 

Riphean -Gubinsky sequence, 163 
Riphean -Starovostovsky sequence, 
Riphean -Noril'sk region magnetics, 147 
Riphean -Vendian stratigraphy, 163

Chernorechensky suite
Graviisky suite
Gremyakinsky suite
Izluchinsky suite
Rybninsky suite 

Role of Re-Os isotope system
Origin of magmatic sulphide ores: a tale of 

three ores, 343-355
Pechenga Complex, 343-355 

Roll over contact
Lindsley Ni-Cu-PGE deposit, 92
Mount Nickel Mine, 91 

Ru/S verus Cu/S Figure 26.10
Pt/S and Pd/S vs Cu/S and Rh/S diagrams

Figure 26. l O, 386 
Ruthenium

Glubokij Mine, 378
Oktyabr'sky Mine, 377
Ore forming sulphides of massive ore, 252 

Rybninsky uplift, 163

413



Salisbury, M.
Lithoprobe seismic reflection transect 

Sudbury geology, 11 -20
Salov, V.M.

Geological structure of the Noril'sk 
region, 161-170

Samarium
Petrogenetic process Siberian Trap 

lavas, 298
Samoedsky Formation

Petrographic variations Figure 22.3, 291 
Samples from outcrop sections, 292-297 
Tholeiites, 284, 286

Samples for geochemical analyses
see also sampling, geochemical data 

Kharayelakh intrusion, 313 
Lower Talnakh intrusion, 313 
Noril'sk I intrusion, 313

Samples from outcrop sections
Gudchichinsky Formation, 292-297 
Ivakinsky Formation flows, 292-297 
Kaltaminsky Formation, 292-297 
Khakanchansky Formation, 292-297 
Mokulaevsky Formation, 292-297 
Morongovsky Formation, 292-297 
Nadezhdinsky Formation, 292-297 
Samoedsky Formation, 292-297 
Syverminsky Formation, 292-297 
Tuklonsky Formation, 292-297 
Yergalakhsky Formation, 292-297 
Yuryakhsho Formation, 292-297

Sampling
Analytical techniques, 361, 376 
Komsomolsky Mine, 376 
Medvezhy Creek openpit, 376 
Oktyabr'sky Mine, 376 
Sudbury North Range ore deposits, 135

Sandcherry Fault, 46
Sandstone -ore bearing mineralization 

Noril'sk I, 210
Scandium

Petrogenetic process Siberian Trap 
lavas, 298

Schlieren (veinlet-disseminated) 
Oktyabr'sky Mine, 235, 361

Schwerdtner, W.M.
Fold origin of the Sudbury Basin, 45-55

Secondary alteration sulphides 
Brucite, 224

Section IF 7
Chemostratigraphy, 300, 301 
Geochemical data, 292-297 
Noril'sk intrusion, 284, 285, 

287, 288, 290, 292-2
Section TL 4

Geochemical data, 292-297 
Talnakh intrusion, 287, 290, 300, 301

Sedimentary basin depositional rates, 52
Sedimentary rocks see also metasedimentary 

Argillaceous, dolomite layers, 358, 362 
Geological settings of deposit, 208 
Mafic sills, 315 
Pechenga Complex, 344

Sediments and intrusives Figure 17.7 
Komsomol'sky Mine morphology of 

massive sulphides, 214
Sediments and mafics

Average rock magnetic properties 
Table 4. l, 36

Segregation of sulphides in magma 
chamber, 284

Seismic data
Buckle folds Figure 5.4, 52
Crustal layering in sediments, 148, 149
Crustal thickness, 148
Crustal two layer model geometry, 42
Geophysics -see also Sudbury Structure, 11
Gravity model, 29
Poststack filter -dip, 15
Reflections -steeply dipping, 14
South Range Shear Zone, 18, 19

Sudbury Basin interpretation 
Figure 2.6, 16, 17

Sudbury Structure, 16
Sudbury Transect interpretation, 14, 15
Velocity variations, 13
Yenesei-Kutaramakan profile 

Figure 13.3, 149
Crustal two-layer model, 148, 159 

Seleniferous galena in sulphides, 66 
Sellaite, 71
Sequence formations Noril'sk district, 283 
Sequence formations and variation 

thickness Table 22.1, 284
Siberian Trap, 284 

Sequence of volcanic rocks
Lavas, tuffs, intrusions -proportions, 314 

Severnij Mine
Location Oktyabr'sky deposit, 358
Mineralogical-geochemical streams, 227 

Shale as recycled crustal component, 285 
Shale -average post-Archean Tuklonsky

magma, 309 
Shallow-water carbonates

Geological settings of deposit, 208 
Shatter cones see also Sudbury Structure

Crater, 105
Shock-metamorphic 

features, 21, 105, 109, 121
Transient cavity, 123 

Shear zone
Fold experiments -buckle fold, 50, 51
Zone 4b Lindsley Ni-Cu-PGE deposit, 97 

Shock metamorphic effects crater, 105 
Shock metamorphic effects preceded folding

Reconstruction of preimpact geology, 109 
Shock metamorphic features -glass fragments

Onaping Formation, 121 
Siberian crust age, 324 
Siberian flood basalt province, 315

Basalt assemblages, 323
Fully differentiated intrusions, 263
Intrusions, 322
Kharayelakh intrusion, 323
Lavas, tuffs, intrusions -proportions, 314
Lower Talnakh intrusion, 314
Mantle-plume source, 320
Medvezhy Creek openpit taxitic 

leucogabbro, 315
Noril'sk I intrusion, 323
Noril'sk I intrusion mineralized vein - 

biotite, 314
Processing in crustal magma 

chambers, 320
Siberian lowlands, 373
Syverminsky basalt suite, 314
Tonnage, 373
Volume, 373 

Siberian flood basalts
see also Siberian flood basalt province, 

flood basalts
Age determination, 315
Continental flood basalts comparison, 318
Noril'sk I intrusion, 318
Oceanic basalts comparison, 318
Petrogenesis of Noril'sk Talnakh ore- 

forming system, 313-341
Rifting, 314
Samples for geochemical analyses, 313 

Siberian lowlands Taimyr Peninsula, 373 
Siberian Platform, 284

Archean to Lower Proterozoic terrain, 286
Devonian to Carboniferous formations 

Figure 14.4, 168
Features of Vendian-Cambrian formations 

Figure 14.2, 166
Flood basalts, 171
Fully differentiated intrusions, 263
Geological structure of the Noril'sk 

region, 161-170
Magnetics -regional negative anomaly, 147
Noril'sk I intrusion, 351
North Siberian nickel-bearing area, 161

Ordovician to Early Devonian formations
Figure 14.3, 166 

Platform volcanism, 243 
Reconstruction, 161 
Stages of formation of structures

Figure 14. l a to d, 164 
Siberian Trap

Gudchichinsky Formation, 284 
Sequence formations and variation

thickness Table 22.l, 284 
Tuklonsky Formation, 284 

Siberian Trap -Lower Series subdivision
Eruptive centres of magmatism, 283-312 

Siberian Trap -Upper Series
subdivision, 283-312

Siberian Trap basalts see also lavas, Platform 
Archean to Lower Proterozoic terrain, 286 
Assimilation Fractional Crystallization

Figure 22.9, 307 
Cumulate olivine, 304 
Crustal material Table 22.5, 308 
Eruptive centre, 287 
Fractionation of gabbroic minerals, 304 
Magma chamber model-fresh magma

intrusions, 308 
Magma chamber model-petrological

mixing model, 308 
Magma chamber model-vertical magma

chamber, 308 
Mineral composition, 308 
Olivine, plagioclase, pyroxene, 304 
Rayleigh Fractional Crystallization trend

Figure 22.8, 305
Siberian Trap lavas see also basalts 

Alteration, 288 
Analytical methods, 288 
Basalts Figure 22.7, 304 
Chalcophile element-depleted, 311 
Chemostratigraphy Core IF and TL 4, 290 
Chemostratigraphy Core SG 9, 290 
Chondrite-normalized abundances, 302 
Compositional diversity, 302 
Crustal contamination, 311 
Enrichment -two styles, 309 
Flood basalt magmas associated Ni-Cu

mineralization, 283-312 
Geochemical data, 303 
Gudchichinsky Formation, 305 
Ivakinsky Formation, 306 
Magma series, 302 
Magnesium numbers, 302 
Mokulaevsky magma-type, 311 
Nd-isotope versus Sr-isotope composition

Figure 22.11, 310
Petrogenesis of Noril'sk-Talnakh ore- 

forming system, 313-341 
Phosphorus and titanium negative

anomalies, 303 
Silica content, 302 
Sr-isotope signature, 302 
Sr-Nd-isotope ratio variations, 302 
Subducted sediment component, 311 
Syverminsky Formation, 306 
Tantalum and niobium anomalies, 302 
Terbium-ytterbium chondrite-normalized

profiles, 302 
Titanium oxide and magnesium

numbers, 302 
Trace element and Sr-Nd-isotope ratio

variations, 302 
Tuklonsky Formation, 306 
Yurakhsho-Kaltaminsky high-titanium

basalt unit, 301,306 
Siberian Trap platform

Amygdales of secondary zeolites, 288 
Bifurcating veins of micaceous

material, 288
Classification -basalts, 290 
HFSE (high field-strength) elements, 290 
LIL (large-ion lithophile) elements, 290 
Major element oxides, 288
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Siberian Trap platform continued
Mobile elements -rubidium, potassium, 

strontium, 288
Rare earth elements, 288
Ratio-ratio plots, 290
Temporal migration, 288 

Siderophile -chalcophile, 343 
Siems, D.F.

Petrogenesis of Noril'sk-Talnakh ore- 
forming system, 313-341 

Silica content major element variations, 302 
Silicate liquid magma, 101, 257, 383, 389 
Silicate oxide

Petrogenetic process Siberian Trap
lavas, 298

Silicate-rich rocks sill complex, 375 
Silicate/sulphide composition

Ore associated with the Kharayelakhsky 
intrusion, 199

Ore associated with the Noril'sk
intrusions, 197 

Silicification
Zone 4b Lindsley Ni-Cu-PGE deposit, 97 

Sills
Kruglogorsky-type intrusions, 272
Leucocratic gabbro, 186, 189, 193
Magmatic ore deposits, 374
Olivine -first generation, 265, 269
Picrite-like gabbrodolerite, 265, 269
Re-Os system, 345
Silicate-rich rocks, 375
Stratigraphy, 265

Sills and dikes -intrusive traps, 286 
Silurian to Permian formation

Stratigraphic column, 264 
Silver in bomite-bearing assemblages, 66, 67 
Silverma depression

Seismic profile Yenesei-Kutaramakan
Figure 13.3, 149 

Simonov, O.N.
Geological structure of the Noril'sk

region, 161-170 
Skalisty Mine

Borehole KZ 1713, 379, 382, 383
Borehole KZ 1799, 379, 382
Mining depths, 204, 207, 211
Oktyabr'sky deposit, 358
Ore-bearing intrusions Table 26.4, 379
Sulphide mineralogy, 385 

Smolkin, V.F.
Origin of magmatic sulphide ores: a tale of

three ores, 343-355
Sodium-chlorine- calcium-potassium halite, 6 
Solid-body tilt folding

Structure -dip of northern Sudbury area, 48 
Sour gas, 5 
South Noril'sk intrusion

Borehole PE-16, 270
Composition, 270
Gabbrodolerite -olivine and olivine- 

bearing, 270
Geometry -contacts, 270
Noril'sk ore junction, 276
Stratigraphy, 270
Thickness, 270
Zubovsky-type intrusion, 270 

South Pyasinksy anticlinal uplift
Kharayelakhsky trough, 231 

South Range deposit
Average rock magnetic properties 

Table 4.l, 36
Copper Cliff offset, 59
Copper Cliff rhyolite, 111
Fairbank Lake Fault, 42
Falconbridge -high cumulate- 

enriched, 139
Footwall Breccia, 58
Form and shape, 106, 107
Granophyre -magnetics, 39
Huronian rock combinations, 111
Little Stobie No. l -cumulus mss, 139
Little Stobie No. 2 -liquid evolution 

lines, 139
Melanocratic metasediments, 58

Metagabbro, 111
Nipissing granophyre, 111
Norite contact, 18
Norite magnetics, 35, 41
Ore deposit categories, 133
Pelite, 111
Platinum increase, 139
Plots of noble metals vs copper Sudbury 

deposits, 140
Plots of rhodium and iridium vs copper 

Sudbury deposits, 142
Possible combinations of Huronian rocks 

Table 10.2, 111
Pyroxenite, 111
Rhodium data, 139
Seismic reflection interpretation, 17
South Range Shear Zone, 18, 19
Stobie Basalt, 111
Stobie pelite, 111
Sudbury Structure, 21, 133
Melanocratic metasediments, 58 

South Range Shear Zone
Deformation, 18, 19,53
Eastern terminus, 52
Fold model of the Sudbury Basin, 50
Gravity model, 29
Thrust -listric, 50
Thrust surface, 41, 42 

South Range Sudbury Structure
Induced field A Figure 4.4, 37
Magnetic interpretation, 35, 36
Present orientation Earth's magnetic field 

Figure 4.4., 37
Total magnetic field declination 

Figure 4.4, 37
Total magnetic field inclination

Figure 4.4, 37 
South rim deposits

Lindsley Ni-Cu-PGE deposit and its
geological setting, 91-103 

Southern Main branch cubanite ore
Mineralogical-geochemical streams, 227 

Southern Province SIC, 34, 349
Huronian supracrustal rocks, 11
Thrust -listric, 50 

Sperrylite
Lindsley Ni-Cu-PGE deposit, 96
Pyrrhotite, 256
Sulphide mineralogy, 66, 95 

Sphalerite in sulphides, 66 
Sr-isotope signature

Major element variations, 302 
Sr-Nd-isotope ratio variations

Trace element variations, 302 
Stages of differentiation SIC, 111 
Stages of formation of structures 

Figure 14. l a to d
Siberian Platform, 164 

Stages of mineralization
Sulphide mineralization, 67 

Staging chambers Noril'sk-Talnakh
district, 322, 353

Starovostovsky sequence stratigraphy, 163 
Stekhin, A.I.

Mineralogical and geochemical 
characteristics, 217-230

Composition of the Ni-Cu ores of the 
Oktyabr'sky deposit,

Noril'sk region, 357-371 
Stobie Formation

Basalt, pelite, 111
Huronian volcanics and sediments, 92 

Stokes Law, 279 
Strain field

South Range Shear Zone and fold
model, 50 

Stratabound zones
Massive sulphide footwall

mineralization, 67 
Strathcona Mine, 367

Comparison of Pd, Rh, Ru, Os, 253
Contact ore -cumulate enriched, 143
Deep Copper zone, 91
Footwall ore deposits, 91

Chondrite normalized (Pt+Pd VCRu+Ir+Os) 
ratio, 136

Chondrite-normalized diagrams of average 
PGE, 137

Mineralogy, 70
MSS fractionation, 368
Plot of (Pt+Pd) (Ir+Ru) vs Cu (Cu+Ni) 

Figure 9.7, 100
Re-Os isotope composition Table 24.2, 350
Re-Os versus Os-Os plot Figure 24.6, 351
Sudbury Structure, 133
Sulphide mineralization, 133 

Strathcona Mine-Webfoot Lake, North
Range, 39 

Stratigraphic column
Intrusions -position base each intrusion 

Figure 21.1, 265
Silurian to Permian formations, 264 

Stratigraphic reference sample -breaks
Noril'sk-Talnakh intrusions, 325 

Stratigraphic section modal compositions 
Figure 23.2

Borehole KZ 1879, 316
Gudchikhinsky suite, 318
Ivakinsky suite, 317 

Stratigraphic sequence Figure 21.7
Differentiated ore-bearing intrusions, 274 

Stratigraphic thickness Whitewater Group, 21 
Stratigraphy see also stratigraphic

Flood basalt magmas associated Ni-Cu 
mineralization, 283-312

Kruglogorsky sills, 276
Lower Noril'sk intrusion, 265
Lower Talnakh intrusion, 265
Magma types, 331
Noril'sk region, 163
South Noril'sk intrusion, 270
Stratigraphic levels -favourable, 169, 269
Volcanic assemblages Figure 15.2, 174
Zubovsky to Manturovsky formations, 277
Zubovsky to Nadezhdinsky basalt 

suite, 277
Zubovsky-type intrusion, 272 

Strontium see also Sr isotope
Petrogenetic process Siberian Trap

lavas, 298 
Strontium isotope data

Kharayelakh intrusion, 337
Lower Talnakh intrusion, 337
Noril'sk I intrusion, 337 

Structural map northeast lobe and footwall 
Figure 5.3

Sudbury Basin, 49 
Structural reorganization basalts

Paleotectonic reconstruction, 316 
Structural style -impact related

Deformation, 47
Structural style -tectonic strain rates, 47 
Structural zones -Noril'sk zone

North Siberian nickel-bearing area, 162 
Structural zones -Northern Tungussky

zone, 162
Structural zones -Yenisei-Pyasinsky zone, 162 
Structure

Airport Fault, 46, 52
Bailey Corners Fault, 46, 52
Basin, 162
Bogadinsky-Maimechinsky fault zone, 162
Clearwater-West Lake impact crater, 47
Craig deposit strike and dip, 81
Creighton Fault, 46
Depression, 263
Dudinka-Kharayelakhsky break, 187
East Range embayment, 48
Faults -Noril'sk zone, 162
Faults -Taimyr zone, 162
Fecunis Lake Fault, 46
Fold experiments -buckle fold, 50, 51
Garson Fault, 46
Genesis -brittle footwall rocks, 101
Geometry of ore-bearing intrusions, 272
Horse tail structures, 210
Imangdinsky-Letninsky fault zone, 162
Interference pattern Sudbury Basin, 50
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Structure continued
Kayerkansky-Pyasinsky anticline, 263
Keta-Irbinsky fault zone, 162
Letninsky fault zone, 162
Lindsley Ni-Cu-PGE deposit, 95, 96
Manicouagan impact crater, 47
Murray Fault, 29
Norduna Fault, 46, 52
Noril'sk district, 161-170, 285
Noril'sk l -mineralization, 210
Noril'sk ore junction, 209, 210
Noril'sk region, 161-170, 172
Noril'sk region -aeromagnetic surveys, 152
Noril'sk-Kharayelakhsky fault, 186, 265
Noril'sk paleovolcanic zone, 151
North Siberian nickel-bearing area, 162
Northern area dip Sudbury Structure, 48
Oktyabr'sky deposit, 358
Sandcherry Faullt, 46
South Range Shear Zone, 18, 19
South Range Shear Zone -eastern 

terminus, 52
Sudbury Basin, 17, 45-55
Sudbury Breccia fracture systems, 61
Sudbury Igneous Complex, 47
Sudbury Structure, 39
Sudbury Structure original 

dimensions, 123
Talnakh ore junction, 210, 224, 265
Tectonics -Noril'sk region Figure 17.1,205
Thrusting -reverse, 17, 29, 30
Yenesei-Khatangsky fault zone, 162
Yenesei-Khetsky fault zone, 162
Wanapitei Fault, 46
Zone 4b Lindsley Ni-Cu-PGE deposit, 97 

Subcontinental lithosphere osmium
isotopes, 344 

Subducted sediment component
Siberian Trap lavas, 311 

Sublayer Sudbury Igneous Complex, 79
Basic Norite unit, 62
Border magma, 63
Chondrite normalized (Pt+PdXCRu+Ir+Os) 

ratio, 137
Craig nickel-copper deposit mine 

geology, 79
Definition, 62
Felsic norite contact, 80
Layered mafic xenoliths, 42
Lindsley Ni-Cu-PGE deposit, 93, 99
Lower zone norites, 79
Norite-gabbroic inclusion, 61, 350
Shear zone Lindsley deposit, 95, 96
Sulphide mineralization, 133
Thickening -Craig deposit, 90
Xenoliths, 110
Zones of mineralization below, 58 

Sublayer ore deposits
Distribution metallic minerals ore 

types Table 9.2, 96
Mineralized breccia, 95
Sulphide mineralogy, 95 

Sublayer-contact with Footwall Breccia
Sulphide mineralization, 85 

Sublayer-footwall Figure 12.5
Plot of rhodium and (Pt+PdXRu+Ir+Os)

ratio, 137
Subsurface outlines of the ore-bearing 

intrusions
Talnakh ore junction Figure 21.2, 266
Zubovsky-type intrusion Figure 21.3, 267 

Sudbury Basin
Airport Fault, 46, 52
Archean tectonic units, 47
Areal extent -size, 45
Bailey Corners Fault, 46, 52
Basal contact, 45
Cleavage and foliation trajectories 

Figure 5.1, 46
Creighton Fault, 46
Deformation age, 52
Differentiation Sudbury Igneous 

Complex, 48
Fecunis Lake Fault, 46

Fold experiments -buckle fold
Figure 5.4, 51 

Garson Fault, 46
Geometry and facies characteristics, 48 
Gravity anomalies and orebody

distribution Figure 10.4, 109 
Horizontal structural pattern, 50 
McCreedy West, 59 
Metamorphic pattern -retrograde, 48 
Metamorphic pattern Figure 5.1, 46 
Murray Fault, 46 
Norduna Fault, 46, 52 
Orebody formation and emplacement, 61 
Origin -areal extent and size, 45 
Overburden conditions -corrections, 13 
Reconstruction of the crater floor, 106 
Retrograde metamorphism -see also

metamorphic patterns, 48 
Sandcherry Fault, 46 
Seismic reflection interpretation

Figure 2.6,16, 17 
Simplified geologic pattern and footwall

Figure 5.1, 46 
South Range Shear Zone -eastern

terminus, 52 
South Range Shear Zone and fold

model, 50 
Structural map northeast lobe and footwall

Figure 5.3, 49 
Structure, 45-55 
Structure -faulting, 17 
Structure -interference pattern, 50 
Structure -thrusting, 17 
Tectonic origin -geometry of the basin, 45 
Thrusting -reverse, 29, 30 
Velocity variations, 13 
Wanapitei Fault, 46 

Sudbury Breccia
Chlorine abundances -contours

Figure 7.3, 70
Crater size constraints Table 10.1, 106 
Distribution of Pd, Rh, Ru, Os

comparison, 253 
Footwall-type deposits -general

description, 60, 65 
Geochemical enrichment, 70 
Geothermal gradient, 61 
Halogen-rich rock types, 70 
Lindsley Ni-Cu-PGE deposit, 93 
Matrix -thermal metamorphism, 61 
Matrix mineralogy -amphibole, 61 
Matrix mineralogy -poikiloblastic

biotite, 60 
McCreedy East footwall sulphide

deposit, 60 
McCreedy West footwall sulphide

deposit, 59
Metamorphic foliation, 48 
Mine geology, 79 
Mineralogy -flood quartz, 61 
Mineralogy -granophyric patches, 61 
Mineralogy -recrystallization, 60 
Ore metals -levels, 61 
Pseudotachyte, 79 
Structure -fracture systems, 61 
Terminology, 119 
Thermal recrystallization, 60 
Transient cavity, 123 

Sudbury Crater
Geometry -model size, thickness, 105 
Geometry -rock types, 105 
Geometry -volume, weight, 105 
Gravity modification of crater cavity, 110 
Reconstructed map -vee-shaped orebodies

Figure 10.3, 108
Reconstruction of the crater floor, 106 

Sudbury dike swarm 
Cartier Granite, 41 
Magnetic anomaly -linear NW -WNW

striking, 39, 40 
Sudbury district

Comparison with Noril'sk-Talnakh
district, 388

Geological map -location main ore deposits
Figure 12.1, 134 

Geophysics -seismics, 11-20 
Lithoprobe data background, 5 
Overview of Pye et al.(1984) background

volume, 4, 5 
Sudbury Event

Impact melt -volume, 121 
Schematic stratigraphy Figure 11.4, 127 

Sudbury Igneous Complex
Archean greenstone dikes, 47
Basic Norite unit, 62
Basin structure, 349
Borehole geophysical studies, 15
Bulk composition, 110
Cartoon suggestion source of nickel in ores

Figure 10.8, 116 
Closed-system behaviour, 350 
Composition and Re-Os data, 350 
Contact Sublayer, 350 
Craig nickel-copper deposit, 77-90 
Crater flow field, 113 
Crustal osmium, 351 
Crystallization history, 62 
Differentiation -magmatic, 48 
Differentiation origin, 45 
Electromagnetic survey interpretation, 18 
Embayments, 107 
Falconbridge Mine, 350 
Felsic norite unit, 79 
Footwall Breccia, 79 
Footwall mineralization, 57-64 
Footwall mineralization model, 63 
Footwall mineralization model -stage l

Figure 6.6a, 62 
Footwall mineralization model -stage 2

Figure 6.6b, 63 
Footwall mineralization model -stage 3

Figure 6.6c, 63 
Footwall mineralization model -stage 4

Figure 6.6d, 63 
Footwall orebodies, 59 
Footwall orebodies -characteristics, 60 
Footwall-type deposits -general

description, 65 
Foy Offset, 59 
General description of ore deposit

types, 57-59 
Geochronology, 21 
Granophyre unit, 79 
Gravity anomalies and orebody

distribution Figure 10.4, 109 
History of crystal differentiation, 110 
Impact melt -evolution and ore

genesis, 105-117,349 
Isotope signature, 110 
Layered pluton, 110 
Levack Gneiss Complex, 41 
Levack West Mine, 350 
Lindsley Ni-Cu-PGE deposit and its

geological setting, 91-103 
Lithoprobe traverse, 107 
Longitudinal projection in the plane of

basal contact, 136 
Lower zone -norites, 79 
Mafic clast-melt mixtures, 110 
Mafic Sudbury Igneous Complex, 113 
McCreedy East footwall deposit section

Figure 6.3, 60 
McCreedy West sulphide deposit section

Figure 6.2, 59 
Melt sheet, 122
Melt system -geochemical arguments, 125 
Melt system -stratigraphic arguments, 125 
Melt system -volume, 124 
Melt volume, 110 
Metal zonation patterns Victor Deep and

McCreedy East, 65-75 
Metamorphic foliation, 48 
Metamorphic pattern, 48
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Sudbury Igneous Complex continued
Mixing model Table 11.3, 125
Ni-MgO variation in South Range Footwall

rocks, 114 
Ni-MgO variation in the Sudbury Igneous

Complex, 114 
Nickel content, 65 
Norites, 29 
North Range, 77 
North Range mineralization, 80 
Onaping Formation, 114, 115 
Possible combinations of Huronian

rocks, 111
Process of formation from melt rock, 110 
Quartz gabbro unit, 79 
Re-Os isotope data, 344 
Rhodium content, 137 
Schematic evolution as a stratified melt

rock, 111, 112 
Southern Province, 349 
Stages of differentiation, 111 
Staging chamber, 353 
Strathcona Mine, 350 
Structure -dip of northern area, 48, 349 
Sublayer, 79
Sublayer -embayments, 107 
Sublayer -norite-gabbroic inclusion

contact phase, 57-59 
Sublayer -ore clasts and droplets, 114 
Sublayer -thickness in radial

depressions, 58
Sublayer layered mafic xenoliths, 42 
Sudbury Breccia zone conduit, 60 
Sudbury Breccia zones, 70 
Sudbury Structure, 123, 350 
Sudbury Transect, 11 
Sulphide mineralization, 57-59 
Thermal aureole, 42 
Victor footwall deposit -ore and Sudbury

Breccia zone, 60 
Sudbury Igneous Complex impact melt:

evolution, 105-117
Sudbury Igneous Complex relationship 

Plot of (Pt+Pd) (Ir-i-Ru) vs Cu (Cu+Ni)
Figure 9.7, 100

Sudbury North Range geophysics, 15 
Sudbury ores

Ancient crust, 351
Ore zone relationships Figure 9.6, 100 
Origin, 126
Re-Os versus Os-Os plot Figure 24.6, 351 

Sudbury Region
Generalized geology map, 35 
Geographic location mineralization

(mines) Figure 6.1, 58 
Grenville Province, 34 
Magnetic anomaly -linear NW -WNW

striking, 39, 40 
Proto-ores, 115 
Re-Os isotope data, 344 
Southern Province, 34 
Superior Province, 34 

Sudbury South Range poststack filter -dip
Figure 2.4, 15 

Sudbury Structure
Archean basement rocks, 11
Average melt thickness vs crater diameter

Figure 10.2, 107 
Average rock magnetic properties

Table 4.l, 36 
Background overview, 5 
Benny greenstone belt, 24, 29 
Bouguer gravity -rock densities, 23 
Bouguer gravity data -negative

anomaly, 24
Bouguer gravity data -positive anomaly, 24 
Bouguer gravity linear zone southern

margin, 29
Bouguer gravity map Figure 3.2, 23, 24 
Comparison of North and South Range

deposits, 137 
Composition variation in Sudbury

ores, 133-143

Composition variations -plots of rhodium,
iridium, 143 

Contact, 11
Copper Cliff North and South, 133 
Copper Zone, 134 
Crater bowl -extensive lopolith, 120 
Crater fill (breccia + melt), 105 
Creighton fault, 18 
Deformation -planar, 120, 121 
East Range embayment, 48 
Embayments, 107 
Endogenic model, 122 
Estimates of diameter transient cavity and

final rim, 123 
Falconbridge deposit, 133 
Footwall contact ore deposits, 107 
Form and shape, 106, 107 
Geochronology, 21
Geology map -simplified Figure 2.1, 12 
Geophysics -seismic reflection

profiling, 11 
Gravity features, 21
Gravity field -residual interpretation, 29 
Gravity model, 21-31 
Gravity model -density contrasts, 24 
Gravity model along profile CENTRAL

Figure 3.4, 26, 28 
Gravity model along profile EAST

Figure 3.5, 27 
Gravity model along profile WEST

Figure 3.3, 25
Gravity model Figure 4.7, 40 
Gravity profiles Figure 3.1, 22 
Greenschist facies, 21 
History of crater definition, 121 
Huronian supracrustal rocks, 11 
Hypothetical cross section prior to impact

Figure 10.5, 110 
Impact Event, 129 
Impact model -volumetric

arguments, 122, 123 
Impact model of the Sudbury

Structure, 119-131
Impact structure -crater-fill sediments, 123 
Induced magnetic field interpretation, 36 
Levack gneisses, 21 
Lindsley Ni-Cu-PGE deposit and its

geological setting, 91-103 
Lithology -interpretative stratigraphy, 127 
Lithoprobe traverse, 108 
Little Stobie No. l, 133 
Localized additional geological sources, 42 
Magnetic anomalies and geologic

relationships, 39 
Magnetic anomaly -elliptical ring high

amplitudes, 39 
Magnetic anomaly -interior linear

positive, 39
Magnetic anomaly -magnetic high, 39 
Magnetic anomaly -magnetic low, 39 
Magnetic anomaly areal extent, 39 
Magnetic anomaly pattern

interpretation, 17 
Magnetic data, 34 
Magnetic model, 40, 41 
Magnetic model -remanent magnetic

parameters, 42 
North and South Range Norite -

compositional differences, 39 
Ore deposits -categories, 133 
Ore deposits -sampling procedures, 135 
Ore deposits -sampling results, 136 
Orogenic folding, 45, 47 
Paleomagnetic study, 42 
Pretectonic diameter -ductile strain

reversal, 107, 108 
Previous impact models, 120 
Reconstruction of preimpact geology, 109 
Reconstruction of the crater floor, 106 
Remanence interpretation, 36 
Schematic geologic map of Sudbury area

Figure 11.1, 120

Schematic stratigraphy from basement to 
post-, 127

Seismic reflection interpretation, 16
Seismic-gravity model geometry, 42
Shatter cones, 105
Shock metamorphic effects, 105
Size -areal extent, 21
South Range, 21
South Range interpretation crustal 

model, 19
Strathcona deposit, 133
Structure -original dimensions SIC, 123
Sudbury Igneous Complex, 123
Sudbury ores -origin, 126
Terminology, 119
Total magnetic field profile Figure 4.6,40
Total magnetic field vector 

interpretation, 36
Transient cavity, 121
Transient cavity -size dimensions, 123
Vertical gravity gradient maps, 22
Victor footwall sulphide deposit, 60
Whitewater Group, 21 

Sudbury Transect
Geophysics -borehole surveys, 11,15
Geophysics -electromagnetic profiling, 11
Geophysics -physical-rock properties, 11
Geophysics -vertical seismic profiling, 11
Overburden conditions -corrections, 13
Physical rock properties, 15
Studies 1990-1992 summary and 

conclusions, 18
Vibroseis acquisition parameters 

Table 2.l, 12
Vibroseis data processing sequence, 13 

Sudbury type l, 2,
Average rock magnetic properties

Table 4.l, 36
Sudbury-Noril'sk symposium introduction, 3-8 
Suevite breccia, 120, 121

Gray Onaping, 121
Black Onaping, 121 

Sulphidation curve, 389 
Sulphide

see also sulphide mineralization,
mineralogy, 

copper, Ni-Cu, massive ore, ore
Interstitial to silicate grains, 361
Magmatic breccia, 361
Ovoid droplets, 361
Schlieren, 361 

Sulphide -dissemination
Morphology of sulphide aggregates, 376
Noril'sk-Talnakh ore-bearing

intrusions, 375 
Sulphide -massive ores

Contacts, 376
Morphology and setting, size, 

distribution, 376
Noril'sk-Talnakh ore-bearing

intrusions, 375 
Sulphide -quantity

Noril'sk region mafic magmatic
bodies, 277 

Sulphide -veinlet disseminated
Noril'sk-Talnakh ore-bearing

intrusions, 375 
Sulphide association

Mineral assemblages -pentlandite, 245
Mineral assemblages -pyrrhotite, 245 

Sulphide enrichment
Genesis -chemical evidence, 101
Genesis -filter pressing, 101
Genesis -gravitational settling, 101
Genesis -thermal aureole, 101 

Sulphide globules, 279 
Sulphide immiscibility, 126 
Sulphide liquid

Borehole KZ 868, 388
Components seperated at depth -plumbing 

system, 322
Compositional affects, 368, 384, 386, 389
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Sulphide liquid continued
Droplets entrained, 322 
Footwall mineralization model

Figure 6.6, 62
MSS crystallization, 384, 387 
Parental sulphide liquids, 368, 384 
Sulphidation curve, 389 

Sulphide melts
Genesis -chemical evidence, 101 
Melts, 278
Sulphur fugacity, 258 

Sulphide mineralization
Alkali and halogen-rich phases, 74 
Acanthite-agularite, 67 
Amygdule sites, 376 
Arsenohauecornite, 66 
Back-scatter electron images

Photo 7.l-7.15, 72-74 
Bleeding fractures, 69, 70, 71 
Bornite, 66 
Bornite ratios, 67 
Chalcopyrite, 66 
Contact-type orebody, 66 
Copper-rich with PGE plus Au, Ag, 65 
Copper/nickel ratio, 66 
Copper/sulphur ratio, 66 
Copper Zone, 134 
Craig deposit, 80 
Cross section through Talnakh intrusion

Figure 19.2,233 
Crystallography, 67, 69 
Cubanite, 66
Depth to orebody -changes, 66 
Electrum, 67 
Footwall Breccia, 58 
Footwall-type deposits -general

description, 65 
Foy Offset, 59 
Galena, 66
Grunerite -chlorine rich, 66 
Iron ^-manganese chloride, 66 
Little Stobie No. 1,2, 133 
Magnetite, 66 
Massive sulphide, 66 
Massive sulphide -vein type, 67 
McCreedy East footwall orebody, 69 
Metamorphism -greenschist facies, 66 
Metamorphism -upper greenschist

facies, 67 
Millerite, 66
Mineral assemblages, 68, 69 
Modal abundances, 66 
Native silver, 66 
Nickel content, 65 
Noril'sk l -mineralization, 210 
Noril'sk intrusions, 186, 188, 190 
Oktyabr'sky Mine, 231 
Pentlandite, 66 
Platinum Group Elements, 66 
Platinum Group Elements -tellurium,

tin-rich, 67 
Platinum mineralization of the Noril'sk

deposits, 243 
Platinum ratios, 67 
Pyrrhotite, 66 
Seleniferous galena, 66 
Silver-rich bornite, 66 
Sperrylite, 66 
Sphalerite, 66
Stages of mineralization, 67 
Strathcona deposit, 133 
Sublayer -zones, 58, 133 
Sudbury Igneous Complex, 57-59 
Talnakh ore junction, 213 
Tellurium and tin-rich minerals, 66 
Tetradynite, 67
Victor Deep footwall orebody, 69 
Xenoliths of contact-metamorphosed

country rock, 67 
Zinc, lead and silver ratios, 67 

Sulphide mineralization assemblages
Summary deposit geology and mineralogy

Table 7.l, 68, 69

Sulphide mineralization within the Footwall 
Breccia

Ore types, 85 
Sulphide mineralogy

Chondrite-normalized PGE -gold 
Figure 26.7, 384

Chondrite-norrnalized PGE -gold 
Figure 26.8, 385

Craig nickel-copper deposit, 85
Footwall ore deposits, 96
Genesis and discussion, 100, 101
Lindsley Zone 4b deposit, 97
Mineralogy, 66, 275, 380
Sublayer ore deposits, 95 

Sulphide saturation -crustal contamination, 311 
Sulphide segregation

Evolution of volcanic 
assemblages, 181,182

see also evolution of volcanic 
assemblages, 171-183

Sudbury ores -origin, 126
Volcanic assemblages -lavas, 176 

Sulphide zoning associations Figure 20.10
Plot of sulphur fugacity versus

temperature, 258 
Sulphide-enriched magnetite-olivine cumulate

Noril'sk I intrusion, 325 
Sulphide-silicate breccia

Massive sulphide footwall
mineralization, 66 

Sulphides -reactive tp atmospheric oxygen
Mining applications, 207 

Sulphur
Glubokij Mine, 378
Oktyabr'sky Mine, 377
Sour gas, 5 

Sulphur content and ratios Figure 23.13
Borehole KZ-1879, 337 

Sulphur fugacity
Plot orsulphur fugacity versus 

temperature, 258
Sulphide melts, 258 

Superior Province
Archean basement rocks, 11
Basalt composition, 351
Sudbury region, 34 

Superplatform
Precambrian North Asiatic super- 

platform, 161 
Suture zone -Siberian Platform

Nickel-bearing regions -geology, 162 
Sweeny, J.M.

Lindsley Ni-Cu-PGE deposit and its
geological setting, 91-103 

Synsedimentary structures, 165 
Syverminsky gravity anomaly Noril'sk

region, 150 
Syverminsky Formation

Basalt suite age, 314
Siberian Trap lavas, 306
Magnesium numbers, 299
Samples from outcrop sections, 292-297
Tholeiites, 284, 286
Tholeiitic basalts, 176, 298
Tholeiitic flows, 290 

Syverminsky suite
Chondrite Gd/Ybn ratio, 316
Geochemistry, 316
Magnesium numbers, 316
Tantalum anomalies -negative, 316
Tantalum versus thorium plot 

Figure 23.4, 317
Trace element REE and thorium, 316

Taimyr (Southern Taimyr) fold belt, 161, 162 
Taimyr Mine

Mineral assemblage zonation 
Figure 26.2, 380

Mining depths, 204, 207
Oktyabr'sky deposit, 358

Taimyr Peninsula Siberian lowlands, 373 
Talminsky ore junction, 157 
Talnakh deposit history, 358

see also Talnakh ore junction 
Talnakh district

see also Noril'sk-Talnakh
Compositional data, 381, 382, 383
Cumulus processes and composition of 

magmatic ores, 373-392
Pd/Pt ratios, 383
Signature, 322
Silicate magma, 383, 389 

Talnakh intrusion
Analyses sulphur, base and noble 

metals, 246
Bleb ore -matrix ore, 315
Bordering apophyses characteristics 

Table 21.l, 271
Borehole CR-7KU, 287
Borehole HM-6, 287
Borehole KZ-1713, 315, 321
Borehole KZ-1799, 315
Borehole SG-9, 284, 285, 287, 

288, 290, 292-2
Contact gabbro dolerite, 357
Differentiated ore-bearing intrusions, 274
Displacement -sinusoidal, 269
Distribution of intrusions, 272
Feeder zones, 280
Formation boundaries, 358

Schematic longitudinal section 
Figure 25.l, 358

Intrusion of the central graben, 270
Kharayelakh intrusion, 270
Kharayelakhsky trough, 186
Lead isotope compositions 

Figure 23.6,7, 320, 321
Lower Talnakh intrusion, 358
Main branch Talnakh intrusion, 358
Main Talnakh intrusion, 270
Noril'sk intrusion, 269, 311
Northwest branch, 270
Northwest branch Talnakh intrusion, 358
Oktyabr'sky deposit, 357-371
Picritic gabbrodolerite, 357, 361
Section TL-4, 287, 290
Shape and size, 186
Taxitic gabbrodolerite, 357, 361
Variation in thickness and volume 

Figure 16.8a, b, c, 198, 199
Zone of maximum thickness, 273 

Talnakh NE, SW -distribution of ore
Table 21.l, 271

Talnakh NE, SW -host rock of ore 
Talnakh NE, SW -position of ore 
Talnakh NE, SW -quantity of ore 
Talnakh NE, SW -shape of intrusion 
Talnakh ore deposit

Mining applications, 204
Variation in ni content and Cu/Ni ratio 

Figure 18.2,221
Variation in ni content Figure 18.2, 221 

Talnakh ore field Figure 16.6, 192 
Talnakh ore junction

Analyses sulphur, base and noble 
metals, 246

Breccia, 246
Bulk composition, 225
Copper, 226
Cu/Cu-Ni/Ni diagram, 182
Cross section of mineralogical and 

chemical zoning, 228
Crystallization model history, 278
Cumulate-like sequence, 278
Differentiated ore-bearing intrusions, 272
Horse tail structures, 213
Intrusions -position of base of each 

intrusion, 265
Isoferroplatinum in pyrrhotite, 256
Kharayelahksky ore-bearing intrusion, 239
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Talnakh ore junction continued
Kharayelakh -bordering apophyses, 271 
Kharayelakh -distribution of ore, 271 
Kharayelakh -host rock of ore, 271 
Kharayelakh -position of ore, 271 
Kharayelakh -quantity of ore, 271 
Kharayelakh -shape of intrusion, 271 
Kharayelakh intrusion, 269 
Massive ore see

Figures 21.2, 21.3,266,267 
Metamorphism, 225 
Mineral assemblages, 245, 246 
Mineral assemblages -

pentlandite, 245, 246 
Mineral composition, 246 
Mineralogical and zonation patterns, 226 
Mineralization zoning, 245 
Nizhnetalnakh intrusion, 265 
Noble metal abundance, 244 
Noril'sk region mafic magmatic

bodies, 190, 277 
Oktyabr'sky massive ore, 248 
Oktyabr'sky Mine, 236 
Olivine gabbrodolerite Figure 21.8, 275 
Ore junctions, 157 
Ore-bearing intrusions, 272 
Ore-forming sulphides, 259 
PGE distribution in sulphide

ores, 249, 250, 259 
PGE in sulphide ore, 252 
Plan view showing massive and

copper ore, 229 
Platinum, palladium, sulphur, nickel

and copper, 247 
Relation of composition of pentlandite

and palladium, 255 
Serpentinization, 224 
Silurian to Permian formation, 264 
Spatial and petrologic aspects of the

intrusions, 263-281 
Sperrylite in pyrrhotite, 256 
Structure, 210 
Talnakh intrusion, 269 
Talnakh NE, SW -bordering

apophyses, 271
Talnakh NE, S W -distribution of ore, 271 
Talnakh NE, S W -host rock of ore, 271 
Talnakh NE, S W -position of ore, 271 
Talnakh NE, S W -quantity of ore, 271 
Talnakh NE, S W -shape of intrusion, 271 
Taxitic gabbrodolerite Figure 21.8, 275 
Texture, 246 
Yb-rich lavas of NoriFsk region

Figure 15.8, 182 
Talnakh ore junction Cu-Ni

serpentinization, 224 
Talnakh ore junction Figure 21.2 

Subsurface outlines ore-bearing
intrusions, 266 

Talnakhite
Massive ore mineral assemblages, 237,315 
Mineralogical and geochemical

characteristics, 217, 218 
Ore associated with the Noril'sk

intrusions, 196
PGE distribution in sulphide ores, 250,251 
Zonation, 380 

Tantalum
Morongovsky Formation, 301 

Tantalum and niobium anomalies
Upper Series flows, 302 

Tantalum anomalies -negative 
Ivakinsky suite, 316 
Syverminsky suite, 316 
Tuklonsky suite, 319 

Tantalum versus thorium plot Figure 23.4 
Sample selections, 317 
Syverminsky suite, 317 

Tantalum, niobium, titanium, phosphorus - 
negative

Tuklonsky Formation, 300 
Taxite definition, 375

Taxitic gabbrodolerite
CIPW compositions of ore-bearing 

intrusions Figure 21.8, 275
Horizon, 188, 193
Intrusions, 170
Leucogabbro, 338
Mineralization -description, 357, 361
Noril'sk-Talnakh ore-bearing

intrusions, 375, 387
Tectonic origin -geometry Sudbury basin, 45 
Tectonic strain -foliation, 48 
Tectonic-sedimentary cycles stratigraphy, 163 
Tectonics

Evolution of volcanic assemblages, 180
Karsky plate, 204
Levack gneisses, 24
Mining applications, 204
Noril'sk region, 148, 162
Oktyabr'sky Mine, 231
Orogeny, 162
West Siberian plate, 204,209 

Tellurium and tin-rich minerals in sulphides, 66 
Temperatures -sulphide melt, 126 
Temporal migration Siberian Trap platform, 288 
Temporal relationships Onwatin Formation, 52 
Terbium-ytterbium chondrite-normalized 

profiles
Lower Series flows, 302 

Terminology for Sudbury Breccia,
Structure, 119 

Terraces and troughs
Footwall contact ore deposits, 107 

Tetradynite in sulphides, 67 
Texture

Layered intrusions, 257
Leucocratic gabbro, 189
Mineral assemblages -chalcopyrite, 237
Mineral assemblages -cubanite, 238
Mineral assemblages -pyrrhotite, 237
Mineralogy -recrystallization, 60
Noril'sk intrusions, 186
Oktyabr'sky Mine, 235
Olivine bearing and non-olivine 

gabbrodolerites, 188
Talnakh ore junction, 246
Trap formation, 165
Olivine-biotite thin layer, 188
Picritic layer, 188, 193
Sulphide minerals -relationship, 66
Talnakh ore junction, 246
Taxitic horizon, 188,193
Trap formation, 165 

Th/Ta versus Sm/Yb plot Figure 23.5
Continental flood basalts comparison, 318
Lower Talnakh intrusion, 318
Noril'sk I intrusion, 318
Oceanic basalts comparison, 318 

Th/U-Ce/Yb diagram for Yb-rich lavas 
Figure 15.5

Lavas - Lower Talnakh intrusion, 177
Lavas - Noril'sk intrusion, 177 

The Deep Zone -sulphide mineralization, 133 
Thermal aureole SIC, 42 
Thermal contact aureole SIC Levack Gneiss, 39 
Thermal effects of melt

Footwall mineralization model -stage 3
Figure 6.6c, 63 

Thermal energy
Ore associated with the Noril'sk

intrusions, 200
Thermal mass fractionation, 320, 321 
Thermal recrystallization Sudbury Breccia, 60 
Thickness

Flood basalts, 171
Lava pile Tunguska synclinorium, 286
Lindsley Ni-Cu-PGE deposit, 93
Petrogenesis of Noril'sk Talnakh ore- 

forming system, 313-341
Siberian Trap, 284
South Noril'sk intrusion, 270
Volcanic sequence, 172 

Tholeiites
Gudchichinsky Formation, 290
Khakanchansky Formation, 286

Kharayelakhsky Formation, 284, 286
Kumingsky Formation, 284, 286
Mokulaevsky Formation, 284, 286
Morongovsky Formation, 284, 286, 301
Nadezhdinsky Formation, 284, 286
Samoedsky Formation, 284, 286
Syverminsky Formation, 284, 

286,290, 298
Tuklonsky Formation, 286, 299 

Thomas, M.D.
Magnetic interpretation along Sudbury

Structure, 33-43 
Thompson Mine

Production and reserves, 3 
Thorium see also Th

Petrogenetic process Siberian Trap
lavas, 298 

Thrust faults
Listric Southern Province, 50
South Range Shear Zone, 52
South Range Shear Zone -eastern

terminus, 52 
Thrust surface

South Range Shear Zone, 41, 42 
Thrusting -reverse

Penokean Orogeny, 29, 30 
Titanium oxide

Magnesium numbers, 302
Petrogenetic process Siberian Trap

lavas, 298 
Titanium-augite dolerites

Noril'sk I -mineralization, 210 
Titanium-rich augites

Ivakinsky Formation flows, 290
Morongovsky Formation, 298 

Tochilinite
Mineralogical and geochemical

characteristics, 217 
Tonalitic upper crust

Mantle-derived Mk-like magmas, 285 
Tonnage and grade

Deep Copper Zone deposit, 134
PGE content, 381
Resources, 134 

Torgashin, A.S.
Geology of the massive and copper

ores, 231-241 
Total magnetic field declination Figure 4.4,5,

North and South Range Sudbury
Structure, 37, 38 

Total magnetic field profile Figure 4.6
Sudbury Structure, 40

Total magnetic field vector interpretation, 36 
Trace element and isotope data

Magma chamber model-petrological
mixing model, 308

Trace element and Sr-Nd-isotope ratio 
variations

Lower Series flows, 302 
Trace element enrichment

Alkali and halogen-rich phases, 74
Precipitates, 71 

Trace element REE and thorium
Ivakinsky suite, 316
Syverminsky suite, 316 

Trace element REE, LREE
Gudchikhinsky suite, 317
Morongovsky suite, 319
Nadezhdinsky suite, 319
Tuklonsky suite, 319 

Trace element variations
Chondrite-normalized abundances, 302
Sr-Nd-isotope ratio variations, 302 

Trace metal mineralization
Summary table deposit geology and

mineralogy Table 7.1, 68, 69 
Trachybasalts

Ivakinsky Formation, 290, 298
Yergalakhsky intrusives, 165, 290 

Trachytes in pyroclastic deposits, 286 
Transient cavity Sudbury Structure model

Formation-complex, 121, 123
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Transient cavity -events
Semi-quantitative experiment, 128 

Transient crater
Geometry -model size, thickness, 105 

Trap formation
see also Siberian Trap formation

Noril'sk nickel-bearing region, 165
Platform development, 165
Texture and composition, 165 

Trapped liquid North Range deposit samples
Gold versus copper -sensitive

indicator, 139 
Trapped sulphide melt globules, 275

Magnetite crystals, 275 
Traps and related mineralization Noril'sk, 165 
Triple junction faults, 286 
Troilite

Massive ore mineral assemblages, 237
Mineralogical and geochemical 

characteristics, 217
Ore associated with the Noril'sk

intrusions, 196 
Trough

Sudbury crater floor -vee shape, 107
Sublayer -thickness in radial

depressions, 58 
Tuff horizons as eruption breaks

Khakanchansky Formation, 287 
Tuffites

Evolution of volcanic assemblages, 177 
Tuffs

Depositional conditions Noril'sk, 172
Explosive tuffs, 286
Horizon eruption breaks, 287
Siberian Platform chemical signature, 288
Volcanic sequence, 172
Volume percentages of magmatic

rock types Table 15.1, 172 
Tufosilitsite age, 344 
Tuklonsky Formation

Basalts -poikilitic, 290
Chondrite-normalized diagram 

Figure 22. l O, 309
Contamination/crystallization, 178
Lavas, 306
Magnesium numbers, 299
Picritic basalt, 291,299
Samples from outcrop sections, 292-297
Siberian Trap, 284, 306
Tantalum, niobium, titanium, 

phosphorus -negative, 300
Tholeiites, 286
Tholeiitic basalts, 299 

Tuklonsky magma
Bolgokhtoksky granodiorite, 308
Contamination -upper crustal material, 309
Shale -average post-Archean, 309
Upper crustal material, 309 

Tuklonsky picritic basalt unit
Petrographic variations Figure 22.3, 291 

Tuklonsky suite
Evolution of volcanic assemblages, 176
Intratelluric olivine, 319
Magnesium numbers, 319
Major element contents, 319
Melting at lower pressures, 319
Picrites -volume, 319
Tantalum anomalies -negative, 319
Trace element REE, LREE, 319 

Tuklonsky tholeiitic /picritic basalts
Alkaline rocks, 165 

Tunguska Basin, 187, 286
Basalts, 286
Explosive tuffs, 286
Noril'sk-Kharayelakh fault, 286
Putorana lavas, 286
Pyroclastic deposits, 286
Tunguska synclinorium, 286 

Tunguska series
Lower Talnakh intrusion, 265
Noril'sk I intrusion, 352 

Tunguska syncline
Carboniferous-Permian, 186

Features of Vendian-Cambrian formations
Figure 14.2, 166 

Geological cross section
Figure 22. l c, 286, 287 

Geophysics-seismics Noril'sk
region, 148, 150 

Northern Tungussky zone, 162 
Ordovician to Early Devonian formations

Figure 14.3, 166 
Thickness of lava pile, 286 

Tungussky coal-bearing rocks -thickness 
Argillites, 207, 211 
Coal-bearing sequence, 163 
Mining applications, 207, 211 
Structure, 163, 169

Tungussky formation volcanic sequence, 172 
Turbidite complexes

Depositional rates, 52

u
Underground exploration Talnahk Mine, 208 
Upper Ambaminsky intrusion

Borehole PE-21, 277
Noril'sk ore junction, 276, 277 

Upper Bjstrinsky intrusion, 277 
Upper contact

Gabbro bodies in intrusions, 190 
Upper Copper Ore Oktyabr'sky deposit, 361 
Upper crustal material Tuklonsky magma, 309 
Upper gabbro series

Low sulphide platinum mineralization, 257 
Upper Morongovsky suite

Volcanic assemblages -lavas, 173 
Upper Permian Noril'sk I intrusion, 352 
Upper Series compositional variations

Crustal contamination, 311 
Upper Series flows

Nadezhdinsky Formation, 306
Phosphorus and titanium negative 

anomalies, 303
Tantalum and niobium anomalies, 302
Ytterbium -compositional differences 

Table 22.4, 306
Selected averages and ranges lavas

Table 22.4, 306
Upper Series Siberian Trap tholeiites, 284, 286 
Upper Zone Sudbury Igneous Complex

Velocity variations, 14 
Ural Orogeny, 314, 374 
Uranium

Petrogenetic process Siberian Trap 
lavas, 298

Vallerite
Mineralogical and geochemical

characteristics, 217, 224 
Variation hexagonal pyrrhotite cu/ni ratio

Figure 18.3,223 
Variation in Co content of pentlandite

Noril'sk, 223 
Variation in ni content and Cu/Ni ratio

Figure 18.2, 221 
Variation in ni content monoclinic

pyrrhotite, 223 
Variation in thickness and volume Talnakh

intrusion Figure 16.8,
198, 199 

Variation SiO2 vs Magnesium-number
Figure 22.6a, 303 

Variation Sr-isotope vs Magnesium-number
Figure 22.6c, 303 

Variation Sr-isotope vs SiO2 content
Figure 22.6d, 303 

Variation Th/Yb, Ni/Yb, Cu/Yb versus La/Yb
AFC Figure 22.9, 307 

Variation Th, TiO2, Yt, Ni vs Zr RFC trend
Figure 22.8, 305

Variation TiO2 vs Magnesium-number
Figure 22.6b, 303

Variation with Cu, Pt, Au, Ir, Rh, 137 
Vee-shaped arrays

Sudbury crater floor reconstruction, 107 
Vein system of massive sulphides

McCreedy East footwall sulphide 
deposit, 60

McCreedy West footwall sulphide 
deposit, 5

Victor Deep footwall orebody, 66 
Veinlet-disseminated breccia ores

Oktyabr'sky Mine, 232, 358
Talnakh ore junction, 246 

Veins of massive chalcopyrite, 133 
Velocity variations -seismics, 13 
Vendian-Cambrian formation Figure 14.2, 166 
Vendian -Early Carboniferous strata, 163, 165 
Vendian-Carboniferous cycle of platform

development, 165
Vendian-Carboniferous Kureisky syncline, 163 
Vendian-Carboniferous Lamsko-Khantaisky

basin, 163 
Vendian-Carboniferous Noril'sk-

Kharayelakhsky basin, 163 
Vent systems tuff horizons, 287 
Vermilion River gravity model, 29

Velocity variations, 13, 14
Vibroseis data acquisition problems, 14
Vibroseis poststack data, 14 

Vertical gravity gradient maps Sudbury
Structure, 22

Vibroseis -multi-channel reflection 
profiling, 11, 12

Acquisition parameters
Table 2.1, 11, 12, 13, 14 

Victor and McCreedy East -Footwall ore
deposits, 91 

Victor Deep and McCreedy East orebodies
Halogen-rich fluids, 74, 75
Platinum Group Elements, 74
Sulphide mineralization, 74
Trace element enrichment, 74 

Victor Deep footwall copper orebodies
Metal zonation patterns McCreedy East

orebody, 65-75 
Victor Deep footwall deposit

Alkali- and halogen-rich minerals, 67-69
Arsenohauecornite, 66
Bornite, 66
Bomite-bearing assemblages, 67
Chalcopyrite, 66
Contact-type orebody, 66
Copper/nickel ratio, 66
Copper/sulphur ratio, 66
Cubanite, 66
Depth to orebody -changes, 66
Galena, 66
Grunerite -chlorine rich, 66
Iron -t- manganese chloride, 66
Magnetite, 66
Massive sulphide, 66
Metamorphism -greenschist facies, 66
Millerite, 66
Mineralization -centre core, 67
Mineralogy -longitudinal section 

Figure 7.1, 66
Modal abundances, 66
Native silver, 66
Ore and Breccia zone, 60
Pentlandite, 66
Platinum Group Elements, 66
Precipitates, 69
Pyrrhotite, 66
Seleniferous galena, 66
Silver-rich bornite, 66
Sperrylite, 66
Sphalerite, 66
Sulphide minerals -relationship, 

accessory, 66
Sulphide-silicate breccia, 66
Summary deposit geology and mineralogy 

Table 7.l, 68, 69
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Victor Deep footwall deposit continued
Tellurium and tin-rich minerals, 66 

Victoria mineralization deformational
environment, 58 

Violarite
Mineralogical and geochemical

characteristics, 217 
Sulphide mineralogy, 95 

Volcanic assemblages -lavas 
Mantle -asthenospheric/ 

lithospheric, 173, 176 
Noril'sk region, 172, 173 
Stratigraphy Figure 15.2, 174 
Sulphide segregation. 

Volcanic edifice
Deccan Trap basalt, 287 
Lava flow thickness, 287 
Siberian Trap basalt, 287 
Siberian Trap platform, 288 
Zones of maximum thickness

Figure 22.2, 290 
Volcanic rocks associated with hot spot or

plume-type, 344 
Volcanic sequence

Aeromagnetic surveys, 147, 152, 153 
Amygdaloidal zones, 172 
Argillites, 172 
Lava flows, 172 
Magnetic anomaly shape, 157 
Noril'sk nickel-bearing region, 169 
Noril'sk region magmatism, 171-183 
Tuffs, 172

Vologochansky ore junction, 157 
Vblogochansky syncline 

Geological cross section 
Figure 22. l c, 286, 287 

Vologochansky trough -magnetics, 157 
Volume percentages of magmatic rock types 

Table 15.1
Noril'sk region, 172 

Volumes of impact melt vs diameter of impact
structures, 124

Volumetric distribution Sublayer 
norite-gabbroic inclusion contact

phase, 57-59 
Vorkuta-Tiksi profile Figure 13.2, 148, 149

W
Walker, R.J.

Origin of magmatic sulphide ores: a tale of
three ores, 343-355 

Wall rock xenoliths
porphyroblastic partial assimilation, 71 

Wanapitei Fault, 46
Wandering gabbro bodies in intrusions, 189 
West Siberian plate tectonics, 162, 204, 209 
Western part of the Oktyabr'sky deposit

Geology of the massive and copper
ores, 231-241 

Whistle Basic Norite embayment
Chemical composition comparison

Table 6.l, 62 
White, D.

Lithoprobe seismic reflection transect
Sudbury geology, 11-20 

White, T.L.
Footwall mineralization of the Sudbury

Igneous Complex, 57-64 
Whitewater Group

Chelmsford Formation, 21
Deformation age, 52
Geometry and facies characteristics, 48
Impact structure -crater-fill sediments, 123

Onaping Formation, 21 
On watin Formation, 21 
Sudbury Igneous Complex, 21 
Metamorphic pattern in syncline, 48

Wings Noril'sk intrusions, 186
Wooden, J.L.

Petrogenesis of Noril'sk Talnakh ore- 
forming system, 313-341

Xenoliths
Contact-metamorphosed country rock -

sulphides, 67 
Craig nickel-copper deposit mine

geology, 79 
Murray Pluton, 93 
Sublayer, 110 

Xenomorphic sulphide aggregates, 275

Yenisei-Khatangsky basin
North Siberian nickel-bearing area, 162 

Yenisei-Khatangsky fault zone, 162 
Yenisei-Khatangsky regional trough

Gravity surveys, 150
Yeniseisky mobile zone, 147, 148
Taimyr (Southern Taimyr) fold belt, 162
West Siberian plate, 204, 209 

Yenisei-Kutaramakan profile
Location of seismic profiles

Figure 13.2, 148, 149 
Yenisei-Pyasinsky fault zone

Taimyr (Southern Taimyr) fold belt, 162 
Yenisei-Pyasinsky fold belt, 162 
Yeniseisko-Oleneksky belt, 162 
Yeniseisko-Imangdinsky fault zone, 162 
Yeniseisko-Khetsky fault zone, 162 
Yeniseisky mobile zone

Magnetics, 147
Riphean basement, 147
Yenisei-Khatangsky regional trough, 147 

Yergalakhsky Formation
Samples from outcrop sections, 292-297 

Yergalakhsky intrusion, 165
Trachybasalts, 165, 290 

Ytterbium -compositional differences 
Table 22.4

Upper Series flows, 306 
Ytterbium-rich lavas

Evolution of volcanic 
assemblages, 173, 177

Noril'sk region Figure 15.8, 182
Cu/Cu-Ni/Ni diagram Talnakh ore

junction, 182 
Yttrium

Petrogenetic process Siberian Trap
lavas, 298

Yuryakhsho-Kaltaminsky high-titanium 
basalt unit

Morongovsky Formation, 287, 301, 306
Siberian Trap lavas, 301, 306 

Yuryakhsho Formation
Samples from outcrop sections, 292-297

Zapolyarny Mine mining applications, 207,210 
Zen'ko, T.E.

Petrogenesis of Noril'sk Talnakh ore- 
forming system, 313-341

Spatial and petrologic aspects Noril'sk and
Talnakh, 263-281 

Zientek, M.L.
Petrogenesis of Noril'sk Talnakh ore- 

forming system, 313-341
Cumulus processes and composition of 

magmatic ore deposits,
Talnakh district, Russia, 373-392 

Zinc and lead mineralization -centre core, 67 
Zinc, lead and silver ratios in sulphides, 67 
Zirconium

Petrogenetic process Siberian Trap
lavas, 298 

Zonal sequence in orebodies Talnakh ore
junction, 245

Zonal cryptic structure of massive ores, 241 
Zonation

Chalcopyrite, 380
Concentric arrangement, 380
Copper Ore, 358
Cubanite, 380
Differentiated ore-bearing intrusions, 272
Intrusions, 170
Kharayelakh ore-bearing intrusion, 230
Massive ores, 379, 380
Mineral assemblages, 380
Mineral zoning massive ores, 239
Mooihoekite, 380
Oktyabr'sky Mine, 232
Ore-bearing intrusions, 272
Pentlandite, 380
Pyrrhotite, 380
Talnakite, 380 

Zone 4b Lindsley Ni-Cu-PGE deposit
Alteration, 97
Contact with granite, 97
Metal zonation patterns, 97
Mineralization Zone 4b 1,2,3, 97
Passive contact Murray Pluton 

Photo 9.2, 98
Structure, 97 

Zone No. l, 9 West Craig nickel-copper deposit
Structure and lithology, 80 

Zone of maximum thickness (ZMT)
Lavas and edifice locations 

Figure 22.2c, 290
Lithology, 269
Lower Talnakh-type intrusions
Nizhnenoril'sk intrusion, 265
Nizhnetalnakh intrusion, 265 

Zoned orebodies
PGE distribution in sulphide ores, 250
Relation of composition pentlandite, Pd

Figure 20.9, 255 
Zoning of copper-nickel ore

Severny-2 orebody, 225
Talnakh ore junction, 225 

Zoning type 1,11 and associated PGE Noril'sk
deposits, 259 

Zubovksy-type intrusions, 277
Bordering apophyses, 272, 277
Borehole NP 24, 277
Disseminated ore, 264
Kruglogorsky-type, 265
Lower Noril'sk intrusion -ZMT, 277
Noril'sk ore junction, 276
South Noril'sk intrusion, 270
Subsurface outlines ore-bearing intrusions 

Figure 21.3, 267
Zubovsky to Manturovsky formations, 277
Zubovsky to Nadezhdinsky basalt

suite, 277 
Zubovsky to Manturovsky formations

stratigraphy, 277 
Zubovsky to Nadezhdinsky basalt suite, 277
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CONVERSION FACTORS FOR MEASUREMENTS IN ONTARIO 
GEOLOGICAL SURVEY PUBLICATIONS

Conversion from SI to Imperial

57 Unit Multiplied by Gives

1 mm
1 cm
1m
1m
1km

1 cm2
1m2
1 km2
lha

1 cm3
1m3
1 m3

1 L
1L
1L

lg
lg
1kg
1kg
It
1kg
It

Ig/t

Ig/t

0.039 37
0.393 70
3.280 84
0.049 709 7
0.621 371

0.1550
10.763 9
0.386 10
2.471 054

0.061 02
35.3147

1.3080

1.759755
0.879 877
0.219969

0.035 273 96
0.03215075
2.204 62
0.001 102 3
1.102311
0.00098421
0.984 206 5

0.029 166 6

0.583 333 33

Conversion from Imperial to SI

Imperial Unit Multiplied by Gives

LENGTH
inches 1 inch
inches 1 inch
feet 1 foot
chains 1 chain
miles (statute) 1 mile (statute)

AREA
square inches 1 square inch
square feet 1 square foot
square miles 1 square mile
acres 1 acre

VOLUME
cubic inches 1 cubic inch
cubic feet 1 cubic foot
cubic yards 1 cubic yard

CAPACITY
pints 1 pint
quarts 1 quart
gallons 1 gallon

MASS
ounces (avdp) 1 ounce (avdp)
ounces (troy) 1 ounce (troy)
pounds (avdp) 1 pound (avdp)
tons (short) 1 ton (short)
tons (short) 1 ton (short)
tons (long) 1 ton (long)
tons (long) 1 ton (long)

CONCENTRATION
ounce (troy)/ 1 ounce (troy)/
ton (short) ton (short)
pennyweights/ 1 pennyweight/
ton (short) ton (short)

25.4
2.54
0.304 8

20.1168
1.609 344

6.451 6
0.092 903 04
2.589 988
0.404 685 6

16.387 064
0.02831685
0.764 555

0.568261
1.136522
4.546 090

28.349 523
31.103 476 8

0.453 592 37
907.184 74

0.907 184 74
1016.046 908 8

1.016 046 908 8

34.2857142

1.7142857

OTHER USEFUL CONVERSION FACTORS

mm
cm

m
m

km

cirr 
m2

km2 
ha

cm0 
m3 
m3

L 
L 
L

g 
g

kg
kg

t
kg

g/t 

g/t

l ounce (troy) per ton (short) 
l penny weight per ton (short)

Multiplied by 
20.0 

0.05
pennyweights per ton (short) 
ounces (troy) per ton (short)

Note: Conversion factors which are in bold type are exact. The conversion factors have been taken from or have 
been derivedfromfactors given in the Metric Practice Guide for the Canadian Mining and Metallurgical Industries, 
published by the Mining Association of Canada in co-operation with the Coal Association of Canada.

423

































f\


















