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INTRODUCTORY REMARKS
The Ontario Geoscience Research Grants Program was initiated in 1978 to encour 
age geoscience research at Ontario universities. By supporting mission-oriented 
geological projects, a program of research was established which would com 
plement the work of the Ontario Geological Survey through its mandate:

To stimulate exploration for, and facilitate sound planning in, all matters 
related to, mineral and other earth resources by providing an inventory and 
analysis of the geology and mineral deposits of Ontario.
The program supports applied studies of up to three years duration towards: 

mineral deposit characterization involving studies of specific occurrences or 
groups of occurrences within Ontario; petrology, rock geochemistry, structural 
geology, stratigraphy, and geochronology studies; field and laboratory studies 
leading to the development of new geophysical or geochemical concepts and 
techniques; engineering and environmental geology studies; and methods for 
improving automated or manual processing, and facilitating the interpretation of 
geoscience data.

In order to receive funding, applications must be forwarded to the Ontario 
Geological Survey prior to November 15. Project proposals are subject to review 
by a committee which reports to the Director of the Ontario Geological Survey. 
This committee advises the Minister of Northern Development and Mines concern 
ing geoscience research priorities at Ontario universities and of the scientific merit 
and relevance of proposals submitted to the Ontario Geoscience Research Grants 
Program. The committee consists of four representatives of the mineral industry, 
four representatives of the university community, and four representatives of the 
Survey. Members of the 1986-87 committee include:

Dr. D.J. Misener, Chairman; Paterson, Grant and Watson Limited
Dr. A.E. Beswick; Laurentian University
Dr. G. Cargill; Utah Mines Ltd.
Dr. M.E. Cherry; Ontario Geological Survey
Dr. W. Coker; Kidd Creek Mines Limited
Dr. J.A. Donaldson; Carleton University
Dr. V.K. Gupta; Ontario Geological Survey
Dr. C.J. Hodgson; Queen's University
Dr. R. Mitchell; Lakehead University
Mr. E.V. Sado; Ontario Geological Survey
Mr. J. Stewart; Selco Division BP-Resources Canada Limited
Mr. H. Wallace; Ontario Geological Survey
Successful grant recipients are expected to submit reports for publication in 

the annual Summary of Research and participate in the OGS Geoscience Research 
Seminar held annually in December.

Publication in other scientific journals is encouraged and a final report 
summarizing the research will be released as an Ontario Geological Survey Open 
File Report. Open File Reports concerning the Ontario Geoscience Research Grant 
Program are released from time to time and are available at the Mines Library, 77 
Grenville Street, Toronto, or at Ministry of Northern Development and Mines 
regional offices. The following research projects partially or wholly funded by this 
Program during 1986-87 are due for release as Open File Reports (only principal 
applicant's name listed):

Grant 216: Sedimentology of the Long Rapids Formation; M.J. Risk, McMaster 
University.

Grant 225: Genesis of Pegmatites in the Quetico Gneiss Belt of Northwestern 
Ontario; S.A. Kissin, Lakehead University.

Grant 227: The Structural and Lithological Environment of the Kirkland - Larder 
Lakes; C.J. Hodgson, Queen's University.

Grant 230: Petrologic, Chemical, Isotopic and Economic Potential Studies of 
the Nipissing Diabase; A.J. Naldrett, University of Toronto.

Grant 233: Dating of Ontario's Gold Deposits; D. York, University of Toronto.
Grant 236: Quartz Vein Related Au (-W; scheelite) and Monzonite-hosted 

Cu-Au Mineralization, Hollinger (Timmins) and Mcintyre (Schumacher) Mines; 
E.T.C. Spooner, University of Toronto.



Grant 242: Structural Studies of Shear Zones in the Quetico and Wabigoon 
Subprovinces; H.R. Williams, Brock University.

Grant 254: Exploration for Buried Granular Aggregates by Remote Sensing 
Techniques; M.B. Dusseault, University of Waterloo.

Grant 262: The Role of Carbonaceaus Materials in Precious Metal Deposits; 
J.C. Rucklidge, University of Toronto.

Grant 266: Anomalous Carbonate Till, Hemlo Area, Ontario: Origin and Applica 
tions; S.R. Hicock, University of Western Ontario.

Grant 276: PGE Studies of Mafic and Ultramafic Rocks; A.J. Naldrett, Univer 
sity of Toronto.

Grant 284: Paleomagnetism and Rock Magnetism of the Mulcahy Lake and 
Lac des Iles Gabbros; H.C. Palmer, University of Western Ontario.

During 1986-87, 24 projects were funded under the program. Of these, 12 were 
renewal projects:

University

Brock
Lakehead
Laurentian
McMaster
Queen's
Toronto
Waterloo
Western

TOTAL

*A grant of S22,816tothe
University.

Value of Grants

S 19,990
21,925
23,150
13,000
96,283

178,824
60,166*
86,662

SSOO.OOO

University of Waterloo involved

No. of Grants
1
2
1
2
4
8
2
4

24

staff from McMaster

The undersigned would like to thank Dr. D.J. Misener, who acted as Commit 
tee Chairman, and the Review Committee Members who gave freely of their time. 
The efforts of the researchers are of course fundamental and are acknowledged. 
Mr. R.B. Watson, who served as Grants Administrator and Secretary to the Commit 
tee, and Mr. Guy Kendrick, who acted as scientific editor for this publication, also 
deserve thanks.
V.G. Milne
Director
Ontario Geological Survey



Grant 230 Petrologic, Chemical, Isotopic, and 
Economic-Potential Studies of the Nipissing Diabase
P.C. Lightfoot, D. Conrod, A.J. Naldrett, and N.M. Evensen

Department of Geology, University of Toronto, Toronto

ABSTRACT
The Nipissing Diabase consists of a suite of tholeiitic 
rocks and associated differentiated rocks that ex 
tends from Cobalt to Sault Ste. Marie, Ontario, in the 
form of undulating sills, cone sheets, and dikes. It 
represents a major intrusive event at around 2220 Ma 
which most likely forms the intrusive part of an erod 
ed Continental Flood Basalt (CFB), where the mag 
mas rose as dikes which cut the Archean granitoid 
rocks, and spread out laterally within the metasedi- 
ments of the Huronian basin.

Mafic intrusions associated with CFBs and rifting 
environments often contain significant concentrations 
of magmatic sulphide minerals rich in Ni, Cu, Co, and 
platinum group elements (PGE). The possibility that 
contamination of mafic magmas by silica-rich crustal 
material may have triggered sulphide segregation, as 
at Sudbury, has been investigated using combined 
petrographic, mineralogical, and geochemical tech 
niques.

Geochemical data are presented in this paper 
which suggest that the chilled margins of the intru 
sions are equivalent in composition to the parental 
magma. Tight curved trends on chemical-variation 
diagrams show strong enrichment in the large large- 
ion lithophile elements (LIL) with respect to Zr con 
tent, and depletion in the hygromagmatophile ele 
ments (HYG) relative to Zr. The trends of compatible 
and incompatible trace elements are consistent with 
the petrographic evidence for a component of frac 
tional crystallization of plagioclase, orthopyroxene, 
clinopyroxene, and olivine, even though this phase 
extract does not entirely explain the strong enrich 
ment in LIL and depletion in HYG elements. 
Interelement-ratio variations, such as T h/Y b versus 
La/Yb, define trends which pass through the average 
chilled margin and the average Huronian hanging- 
wall metasediment compositions. It is suggested that 
this reflects contamination of a homogenous, trace- 
element-enriched, mantle-derived magma (with 
epsilon-Nd at 2.2 Ga ranging from -2 to -5) by 
Huronian metasediments which have higher LIL/Zr 
and lower HYG/Zr than the Nipissing Diabase and 
epsilon-Nd at 2.2 Ga ranging from -5 to -6. Contami 
nation appears to be dominant in the arch zones of 
the intrusions close to the roof. Fractionation and 
assimilation (AFC) appear to be at least partially 
coupled in the diabases and granophyres. The api iles 
appear to have originated from wide-scale melting of 
the Huronian sediments. Observations, made by other 
workers, that double-diffusive interfaces within the 
magma column may effectively hinder chemical 
transfer whilst allowing heat transfer may be consis 
tent with the petrogenesis of the aplites, which ap 
pear not to have mixed to any significant extent with 
the Nipissing magma.

Total PGE abundances appear to be low 
K50 ppb total PGE) in diabase samples. Olivines are 
undepleted in nickel compared to olivines with similar

forsterite contents from other intrusions. Geochemical 
parameters suggest that contamination by country 
rock with a high silica content occurred in the arch 
zones close to the roof of the intrusions, and is most 
clearly developed in the evolved, varied-textured dia 
bases and granophyres. Early pyroxene and olivine 
fractionation is likely to have depleted the magma in 
nickel, whilst the remaining liquid became broadly 
enriched in Cu.

Assimilation and fractionation appears to be 
superimposed on a magma with broadly similar geo 
chemical fingerprints to the Sudbury Igneous Com 
plex. The origin of the regionally uniform parent 
magma (as defined by chilled-margin samples) ap 
pears to rest in a homogenous, subcontinental mantle 
which has either undergone trace-element enrich 
ment, or has interacted with a recycled, Archean, 
crustal component.

In-situ contamination is unlikely to have promoted 
significant amounts of sulphide segregation. The uni 
form composition of the parental magma suggests 
that limited contamination occurred en route through 
the crust. This in turn suggests that magmatic sul 
phide segregation triggered by contamination in the 
crust is unlikely.

INTRODUCTION ~
This research project is primarily concerned with the 
problem of understanding the petrology and geo 
chemistry of the Nipissing Diabase, and assessing 
the potential of the diabase as a host to sulphide 
minerals enriched in Ni, Cu, and Platinum Group 
Elements (PGE). To study this problem, trace element 
and Sm- Nd isotopic analyses combined with PGE 
studies have been employed in conjunction with field 
and petrographic observations, and studies of min 
eral chemistry.

Mafic intrusions associated with intraplate vol 
canism and rifting environments often contain signifi 
cant concentrations of magmatic sulphide minerals 
rich in Ni-Cu-Co and PGE; examples include the 
Triassic-aged intrusions hosting the Noril'sk Deposit 
which feeds the Siberian flood basalts, and the Du- 
luth Complex in Minnesota, which feeds the 
Keweenawan basalts. The Insizwa Complex, in Tran- 
skei, South Africa, which presumably represents the 
intrusive equivalent of the Lesotho volcanic edifice, 
also shows the development of a small amount of 
basal magmatic sulphide mineralization. In the case 
of the Duluth Complex, external sulphur appears to 
have been assimilated by the magma, enriched in Ni, 
Cu, and PGE from the magma, and segregated as a 
magmatic sulphide. At Sudbury, sulphur segregation 
appears to have been triggered by the incorporation 
of external silica.

The 2.2 Ga Nipissing Diabase outcrops over a 
wide tract of Central Ontario between Sault Ste. Marie 
in the west and Cobalt in the east. The close similar 
ity of the Nipissing Diabase to other intrusive bodies
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Figure 230.1a. Location of the Nipissing Diabase.

associated with continental flood basalts (CFB), and 
which host important magmatic sulphide mineraliza 
tion, prompted the authors to undertake a detailed 
examination of several Nipissing Intrusions.

The emplacement of the Nipissing magma post 
dates both a major phase of folding (N- S axis) of the 
Huronian Supergroup, and the folding and faulting 
event (E-W axis) culminating in the Penokean 
Orogeny (Finn et at. 1982; Church 1966). The Nip 
issing Diabase outcrops largely within the Huronian 
metasedimentary basin as large, arcuate sheets de 
rived by the erosion of undulating intrusions. This 
type of surface exposure is characteristic of many 
intrusive portions of CFB.

The diabase is generally in contact with Huronian 
metasediments, although some bodies cut the Ar 
chean basement. The contact of the diabase follows 
either the bedding planes or the Archean-Huronian 
unconformity in places, but also frequently cuts 
through the Huronian stratigraphy.

The sills are undulatory in nature with basinal 
zones occurring where the intrusions are thickest, 
and arch zones occurring where the intrusions are 
substantially thinner.

The diabase has been subdivided into a number 
of phases (Hriskevich 1968; Jambor 1971), the dis 
tribution of which is generally related to the configu 
ration of the intrusion; basins contain a greater pro 
portion of basic rocks, whereas arches have a higher 
proportion of silicic rocks. Whilst the lithologies tend 
to be ubiquitous to many of the intrusions, not all 
intrusions develop all the phases of the diabase

(Hriskevich 1968). Generally speaking, a marginal 
layer of quartz diabase which shows chilling at the 
contact, is found at the base of the intrusions and the 
margins of dikes. This grades upwards, in the sills, 
through a thick zone of hypersthene diabase and 
gabbro. Overlying this is a transition zone into varied- 
textured diabase which consists of irregular 
schlieren, patches, and dikes of pegmatitic diabase 
in normal hypersthene diabase and gabbro. 
Granophyric diabase and aplitic dikes may occur 
within the varied-textured diabase, but generally, the 
varied-textured diabase grades into granophyric dia 
base, pegmatoidal diabase, granophyres, and aplites 
close to the roof of the intrusions in the arch regions. 
Tp place these rocks in the perspective of the intru 
sions as a whole, they constitute less than 5 percent 
of the exposed diabase. The dikes tend to grade 
from quartz diabase at the margins into varied- 
textured diabase and gabbro norites at the core.

Five intrusions from throughout the Nipissing Dia 
base Province (Figure 230.1 a) have been studied: the 
Bruce Mines and Basswood Lake Intrusions in the 
western sector (Figures 230.1 b and 230.1 c), the Bo 
nanza Lake Intrusion from the Wanapitei Lake district 
(see Lightfoot et al. 1986; Conrod in preparation), and 
the Portage Bay and Cross Lake Intrusions from the 
eastern part of the Province (see Lightfoot et al. 
1986; Conrod in preparation).

Field, petrographic, and mineralogical studies 
have been reported elsewhere (Lightfoot et al. 1986). 
This report first summarizes the main conclusions 
from the earlier work, and then discusses major- and
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Flgure 230.1b. Location 
of the Basswood Lake 
and Bruce Mines 
Intrusions.

85-36,39 

Quartz veins 85-6* Sample locotio

Figure 230.1 c. Detailed map of the Bruce Mines 
Intrusion.

trace-element variations, Sm-Nd isotope studies, and 
PGE studies in the light of these observations.

GENERAL GEOLOGY, PETROGRAPHY, 
MINERALOGY, AND MINERAL CHEMISTRY
A general summary 'depicting the vertical and lateral 
distribution of the lithologies (after Hriskevich 1968) 
is shown in Figure 230.2a. Figure 230.2b shows de 
tailed petrographic variations through the intrusions. 
Mapping and petrologic studies indicate that the 
Cross Lake, Bonanza Lake, Basswood Lake, and 
Bruce Mines Intrusions are all thick (up to 2 km in 
thickness), sill-like bodies, characterized by basal 
and capping quartz diabases in which plagioclase, 
augite, and inverted pigeonite are intergrown in a 
diabasic texture; a thick hypersthene gabbro and 
gabbro norite zone, in which hypersthene largely 
replaces inverted pigeonite, is present above the bas 
al quartz diabase; a zone of varied-textured diabase 
containing pods of pegmatoidal gabbro is developed 
in the upper part of the intrusions; in the arch regions 
of the intrusions, the quartz diabase capping is not 
developed, but granophyres, pegmatoidal granites, 
and aplites are found. Petrographically, the transition 
from varied-textured diabase to granophyre is re 
flected in the increasing proportions of quartz and

alkali-feldspar which are myrmekitically intergrown, 
and the replacement of pyroxene by hornblende. The 
Portage Bay Intrusion is dike-like in configuration and 
appears to be characterized by a core of varied- 
textured diabase and gabbro norite, and lacks hyper 
sthene diabase. Similar lithological distributions have 
been described in Nipissing dikes from the Lake 
Temagami District (Lightfoot and Naldrett 1987).

Mineral-chemistry studies (Lightfoot et a/. 1986; 
Conrod in preparation) reveal the following:
1. an increase of the anorthite (An) content in 

plagioclase through the Bonanza Lake and Cross 
Lake sills from the lower contact into the hyper 
sthene diabase, followed by a decrease of the 
anorthite content towards the top of the intru 
sions

2. an apparent increase of the forsterite (Fo) con 
tent in olivine and of the Mg-number in ortho 
pyroxene at the Cross Lake Sill away from the 
lower contact, followed by a decrease of the 
Mg-number in bronzite and Fo content in olivine 
towards the roof

3. an increase of the Ni-content in olivine at the 
Cross Lake Sill away from the lower contact, 
followed by a slight decrease at the sill's centre 
before olivine is wholly replaced
The upward tendency towards higher An con 

tents in plagioclase, higher Fo contents in olivine, 
and higher Mg-numbers in orthopyroxene, followed 
by the reversal towards lower anorthite contents in 
plagioclase, Fo contents in olivine, and Mg-numbers 
in orthopyroxenes has been documented in other 
Nipissing intrusions (Finn et at. 1982), and within 
many layered intrusions and sills (for example , Light 
foot and Naldrett 1984, 1987). Various models have 
been proposed to explain this variation (e.g. Wilson 
and Engell-Sorensen 1986), and are discussed else 
where (e.g. Conrod, in preparation).
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Figure 230.2a. Generalized hypothetical section through a typical Nipissing Intrusion, showing the distribu 
tion of the phases, and relative positions of the sample profiles.
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Flgure 230.2b. Detailed petrographic sections through the intrusions.

GEOCHEMICAL STUDIES

SAMPLE PREPARATION AND ANALYTICAL 
TECHNIQUES

Samples weighing in excess of 1 kg and being free 
of weathered surfaces were collected from five intru 
sions (Figure 230.1) and prepared using a steel-jaw 
crusher and an agate tema.

Whole-rock major and trace elements were deter 
mined on glass beads and pressed powder pellets by 
conventional X-ray flourescence (XRF) techniques. 
Results for UTB1 (University of Toronto in-house stan 

dard) are given in Table 230.1. Selected trace ele 
ments including Se, Co, Th, Ta, Hf, U, and the Rare 
Earth Elements (REE) were determined on rock pow 
ders by instrumental neutron-activation analysis using 
both the SLOWPOKE reactor and counting facilities at 
the University of Toronto. Results for UTB1 and WHIN 
SILL (Open University irradiation standard) are pre 
sented in Table 230.1. Complete data for the major 
and trace elements are given elsewhere (Conrod, in 
preparation).
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TABLE 230.1 . ANALYTICAL DATA FOR ROCK STANDARDS DETERMINED DURING THE COURSE OF THIS 
STUDY.

Element Mean UTB1 One standard Mean WHIN SILL 
deviation

Si02 50.4 
TiO2 3.06 
AI203 14.6 
Fe203 14.9 
MnO 0.22 
MgO 3.6 
CaO 8.6 
Na20 2.9 
K?0 1.17 
P 2OE 0.51

Zr 205 
Y 46.4 
Nb 16.3 
Rb 35.2
Sr
Ba
Th
Ta
Hf
U

La
Ce
Nd
Sm
Eu
Yb
Lu

Cr
Ni
Co
Cu
V
Se

313
593

4.21
0.96
5.06
1.02

26.4
62.1
33.6

7.98
2.30
4.05
0.64

123
20
49.3
30

367
40.0

One standard 
deviation

0.3 (50.5) 
0.06 (3.11) 
0.3 (13.2) 
0.3 (15.2) 
0.00 (0.22) 
0.2 (4.39) 
0.2 (8.46) 
0.2 (2.47) 
0.05 (1.33) 
0.03 (0.65)

2 (202) 
1 (41) 
1.2 
1.6 (32)
3

49
0.06
0.06
0.96
0.18

1.6
2.8
2.0
0.18
0.22
0.42
0.06

46
8
2.0
6

82
1.3

(312)

(4.3)
(1.02)

(4.6)
(1.0)

(26.7)
(60.5)
(32.0)

(8.0)
(2.4)
(4.0)

(0.58)

(25)

(31)

419
2.75
1.6
4.92
0.45

24.7
60.4
28.4

7.02
2.04
2.51
0.35

48.3

30.4

48
0.26
0.9
0.48
0.14

0.5
3.8
5.2
0.26
0.10
0.14
0.02

2.0

0.8

(3.1)
(1.26)

(4.9)
(0.90)

(22.5)
(57.5)
(32.9)

(7.3)
(2.3)

(2.54)
(0.39)

Footnotes
1.
2.

3.

Oxides are in weight percent, elements are in ppm.
XRF data are presented, except where analyses for both UTB1 and
INAA data.
XRF (Mean UTB1) —

—
INAA — nUTBi = 4

major elements n
minor elements n
nws = 4

() Expected values for UTB1 and WHIN

= 2
= 5

SILL (from Lightfoot 1985).

WHIN SILL are shown - these are

The platinum group elements were determined by 
a fire-assay and neutron-activation procedures 
(Hoffman efa/. 1978).

Sm-Nd isotope data were determined by conven 
tional chemical separation procedures in the Univer 
sity of Toronto's Sm-Nd isotope laboratory (Zindler 
1980), and run, using a novel mass-spectrometric 
techique (Evensen and Turner, in preparation; Noble 
et al. in preparation; Lightfoot and Naldrett 1987), on 
a VG354 thermal-ionization mass spectrometer in the 
Jack Satterly Geochronology Laboratory at the Royal 
Ontario Museum. La Jolla gave 0.511863±13, and

BCR1 gave 0.512605±7, normalized to 146NdX 144Nd = 
0.7219. Blanks for Sm and Nd are 1 ng or better.

BULK ROCK COMPOSITION

Major-element data obtained in this study reveal fea 
tures similar to those documented by Finn et al. 
(1982) in the intrusion at Wanapitei Lake. A moderate 
iron-enrichment trend is observed, with a few of the 
samples from the arch zones falling within the calc- 
alkalic field of the AFM diagram.

Trace elements provide information of more in 
trinsic petrogenetic significance. To ensure that these 
results are free of the influence of weathering and
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alteration, fresh samples were used. Although all 
samples invariably showed some sign of low-grade 
metamorphism, this appears not to have influenced 
the majority of the elements. The exceptions are Rb 
and Sr which are extremely variable when compared 
to the tight variations defined by the rest of the trace 
elements (Lightfoot era/. 1986).

Trace-element variations may also be obscured 
by either local enrichment or depletion events occur 
ring within the intrusions during or after cooling. This 
was investigated by Lightfoot and Naldrett (1987) in 
samples of diabase and varied-textured diabase from 
two outcrops where the distinct textural varieties 
were developed on the scale of from 50 cm to 3 m. 
The results suggested that the coarser diabase was 
enriched in the spectrum of incompatible elements 
when compared to the finer-grained diabase. Further 
more, Nd-isotopic data and Sm/Nd ratios were iden 
tical for both samples (see later). This suggested that 
pegmatoidal pods may have acted as traps for in 
compatible elements during the cooling and crystalli 
zation of the magma. Analogous depletion may be 
expected in cumulates as the trapped liquid is ex 
pelled into the overlying magma column; however, 
this process is also not well understood and is the 
subject of continuing work.

VARIATIONS WITHIN THE SILLS

Geochemical variations have been documented 
through the sills in a previous report (Lightfoot et a/. 
1986). Summarizing these findings, there appears to 
be a general depletion in the incompatible element 
concentrations away from the lower contact which is 
coupled with an increase in the Mg-number and the 
Ni and Cr content. Above the lower part of the 
hypersthene-diabase zone, there is an increase in 
incompatible-element concentration coupled with a 
decrease in the Mg-number and the Ni and Cr con 
tent. In the Portage Bay dike, trace-element enrich 
ment occurs inwards away from the margins, and is 
coupled to a decrease in the Mg-number and the Ni 
and Cr contents. These variations appear to couple 
with the variations in mineral chemistry summarized 
earlier (i.e. the inflections in the mineral-chemistry 
trends occur at the same vertical levels in the sills as 
the major and trace-element inflections).

COMPOSITION OF THE PARENT MAGMA

Whether or not chilled margins are useful in the 
identification of parental magmas has been the sub 
ject of considerable speculation and debate (Wager 
and Brown 1968). More recently, geochemical tech 
niques have been used in developing criteria by 
which parental magmas may be recognised (e.g. 
Lightfoot and Naldrett 1984). However, these criteria 
suggest that chilled-margin data should be treated 
with caution when they show signs of contamination 
by crustal material. The Nipissing Diabase chilled 
margins appear to be free of crustal material. A 
single sample from the Portage Bay Intrusion, and 
five samples from Lightfoot and Naldrett (1987) are 
analytically indistinguishable from each other (Table 
230.2), with the exception of a slightly lower MgO 
content in the Portage Bay sample. The fact that two 
of these samples come from within a single intrusion,

combined with the fact that the rest come from other 
intrusions covering a large area of the Nipissing Dia 
base Province, lends considerable support to the 
argument that they are indeed representative of the 
parent magma at the time of emplacement. Further 
more, this observation suggests that the magma was 
remarkably uniform in composition not only within 
each intrusion, but also between different intrusions, 
and may constitute a representative sample of the 
magma type of the Nipissing Diabase Province as a 
whole.

COMPOSITIONAL VARIATION IN THE HURONIAN 
METASEDIMENTS

Samples of Huronian metasediment from the 
footwalls and hanging walls of a number of intrusions 
were collected and analyzed. Representative data, 
together with an average, are given in Table 230.3.

TRACE-ELEMENT VARIATION DIAGRAMS

Representative samples from the Basswood Lake In 
trusion are shown on MORB- (mid-ocean-ridge-basalt) 
and chondrite-normalized variation diagrams in Fig 
ure 230.3. Also documented in Figure 230.3 are the 
compositions of average chilled-margin samples, 
average footwall and hanging wall Huronian 
metasediment (Table 230.3), and average aplite from 
the roof regions of two intrusions from the eastern 
sector of the Province (Lightfoot and Naldrett 1987). 
A progressive depletion from the chill through the 
basal quartz diabase into the hypersthene diabase is 
confirmed for most of the incompatible elements (e.g 
sample numbers 84/15 and 84/20, Figure 230.3). 
Above this level, there is an overall enrichment in the 
incompatible elements (sample numbers 84/20 up to 
84/27, Figure 230.3). The chilled-margin average is 
incompatible-element enriched relative to samples 
84/15 and 84/20. The average Huronian metasedi 
ment is incompatible-element enriched compared to 
all of the samples, and overlaps with the average 
aplite (with the exception of TiO2).

Figure 230.3 reveals the following additional 
points:
1. There is an overall enrichment in the large-ion 

lithophile (LIL) elements relative to the hyg- 
romagmatophile (HYG) elements. This is reflect 
ed in the steep chondrite-normalized plots and 
the high Th, K2O, and Ba abundances relative to 
Zr, Y, and Yb on the MORB-normalized variation 
diagram.

2. The LIL/HYG-element ratio increases from the 
hypersthene diabases through the varied- 
textured diabase into the granophyres.

3. The patterns of the Huronian metasediment and 
aplite samples have higher LIL/HYG ratios than 
any of the Nipissing samples.

4. The Eu anomaly becomes progressively deeper 
as the incompatible-element abundances in 
crease.



GRANT 230

TABLE 230.2. COMPOSITIONAL DATA

Sample

Mg*
Si02
Ti02
AI2O3
Fe2O3
MgO
MnO
CaO
Na20
K2O
P205

Rb
Sr
Ba
Y
Zr
Nb
Th
Ta
Hf
U
La
Ce
Nd
Sm
Eu
Yb
Lu
Ni
Cr
Cu
Co
V
Se

86/148

0.66
53.0

0.61
13.0
11.8
9.8
0.2

10.2
1.13
0.18
0.03

10
200

11
17
61

4
1.5
0.1
1.2
0.57
5.4

11.9
6.8
1.8
0.55
1.58
0.25

138
257

91
46

181
41

86/141
Lake

0.68
49.8

0.63
11.9
13.5
12.2
0.2

10.2
1.22
0.34
0.08

17
129
76
16
60

5
1.2
0.2
1.2
0.33
4.6

10.6
6.2
2.0
0.58
1.30
0.19

n.a.
257
101
64

180
39

FOR CHILLED MARGIN

86/136
Temagami

0.64
53.1

0.72
12.2
12.9
10.0
0.2
9.3
1.30
n.a.

0.10

3
242

45
17
70

4
1.5
0.2
2.0
0.49
5.8

12.2
6.1
2.3
0.67
1.55
0.27

151
232
114
51

241
41

86/1 OOF

0.70
50.8

0.55
13.4
10.6
10.4
0.2

10.6
2.70
0.67
0.11

25
197
113

15
51

5
1.2
0.2
1.3
0.32
5.2

12.2
6.9
2.1
0.69
1.33
0.21

110
259

78
42

222
40

SAMPLES.

86/79

0.60
50.6

0.66
13.0
12.3
10.3
0.2
9.7
2.61
0.93
0.11

49
199
199

18
66

5
1.4
0.2
1.2
0.37
5.4

12.5
5.9
2.2
0.67
1.47
0.24

152
191
108
50

241
38

PB951
Portage

Bay
0.58

52.4
0.78

14.3
11.9

7.1
0.2

10.5
2.07
0.78
0.07

23
166
120

16
60

6
1.6
0.3
1.2
0.50
5.6

13.4
7.3
2.2
0.75
1.42
0.23

110
350

n.a.
45

24038 '

Mean
(1-5)

0.65
51.5

0.63
12.7
12.2
10.5
0.2

10.1
2.4
0.43
0.09

21
193
88
17
62

5
1.4
0.2
1.4
0.39
5.3

11.8
6.4
2.1
0.63
1.45
0.23

138
239

98
51

213
39

One
s.d.

0.04
1.7
0.06
0.6
1.0
0.9
0.02
0.5
0.8
0.34
0.03

18
41
72

1
7
1
0.2
0.1
0.3
0.03
0.4
0.8
0.5
0.2
0.06
0.12
0.03

19
29
14
8

31
1

Mg* - Mg-number
n.a. - not available, s.d. - standard deviation

ELEMENT-Zr VARIATIONS

Geochemical variations within and between intrusions 
are best documented with reference to an index of 
enrichment or depletion having the following char 
acteristics: it is readily determined with analytical 
accuracy and precision, is not influenced by alter 
ation or metamorphism, is incompatible in a crystalliz 
ing phase extract (Pearce and Norry 1979; Watson 
and Ryerson 1986), and it has not significantly contri 
buted to the magma during assimilation of crustal 
material. Zr has been chosen in preference to La 
(Lightfoot et a/. 1986), as it has now become clear 
that simple Rayleigh Fractionation mechanisms may 
not account for all the geochemical variations, and, 
given the high abundance of La in crustal rocks, it 
would more likely reflect the magma composition 
rather than the contaminant composition. Zircon frac 
tionation appears to be unimportant, given the con 
stant Hf/Zr ratio (see later) of the rocks (DZ^x^Hf 
- Fujimaki 1986), and the low Zr abundance

(OOO ppm) which would effectively preclude zircon 
saturation under normal conditions (Watson and Har 
rison 1983).

Figure 230.4 shows the variation in Mg-number 
versus Zr, and Figures 230.5a and 230.5b show the 
variations in Ti02, P2O5, Ni, Cr, Se, Co, La, Sm, Yb, Y, 
Th, and H f versus Zr content. The data from each 
intrusion have been superimposed on the plots. The 
following points are evident both for individual intru 
sions, and for the Nipissing Diabase Province as a 
whole:
1. Mg-number, Ni, and Cr fall with increasing Zr 

content, whilst Th, Hf, Y, La, Sm, P2O5 and Yb 
increase. Ti02 , Co, and Se appear to show an 
initial increase followed by a decline with in 
creasing Zr content. This is consistent with a 
combination of pyroxene and olivine fractiona 
tion.

2. The trajectories are generally very tight and ap 
parently curved.

10
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TABLE 230.3. COMPOSITIONAL DATA FOR HURONIAN SEDIMENTARY 
HANGING WALL OF NIPISSING DIABASE INTRUSIONS.

Sample

Mg*
Si02
Ti02
AljOa
FeA
MgO
MnO
CaO
Na20
K20
PA

Rb
Sr
Ba
Y
Zr
Nb
Th
Ta
Hf
U
La
Ce
Nd
Sm
Eu
Yb
Lu
Ni
Cr
Cu
Co
V
Se

PB737

0.44
59.7

0.71
18.7
8.0
2.7
0.04
3.70
4.1
2.6
0.19

96
33

503
23
75
12
16.3

1.1
3.8
6.3

58.8
116.9
46.6

8.1
1.7
2.6
0.3

69
192

n.a.
29
n.a.
20

PB763

0.51
63.9

0.66
17.1
5.5
2.5
0.03
0.36
5.9
1.5
0.12

63
68

278
22

176
n.a.
12.8
0.9
4.9
2.4

37.7
78.8
28.4

5.6
1.4
2.2
0.3

88
160

n.a.
16
n.a.
17

86.203

0.43
58.4

0.76
17.5
11.7
3.8
1.7
2.30
1.2
2.5
0.20

123
108
388

26
142

1)
15.1
0.9
2.9
4.5

39.7
74.2
32.9

6.1
1.0
2.7
0.4

130
179
75
50

137
22

86.1 97F

0.48
59.7

0.70
20.7

7.3
3.2
0.02
0.40
2.7
3.8
0.26

131
42

401
18

162
10
16.4

1.2
4.4
5.3

42.6
94.1
34.7

6.1
1.1
2.3
0.4

69
57
12
20

137
21

ROCKS FROM THE FOOTWALL AND

86.1 97C

0.48
60.8

0.74
20.4

7.5
3.3
0.02
0.40
2.9
3.7
0.29

143
42

401
20

158
10
16.7

1.2
4.5
4.9

40.1
85.6
31.1

5.8
1.1
2.6
0.3

69
69

7
20
94
22

Average

0.47
60.5

0.71
18.8
8.0
3.1
0.36
1.4
3.4
2.8
0.21

111
59

394
22

143
11
15.4

1.1
4.1
4.7

43
90
34.7

6.3
1.3
2.5
0.3

85
131

31
27

123
20

One 
s.d.
0.03
2.1
0.04
1.6
2.3
0.5
0.75
1.5
1.8
0.9
0.07

32
31
80

3
40

1
1.6
0.1
0.8
1.4
9

17
7
1
0.3
0.2
0.1

26
64
38
14
25

2

3. The rate of increase of Th and La relative to Zr is 
greater than the rate of increase of Y and Yb, 
whereas Hf/Zr and Sm/Zr are almost constant in 
all the rocks. The 1:1 enrichment vectors originat 
ing at the composition of the chilled margin are 
plotted in Figures 230.5a and b. The trajectories 
of the Th and La data curve towards higher 
Th/Zr and La/Zr values in samples with highest 
Zr content, whereas the Y and Yb versus Zr plots 
reveal trajectories which deviate towards lower 
Y/Zr and Yb/Zr values at higher Zr contents.

4. Samples with lower Zr abundances than the chil 
led margin's values K65 ppm) are hypersthene- 
rich diabases, and these appear to be enriched 
in pyroxene, but still contain a large proportion of 
trapped liquid (around 75 percent).

5. Samples from the eastern profile at Bonanza 
Lake have lower Mg-numbers, Ti02, P2O5, CO, 
and Se contents than samples with similar Zr 
contents from other intrusions. These samples 
also have higher La and Th contents.

Nd ISOTOPIC VARIATION
Nd-isotope data and Sm/Nd ratios were determined 
on a subset of samples from Basswood Lake and 
Bruce Mines. Results for these samples, in addition to 
other unpublished data, are given in Table 230.4. The 
147SmX144Nd and 143NdX144Nd ratios were recalculated 
at 2.22 Ga (Corfu and Andrews 1986), along with 
epsilon-Nd values (calculated relative to a chondritic 
uniform-mantle reservoir (CHUR) at 2.22 Ga).

The variation in 143NdX144Nd versus 147Sm7144Nd 
(present day) are shown in Figure 230.6 for samples 
from this study, and additional data (Lightfoot and 
Naldrett 1987 and unpublished data). The results 
define a wide range in present day 143NdX144Nd and 
147SmX144Nd between 0.5109 to 0.5122 and 0.10 to 
0.17 respectively. Samples of chilled diabase anchor 
the high 143NdXf44Nd extreme of the trend, and sam 
ples of quartz diabase and hypersthene diabase fall 
on a trend reaching 143Nd7144Nd = 0.5115. The 
granophyres and pegmatoidal diabases fall on an 
extension of the diabase trend, but with a steeper 
slope reaching 143NdXU4Nd = 0.51145. Samples of

11
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Figure 230.3. Trace element variation diagrams for representative samples from the Basswood lake 
Intrusion. This diagram also shows the composition of the chilled margin (average), the Huronian 
sediments (average), and aplites (average).

Huronian metasediment, from the footwall and hang 
ing wall, and samples of aplite fall in the range 
143Nd7144Nd = 0.5109 to 0.5111 and 147Sm7144Nd * 
0.10 to 0.115. A series of 2.22 Ga reference lines 
with initial ratios of 0.5095 to 0.510 are superimposed 
on Figure 230.6. Most of the diabases fall close to 
the 2.22 Ga reference line with an initial ratio of 
-0.5097. The granophyres are displaced below this 
reference line, whilst the aplites and Huronian 
metasediments show a stronger displacement.

A five-point isochron fitted by least-squares re 
gression (samples with 143NdX144Nd^.5116), assum 
ing constant blanket errors, yielded a line with a

slope of 0.013369 and a 143NdX144Nd intercept of 
0.5098 for the Basswood Lake Intrusion. This cor 
responded to an age of 2.02 Ga assuming that the 
decay constant for Sm is 6.54810*10'1 V. This could 
be interpreted to confirm the 2.2 Ga age. However, 
there is strong evidence that the system has been 
open with respect to the trace elements, and given 
this evidence, combined with the break in the trend 
at 143NdX144Nd = 0.5116 on the isochron plot, it would 
be premature to suggest that these data have any 
direct age significance for the Basswood Lake Intru 
sion.

12
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TRACE-ELEMENT VARIATIONS AND Nd-ISOTOPIC 
COMPOSITION

Recalculation of the Nd-isotope data in epsilon format 
reveals a range of epsilon Nd between -2 and -6, 
with diabases (including chilled margins) falling be 
tween -2 and -5, and granophyres, aplites, and 
Huronian metasediments between -5 and -6. The er 
ror propagated from the Sm/Nd ratio, and used in 
age correcting the Nd-isotope data, makes a maxi 
mum analytical uncertainty of ±1 epsilon unit at 
2.2 Ga inevitable, and therefore these data must be 
treated with caution. However, it can be said with a 
fair degree of confidence that the granophyres are 
analytically distinguishable from the diabases, and 
that they are not distinguished from either the 
Huronian metasediments or the aplites. The absence 
of a trend in the diabase samples is probably a 
reflection of the narrow range in initial Nd-isotope 
compositions (which are within analytical error).

It is now generally accepted that petrogenetic 
hypotheses should be based on a combination of 
isotope and trace-element data. Figure 230.7a shows 
the variation in epsilon Nd versus Th/Yb, whilst Fig 
ure 230.7b shows the variation in La/Yb and U/Yb 
values versus Th/Yb values. The epsilon-Nd versus 
Th/Yb plot confirms that the most radiogenic samples 
have the lowest Th/Yb value (i.e. the diabases), 
whilst the granophyres have least-radiogenic Nd- 
isotope signatures coupled with high Th/Yb values. 
This coupling is more clearly demonstrated on the 
trace-element-ratio plots (Figure 230.7b) which are 
not sensitive to the large uncertainty in initial Nd

isotope ratio. On each plot, a trend is defined by the 
diabase data, which originates at low Th/Yb, La/Yb, 
and U/Yb values and points to high Th/Yb, La/Yb, 
and U/Yb values. Samples with lowest Th/Yb values 
include the chills, quartz diabases, and hypersthene 
diabases; samples with higher Th/Yb values include 
the varied-textured diabases, whilst samples with the 
highest Th/Yb values are the granophyres and peg- 
matoidal diabases. The Huronian-metasediment aver 
age plots on a linear extension of the trend of the 
Nipissing Diabase samples.

DISCUSSION
The geochemical variations documented above in 
dicate that any geochemical model for the 
petrogenesis of the Nipissing Diabase must be con 
sistent with several observations:
1. The parental magma, as indicated by the com 

position of chilled margin samples, must have 
been remarkably uniform in composition through 
out the Province at the time of magma emplace 
ment.

2. The geochemical data for the Nipissing Diabase 
samples define tight trends on variation dia 
grams, which pass through the composition of 
the chilled margin, and show a progressive in 
crease in LIL/Zr and a decrease in HYG/Zr from 
the quartz diabases through the upper hyper 
sthene diabases and into the varied-textured dia 
base, pegmatoidal diabase, and granophyre.

3. The trajectories on the element versus Zr plots 
never pass through the compositional average of 
the Huronian metasediments, but always curve 
towards this point. Significantly, however, the tra 
jectories on the element-ratio plots (e.g. Th/Yb 
versus La/Yb) pass through the average com 
position of the Huronian metasediments, and mix 
ing lines suggest that a maximum contribution of 
50 percent crustal material could explain the rela 
tive distribution of samples on the interelement- 
ratio plots.

4. Samples from the lower part of the hypersthene 
diabase have lower Zr contents than the chilled 
margin samples, although the interelement ratios 
are indistinguishable from the basal quartz dia 
base and chill.

5. Field investigations conducted by Conrod (in 
preparation), and Lightfoot and Naldrett (1987) 
strongly suggest that the arch zones of the intru 
sions are regions of intense roof-rock melting. 
The production of aplites and granophyres ap 
pears to be intrinsically related to melting in the 
arch regions of the intrusions. The aplites appear 
to be compositionally similar to the Huronian 
metasediments, and are presumably derived by 
direct melting of them (the TiO2 anomaly may be 
explained by ilmenite retention in the restite).
Collectively, these points provide strong evi 

dence for a uniform parent magma which has in 
teracted in situ with a variable amount of Huronian 
metasediment (up to 50 percent) during the crystalli 
zation of the magma. Furthermore, the tight trends in 
geochemical variation, combined with the presence 
of rocks with compositions depleted in incompatible

13
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TABLE 230.4. Sm/Nd ISOTOPE DATA FOR NIPISSING DIABASE SAMPLES.
Sample Location 143Nd Nd

— (PP144Nd
Sm

m)
147Sm
—
144Nd

(PRESENT DAY VALUES)

Portage Bay (PB):
PB744PB 0.511718 39.40
PB745PB 0.511449 25.39
PB747PB 0.511834 11.97
PB743PB 0.511739 30.45
Basswood Lake (BS):
84/23 BS 0.511770 23.30
84/14 BS 0.511962 12.67
84/22 BS 0.512051 5.89
84/18 BS 0.511990 5.63
84/11 BS 0.511706 14.09
84/21 BS 0.511559 35.10
84/27 BS 0.511508 35.10
Kerns and Hudson Township, Northwest of Cobalt (KH):
86/169 KH 0.511828 20.07
86/1 72 KH 0.511670 39.62
86/1 89 KH 0.511520 46.18
86F/197KH 0.511096 47.08
86/1 98 KH 0.511098 56.03
86C/197KH 0.510906 43.66
86/1 86 KH 0.511606 12.61
86/167 KH 0.512127 5.43
Red Rock, Lake Temagami (RR):
86/203 RR 0.511109 31.87
86/73 RR 0.511120 30.58
Portage Bay, Lake Temagami (PB-T):
86/136 PB-T 0.512156 8.46
West Coast, Lake Temagami (WC):
86/104 WC 0.512048 8.75
86/100 WC 0.512040 7.36
Emerald Lake, West of Temagami (EL):
86/1 55 EL 0.512028 8.57
86/1 54 EL 0.512007 19.46

PB - Portage Bay.
BA - Basswood Lake.
KH, RR, PB-T, WC, and EI - Lightfoot and Naldrett (1987)

Blanks for Sm and Nd are -ci ng. Nd measured to better
measured to G.008% or better.

9.24
5.62
3.13
7.45

5.74
3.44
1.65
1.54
3.36
7.98
8.12

5.06
9.30

10.53
7.82

10.26
7.14
3.04
1.54

5.78
5.74

2.40

2.47
2.10

2.35
5.36

than 0. 1^o, SM

0.1418
0.1338
0.1580
0.1479

0.1489
0.1641
0.1697
0.1652
0.1442
0.1374
0.1398

0.1524
0.1419
0.1378
0.1004
0.1107
0.0988
0.1457
0.1710

0.1096
0.1134

0.1714

0.1706
0.1725

0.1658
0.1665

to better

143Nd
—
144Nd

(INITIAL)

0.50965
0.50949
0.50952
0.50958

0.50959
0.50956
0.50957
0.50957
0.50959
0.50955
0.50946

0.50960
0.50959
0.50951
0.50949
0.50948
0.50946
0.50948
0.50963

0.50951
0.50946

0.50965

0.50955
0.50952

0.50960
0.50957

Epsllon
Nd (CHUR)
at 2.2 Ga

-2.32
-5.31
-4.72
-3.67

-3.36
-3.96
3.70

-3.76
-3.25
-4.21
-5.89

-3.20
-3.30
-5.08
-5.38
-5.56
-5.93
-5.66
-2.69

-5.05
-5.93

-2.26

-4.41
-4.82

-3.12
-3.75

than G.7%. 143Nd^ 44Nd

Present Day Bulk Earth (CHUR): 143Nd^ 44Nd^.51246, 147SnrV144Nd^.1967.

elements relative to the composition of the chilled 
margin, argue fairly strongly for a combination of 
assimilation and fractional crystallization, and the en 
richment of the lower hypersthene diabase in pyrox 
ene cumulates.

To test this model more rigorously, it is neces 
sary to look in more detail at the element versus Zr 
plots. Figure 230.8 shows the variation in Th versus 
Zr (with an expanded portion depicting variations 
between O and 130ppm Zr). The main diagram 
shows that a mixing line drawn between the average 
Huronian metasediments and the average chilled 
margin fails to reproduce the trend of the data. Fur 
thermore, a 1:1 enrichment vector originating at the 
location of the chilled margin sample falls below the

16

trend of the data. This suggests that neither simple 
mixing nor 1:1 enrichment is responsible for the ob 
served variation. Assuming a phase extract consist 
ing of plagioclase, orthopyroxene, clinopyroxene, and 
olivine (in the phase proportions 50:30:16:4, the ap 
proximate phase proportions observed in the hyper 
sthene gabbro), and a parental magma similar in 
composition to the chilled margin, then Rayleigh Frac 
tionation vectors can be constructed for different 
values of the bulk-distribution coefficients (Kd) of Th 
and Zr. For closed-system fractionation, Kd(Th) is 
suggested to be less than Kd(Zr), because the curve 
migrates towards higher Th/Zr values. Two curves 
have been shown in Figure 230.8a, one with 
Kd(Th) = 0.05 and Kd(Zr) ^ 0.25, and the other with 
Kd(Th) ~ 0.05 and Kd(Zr) = 0.5. The Kd value for Th
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is the minimum realistic value (see Table 5), whilst 
the Kd values for Zr are both high compared to an 
expected Kd(Zr)*c0.1. Figure 8b shows a realistic fit 
for 100 percent crystallization with Kd(Zr) = 0.45, but 
the predicted composition of the equilibrium cumu 
lates (plus trapped liquid) has higher Th/Zr values 
than the observed hypersthene-rich gabbros. Altering 
the phase extract or the proportions in which the 
phases participate in the fractionation process does 
not appear to improve the fit, and alternative phases 
such as amphibole and zircon can be ruled out (see 
above and Lightfoot et a/. 1986).

Similar models can be constructed for the other 
incompatible trace elements, and reveal discrepan 
cies in the observed bulk-distribution coefficients. 
Examination of the interelement-ratio plots (Figure 
230.7b) reveals a wide range of Th/Yb , La/Yb, and 
U/Yb values which is not easily explained using 
available distribution-coefficient data. Furthermore, 
the variation in initial Nd-isotope composition sug 
gests a component of open-system behaviour. De 
spite these poor fits, the Cr and Ni data are in good 
agreement with the phase extract used, as plots of Cr 
and Ni versus Zr tend not to be as sensitive to 
open-system processes as Th. This provides some 
support for the phase extract chosen (see Lightfoot 
etal. 1986).

Thus, there is strong evidence from the modeling 
that an additional component with high LIL/Zr and 
low HYG/Zr has been involved. Given the observa 
tion that the interelement-ratio-data trajectories point

towards the composition of the average Huronian 
metasediment, and the field evidence for roof-rock 
melting, there is a strong suggestion that melting and 
assimilation of roof-rock material occurred during the 
crystallization of the magma. This appears to be most 
evident in the evolved rocks, and less evident in the 
most mafic rocks. Furthermore, this process appears 
not to have destroyed the tight trends on the element 
versus Zr variation diagrams. This observation lends 
support to the hypothesis stated by Bowen (1928) 
and more recently proposed by Taylor (1980) and 
DePaolo (1981, 1985); that is, that assimilation and 
fractionation are coupled (AFC), and the latent heat 
of crystallization of the magma releases heat which 
can produce a commensurate amount of melting of 
the roof rock. Although Campbell and Turner (1987) 
suggest that the processes may not be coupled if 
chemical interfaces are generated in the magma, this 
model merits further investigation.

Figure 230.9 shows the variation in Th and La 
versus Zr. AFC trajectories have been fitted assum 
ing the phase extract used was that used in the 
Rayleigh models, with distribution coefficients from 
Table 230.5. The chilled margin was chosen as a 
parental magma composition, and the Huronian 
metasediment average was chosen as the contamin 
ant. Two models are shown where the rate of change 
of mass assimilated to that crystallized is 0.15 and 
0.2 (both of which are considered realistic figures in 
terms of mass and heat balance calculations). The 
composition of the equilibrium cumulate (with trapped 
liquid) is also shown. In these models, the maximum 
amount of fractionation recorded is 70 percent, com 
pared with almost 100 percent for the Rayleigh 
models. Thus, the AFC models raise an important 
question about the extent to which these chambers 
were tapped during crystallization and the extent to 
which redistribution of material occurred in the sills 
during crystallization. Tapping of evolved magmas to
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TABLE 230.5. DISTRIBUTION COEFFICIENTS FOR 
SELECTED TRACE ELEMENTS INTO OLIVINE, 
CLINOPYROXENE, AND ORTHOPYROXENE.

Element

Extract
Cr 
Ni 
Th 
Y 
La 
Sm 
Yb 
Hf 
Zr 
Ta 
U

Olivine

4*
2.1 

14 
0 
0.01 
0.01 
0.015 
0.035 
0 
0.01 
0 
0.0024

Ortho 
pyroxene

30*
4.8 
2.5 
0.15 
0.2 
0.008 
0.015 
0.05 
0.1 
0.03 
0.2 
0.008

Data sources: Henderson (1983, 
(1979), Irving (1978).

Clino 
pyroxene

16*
8.4 
2.6 
0.02 
0.5 
0.1 
0.9 
1.0 
0.34 
0.12 
0.4 
0.04

Plagioclase

50*
0 
0.04 
0.02 
0.03 
0.14 
0.08 
0.07 
0.02 
0.01 
0.01 
0.009

1984), Pearce and Norry

higher crustal levels has not been documented in the 
Nipissing Diabase Province, and, therefore, the AFC 
models presented here must be treated with some 
caution.

The extent to which assimilation and fractional 
crystallization are coupled may not be as simple as 
the AFC model predicts. Campbell and Turner (1987) 
suggest that roof material may melt and pond at the 
top of the intrusions, as a double-diffusive interface 
develops between the basic magma and the crustal 
melt. This interface may allow the diffusion of heat, 
but could prevent chemical transfer. Experimental ob 
servations made by Campbell and Turner (1987) on 
simple, .binary, salt solutions suggest that such inter 
faces may commonly be developed at the roofs of 
large mafic-magma chambers. This observation sug 
gests that assimilation and fractionation may only be 
coupled in a small portion of the magma chamber, 
with the ratio of the rate of assimilation to the rate of 
crystallization varying through the crystallization his 
tory of the intrusions. The genesis of the aplites 
appears to be a clear case in point where direct 
melting of Huronian metasediments produced liquids 
which crystallized without significant chemical inter 
action with the Nipissing magma. This is the subject 
of continuing work. Presently, the available data sug 
gest that neither Rayleigh processes alone nor AFC 
alone can account for the entire range of observed 
variations in a fully satisfactory manner.

GEOCHEMICAL EVOLUTION OF THE HURONIAN 
MANTLE
Trace-element and Nd-isotope data for the chilled- 
margin samples confirm that the parental magma was 
both trace-element enriched and had evolved with a 
low Sm/Nd value to produce significantly un 
radiogenic Nd-isotope signatures (epsilon-Nd * -3) at 
2.2 Ga. Given the large volume of homogenous 
magma produced over a wide area, it is suggested 
that this enrichment signature is more like a product 
of mantle than crustal processes. Jolly (in press) 
confirms that this trace-element signature is also re 
corded in Huronian volcanics, whilst data from Nal 

drett ef a/. (1985) confirm that a similar enrichment is 
present in samples from the Sudbury Igneous Com 
plex.

Figure 230.10 shows the variation in Th/Yb ver 
sus Ta/Yb in Nipissing Diabase samples, and con 
firms that these rocks are enriched in Th relative to 
the primitive mantle, the present day MORB, and the 
Deccan Trap basalts (Lightfoot 1985), but similar to 
the Sudbury rocks.

A comparison of the observed Nd-isotope data 
with values derived from the Archean shield (Shirley 
and Hanson 1986; Machado and Brooks 1986) sug 
gests that this trace-element enrichment event oc 
curred after the production of Archean granite- 
greenstones, which all have epsilon-Nd values, at 
2.7 Ga, of from +3.S to -0.1—well above the range of 
Nipissing Diabase values (-2 to -5 for chilled mar 
gins).

Presently, further investigations are under way to 
determine whether this signature might reflect mantle 
or deep crustal processes, and whether any broad 
constraints can be placed on the role of crustal 
recycling in the Archean mantle.

ECONOMIC POTENTIAL
Since the discovery of the Cobalt ores and the rec 
ognition that mineralization is in close spatial associ 
ation with the Nipissing Intrusions, and varies in type 
and style across the Southern Province (Card and 
Pattison 1973), the economic potential of the Nip 
issing Intrusions has been investigated. Card and 
Pattison (1973) record Ag, Co, and Ni as native met 
als and sulpharsenides within quartz-carbonate veins 
in the east of the Southern Province; in the central 
sector, they record predominantly Ni-Cu-sulphide 
minerals disseminated within the intrusions or occur 
ring as pods; and in the western sector, they record 
Cu-rich sulphide minerals in quartz-carbonate vein 
systems.

The variation in type and style of mineralization 
appears unrelated to differences in the lithology, de 
gree of metamorphism, or level of intrusion of the 
diabase. Thus, one of the key objectives in this study 
was to evaluate the potential of the Nipissing Intru 
sions as hosts to sulphide mineral ores enriched in 
Cu, Ni, and PGE. This investigation was conducted at 
three levels:
1. PGE data were determined for a suite of rocks.
2. Olivines were analyzed to determine whether any 

abnormal depletion in Ni relative to forsterite con 
tent was evident.

3. The major- and trace-element data documented 
above were utilized to investigate whether there 
was any evidence for large-scale contamination 
of the magma by crustal material, and whether 
this has any economic ramifications.

PLATINUM GROUP ELEMENTS
Selected samples of various lithologies from across 
the Portage Bay and Bonanza Lake Intrusions were 
analyzed for PGE. Samples included both barren 
samples and rocks containing disseminated sulphide
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minerals. The results are listed in Table 230.6. The 
following observations can be made:
1. Concentrations of the PGE are generally low 

K50 ppb total PGE).
2. Samples containing pyrrhotite are generally en 

riched relative to those free of this phase (Table 
230.6).

3. The gabbro norites from the interiors of the intru 
sions are depleted in PGE relative to the basal 
quartz diabase.

4. The more-altered samples have higher PGE 
abundances.

A study of the Rathbun Lake occurrence (Rowell and 
Edgar 1986) suggests that higher values may be 
present in the sulphide mineralization. A hydrother 
mal origin for this mineralization is proposed (Rowell 
and Edgar 1986).

OUVINE COMPOSITIONAL DATA
The extent to which magmas have interacted with 
sulphide liquid and the stage of this interaction may 
be recorded in the compositions of olivines crystalliz 
ing from the magma (e.g. Naldrett et al. 1984). Ol- 
vines from the Cross Lake Intrusion are slightly en 
riched in Ni relative to the Ni contents of olivines with 
similar forsterite contents from other basic intrusions 
(Figure 230.11). The high Ni-content of these olivines 
clearly argues against significant removal of Ni by a 
sulphide phase prior to the crystallization of the
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TABLE 230.6. PETROGRAPHIC FEATURES AND PGE DATA FOR SELECTED SAMPLES.
Sample Lithology Sulphide 

bearing
Nl Cu Co Cr

ppm
WU 15 
WL634 
WL650 
WL659 
PB664 
PB672 
PB747 
PB761

BOD
COD
GN
PG-VTD
PG-VTD
G
MD
QRG

no
yes (1) 
no
yes (2) 
no
yes (3) 
no 
yes (4)

0.10
0.96
0.11
0.48
0.13
0.26
0.10
0.14

131
180
113
193
77
41

104
6

75
260
160
180
160

3300
120
65

41
71
46
57
50
29
47
36

503 
n.a.

72 
258

62
79 

293
18

275 
n.a. 
248 
280 
304 
291 
275 
113

BOD - basal quartz diabase, COD - capping quartz diabase, GN - gabbronorite, PG-VTD pegmatoidal phase 
of varied-textured diabase, G - granodiorite, MD - mafic diabase, QRG - quartz-rich gabbro.

(1) Pyrrhotite replaced by marcasite.
(2) Pyrrhotite.
(3) Chalcopyrite rimmed by bornite, covellite, and digenite.
(4) Pyrite. ________ ___ ______ ^^^^
Sample Ir (ppb) Pt (ppb) Pd (ppb) Au (ppb)
WL115-1 
WU 15-2

WL650-1 
WL650-2

WL634-1 
WL634-2

WL659-1 
WL659-2

PB664-1 
PB664-2

PB747-1 
PB747-2

PB761-1 
PB761-2

PB762-1 
PB762-2

0.08±0.01 
0.04±0.01

0.01±0.01 
0.02±0.01

0.12±0.01 
0.14±0.01

0.10±0.01 
0.13±0.01

0.03±0.01 
0.02±0.01

0.11±0.01 
0.12±0.01

0.04±0.01 
0.02±0.01

0.03±0.01 
0.02±0.01

12.92± 10.87 
10.84±8.35

n.d. 
n.d.

9.77±8.86 
6.72±6.38

10.13±7.87 
10.13±7.87

n.d. 
n.d.

7.54±7.23 
19.33± 10.25

n.d. 
n.d.

n.d. 
n.d.

n.d. 
17.95± 9.67

n.d. 
n.d.

n.d. 
27.67±14.36

n.d. 
n.d.

n.d. 
n.d.

n.d. 
25.16±8.39

21.97±9.08 
n.d.

n.d. 
14.81±11.89

3.63±0.05 
2.39±0.04

1.62±0.02 
0.66±0.05

3.69±0.04 
1.84±0.03

2.81 ±0.03 
4.05±0.03

1.77±0.03 
1.46±0.02

3.46±0.04 
3.76±0.04

1.09±0.03 
0.89±0.02

6.12±0.05 
2.00±0.04

n.d. - not detected, n.a. - not available. Errors are given at the 907o confidence level.
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olivine in these rocks. Unfortunately, fresh olivine is 
largely absent from the Nipissing Diabases, and this 
hypothesis could not be tested at other locations. 
However, the observation that the olivines are not 
abnormally depleted in nickel strongly suggests that 
sulphide liquids have not produced an abnormal de 
pletion in Ni, Cu, and some PGE in the magma. This 
could be interpreted to indicate that the magma be 
comes depleted in Ni during the fractionation of 
pyroxene and olivine, whilst Cu and possibly some 
PGE are enriched in the liquid. If sulphide saturation 
is achieved in the final stages of crystallization, then 
these sulphide minerals might be expected to be 
enriched in Cu and possibly PGE. This would be 
consistent with the observed higher tenors of some 
PGE in the varied-textured diabase and the presence 
of abundant chalcopyrite in the roof regions of the 
intrusions.

TRACE-ELEMENT EVIDENCE FOR CONTAMINATION
It has been suggested that the contamination of 
magma by siliceous country rocks has caused sul 
phide segregation at Sudbury (Irvine 1975; Naldrett ef 
a/. 1986). The available trace-element data suggest 
that contamination dominates the geochemical fea 
tures of the arch regions of the intrusions. The en 
hanced silica content of these magmas could have 
induced sulphur saturation in the arch regions during 
the normal fractionation of the magma, and these 
sulphide minerals presumably provided a sink for Cu 
and any remaining PGE. These features appear to be 
common to most of the Nipissing Intrusions, and their 
value to exploration models has yet to be realized.

The geochemical data also suggest that the Nip 
issing diabase was enriched in LIL elements at the 
time of emplacement. However, it is interesting to 
observe that the trace-element-enrichment style, 
found in the Nipissing Diabase chilled margins, is 
common to the whole Nipissing Diabase Province, 
and it would require a remarkably uniform region of 
crustal material and degree of contamination to gen 
erate this signature in a crustal environment. Thus 
the possibility that contamination triggered sulphide 
saturation within the crust may be considered un 
likely.

SUMMARY
The following conclusions may be drawn from this 
research:
1. The composition of the parental magma to the 

Nipissing Diabase was very uniform, and appar 
ently originates in a region of mantle that has 
undergone considerable trace-element enrich 
ment.

2. Chemical and mineralogical variations through a 
number of intrusions are similar; differences ap 
pear to reflect the lateral and vertical distribution 
of the samples in the sills and dikes.

3. The tight geochemical trends argue for a com 
bination of fractionation of plagioclase, ortho 
pyroxene, clinopyroxene, and olivine, and the as 
similation of crustal material which resembles 
average Huronian footwall and hanging wall 
metasediment. The extent to which assimilation

and fractionation are coupled (AFC) remains 
open to question.

4. PGE data and compositional data for olivines 
suggest that the sampled intrusions do not host 
significant quantities of magmatic Ni-Cu-PGE 
mineralization, albeit that the trace-element data 
argue strongly in favour of a crustal- 
contamination signature in the upper portions of 
the intrusions.
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ABSTRACT
Previous U-Pb and 40ArX39Ar dating has been able to 
precisely constrain the age of gold emplacement in 
the Timmins and Hemlo camps (Masliwec ei at. 
1986). The current research attempts to do this for 
the Red Lake area, where U-Pb and 40ArX39Ar ages 
currently bracket the gold to a time window -80 Ma 
wide. Extensive sampling of most major lithologic 
units in Red Lake has supplied samples that are pre-, 
post- and syn-gold emplacement. The work to date 
has focused on the surrounding granitic batholiths in 
an attempt to constrain the cooling history of the 
area.

INTRODUCTION
The purpose of the project is to apply the 40ArX39Ar 
method of dating to minerals associated with some of 
Ontario's gold deposits (e.g. Timmins, Hemlo, and 
Red Lake camps) so that reliable estimates can be 
made of the time(s) of gold formation. At the onset of 
this project, these times were only imprecisely 
known. While U-Pb dating of zircons and sphenes is 
beginning to produce an accurate volcano-stratig- 
raphic framework for the evolution of the gold-bear 
ing greenstone belts, it remains extremely difficult to 
position the gold-forming events within this time ma 
trix.

An approach of bracketing gold has been devel 
oped which uses U-Pb dating of pre-ore bodies to 
define a maximum age of the gold and 40ArX39Ar 
dating of post- or syn-ore micas to define a minimum 
age (Masliwec et al. 1986). In the Timmins camp, this 
approach has shown clear signs of being extremely 
useful in the dating of gold deposits. A number of the 
producing deposits are in porphyries. The crystalliza 
tion age of these has been determined by S. Marmont 
(Geologist, Ontario Geological Survey, Toronto) by U- 
Pb dating of zircons. The gold is, therefore, younger 
than the associated zircon age. The gold is, however, 
apparently associated with a green-mica alteration 
product and is considered to be syn- or pre-mica. 
The authors 40ArX39Ar-dated the green mica to get a 
minimum age of gold formation. The green mica has 
been shown to be a very suitable mineral for 
40ArX39Ar work. It has enabled us to bracket the age 
of formation of the Dome Mine deposit at between 
2633± 6 Ma from micas and 2670±2 Ma from the 
zircons. Similarly, the Hollinger Mine has been brack 
eted between 2617±8 Ma and 2688±3 Ma (Masliwec 
etal. 1986).

At Hemlo it was found that the post-ore fuchsite 
has experienced a more tranquil post-crystallization 
history than that of the Dome and Hollinger Mines. 
The Hemlo gold is seen to be older than 2671 ±5 Ma 
from the 40ArX39Ar work (Masliwec et al. 1986). A pre- 
ore feldspar-porphyry dike associated with the Cedar 
Lake Pluton gave a U-Pb zircon age of 2681 ±3 Ma 
(F. Corfu, Geochronology Laboratory, Royal Ontario 
Museum, personal communication 1987). Thus, the 
Hemlo gold was formed between 2671 ±5 Ma and

2681 ±3 Ma making it the most precisely dated Ar 
chean gold deposit known.

In the Red Lake area, gold formation, hydrother 
mal alteration, and activity on deformation zones are 
all intimately related to batholith intrusion and its 
resulting metamorphism (Andrews et al. 1986). Cur 
rently, the authors are collaborating with A.J. An 
drews (Geologist, Ontario Geological Survey, Toronto) 
and co-workers to try to outline the thermal history of 
the contact zone of the Trout Lake Batholith and to 
position the time of hydrothermal activity and gold 
formation within this history.

Hornblende and mica from the contact zone yield 
beautiful plateaus with ages of approximately 
2675 Ma and 2665 Ma respectively. At this time, cool 
ing was evidently rapid and the subsequent history 
was tranquil. However, micas from the nearby 
Cochenour, Campbell, and A.W. White Mines, have 
been seriously disturbed, perhaps reflecting late ac 
tivity in the gold-associated deformation zones. Micas 
from the Campbell and Cochenour Mines show 
^Ar/^Ar spectra which are identical, within experi 
mental error, and show a high-temperature age of 
2629±6 Ma. The highest temperature 40ArX39Ar age 
derived from micas from the AW. White Mine is 
2634±4 Ma (Masliwec et al. 1986).

U-Pb dating of the plutons which surround the 
greenstone belt has been used to constrain the ages 
of gold formation. The Dome Stock in the centre of 
the greenstone belt is most certainly pre-gold as it is 
cut by ore-hosting shear zones and has a U-Pb 
zircon age of 2718±1 Ma (Corfu and Wallace 1986). 
Andrews ef al. (1986) have used the zircon and 
sphene age of the Trout Lake Batholith (2699± 2 Ma) 
to constrain the lower age of formation.

The argon results from the mines then indicated 
a much younger minimum age for gold emplacement 
than the zircon age by -70 Ma. The need for further 
investigation was indicated to attempt to better con 
strain the age of gold emplacement and to unravel 
the thermal history of the area (as a complex thermal 
history may have resulted in the down-shifting of 
argon ages). Thus, the Red Lake area has been the 
focus of a more intense investigation.

Two objectives of this year's work have been to 
extend the Red Lake study by, first, focusing on the 
surrounding batholiths to attempt to understand the 
thermal history of the area, and, by second, using the 
laser-fusion system to generate single-grain, 
40Ar739Ar-age spectra. The results so far obtained 
show that intriguing variations in thermal history can 
be seen. The laser-fusion system can generate 
single-mineral-grain age spectra more precisely and 
quickly than the more traditional ^Ar/^Ar dating of 
many milligrams of sample. Furthermore, the laser- 
fusion system has shown that large age differences 
can be seen between different-sized grains from the 
same hand sample.
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Figure 233.1. Generalized geological map of the Red Lake area showing surface sites of samples collected 
for ^Ar/^Ar dating and for paleomagnetic study. The mines where samples were collected are also 
shown.

SAMPLING EXPERIMENTAL METHODS
Extensive sampling of rocks from the Red Lake area 
was done in October, 1986, with the assistance of 
M.J. Lavigne (Resident Geologist, Ministry of Northern 
Development and Mines, Red Lake). Figure 233.1 
shows the extent of the surface sampling. Six plu 
tonic bodies were sampled; the Trout Lake Batholith, 
the Dome Stock, the Vermilion Lake Batholith, the 
Hammell Lake Batholith, the Killala-Baird Batholith, 
and the Howie Diorite. In these bodies, six samples 
were collected at from four to seven sites. The sam 
ples were collected either as oriented hand samples 
or as oriented field-drilled cores, and are part of a 
reconnaissance paleomagnetic investigation of the 
plutonic rocks currently underway by V. Constanzo at 
the University of Toronto. Eighteen sites in surface 
exposures of the volcanic units were also sampled 
for geochronologic and paleomagnetic studies. In ad 
dition, samples were collected from the A.W. White 
and Campbell mines. Mine samples were chosen so 
as to pre- and postdate ore emplacement. The major 
ity of the Red Lake mine samples were also oriented 
in the field for possible paleomagnetic work. As with 
the paleomagnetic survey, the main emphasis of the 
current investigation of the ^Ar/^Ar ages is on the 
batholiths which surround the greenstone belt.

Stepwise 40ArX39Ar heating of bulk samples of mineral 
grains was performed at the University of Toronto. 
Samples were heated in a L i nd berg furnace and the 
fractions were measured with an MS 10 mass spec 
trometer. Generally, 10 to 20 mg of sample were 
heated in the case of biotite and potassium feldspar, 
while 40 to 50 mg of sample were used in the case 
of hornblende.

In addition to this dating of bulk samples, the 
newly developed laser-fusion system is now being 
used to analyze single mica and hornblende grains 
from the Red Lake area. The laser-fusion system at 
the University of Toronto has been routinely used to 
step heat rocks and minerals (York et al. 1981; Bray 
et al. 1987; Layer et al. 1987). It consists of a 
Spectra-Physics 171-18 (18 watts) continuous argon- 
ion laser and a VG 1200S mass spectrometer with a 
Baur-Signer ion source and an electron multiplier. The 
ion source, operating at a 250 ^A emission current, 
gives a sensitivity of 3 mA/Torr, and the electron 
multiplier has a gain of about 105 . Typical back 
ground values for the extraction line were 7 x 10'14 ml 
STP for mass 36, 1 x 10*13 ml STP for mass 39. and 
1.8 x 1 Q-11 ml STP for mass 40.
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Figure 233.2. Age spectrum of the Trout Lake 
Batholith hornblende. Dashed line represents 
the U-Pb age at the same site.

An estimation of the temperature of each laser- 
heating step is made with a Barnes Engineering RM- 
2A infrared microscope. The microscope is calibrated 
for blackbody radiance, so a correction must be 
made by measuring the emissivity of each mineral 
grain (through the sapphire window) at low tempera 
ture (about 150CC) and assuming that this is constant 
at higher temperatures. Hornblendes typically have 
emissivities that are 907o that of blackbody and 
biotites have 700Xo, although there can be emissivity 
variations between grains from the same sample by 
as much as 200Xo. During laser heating, the infrared 
radiance of the samples is monitored and an appar 
ent "temperature" is calculated from that after apply 
ing the emissivity correction. At 9000C the tempera 
ture resolution is about 30C. This measurement of 
apparent temperature allows for selection of a pru 
dent heating schedule which maximizes spectral res 
olution.

Samples are heated by the laser through a sap 
phire window with a beam size larger than the grain 
to ensure uniform heating. The gas fraction is puri 
fied with a liquid-nitrogen cold trap, degassed Ti 
sponge (at room temperature), and an SAES GP50W 
getter with ST101 zirconium-aluminium alloy operated 
at 4000C. Each step of a mineral-grain's, stepwise 
laser-heating experiment takes only 15 minutes and 
consists of the following: a) 30 second heating by 
the laser at a specific radiance ("temperature"); b) 
three minutes of gettering; c) inletting of the fraction 
into the mass spectrometer and waiting for equilib 
rium to be attained (60 seconds); and d) measuring 
the five argon isotopes (3sAr, 37Ar, 38Ar, 39Ar, and 40Ar) 
by peak hopping (eight scans take about ten min 
utes).

Following data collection, the next heating step is 
done. The inlet-system background is monitored fre 
quently (about every fourth step) and the background 
values are subtracted from the fractions that follow it. 
Using this procedure, a 20 to 25 step run can easily 
be completed in a working day.
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Figure 233.3. The mathematically modeled seg 
ment of the hornblende spectrum from the 
Trout Lake Batholith (dashed) superimposed on 
experimental results (shown by their   lo error 
boxes). The model was of two episodes of gas 
gain and gave a blocking age of 2693 Ma. Note 
that all model results fit within the la error 
boxes of the experimental results.

RESULTS————-——————————-—
TROUT LAKE BATHOLITH
U-Pb dating of the Trout Lake Batholith (Walsh Lake 
site) was performed by S. Noble in T. Krogh's labora 
tory at the Royal Ontario Museum. Zircon and sphene 
give an age of 2600±2 Ma (Andrews ef a/. 1986; S. 
Noble, PhD candidate, Department of Geology, Uni 
versity of Toronto, personal communication 1986). 
^Ar/^Ar analyses were performed on hornblende, 
biotite, and potassium feldspar from the same site.

The hornblende-sample age spectrum (Figure 
233.2), obtained by step heating a bulk sample 
40 mg in size, shows excess argon in the initial and 
final fractions. Although the spectrum is complicated, 
it is rather orderly. As the effects of the excess argon 
diminish, the higher temperature fraction ages ap 
proach the U-Pb age. Mathematical modeling was 
performed on over 900Xo of the gas derived from the 
hornblende sample (fractions 2-11; Figure 233.3). The 
model, which was based on diffusion theory, consists 
of two pulses of gas gain, and yields a blocking age 
of 2693 Ma. As can be seen in Figure 233.3, all of 
the model ages fit within the 1a error of the experi 
mentally generated ages. This close similarity of the 
zircon, sphene, and hornblende ages implies that the 
Trout Lake Batholith apparently underwent very rapid 
initial cooling through the blocking temperatures of 
these minerals.

The age spectrum determined from a bulk sam 
ple of biotite from the Trout Lake Batholith shows a 
much younger age, plateauing at -2600 Ma (Figure 
233.4a). The grains in this grain-size separate were 
small (125 to 250 /*m in diameter). A single grain 
from this size fraction was used in laser analysis. 
This grain was roughly 250 jim across and 24 frac 
tions were extracted from it. A second grain, 1000 jim
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Figure 233.4. (a) Bulk-sample spectrum (black) 
and single-grain spectrum (white) of 125 to 
250 firn sized biotite grain from the Trout Lake 
Batholith, (b) Same as (a), however, the single- 
grain spectrum (white) has been repartitioned 
to the same percent ^Ar steps as the bulk 
sample (black).

in diameter, taken from the same hand sample was 
also analyzed to see if there was some relationship 
between grain size and plateau age. In Figure 233.4a, 
the authors show on the same graph, the age spec 
trum derived for this mineral, when analyzed in the 
traditional bulk way, and its age spectrum as gen 
erated by the laser.

As may be seen in Figure 233.4a, the bumpy 
feature of the bulk sample appears to be present in 
the single grain, although the far more detailed laser 
run may show significantly more spectral structure at 
higher temperatures. To make the comparison more 
realistic, the authors have repartitioned the gas re 
lease in the laser data so that the 39Ar-step sizes are 
identical to those used in the bulk run. The result is 
shown in Figure 233.4b where a striking agreement 
may be seen between the laser spectrum and the 
conventionally derived bulk spectrum. This good 
agreement indicates consistency of both age and 
argon distribution among members of this grain-size 
separate.

The authors then step heated the much larger 
biotite flake whose mass was ~70 times the mass of

2000
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Figure 233.5. Bulk-sample age spectrum (black) of 
125 to 250 firn diameter biotite grain and the 
single grain age spectrum (white) for a large 
(-1000 firn diameter) biotite from the Trout 
Lake Batholith. Both size fractions are from the 
same hand sample.

the first biotite grain. In fact, it can be seen in Figure 
233.5 that the age spectrum of the large grain (38 
fractions) is systematically raised above the bulk 
(and the laser spectrum of the smaller grain) by 
-70 Ma. The ages corresponding to the final 45 per 
cent of the 39Ar release from the large grain scatter 
about an integrated age (for this high-temperature 
segment) of -2670 Ma, which approaches (within 1 
percent) the concordant U-Pb age of 2600±2 Ma and 
the hornblende age of 2693 Ma derived from the 
modeling. Evidently, the larger biotite grains became 
closed for argon diffusion much earlier than the 
smaller ones in the cooling history of this body (Trout 
Lake Batholith), or, alternatively, they proved to be 
significantly more resistant to argon loss in any later 
events.

Evidently, the initial rapid cooling rate through 
the zircon, sphene, and hornblende blocking tem 
peratures decreased somewhat since it took roughly 
30 Ma for the large biotite to reach its blocking tem 
perature, while another 70 Ma passed before the 
smallest biotite grains blocked.

HAMMELL LAKE BATHOLITH
U-Pb dating was performed by N.D McMaster (in T. 
Krogh's laboratory at the Royal Ontario Museum) on 
three zircon and two sphene fractions from the Ham 
mell Lake Batholith. The resulting concordia plot, 
shown in Figure 233.6, yielded an age of 2717± 
1.5 Ma, with both zircon and sphene giving effec 
tively identical ages. 40ArX39Ar analyses were per 
formed on hornblende, biotite, and potassium-feld 
spar bulk samples from the same Hammell Lake site. 

The hornblende age spectrum, shown in Figure 
233.7, is reminiscent of the hornblende age spectrum 
for the Trout Lake Batholith; namely, with excess 
argon occurring at both ends of the spectrum. The

30



PAUL W. LAYER, N. DAWN MCMASTER, AND DEREK YORK

HAMMELL LAKE ZIRCON (z) AND SPHENE (s)

-36

2717

Figure 233.6. U-Pb concordia diagram for three 
zircons and two sphenes from the Hammell 
Lake Batholith.

Hammell Lake age spectrum, however, does show a 
small amount of argon loss in the first fractions. In 
this case, as the effects of the excess argon dimin 
ish, the high-temperature age fraction falls slightly 
lower than the U-Pb age of 2717 Ma.

Mathematical modeling of over 880Xe of the gas 
released (fractions 2-11; Figure 233.8) from the Ham 
mell Lake hornblende gave a blocking age of 
2702 Ma. This age is higher than that of the Trout 
Lake Batholith hornblende. This is perhaps not sur 
prising since the Hammell Lake zircon and sphene 
ages are higher than those from the Trout Lake 
Batholith. The model used was that of a one-pulse 
gas gain (responsible for the excess argon) followed 
by a gas-loss event that produced the argon loss 
seen in the first fractions. The loss event was mod 
eled at 2092 Ma, when about Q.6% of the total argon 
was lost. The gas-gaining event could have occurred 
any time between the time of formation of the horn 
blende, and the gas-loss event. In this case, all but 
one model age falls within lo error of the experimen 
tal results. As with the Trout Lake Batholith, the close 
similarity in age between the zircon, sphene, and 
hornblende, suggests rapid initial cooling of the Ham 
mell Lake Batholith.

Biotite, from the same site as the other samples, 
gives a beautiful age spectrum (Figure 233.9). This 
near perfect plateau creeps up to give a high-tem 
perature age of 2642± 5 Ma. The grain size of the 
fraction used in this bulk analysis (250 to 500 M m) 
was larger than that used with the Trout Lake Batho 
lith. Laser analysis of one of the largest grains from 
this population shows a spectrum with a similar 
shape to the bulk spectrum (Figure 233.9); however, 
it has an integrated age 17 Ma older than the bulk- 
integrated age. The high-temperature age approaches 
2680 Ma, much closer to the zircon, sphene, and 
hornblende ages. As with the Trout Lake Batholith, 
after the initial rapid cooling of zircon, sphene, and 
hornblende at roughly 2700 Ma, the cooling process 
slowed down and took about 60 Ma to pass through 
the blocking temperature of the bulk of the biotite.
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Figure 233.7. Age spectrum of the Hammell Lake 
Batholith hornblende. Dashed line represents 
the U-Pb age at the same site.
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Figure 233.8. The mathematically modeled seg 
ment of the hornblende spectrum from the 
Hammell Lake Batholith (dashed) superimposed 
on experimental results (shown by their  o 
error boxes). The model was of one episode of 
gas gain followed by an episode of gas loss 
and gave a bucking age of 2702 Ma. The loss 
event was modelled at 2092 Ma with a loss of 
only 0.6 percent of the total argon. All but one 
of the model results fit within the 1o error 
boxes of the experimental results.

KILLALA-BAIRD BATHOLITH
Six individual grains of biotite, 250 to 500 /i m in 
diameter, from a single hand sample were step heat 
ed with the laser-fusion system. The results are 
shown in Figure 233.10. Although the integrated ages 
are within 27o of each other and they plateau at 
-2650 Ma, it can be seen that there are definite 
differences between the age spectra. As in the Trout 
Lake Batholith, the larger grains seem to record dif-
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Figure 233.9. Bulk sample age spectrum (black) of 
250-500 ^m diameter biotite grain, and the 
single grain age spectrum (white) of a 500 firn 
diameter biotite grain from the Hammell Lake 
Batholith. Both size fractions are from the 
same hand sample.

ferent thermal histories than do the smaller grains. 
These grains apparently act as individual clocks re 
cording their own perspective of the thermal history 
of the area. The plateau values seen in grains a, b, c, 
and e approach 2650 to 2660 Ma, again very close to 
the zircon age of 2704±2 Ma (Andrews et al. 1986).

The use of the laser as a microprobe for calcium 
and potassium also reveals vast differences in the 
ratio of these elements between grains, as can be 
seen in Figure 233.11. The difference is especially 
pronounced between samples b and c. While their 
total calcium-potassium ratios differ by a factor of 20, 
which is indicative of very different compositions, 
their integrated ages are identical within error and 
they have similar spectral shape.

DOME STOCK
The Dome Stock, in the centre of the Red Lake 
Greenstone Belt, has a zircon age of 2718±2 Ma 
(Andrews et al. 1986). Separates from the interior and 
sheared margin of the stock have been measured in 
laser step-heating experiments. The sample from the 
pluton's interior was taken from a fresh, blasted out 
crop and no signs of alteration were seen. Fresh, 
unaltered biotite grains were extracted from the sam 
ple and measured 250 to 500 /im in diameter. Two 
grains were step heated and behaved consistently. 
Both showed some diffusional loss at low tempera 
ture, but reached plateaus of 2641±1 Ma and 2647± 
3 Ma for the last 607o of gas released.

In contrast, the sample from the sheared margin, 
(from the Flat Lake-Howey Bay Deformation Zone, in 
the Town of Red Lake), is highly altered and no 
biotite was identified. Small clumps of sericite and 
chlorite were measured by laser step heating. Two 
samples showed much more argon loss at low tem 
peratures, and, in both cases, stable plateaus were

not reached until a high temperature was achieved. 
Plateau ages of 2543±3 and 2632±3 Ma were ob 
tained for only the last 400Xo of the age spectra. X-ray 
diffraction experiments currently underway by S. Mar 
mont (Geologist, Ontario Geological Survey, Toronto) 
will hopefully identify the composition of these 
alteration-product minerals.

Although the results are only very preliminary, it 
is possible that the difference in ages between the 
interior and margin of the Dome Stock may reflect the 
alteration and shearing of the marginal zone; further 
work may allow the authors to date this deformation.

SUMMARY
40ArX39Ar dating combined with U-Pb dating has pro 
vided valuable information on the cooling histories of 
the Trout Lake and Hammell Lake Batholiths. In both 
cases, after initial rapid cooling at -2700 Ma through 
the blocking temperatures of zircon, sphene, and 
hornblende, as seen in the close similarity in the 
ages of the minerals, the cooling rate apparently 
decreased, and it took roughly 100 Ma, in the case of 
the Trout Lake Batholith, and 60 Ma, in the case of 
the Hammell Lake Batholith, to pass through the 
blocking temperature of the biotites.

The significant shift to higher ages seen in the 
spectra of the Trout Lake Batholith biotite, in going 
from a small (250 /im diameter) to a large (1000 firn 
diameter) grain (see Figures 233.4a and 233.5), sug 
gests that similar variations may be found elsewhere. 
If this proves to be the case, single-grain dating will 
significantly enhance the information available for 
deducing the thermal history of an area.

The use of a laser makes automation of the 
whole 40ArX3SAr method far simpler and more flexible 
in prospect than would ordinarily be the case. The 
authors expect to have such a fully automated sys 
tem in use shortly. With such a system, the output 
will be dramatically increased. Projects such as the 
extensive Red Lake project, previously neglected be 
cause of their potential labor-intensity, will become 
feasible.

The authors, based on the results shown here, 
deduced that good-quality, single-grain age spectra 
can be obtained from biotite. Given sufficient potas 
sium content and grain size, there would appear to 
be no lower limit to the age of single mineral grains 
that can be step heated. Laser analyses are currently 
underway on hornblendes and potassium-feldspar 
grains from both the Killala-Baird Batholith and the 
Dome Stock to compliment the biotite work that has 
been completed.

Information obtained thus far, in this Ontario Geo 
logical Survey supported project, has precisely con 
strained the age of gold at Timmins to be between 
2633 Ma and 2670 Ma at the Dome Mine, and to be 
between 2617 Ma and 2688 Ma at the Hollinger Mine. 
An age range of 2671 Ma to 2681 Ma makes Hemlo 
the most precisely dated Archean gold deposit in 
Canada (and perhaps in the world). While the Red 
Lake gold emplacement is not as well constrained, 
the current study of the thermal history of this area 
should offer new insights to better constrain the age
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Figure 233.10. Laser generated age spectra tor 
six biotite grains from the Killala-Baird Batho 
lith. The dashed lines at 2600 Ma and 2700 Ma 
on each spectrum are for reference.
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Figure 233.11. Calcium-potassium ratio spectra for 
the six biotite grains whose age spectra are 
shown in Figure 233.10.
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of gold emplacement in this economically important 
area.
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Separation as a Precipitation and Dilation Mechanism
E.T.C. Spooner, C.J. Bray, P.C. Wood, D.R. Burrows, and N.J. Callan
Department of Geology, University of Toronto, Toronto

ABSTRACT
Carbon isotope analyses indicate that carbonate as 
sociated with Au-quartz vein mineralization in the 
Mcintyre Mine is isotopically similar to that from the 
Hollingero Mine (-3.3±0.4^o (1a), n=8; compare to
-S.Ofl.5%0 (1a), n:M4)(^ standard deviation, ^ 
number of samples), and that carbonate in altered 
albitite dikes (-S.1%0, -2.8^0) is isotopically similar to 
that associated with the gold mineralization.

The following gases have been detected in pri 
mary and strain-related secondary inclusions in 
quartz and scheelite from the Hollinger and Renabie 
Mines using a zero blank, high temperature (~1050C) 
crushing system attached directly to the inlet system 
of a Hewlett Packard 5890 gas chromatography with a 
Porapak Q packed column at 500C and a thermal 
conductivity detector: (N2±CO±Ar±O2±NO), NO, CH4, 
C02, N20, C2H6, and H2O (in order of retention time). 
CH47(CH^C02) molar ratios decrease upwards in the 
Hollinger Mine from 18.00±7.35eXo (n ^ 6; 1500- and 
1800-foot levels) to 1.37±0.81 07o (n * 5; surface; 
200- and 800-foot levels). This decrease is inter 
preted to be a result of progressive H?OCO2 phase 
separation reflecting the high gas/liquid partition co 
efficient of CH4 (Drummond and Ohmoto 1985). The 
fact that the ratios decrease to values similar to 
those found in the Renabie Mine (1.07±0.350Xo; n - 
6) which, in contrast, consists of an oxidized Archean 
Au-quartz vein system (anhydrite; negative 634S), is 
evidence for H2O (liquid) oxidation by reduced gas 
(H2, CH4) H2S) loss during H20-C02 phase separation; 
a possible mechanism for the generation of oxidized 
Archean Au-quartz and Cu-Au-Ag-Mo-anhydrite vein 
systems.

Samples from close proximity to graphitic ma 
terial from surface show clear, relative CH4 increases 
to CH4X(CH4 H-C02) ratios of S.94-16.56% confirming 
carbon isotope exchange with CH4 as a mechanism 
for producing isotopically less negative carbonate in 
association with graphitic interflow material (e.g. 
Fyon ef a/. 1983).

Very approximate pressure and depth estimates 
for the upper part of the Hollinger Mine, based on 
fluid inclusion properties, P-T (pressure/temperature) 
sections through the H2O-NaCI-CO2 immiscibility vol 
ume (Gehrig et al. 1979), and evidence for lithostatic 
fluid pressure are 500+200/-300 bars and 1.9+0.8.'
-1.1 km respectively.

H2O-C02 phase separation, fluid inclusion evi 
dence for which has been described from the 
Hollinger-Mclntyre and Pamour # 1 Deposits and sev 

eral deposits in Western Australia (Groves ef a/. 
1984; Walsh ef a/. 1984; Wood ef a/. 1984, 1986a; Ho 
ef al. 1985) can, together with other factors, explain 
several features of Archean Au-quartz vein systems 
including:
1. coprecipitation of Au-Ag, pyrite, and other sul 

phide minerals
2. coprecipitation with carbonate (e.g. Arnorsson 

1978)
3. mineralization over large vertical intervals of 

-1000 m to as much as 3230 m (Kolar, India)
4. generation of oxidized Archean Au-quartz and 

Cu-Au-Ag-Mo-anhydrite systems by loss of re 
duced gas species (H2, CH4 , H2S)

5. hydraulic fracturing
6. volumetric inflation, including dilation of shear 

zones (e.g. the Renabie Mine) and expansion 
from relatively insignificant root zones (based 
significantly on the work of Drummond and Oh 
moto 1985).

Significant quartz precipitation can only signify a tem 
perature drop, for temperatures less than the solubil 
ity maximum (~3850C at 500 bars).

INTRODUCTION
This report is a continuation of two published pre 
viously (Spooner ef al. 1985; Wood ef al. 1986b) and 
three recent papers (Burrows and Spooner 1986; Bur 
rows ef al. 1986; Wood ef al. 1986a) which discuss 
various aspects of the geological characteristics and 
geochemistry of the Hollinger-Mclntyre Au system. 
The main objectives of this report are:
1. to present and discuss carbonate 613C values 

from Au mineralization in the Mcintyre Mine to 
improve coverage of the Hollinger-Mclntyre sys 
tem as a whole, and to discuss the 613C values 
of carbonate from altered albitite dikes and car 
bonate associated with graphitic material

2. to present and discuss the results of gas 
chromatographic analysis (HP 5890) of fluid in 
clusion gases released by a hot (~1050C) crush 
ing technique from quartz (-1.5 g) and scheelite 
(-2.5 g) from the Hollinger Mine

3. to discuss a method based on a H20-C02 phase 
separation for estimating the approximate pres 
sure and depth of formation of the Hollinger- 
Mclntyre system

4. to discuss H20-C02 phase separation, which is 
indicated from fluid inclusion observations
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TABLE 236.1. 6 13C VALUES FOR CARBONATE ASSOCIATED WITH Au-QUARTZ VEIN MINERALIZATION, 
MCINTYRE, CARBONATE FROM ALTERED ALBITITE DIKES, AND CARBONATE ASSOCIATED WITH 
GRAPHITIC MATERIAL. —-——-^—^-—---————--—--—------—-——--—------.^-—-.
Sample Number Sample Description 613C (*fco; PDB)

Au-QUARTZ VEIN MINERALIZATION

M28 - S510 (v) Ankerite-quartz-chalcopyrite-Au vein from within albitite - 3.2 
dike; 2800' level.

M36 - S241 (v) Ankeritic carbonate vein in mafic flow; 3600' level. -3.7
M36 - S243 (v) Ankeritic carbonate vein in mafic flow; 3600' level. - 3. 1
M36 - S243 (w) Altered wall-rock; as above. - 3.3; - 3.4
M38 - S219 (v) Ankeritic carbonate vein in mafic volcanics; 3800' level. - 4.0
M38-S219(w) Altered wall-rock; as above. -3.3
M38 - S293 (v) Ankeritic vein carbonate; 3800' level - 2.6
M38 - S294 (v) Ankeritic vein carbonate; 3800' level - 3.0; - 2.7
x ± a 8 Mcintyre values - 3.3 ± 0.4
x ± a 14 Hollinger values - 3.0 ± 1.5
x ± a 22 Hollinger/Mclntyre values -3.1 ± 1.2

ALTERED ALBITITE DIKES

M23 - S265a Altered albitite dike; 2300' level - 3.1 
M38 - 194 Albitite dike; 3800' level - 2.8

CARBONATE ASSOCIATED WITH GRAPHITIC MATERIAL

H12 - S159a (v) Carbonate from vein hosted in graphitic interflow - 2.9; - 2.6 
unit. 1200' level, Hollinger

H12 - S159b (v) Graphitic interflow unit; mixture of carbonate and graphitic -1.1 
material. 1200' level, Hollinger — carbonate

— graphitic material - 23.4; - 23.5

613C analyses were carried out at the Isotope Lab., Department of Earth Sciences, University of Waterloo, 
Waterloo, Ontario N2L 3G1 by standard techniques. The estimated routine uncertainty is ± 0.2 70 o (1a). All 
samples from Mcintyre unless otherwise stated.

(Wood ef at. 1986a), as a mineral precipitation the arithmetic means are very similar ato -3.3±0.4
(e.g Au-Ag, pyrite, carbonate), fluid oxidation, (1a)*3oo for the Mcintyre Mine and -3.0±1.50̂ c for the
hydraulic fracturing, and shear zone dilation Hollinger Mine (Wood et al. 1986a). Hence, the
mechanism in Archean Au-quartz vein/shear weighted mean 613C value for the Hollinger-Mclntyre
zone systems system is -3.1 ±1.2^ ^22).

CARBONATE 613C VALUES. MCINTYRE MINE CARBONATE FROM ALTERED ALBITITE DIKES
CARBONATE ASSOCIATED WITH Au-QUARTZ VEIN Tne altered albitite dikes discussed by Wood et al.
MINERALIZATION (1986b) are distinctive in having high, secondary
M ,. , M carbonate contents reflected in high CO2 contents of
613C values for eight samples from the 2800-, 3600-, 10 7oXo (Sample M23-S265a) and 11.5'Xo (Sample M38-
and 3800-foot levels of the Mcintyre Mine (Table 194) HenCA the 613C va|ues of tnis carbonate have
236.1) have been determined in order to broaden ^p determined for comparison with the Au-quartz
coverage of the Hollinger-Mclntyre system as a vein and a |tered wan rock va| ues . The two values of
whole, since data from the Mcintyre Mine have pre- .3 ^ and .2 . 8^ (Table 236.1) lie on, and within,
yiously been lacking. Compared to the Hollinger data 0.30̂  of the revised mean value for mineralization
(-4.8 to-0.1^; Wood era/. 1986a), the range of 1.4^ (see aDOVe). Hence, the sources of the altered al-
from -4.0 to -2.6 4o (Table 236.1) is distinctly less, bitite and Au-quartz vein related carbonate are, pre-
because less negative values are lacking. However, sumably, the same.
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CARBONATE ASSOCIATED WITH GRAPHITIC 
MATERIAL
Fyon et at. (1983) have presented carbon isotope 
data which indicate that Au-quartz vein carbonate 
associated with graphitic material is less negative 
than other carbonate. For example, 30 determinations 
from the #55 and #68 open pits at the Hollinger Mine 
average -Q.610.5%0. Wood ef a/. (1986a) have pre 
sented two determinations of -1.1*o and -LO'Joo from 
the #55 pit which are consistent with these data. In 
addition, data for two graphite-related samples are 
given in Table 236.1. One from a vein (Sample H12- 
S159a) shows a normal 13C value of -2.80/^. However, 
the other from an intimate carbonate-graphite mixture 
(Sample H12-S159b) shows a distinctively less nega 
tive 13C value of -1.1^o, consistent with Fyon et a/.'s 
(1983) observations.

Interaction with graphitic material may modify 
carbonate 613C values in two possible ways; through 
direct contamination with graphitic carbon and/or 
through isotope fractionation with produced CH4 . The 
former cannot be the case, because Superior Prov 
ince interflow graphitic material is isotopically nega 
tive, typically being between -350/^ and -20 ̂ o 
(Schoell and Wellmer 1981), whereas the graphite 
associated carbonate is less negative. This relation 
ship has been specifically confirmed in the case of 
Sample H12-S1595 by analysis of the associated 
graphitic material giving duplicate 613C values of - 
23.504 and -23.404 (Table 236.1), exactly in Schoell 
and Wellmer's (1981) range. On the other hand A13C 
C02-CH4 at 2800C, the estimated mineralization tem 
perature for the Hollinger-Mclntyre system (Wood et 
al. 1986a), is H-26%0 (Friedman and O'Neil 1977), the 
CH4 being isotopically lighter. Hence, carbon isotope 
exchange between CO2 and produced CH4 would 
produce significantly more negative CH4, and con 
sequently less negative CO2, which is exactly the 
observed trend. Gas chromatographic analysis of flu 
id inclusions in quartz associated with graphitic ma 
terial show this predicted increase in the CH47(CH^ 
C02) ratio (see below), and therefore confirm this 
mechanism. Hence, CH47CO2 carbon isotope partition 
must have occurred, a process about which there is 
significant debate (e.g. Drummond and Ohmoto 
1985).

FLUID INCLUSION GAS CHEMISTRY ~
The chemistry of gases in fluid inclusions can pro 
vide information on species present, fluid conditions 
(e.g. f02), and fluid sources. Preliminary data, particu 
larly CH4X(CH4 -*-C02) molar ratios, have been ob 
tained from material from the Hollinger Mine contain 
ing best primary inclusions, dominantly secondary 
inclusions, and from close to graphitic material.

METHOD AND ANALYTICAL CONDITIONS
Carefully selected quartz and scheelite samples were 
first crushed in a jaw crusher and percussion mortar, 
and -1.5 to 5 mm fragments hand-picked for further 
work. These separates were then cleaned in 257o 
HNO3 for at least 1 hour at ~400C, and then washed 
3 to 4 times in deionised water then acetone, and 
allowed to air dry. Approximately 1.5 g of quartz or 
-2.5 g of scheelite were loaded into a stainless steel

(f 316) crusher connected directly to the inlet system 
of a Hewlett Packard 5890 gas chromatograph 
equipped with a high sensitivity thermal conductivity 
detector. The crusher is a modified version of the 
design described by Andrawes and Gibson (1979). 
The main differences are that a 1.9cm diameter 
piston, instead of a 1 cm, is used to take a larger 
sample size, the upper chamber is detachable from 
the crushing chamber to improve cleaning, and a 
completely separate helium supply is connected to 
the upper chamber. The crushing chamber is heated 
by two cartridge heaters inserted in cylindrical holes 
located on either side and below the sample position. 
After the crusher has been loaded, helium carrier gas 
is passed through the crushing chamber for -15 
hours (i.e. overnight) and heated on a timer for -5 
hours at 1050C. Helium is passed through the upper 
chamber at a low flow rate of *C1 cmVmin over the 
same time period. This procedure ensures that there 
is no air retained in the crusher or in the upper 
chamber, and that all absorbed H20 and other gases 
have been removed from the sample and crusher 
walls.

In preparation for an analysis, the exhaust valve 
on the upper chamber is closed, and the helium 
pressure increased to 20 pounds per square inch 
(psi). The helium carrier gas flow rate through the 
crusher to the gas chromatograph is adjusted to 19.4 
(±0.1) cmVmin and the reference flow set to 50.0 (± 
0.4) cmVmin. These flow rates are recommended by 
Hewlett Packard to give the best sensitivity using 
packed columns. The pressure in the crusher is 
-30 psi so that any gas leakage is out of, rather than 
into, the crushing chamber. The sample is crushed at 
1050C to ensure instant volatilization of H2O, a high 
internal fluid inclusion pressure, and to prevent gas 
adsorption on freshly broken mineral surfaces (e.g. 
Barker and Torkelson 1975) and the crusher walls, 
but not to cause gas reactions which might take 
place at a higher temperature. The crusher is posi 
tioned within a stainless steel frame containing a 
hydraulic ram connected tp a hydraulic piston cyl 
inder. The sample is first given a weak crush, equiv 
alent to approximately a quarter of a full stroke on 
the hydraulic piston, in order to disaggregate it and 
reduce its total volume in preparation for the main 
crushes. The crush strokes must be sharp and sud 
den so that fluid inclusion gases are released into 
the helium carrier gas stream in bursts equivalent to 
usual syringe injections. This procedure is very suc 
cessful as the chromatograms, discussed below, 
show. The pressure gauge on the hydraulic ram for 
the first crush registers anywhere between O and 
300 psi, usually O psi. After all the gases from the 
first weak crush have been analyzed, the sample is 
given a full crush to a pressure typically between 
2000 and 3000 psi. Successive third, and sometimes 
fourth, crushes give a final pressure of -7000 psi. 
After crushing, the sample is a fine powder contain 
ing a few small, uncrushed fragments. It is estimated 
that -80 to 907o of the contained gases are released. 
A great advantage of this approach is that more than 
one gas analysis, typically two to four, is obtained on 
individual sample aliquots (see below). Using this 
method, the system has a zero blank for all gases at 
the current detection limits as determined by sequen-

37



GRANT 236

SI5-08-OI-2 Scheelite, 
Best Primaries, 
1500 level

Figure 236.1. Gas chromatograms of fluid inclusion gases released by crushing at ~ 105* C. Note the low CH* 
relative to CO2 in the surface sample (1P-S346), the very minor N2 O, and no detectable NO or C^n*. In 
the sample from the 1500- loot level (S 15-08-01-2), note the well-defined peaks for NO, AfcO, and C^. 
Numbers by peaks are retention times in decimal minutes.
Sample weights: ~ 1.5 g (quartz) and -2.5 g (scheelite) crushed, sieved to ~ 1.5 to 5 mm and cleaned. 
Gas chromatograph: Hewlett Packard 5890 with a 3392 integrator. Detector TCD. Column: 6 foot by 1/8 
inch Porapak Q at 5(fC. Flow rates: 19.4±0.1 cmVm/n (He carrier) and 50.0±0.4 crrf/min (reference).

tial crushing of Brazilian quartz preheated to 9000C 
for four hours. Preheating of Brazilian quartz was 
necessary to eliminate an H20 peak caused, presum 
ably, by the presence of fluid inclusions.

For the results reported here, the gases were 
analyzed using a 6 foot by 1/8 inch (1.83m by 
3.18 mm) column of acetone-washed Porapak Q kept 
at 500C in order to reduce tailing of C02 by adsorp 
tion at ~25CC (very successful) and to elute H 2O in a 
reasonable length of time (-20 minutes). The thermal 
conductivity detector was kept at 1200C. The advan 
tage of using Porapak Q is that the three key gases, 
CH4 , CO* and H2O (see Figure 236.1) are cleanly 
separated. The principal disadvantage is that N2, CO, 
Ar, and O2 co-elute and overlap (?) NO (see Figure 
236.1). The former gases will be separated and ana 
lyzed using a molecular sieve column in the future. 
Gas peaks are identified by comparison of observed 
retention times with retention times of gases in stan 
dard gas mixtures. Moles of gases released are de 
termined from areas under peaks calculated by a 
Hewlett Packard 3392 integrator for standards and 
unknowns. The linear behaviour of the thermal con 
ductivity detector has been checked for CH4 , CO2, 
and H 20 and found to be very satisfactory. Succes 
sive crushes of an unknown, and standards, typically 
take ~5 to 6 hours to complete.

SAMPLES
Twenty samples from the Hollinger Mine and five 
samples from Au-quartz vein mineralization from the 
Renabie Mine area, 80 km northeast of Wawa, were

chosen for analysis in the first instance (see Table 
236.2). Eight of the Hollinger Mine samples were 
selected as they contain the best primary inclusions; 
three quartz from the surface, one quartz and one 
scheelite from the 15 level, and three scheelite from 
the 18 level. Four Hollinger Mine quartz samples were 
selected as they contain typical strain-related secon 
dary inclusions from the 2, 8, 17, and 27 levels, and 
the final four Hollinger Mine quartz samples are from 
close proximity to graphitic material to look for 
chemical interaction effects.

Renabie Mine material is characterized by secon 
dary inclusions reflecting the ubiquitous syn- and 
postmineralization strain (Callan and Spooner, this 
volume). Samples were chosen from the main zone 
on the 3265-foot level, the D extension part of the 
main zone on the 1400-foot level, the Nudulama zone 
on the 1400-foot level, a MoS2 bearing shallow dip 
ping quartz vein crosscutting the main vein structure 
on the 3105-foot level, and a glassy quartz-pyrite- 
anhydrite-MoS2 vein near the main shaft on the 3105- 
foot level.

GASES DETECTED
The composite N2 H-CO*Ar*O2 peak (N2 4-), and the 
CH4 , CO2 , and H 2O peaks were detected in all sam 
ples (for examples, see the chromatograms in Figure 
236.1). The relative areas corresponding to relative 
abundances for the single component peaks are in 
the order H2O^C02X^H4 . Detection of significant 
quantities of CH4 confirms the possibility of produc 
ing less hydrogen isotopically negative H 20 by D/H
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TABLE 236.2

Sample No.

HOLLINGER -

1P-S346

33P - S342 

400-2

S 15-08-0 1-2

15-08-01-05 

18-83-01-1

18-83-01-2

18-83-01-2 
Duplicate

FLUID INCLUSION GAS ANALYSIS RESULTS, HOLLINGER AND RENABIE DEPOSITS.

Sample description 
and location

PRIMARIES

Quartz; best primaries, 
constant ratio. #1 open 
Pit.

Quartz; bets primaries, 
#33 open pit.

Quartz; best primaries, 
constant ratio. #400 open 
Pit

Scheelite; best primaries, 
variable ratio. 1 500' level

Quartz; best primaries. 
1500' level

Scheelite; best primaries, 
constant ratio. 1800' 
level

Scheelite; best primaries, 
constant ratio. 1800' 
level

H n

Crush 
pressure 

(psi)

0 
2500 
5500 
Total
1800 
4800 
Total
2000 
4500 
7000 
Total

0 
1300 
2800 
5700 
Total

700 
3400 
6100 
Total

500 
900 

3200 
5000 
Total

0 
1700 

-2650 
2700
Total

300 
3200 
4800
Total

CH47(CH4*CO2) 
(molar; y*)

1.58 
1.52 
1.52
1.52
0.82 
0.79
0.81
0.30 
0.28 
0.36 
0.30

20.55 
18.38 
10.70 
9.39

14.73
6.12 
6.29 
6.45
6.28

20.23 
14.38 
11.18 
9.78

14.88
28.78 
24.49 
16.89 
12.53
23.99
26.59 
23.74 
15.93
23.96

NO, N2O and C2H6 
detection

minor N20

very minor N^ 

minor N^

large NO, N2O and

very minor N2O

large NO, N2O and 
C2H6

large NO, N20 and 

n.d.

exchange with CH4 , as discussed by Wood et al. 
(1986b). Very interestingly, three additional peaks 
have been detected, but only on samples with high 
CH4 and NZ+. The first peak appears either as a high 
retention time shoulder on the N2* peak or, if present 
in large amounts, as a separate peak (Figure 236.1). 
It is provisionally identified as NO from published 
retention times and from an approximate correlation 
with the size of a peak identified as N20. The second 
peak appears on the high retention time side of C02 
(Figure 236.1) and is identified as an N20 peak from 
an exact correspondence with the retention time of 
standard N20. The third peak occurs midway be 
tween the C02 and H2O peaks and is identified as a 
C2H6 peak from exact correspondence of unknown 
and standard retention times. As far as is known, 
these results, together with results from the Tanco 
granitic pegmatite from southeastern Manitoba, pro 
duced at the same time (Bray et al. in prep.), are the

first to report detection of NO and N 2O from fluid 
inclusions in minerals (only N2O from Tanco).

H2, Ne, NH3, and H2S peaks were looked for but 
not detected.

RESULTS AND DUPLICATES
Results for CH4X(CH^CO2) molar ratios and for de 
tection of NO, N2O, and C2H6 are given in Table 
236.2. Molar ratios are given for different crush pres 
sures together with means which are weighted ac 
cording to the relative amounts of the gases released 
in each crush.

Four duplicates were run: two scheelite best 
primaries and one sample from near graphitic ma 
terial from the Hollinger Mine, and the D extension 
sample (1400 level) from the Renabie Mine. The 
three Hollinger duplicate (^/(C^+CO^ molar ratios 
are in very good agreement relative to the total
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TABLE 236.2.

Sample No.

18-83-01-39

18-83-01-39 
Duplicate

SECONDARIES

(cont'd.)
Sample description 
and location
Scheelite; best primaries, 
constant ratio. 1800' 
level

n H

2 - S321 Quartz; 200' level 

8 - S309 Quartz; 800' level

1 7 - S 1 09 Quartz; 1 700' level 

27 - S 149 quartz; 2700' level

RELATED TO GRAPHITIC MATERIAL

55P - S321

55P-S321 
Duplicate

Quartz; #55 open pit

U H

Crush 
pressure (psi)

600 
2000 
3600 
Total

300 
800 

1400 
4500
Total

0 
1900 
5000 
Total

0 
1500 
3800 
6500 
Total

0 
1300 
3500 
6500
Total

0 
1300 
3600 
6200
Total

400 
4500 
6300
Total

100 
2100 
5200
Total

CH47(CH4 *CO2) 
(molar; 0Xo)

28.86 
21.11 
16.18 
23.24
26.39 
23.17 
19.06 
19.58
22.25

2.13 
1.93 
2.05 
1.99
4.40 
2.15 
2.24 
2.26
2.24

28.69 
25.80 
25.89 
23.92
25.36
10.33 
9.19 
9.10 
9.32
9.21

15.13 
14.82 
14.92
14.93
14.77 
14.66 
14.92
14.77

NO, N2O and C2H6 
detection

minor NO, medium N2O 
and large C2H6

medium NO and N2O 
and large C2H6

minor N20

very minor NO and 
minor N2O

very minor N2O and 
C2H6

very minor N 2O 

very minor N2O

range: 23.99/23.96, 23.24/22.25 and 14.93/14.77, 
compared with 0.30-25.36. The Renabie duplicate 
shows more variability: 1.60/0.91 compared with a 
total range of 0.68-1.60

DISCUSSION OF RESULTS
CH47(CH4 *CO2) Molar Ratios from Different 
Crushes
Figure 236.2 shows data for different crushes of 
quartz and scheelite containing best primary inclu 
sions, and quartz containing typical secondary inclu 
sions. It can clearly be seen that the scheelite sam 
ples show a consistent decrease in the CHV(CH4 * 
C02) ratios in successive crushes, whereas the 
quartz samples show very constant ratios. A qualita 

tive explanation is that CH4-rich inclusions, which are 
under a higher internal pressure than C02-rich inclu 
sions (e.g. Figure 3.17 of Burruss 1981) break pref 
erentially in scheelite because of its good cleavage, 
whereas quartz shows no preferential effects be 
cause it has to be fractured. Hence, it is essential to 
calculate results as weighted averages for scheelite.

Vertical Variation
CH4ACH4 4-CO2) ratios for samples containing best 
primary inclusions from the Hollinger Mine show sig 
nificant variability by a factor of 80 from a high value 
of 23.99^0 to a low of Q.30%. It can be seen clearly 
in Figure 236.3 that ratios from the deeper 15 and 18 
levels are definitely higher ^e.28%) than ratios from 
surface samples (0.30 to 1.52*yo). This interesting
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TABLE 236.2. (cont'd.)
Sample No.

55P - S323 

55P - S330 

12-S1596

RENABIE

RN86 - 34

RN86 - 34 
Duplicate

RN86 - 88 

RN86 - 5

RN86-71 

RN86 - 62

Sample description 
and location
Quartz; #55 open pit 

Quartz; #55 open pit 

Quartz; 1200' level

Quartz; D extension of 
main zone, 1 400' level

a H

Quartz; Nudulama zone, 
1400' level

Quartz; main zone 3265' 
level

Quartz; quartz-MoS2 
shallow dipping vein 
cutting main vein at 
3105' level
Quartz; late quartz 
carbonate-MoS2-anhy- 
drite vein near shaft on 
3105' level

Analyst: C.J. Bray. For analytical methods see 
crushes) not recorded.

Crush 
pressure (psi)

500 
3300 
6400
Total

0 
1600 
4700
Total

400 
2500 
5300
Total

1,000 
4000
Total
400 

2800 
5500 
Total
1700 
4400
Total
1100 
3800 
6400 
Total
800 

3500 
6300
Total
1800 
4700
Total

text. Crushes with

CH47(CH4*CO2) 
(molar; *K)

16.64 
16.26 
17.05
16.56
11.04 
5.76 
5.80
5.94
5.68 
8.34 

10.61 
~8T2T

1.38 
2.08
1.60
0.98 
0.72 
1.36 
0.91

.11 

.37

.22

.09 

.26 

.65

.24
0.85 
0.59 
0.84
0.74
0.70 
0.65 "068"

NO, N20 and C2H6 
detection

very minor NO and 
minor N20

very minor NzO 

minor NO and N?O

insufficient gas released (e.g. first

vertical trend, which confirms observations reported 
by Hanel ef a/. (1987) on general material, is also 
seen in the trace gases. Only minor amounts of N 20 
are detected in the surface samples whereas the 
deep samples generally show relatively large 
amounts of NO, N20, and C2H5.

Data for quartz which contains secondary inclu 
sions, from the Hollinger Mine, (Figure 236.3) are 
similar with two samples from between surface and 
the 15 level (2 and 8 levels) showing intermediate 
ratios of 1.997o and 2.24070 , one a deep sample from 
the 17 level showing the highest ratio of 25.367o, and 
a very deep sample from the 27 level showing a 
value of 9.21 "/o in the lower part of the higher range. 
Hence, it appears from these limited data (at present) 
that the secondary inclusions show similar gas signa 

tures to the primary inclusions, an observation con 
sistent with similar bulk compositions observed by 
Wood (1987) and an indistinguishable 6p value 
(Wood ef a/. 1986b). The secondary inclusions are 
related to strain features. Hence, it appears that in 
the Hollinger Mine, the secondary inclusions may 
contain similar, or even the same, contents as the 
primary inclusions, and that strain has just rearran 
ged the inclusion material approximately isochemical- 
ly. This possibility is being tested rigourously. The 
combined data from primary and secondary inclu 
sions suggest that there was a sharp decrease in 
CH4X(CH4 *C02) ratio in the upper, preserved -460 m 
(-1500 feet) of the Hollinger-Mclntyre system. The 
single sample from the 27 level lies within the 15/18 
level range.
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Figure 236.2. CH^(CH4 *CO2) molar ratios for 
successive crushes of 14 samples at different 
crush pressures. Note that the ratios decrease 
consistently for scheelite, whereas they are 
relatively constant for quartz.

Data from the 3265-, 3105-, and 1400-foot levels 
from the Renabie Mine and Nudulama Prospect show 
a very similar range of ratios (0.68 to 1.607o) to the 
surface Hollinger samples (0.30 to 1.527o). Two rela 
tively late veins, both of which contain MoS2, and one 
of which also contains coarse anhydrite, show the 
lowest values of 0.74 and Q.68%. Fine anhydrite is 
also present at the Renabie Mine in the main stage 
material (Callan and Spooner, this volume).

The decrease in CH47(CH4 *C02) ratios in the 
upper -460 m of Hollinger is interpreted to be a 
direct result of the H 20-C02 phase separation de 
duced from optical and micrcthermometric observa 
tions (Wood et at. 1986a), since the gas/liquid parti 
tion coefficient for CH4 is higher than that for C02 
(e.g. Drummond and Ohmoto 1985). Progressive de 
creases in CH4XC02 (x. initial ratio) values calculated 
from Drummond and Ohmoto (1985) for isothermal 
closed and open systems at 3500C and 2500C are 
shown in Figure 236.4. It can be seen that gas 
fractionation is more effective at lower temperatures, 
at which partition coefficients are higher, and for 
open systems (Rayleigh fractionation). In the Hollin 
ger Mine, CH4XC02 ratios decrease to -0.04 of their 
i 8 level value (CH4X(CH^C02)s200Xo). Hence, an 
interesting deduction can be made. For closed sys 
tem conditions at a temperature of 250CC, which is 
~300C lower than the most frequently occurring tem 
perature for Hollinger (Wood et al. 1986a), CH4XC02 
(x initial ratio) values are asymptotic at a value of 
-0.25. At 2800C, the asymptotic value would be 
slightly higher, and definitely X).04 (observed).

Level

o Best Primaries - qtz

a Best Primaries - scheelite

A Secondaries - qtz .
10-

Figure 236.3. CH^&k+CO?) ratios for fluid inclu 
sion gases released from quartz and scheelite 
from different levels from the Hollinger Mine, 
and for all depths from the Renabie Mine. Note 
that currently available data suggest similar 
trends of increasing CHA contents with depth 
for primary and strain related secondary inclu 
sions from the Hollinger Mine, and that the 
Renabie CH4 contents are similar to the CH4 
contents of the surface samples from the Hol 
linger Mine. Samples associated with graphitic 
material from the Hollinger Mine show clear 
evidence of relative CHA enrichment.

Hence, Hollinger, although a lithostatically pressured 
system (Wood et al. 1986a), was not closed to gas/ 
liquid separation by differential flow, corresponding 
to their viscosity and buoyancy differences (see sec 
tion below). For perfect open system fractionation at 
2800C, a CH4XCO2 (x initial ratio) value of -0.04 is 
reached at ~8 0Xo phase separation; a reasonable val 
ue suggesting that gas partition in the upper levels of 
Hollinger may have approximated more closely to an 
open rather than to a closed system process.

These gas analyses show a gradational change 
in composition from high CH4X(CH4 -t-C02) molar ratios 
of 15 to 2507o at depth in the Hollinger Mine (15 and 
18 levels), where coexisting pyrite-pyrrhotite occur 
(Wood et al. 1986a), to low values at surface (0.3 to 
1.527o) which are closely comparable to the values 
from the Renabie Mine (0.68 to 1.607o). Renabie is an 
oxidized Archean Au-quartz vein system containing 
anhydrite (Callan and Spooner, this volume) and neg 
ative d^S (sulphide) values. Hence, the gas analyses 
document a transition for reduced to oxidized fluids. 
In the last section of this report, H2O-C02 phase 
separation is discussed as a possible mechanism for, 
amongst other things, producing oxidized from re 
duced Archean Au-quartz hydrothermal systems. 
These gas data provide supporting evidence.

Samples from Close to Graphitic Material
Four samples from close proximity to graphitic ma 
terial were analyzed to look for interaction effects
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70 PHASE SEPARATION
Figure 236.4. CW4XCO2 (x initial ratio) values as a 

function of percent phase separation for 
isothermal, closed and open system conditions 
at 35(fC and 25(fC (calculated from Drum 
mond and Ohmoto 1985).

suspected from 613C data (see above). The three 
surface samples show very clear increases in CH4 
contents to CH47(CH4 *C02) molar ratios in the range 
S.94% to as high as ie.56%, relative to the surface 
primary inclusion bearing material (0.30 to 1.5270 ; 
Figure 236.3). One sample from close to graphitic 
material from the 12 level (S.22%) falls in the range 
of the surface graphite related samples, but is less 
distinct from nongraphite related samples because of 
their rise in CH4 content at this level (Figure 236.3). 
There may be a possibility of distinguishing between 
high CH4 fluids unrelated and related to graphitic 
material because the former have high NO, N20, and 
C2H6 values whereas, according to present data (see 
Table 236.2), the latter appear not to have.

l O 

0.9

O
l— 0.7
O
<tr 0.6 u.
LJ 0.5
-l 
O

X 0.3 
O

0.2

O.I

l l T
•'82.5 C02-CH4 LIQUIDUS TEMPERATURES 

pore CH Donnelly and Katz (I954, data from 
.^ 4 Table IV and Figure 8)

C02-CH4 liquid

HIO -l 05 -l 00 -95 -90 -85 -80 -75 -70 -65 -60 4-55
-566-C; 
pure C02

TEMPERATURE ( 0 C)

Figure 236.5. Liquidus temperatures in the system 
CO2-CH4 from Donnelly and Katz (1954).

The key point about these data is that the pro 
duction of CH4 by interaction with graphitic material, 
which was suggested to explain the less negative 
613C values of carbonate associated with graphitic 
material (see above), has been found. Three of the 
analyzed samples actually come from one of the two 
open pits (#55) containing graphitic material which 
gives a 613C value of -0.6±0.5^o (Fyon et al. 1o983) in 
comparison with the general value of -3.1 ±1.2*^0 (see 
above).

Comparison With CO2 Melting Point Data
The measured fluid inclusion CH4X(CH4 4-CO2) molar 
ratios can be compared with CH4 mole fractions de 
duced from measured CO2 melting point depressions 
relative to pure CO2, to check for consistency. Figure 
236.5 gives liquidus temperatures in the system CO2- 
OH4 from Donnelly and Katz' (1954) original data, 
including an expansion of the -63CC to -550C tem 
perature range. The mean CO2 melting point of
-57.30C ^274) reported by Wood ef al. (1986a) 
corresponds to 3.2 equivalent mole percent CH4 rela 
tive to (CH4 *CO2). Approximately 6007o of the data 
reported by Wood ef al. (1986a) is from levels shal 
lower than the fifteenth for which the average mea 
sured mole percent CH4 from primaries and secon 
daries is 1.37±0.81 0^=5), a value less than that 
given from microthermometry. However, as the gas 
chromatogram in Figure 236.1 shows, the N2* peak 
is actually larger than the CH4 peak by a factor of 
1.5. The gases contained in the N2* peak (N2±CO± 
Ar±02) depress the freezing point of CO2. Assuming 
that the effect is approximately molar, the combined 
mole percent of CH4 *N2±CO±Ar±O2 is very approxi 
mately 3.4 mole percent, a value in good agreement 
with that obtained microthermometrically. Hence, the 
measured gas chemistry and the estimates from 
measured C02 melting points appear to be consistent, 
providing that the effect of the additional (N2±CO± 
Ar±O2) gases is taken into account.

The lowest measured C02 melting point of
-62.5CC (Wood et al. 1986a) corresponds to -27 to
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30 equivalent mole percent CH4, in satisfactory 
agreement with a maximum measured value (to date) 
of 25.36 mole percent CH4 (Sample 17-S109-quartz). 
As the gas chromatogram in Figure 236.1 shows, the 
NS+ peak is not as significant relative tp CH4 at high 
CH4 values. Hence, its relative contribution is not so 
large.

PRESSURE AND DEPTH ESTIMATION ~
It is obviously important to estimate the pressure and 
depth of formation of Archean Au-quartz vein sys 
tems, particularly because published estimates using 
the intersecting fluid inclusion isochore approach for 
Sigma (Robert and Kelly 1984), Pamour #1 (Walsh ef 
al. 1984) and various Western Australian deposits (Ho 
ef al. 1985) are erroneous. The reason why these 
estimates are in error is that evidence is provided for 
H 20- and C02-rich fluids in contact in all three cases. 
Hence, trapping occurred on solvi in the simplified 
H 2O-NaCI-CO2-CH4 system. Since trapping took place 
on solvi, homogenization and trapping temperatures 
are equal, and it is logically not permitted to extrapo 
late to higher temperatures. Intersecting isochores 
(Roedder and Bodnar 1980) can only be used for 
pressure determination for H2O- and CO2-rich fluids 
which would have mixed had they come into contact, 
but which evidence suggests were simultaneously 
present but physically separated at the time of trap 
ping; a fairly restrictive condition.

METHOD AND PRESSURE ESTIMATE
A method for pressure estimation is discussed here 
which was first developed by Macdonald (1983) for 
the Boss Mountain Mo Deposit, B.C. It relies on being 
able to estimate the bulk fluid composition before 
H2O-CO2 phase separation, and gives an estimate of 
the pressure at which phase separation initiated. The 
method is illustrated in Figure 236.6, which shows 
P-T sections through the immiscibility volume in the 
H2O-NaCI-CO2 system determined experimentally by 
Gehrig ef al. (1979). The single phase fluid region is 
to the right of the curves, and the two phase region 
to the left. If the single phase fluid composition prior 
to unmixing can be estimated and the temperature of 
phase separation estimated from fluid inclusion ho 
mogenization temperatures, and if the fluid is in the 
compositional range worked on by Gehrig ef al. 
(1979), then a pressure estimate can be determined 
from the vertical axis. The effect of CH4 cannot be 
considered because no relevant data exist.

As can be seen, the P-T sections expand at lower 
pressures and roll over just before reaching the H 2O- 
NaCI critical curve. By comparing curves B and B', 
which have the same bulk mole percent CO2 (4.0 m), 
it can be seen how increasing [NaCI] from O to 
1.9 mincreases the immiscibility volume, and by com 
paring curves B, C, and D, which have similar [NaCI] 
values of 1.9, 1.8, and 1.7 m, respectively, it can be 
seen how increasing [C02j from 4.0 to 6.7 to 
9.7 malso increases the immiscibility volume. Above 
1000 bars, the method is not very good because the 
P-T sections are steep so that small uncertainties in 
temperature lead to large uncertainties in pressure.

The very preliminary estimate for the Hollinger- 
Mclntyre fluid composition prior to unmixing is -93

2000-

o
-Q

I500-

i ooo-

500- -

200 280 300

Temperature
400 500

Figure 236.6. P-T sections through the immiscibil 
ity volume in the system h^O-NaCt-COz from 
Gehrig et al. (1979). The single phase region is 
to the right of the curves.

mole percent H2O, 6 equivalent mole percent CO2 and 
only -1 equivalent mole percent NaCI (Wood ef a/. 
1986a). The very preliminary and probably inaccurate 
nature of this estimate must be emphasized because 
it is based on estimation of relative volumes of H20- 
NaCI and CO2-rich phases in fluid inclusions. It can 
be improved from fluid inclusion microthermometric 
measurements (Parry 1986) and by fluid inclusion 
gas analysis. The estimated Hollinger-Mclntyre fluid 
composition lies between that for curve B', which 
contains both less NaCI and less C02, and curve C, 
which contains more NaCI and C02. Since the system 
temperature for Hollinger-Mclntyre is quite well es 
timated at -280CC at which intermittent phase sepa 
ration occurred (Wood ef al. 1986a), the upper and 
lower pressure constraints are —700 bars and —200 
bars; values which are fairly robust to uncertainties in 
both composition and temperature (Figure 236.6). In 
terpolating first between curves B' and B for [NaCI], 
and then between that point and a curve a little 
below C for lower [NaCI] gives a specific estimate of 
-500 bars (Figure 236.6).

DEPTH ESTIMATE
Conversion of pressure estimates to depth estimates 
requires evidence for whether pressure was 
lithostatic or hydrostatic, or intermediate. In the case 
of Hollinger-Mclntyre it is fairly clear from vein mor 
phologies (Wood ef al. 1986a, 1986b) that hydraulic 
fracturing took place and that openings which subse 
quently became mineral veins, were maintained open 
by high fluid pressures. Hence, pressure oscillated 
between o3*crack tip strength and o3 -ftensile 
strength (-70 bars) (a^principal stress direction). 
Neglecting for the moment the differences between 
a!, a2, and a3, because they are impossible to es 
timate, the relationship with the resolved vertical 
stress, and the difficulties involved in estimating real 
crack tip and tensile strengths, estimated Ps 
lithostatic vertical stress. Hence, for a general density 
of overlying material (altered mafic flows and inter-
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flow sediments) of -2.6 g cm3, the pressure estimate 
of -500+200/-300 bars is equivalent to a depth 
estimate of -1.9+0.8/-1.1 km (i.e.-2 km).

DISCUSSION
An erosional layer of approximately 2 km above the 
upper -300 m of the Hollinger Mine is not very thick, 
especially when it is considered that the Mcintyre 
Mine has been mined downwards to a comparable 
depth of 2.4 km. However, it is not unreasonable for 
magma related systems such as Boss Mountain, B.C., 
which did not breach surface (Macdonald 1983). The 
Boss Mountain MoS2 mineralization also formed under 
lithostatic pressure conditions at a lower pressure of 
-330 bars (s-1.3 km below surface). A not particu 
larly great depth of formation of ~2 to 4 km for the 
whole system is certainly consistent with the late 
timing of mineralization relative to deformation 
(Burrows and Spooner 1986; Wood ef al. 1986a, 
1986b) giving time for erosional removal of thickened 
material. If -2 km of rock have been eroded from the 
Timmins area in -2.65x109 years, a mean erosion 
rate of -1 mm per 1000 years can be estimated.

CHEMICAL AND PHYSICAL CONSEQUENCES 
OF H2O-CO2 PHASE SEPARATION_____
Fluid inclusion evidence for H2O-CO2 phase separa 
tion has been documented for several Archean Au- 
quartz vein systems including the Hollinger-Mcintyre 
(Wood et al. 1984, 1986a), Pamour #1 (Walsh et al.
1984), and Hunt, Morning Star, Mount Charlotte, Lake 
View, Paringa, Kanowna Main Reef, Red Hill, Water 
Tank Hill, and Lancefield Deposits (metasediments) 
in Western Australia (Groves et al. 1984; Ho et al.
1985). The evidence consists of primary inclusions 
with variable H2O-CO2 ratios which homogenize into 
the H2O and C02-rich phases over the same tempera 
ture range (e.g. Wood ef a/. 1986a) or, in late vugs in 
some Western Australian deposits, of coexisting, sep 
arate, primary H 2O- and C02-rich inclusions with simi 
lar homogenization temperatures (Ho et al. 1985). In 
the Hollinger-Mcintyre Mine, and the Hunt, Morning 
Star, Mount Charlotte, Kanowna Main Reef, and Red 
Hill Deposits in Western Australia, both Wood et al. 
(1986a) and Ho et al. (1985) have recognised that 
phase separation was intermittent and that, therefore, 
P/T conditions fluctuated either side of the im 
miscibility surface.

As discussed recently by, for example, Arnorsson 
(1978), Drummond and Ohmoto (1985), Reed and 
Spycher (1985) and Bowers (1986) phase separation 
(H2OiXH2Ov ; H 207CO2) has inevitable, very strong ef 
fects on mineral solubilities, and also very important 
pressure effects. Hence, the objective of this section 
is to examine the chemical and physical conse 
quences of H 2O-C02 phase separation in Archean Au 
systems, particularly because sulphidation reactions 
with Fe-rich host rocks, for which there is excellent 
evidence in many cases particularly involving 
metasomatised Fe-formations and Fe-rich thoieiites 
(e.g. Phillips and Groves 1984; Phillips et al. 1984; 
Macdonald 1984; Macdonald and Fyon 1986), do not 
appear to be a generally applicable gold precipitation 
mechanism because: a) many Archean Au systems 
do not occur in particularly Fe-rich host rocks; and b)

in a significant number of Archean Au deposits, Au is 
contained within vein structures (e.g. Renabie, N. 
Pascalis) not in sulphidized wall rock. Even in the 
Hollinger-Mcintyre System where it is estimated that 
95Vo of the produced gold occurs in altered wall rock 
(Wood et al. 1986a), a gold precipitation mechanism 
other than, or in addition to, sulphidation must have 
been important because Au occurs in pyrite midzones 
(11.1 volume percent) indicating early Au saturation, 
whereas the bulk of the Au (80.5 volume percent) 
occurs in pyrite outer zones. Since the solution was 
Au saturated, or close to Au saturation, sulphidation 
reactions should have caused strong initial Au pre 
cipitation. By the time pyrite outer zones were depos 
ited, a significant amount of the initially available Fe 
had been used up because there is analytical evi 
dence for Fe addition, as well as S (Wood ef al. 
1986b).

H2O-CO2 phase separation provides the basis of 
a unified theory which has the potential to explain 
such features of Archean Au-quartz vein systems as 
very intimate Au-pyrite co-precipitation (e.g. Wood ef 
al. 1986a) and the precipitation of other sulphides, 
carbonate precipitation, mineral (including Au) pre 
cipitation over vertical intervals of -1000 to 3000 m, 
generation of oxidized Archean Au fluids by partition 
loss of reduced gas species (H2, H2S, CH4) (e.g. Cu- 
Au-Ag-Mo-anhydrite orebody, Mcintyre Mine; Burrows 
and Spooner 1986), hydraulic fracturing (e.g. Kerrich 
and Allison 1978; Phillips and Groves 1984; Wood ef 
al. 1984), and volumetric inflation including dilation of 
ductile shear structures.

MODELING
This discussion of phase separation is based on 
Drummond and Ohmoto (1985) and, for carbonate 
precipitation, Arnorsson (1985). The principal features 
of Drummond and Ohmoto's (1985) calculations are 
as follows:
1. Fluid chemistry and mineral solubilities are cal 

culated iteratively, with gas removal based on 
measured gas partition coefficients which in 
crease essentially linearly with decrease in tem 
perature, and which increase by -0.1 to 0.2 log 
units per molal increase in [NaCI]. Gases define 
three groups; a high volatility group of nonpolar 
species including N2, H2, CH4 , and the rare gases 
with gas/liquid partition coefficients (molality ra 
tios) of -105 at 1000C, a medium volatility group 
of interactive species including CO^H2S^O2 
with partition coefficients of -104 to 102, (100CC) 
and low volality NH3 (-10 at 1000C).

2. The redox states of the solutions are calculated 
from:
H2S*20^HS04^H* (1)

3. Results are given for adiabatic and isothermal 
cases, with the former being more effective be 
cause of the constraint of constant total enthalpy 
requiring temperature decrease. With aqueous 
phase boiling, drop in temperature is substantial 
because of a significant enthalpy of vapouriza- 
tion (e.g. 1 0Xo vaporization at 1000C leads to a 
AT of 8 C). However, enthalpies of exsolution of 
other dissolved components (e.g. CO2) are small
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Figure 236.7. Viscosities of water and steam along 
the two phase boundary and at 500 bars 
(modified from Ellis and Mahon 1977, Figure 
4.5).

(Drummond and Ohmoto 1985). Hence, isother 
mal calculations are more appropriate for H2O- 
CO2 phase separation.

4. Models are calculated by Drummond and Ohmoto 
(1985) for both closed (liquid and gas in constant 
total chemical equilibrium) and perfectly open 
(fractional/Rayleigh separation) alternatives, with 
the latter having markedly stronger chemical ef 
fects. Natural situations would appear to be inter 
mediate because, on the one hand, liquid and 
vapour travel by essentially the same permeabil 
ity paths, but at different speeds so that aliquots 
of vapour interact with fluid ahead in the flow 
path. On the other hand, it is easy to see how, in 
a lithostatically pressured system such as the 
evidence indicates Hollinger was (Wood et al. 
1986a), selective vapour loss could have oc 
curred from the system as a whole because of 
the viscosity contrast between vapour and liquid. 
For example, as the data in Figure 236.7 show, at 
250CC H 2OV , which is chemically more interactive 
than C02, has a viscosity ~6 times less than 
H20,. In addition, in an active system it is unclear 
how well chemical reaction equilibrium would be 
maintained between liquid and an irreversibly 
forming, physically separate vapour phase. Mea 
sured CH47C02 ratios confirm that the Hollinger- 
Mclntyre was not a perfectly closed system (see 
above).

EFFECTS ON fO2 AND pH
Two of the principal effects of phase separation on 
fluid chemistry are on redox state through, for exam 
ple, volatilisation of relatively reduced species such 
as H 2 , CH4 , and H2S, and on acid-base equilibria 
mainly through loss of CO2.

Log -2-
(m/m.)

-3H

-4-

-5- i 
IO5 IO 15 02

7o PHASE SEPARATION
Figure 236.8. Variation of the log of the ratio of 

the molality of a gas in the liquid (m) to its 
initial molality (mj with percent phase separa 
tion at 35C/C and 25uC and for open and 
closed system conditions (modified from Drum 
mond and Ohmoto 1985).

Effect on fO2
Figure 236.8 shows isothermal calculations of gas 
loss (log ratio of molality (m) to initial molality (m?) in 
the liquid phase) with progressive phase separation 
for both open (Rayleigh) and closed (equilibrium) 
system cases (modified from Drummond and Ohmoto 
1985, Figure 4, in which there is a small labeling 
error in the caption; from their Figure 3 it can be seen 
that the diagrams are for isothermal not isoenthalpic 
conditions). The temperatures of 2500C and 3500C 
are appropriate for the Hollinger-Mclntyre Au-quartz 
vein system since fluid inclusion data indicate that 
mineralization at 277±480C (1a), and 6180 values and 
mineral compositions indicate temperatures up to 
~3600C (Wood ef al. 1986a). The 3 m NaCI con 
centration is higher by a factor of three than that 
estimated for Hollinger-Mclntyre (~1 m; Wood et al. 
1986a). For a lower NaCI molality, the shapes of the 
curves would be the same, but the percent phase 
separation values slightly higher.
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Tne principal features shown by the diagrams 
are: a) progressive gas loss in the order of their gas/ 
liquid partition coefficients (HaX^UXX^H^SOz); 
b) more efficient gas loss under open system con 
ditions, although significant changes occur for closed 
system conditions in the first four (250CC) to ten 
(3500C) percent phase separation; and c) more effi 
cient gas loss at lower temperatures where partition 
coefficients are higher. Progressive loss of reduced 
species (H2, CH4, H^) can be seen leading, as Drum 
mond and Ohmotp (1985, p. 129) clearly state, to "...a 
relatively rapid oxidizing event...*. For example, H 2 is 
reduced to 10~2 of its initial concentration in the first 
~80Xo (3500C) and Q.5% (2500C) phase separation, 
and H2S is reduced to 10'1 of its initial concentration 
in the first ~120/. (3500C) and ~30Xo (2500C) phase 
separation, under open system conditions. The oxida 
tion process would be more drawn out for closed 
system conditions.

Generation of Oxidized Archean Au Fluids
It can be seen clearly how H2O-C02 phase separation 
can produce oxidized fluids from relatively reduced 
fluids such as those in the Hollinger-Mclntyre system, 
which were in equilibrium with pyrite-pyrrhotite at 
depth (Wood et at. 1986a). Sulphate (anhydrite±bar- 
ite)±hematite-bearing Archean Au-quartz vein sys 
tems with isotopically negative sulphur are not un 
common. Examples include the Cu-Au-Ag-Mo-anhy- 
drite ore bodies in the Mcintyre Mine (Burrows and 
Spooner 1986), paragenetic stage III of which is cor 
related with the main Au system, the Golden Mile, 
Kalgoorlie, Western Australia (Lambert et al. 1984; 
Cameron and Hattori 1985), the foliated tonalite/ 
gneissose trondhjemite-hosted Renabie Deposit, near 
Wawa (Callan and Spooner, this volume), and the 
small Canadian Arrow Deposit in Hislop Township 
(Cherry 1983; Schwarcz and Rees 1985). Hence, pro 
gressive H 2O-CO2 phase separation is suggested as a 
possible cause for the generation of oxidized Ar 
chean Au-quartz vein and related systems. This sug 
gestion is supported by preliminary data 
(D.R. Burrows) which indicate CH4 depleted liquid CO2 
in fluid inclusions, and slightly higher aqueous phase 
salinities (H2O removal in CO2), in the Mcintyre Cu-Au 
ore body, and the fluid inclusion gas analytical data 
(see above) which indicate gradational generation of 
CH4 depleted fluids at the top of the Hollinger-Mcln 
tyre system with similar CH4AX)2 ratios to the anhy 
drite bearing mineralization in the Renabie Mine.

Effect on pH
C02 loss, which is well illustrated in Figure 236.8, has 
the most important effect on pH causing a marked 
drop in [H*] through removal of the weak acid H 2C03 :

(2)

-6

Figure 236.9a shows that the higher the initial CO2 
content of the fluid, the larger the maximum potential 
pH increase. For Archean Au-quartz vein fluids, 
which may contain as much as 6 m C02 before 
phase separation (Wood et al. 1986a), the maximum 
pH change is large at -3.5 log units (at 300CC). pH 
change is less immediate in closed compared with 
open systems, and at higher temperatures, at which

O* 
O

-2-

-3
l 

-2 -l
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Figure 236.9. (a) Variation of the maximum 

change in log [H*] with the log of the initial 
CO2 molality at 20(fC, 25(fC, and 30(fC for 
1 m Nad in the aqueous phase (modified from 
Drummond and Ohmoto 1985). 
(b) Log [H*] /percent phase separation paths 
for open and closed isothermal conditions with 
initial molalities of H* = 1&45 m, 2C/^ 1.0 m, 
2/^8=0.9 m, 2/0=0. 1 m, 208=0.003 m, 
^Mg=0.001 m, 20X^=03 m, 2^5=0.003 m, 
and 2SO4^3x;0"9 m (modified from Drummond 
and Ohmoto 1985).

gas/liquid 
236.9b).

partition coefficients are lower (Figure

Archean Au-Quartz Vein Mineralization Over Large 
Vertical Intervals
One of the characteristics of Archean Au-quartz vein/ 
shear zone systems which differentiates them from 
Tertiary-Mesozoic epithermal precious metal mineral 
ization in cordilleran and island arc settings Is that 
they can be developed at relatively consistent grades 
over very large depth intervals in some of the deep 
est mines in the world. Examples include the Kolar 
Gold Field in southern India (3230 m), the Kirkland 
Lake area (e.g. the Wright-Hargreaves Deposit; 
2490 m), the Hollinger-Mclntyre Deposits (2400 m), 
the Sigma Deposit (1790m), the Fairview Deposit in
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the Barberton area, South Africa (1500m), the Re- 
nabie Deposit (1370 m), the the Golden Mile Deposit, 
Western Australia (1160m), the Lamaque Deposit 
(1100 m), and also in Zimbabwe (-2000 m) and Gha 
na (-1000 m). Clearly, changes in chemical and/or 
physical variables were persistent and relatively con 
stant over large depth ranges. Progressive H2O-C02 
phase separation in response to decreasing 
lithostatic pressure (approximately), together with 
temperature decrease, could provide an explanation 
since, as can be seen in this discussion of pH which 
is one of the most important factors which control 
mineral deposition (see below), the following factors 
cause extended chemical changes:
1. a high initial CO2 content, such as has been 

found in Archean Au-quartz vein systems (e.g. 
-6 m; Wood ei al. 1986a)

2. closed, compared with open system behaviour
3. high initial temperatures of -300 to 3500C such 

as have been found at the Hollinger-Mclntyre 
Mine (Wood et al. 1986a)

4. relatively low salinities which have also been 
found (Ho ef al. 1985; Wood et al. 1986a)

Drummond and Ohmoto (1985, p. 144) actually state 
that "...the vertical extent of the deposit will be pro 
portional to the amount of CO2 exsolved during as 
cent...", and calculate a depth interval of in excess of 
1000 m to exsolve 990Xo of the CO2 in a solution 
containing "several molar CO2 at 350CC. The pos 
sibility of Archean Au-quartz mineralization extending 
significant vertical distances away from source re 
gions, even after H 2O-CO2 phase separation has 
started, may explain the apparent lack of 
intrusion/Au relationships in Western Australia which 
Ho ef al. (1985), for example, have used as evidence 
against magmatic derivation.

PRECIPITATION OF GOLD, PYRITE, AND SILVER
Prediction of the overall effects of phase separation 
on mineral solubilities is far from obvious because of 
different opposing chemical effects in each case. For 
example, Au precipitation is promoted by loss of H 2S, 
but opposed by decreases in [H+] and [H 2], whereas 
the effects on pyrite precipitation are the exact op 
posite. Silver precipitation as Ag0 , on the other hand, 
is not influenced by [H2S] directly, but is affected 
oppositely by [H+] and [H2] which, in the cases of Au 
and pyrite, operate in tandem. These conflicting fac 
tors indicate the necessity of quantitative modeling, 
and are discussed in greater detail below.

Gold
The solubility of Au in reduced S predominant, low 
[CI"] near neutral fluids can be written (Seward 1973; 
1984);

Au0(s) +2H2S=Au(HS)2-+H + + 1/2 H2 (3)
It can readily be seen how volatilisation of H 2S during 
phase separation, which is shown clearly in Figure 
236.8, promotes the precipitation of Au because it 
removes (HS)', the ligand which carries Au in solu 
tion. Figure 236.10a shows that a decrease in [2S] 
from 0.05 to 0.001 m leads to a two order of mag 
nitude drop in Au solubility for fS2 fixed by pyrite-

pyrrhotite. On the other hand, decreases in [H+] and 
[H2], both of which also occur during phase separa 
tion, oppose the precipitation of Au. The effect of H* 
is clearly shown in Figure 236.1 Ob; rises in pH in the 
high temperature, near neutral region (-5 to 6) lead 
to higher Au solubilities up to a pH of -7 at 2500C.

A correct idea of the resultant effect can be seen 
from Seward (1984, Figure 5): an increase in pH by 
one order of magnitude leads to an increase in solu 
bility by approximately the same amount, an effect 
which is outweighed by a decrease in [2S] by a 
factor of -50 (0.05 to 0.001 m) leading to solubility 
decrease of —3 1/2 orders of magnitude. Neverthe 
less, the quantitative outcome depends on the rela 
tive changes in [H^S], [H+], and [H2] sp that, at low 
temperature (-200 C), Au precipitation is delayed by 
a sharp initial rise in pH (Drummond and Ohmoto 
1985).

Pyrite
The precipitation of pyrite can be written:

crAO ^ 11 i f\ u ̂  — CA& 4" i f\ 11 o / A \ r6o2(s) ' n2 T^n —rs T^n2o \*t)
It can be seen that H2, H*, and H^ occur on pre 
cisely the opposite sides of the equation as they do 
for Au, because S is combined in the solid phase, not 
as a liquid phase ligand. These conflicting effects 
are important to resolve because of the well known 
closeness of the Au-pyrite relationship in unstrained 
Archean Au-quartz vein systems (e.g. Wood ef al. 
1986a, in which —0.1 /irn inclusions of pyrite are 
shown within a 12/xm gold flake itself enclosed in 
pyrite).

The importance of [H+] on pyrite solubility can 
be seen from Figure 236.11a (modified from Crerar ef 
al. 1978): a one order of magnitude increase in pH 
leads to a two order of magnitude decrease in Fe 
solubility at 3500C (-1000 to -10 ppm Fe). A correct 
idea of the relative effects of [H+] and [H2S] can be 
seen from Figure 236.11 b in which a one log unit 
decrease in [2S] leads to approximately a one log 
unit rise in Fe solubility, whereas a one log unit 
increase in pH leads to a two log unit fall in Fe 
solubility.

Hence, a) although Au and pyrite solubilities are 
affected by diametrically opposite chemical effects 
during phase separation, they co-precipitate; and b), 
therefore, H2O-CO2 phase separation can explain the 
closeness of the Au-pyrite relationship in Archean 
Au-quartz vein systems.

Silver
The solubility of native Ag can be written:

Ag0( S) *H~l^Ag"'"-t-V2 H2 (5)

H+ and H 2 are now on opposite sides of the reaction 
compared with the Au and pyrite reactions. It is not 
immediately obvious what the outcome is during 
phase separation. However, from the strong effect of 
pH on metal solubilities, exemplified by pyrite, it 
might be expected that the pH effect would be more 
important and that Ag would precipitate. The quantita 
tive models (see below) show that this is indeed the 
case.
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pyrite-pyrrhotite, for ^S-0.001 and 0.05m, 
and for ^01=1.0 m (modified from Seward 
1984).
(b) Logarithm of the solubility of Au in sulphide 
solutions as a function of pH and temperature, 
with ionic strength (0=0.50 and 25=0.50 m 
(modified from Seward 1973).
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Figure 236.11. (a) Solubility of the assemblage 
pyrite+pyrrhotite+magnetite at 35(fC and 
vapour saturated water pressure for total dis 
solved sulphur and NaCI concentrations of 10~3 
and 2.0m, respectively (modified from Crerar 
etal. 1978).
(b) Concentration of aqueous Fe2 * and FeCI* in 
2.0m NaCI solutions at 2SO0 C and vapour 
saturated water pressure as a function of pH 
and total sulphur activity (modified from Crerar 
etal. 1978).
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Figure 236.12. Metal and proton concentration changes for isothermal phase separating systems at 35(fC 
and 25(fC and for open and closed system conditions. Initial molalities for the components are f-T = 
/0^ 5 m, ^01=1.0 m, 21^3=0.9 m,, 2^=0.; m, 203=0.003 m, 2/^=0.00; m, 2/^5=0.003 m, 
2002=3.0 m, and "2 80^=3x1 O* m (modified from Drummond and Ohmoto 1985).

MODELING ORE MINERAL PRECIPITATION
Figure 236.12, modified from Drummond and Ohmoto 
(1985), shows the results of modeling the effects of 
phase separation for isothermal open and closed 
systems at 3500C and 2500C, values which enclose 
the temperature estimates for the Hollinger-Mclntype 
system (Wood et a/. 1986a). 2002=3.0 m, a value 
close to the Hollinger-Mclntyre estimate of ~6 m, 
201=1.0/77, the value estimated for Hollinger-Mcln 
tyre, 21^5=0.003 m, a value estimated to be reason 
able based on current fS2 and f02 estimates, and 
2S04 is very low at 3 x 10'9 m corresponding to a 
reduced S predominant fluid.

The following points can be noted from the dia 
grams:

The most important result is that, despite the 
different, conflicting chemical effects discussed 
above, Au, Ag, Fe, Zn, and Pb, which behaves 
very similarly to Zn, co-precipitate. The trends of 
decreasing solubility are similar to the trend of 
[H+] decrease. Hence, the quantitative models 
confirm that, in the case of Au, the HjS loss 
effect wins, whereas for Ag, Fe, Zn, and Pb, the 
effect of [H+] drop wins. Occurrences of Au-Ag 
with sphalerite and galena are quite common 
(e.g. the Hollinger-Mclntyre System for the for 
mer, Wood et al. 1986a; the Renabie Mine for the 
latter, Callan and Spooner, this volume). The only 
real exception is Cu at 3500C (and 3000C), but 
not at 2500C, because removal of Fe by Fe 
minerals prevents CuFeS2 oversaturation. How-
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ever, between 250CC and 3000C, chalcopyrite 
precipitates in both open and closed systems. It 
is also worth mentioning that, in most hydrother 
mal systems, fluid temperature will also be de 
creasing because of fluid expansion, some wall 
rock heat exchange, and internal fluid convection 
within vein structures. This effect, in addition to 
H 2O-C02 phase separation, may help explain why 
chalcopyrite is quite a common mineral in Ar 
chean Au-quartz vein systems.

2. There is a large contrast in behaviour between 
open and closed systems. In closed systems 
there are initial decreases in metal concentra 
tions, followed by only slight decreases, essen 
tially because the fluid chemistry becomes buf 
fered by the solubilities of the gases present in 
the vapour phase in contact. In open systems, 
however, there are sharp, continuous drops in 
solubilities. Some intermediate behaviour is nec 
essary to explain mineralization over large verti 
cal intervals. In fact, in lithostatically pressured 
Archean Au systems, metal precipitation may be 
approximately proportional to relative gas loss.

3. In both open and closed systems, lower tempera 
tures enhance mineral precipitation because of 
higher gas partition coefficients.

4. Although not shown here, the effect of higher 
[CO2], as in Archean Au-quartz vein fluids, is to 
markedly enhance the effectiveness of phase 
separation on causing mineral precipitation 
(compare to 3x10'2 m; Drummond and Ohmoto 
1985).

GANGUE MINERAL PRECIPITATION 
Carbonate
The precipitation of carbonates during gas loss 
(aqueous phase boiling) is well known from active 
geothermal systems (e.g. Arnorsson 1978). Hence, 
H2O-C02 phase separation, together with reaction 
with divalent wall rock cations (Ca2*, Mg2*, Fe2*, 
Mn24 ) can readily explain the coprecipitation of car 
bonate with Au-Ag, pyrite, and other sulphides in 
Archean Au-quartz vein systems (e.g. the paragenetic 
evolution diagram in Wood ei at. 1986a). The reason 
why carbonate precipitates is that, although the total 
aqueous carbonate molality (m CO2 * m H2C03 * 
m HCCV * m COs") decreases because of CO2 loss, 
the concentration of CO3 actually increases because 
the increase in phi displaces the following reaction to 
the right (Arnorsson 1978; Drummond and Ohmoto 
1985; Reed and Spycher 1985):

H2CO3^**HCO3^2H**C03- 2 (6)
Carbonate then precipitates because its solubility 
product is exceeded:

Ca(Fe",Mg)(C03)2(sp
Ca2* *(Fe, Mg)2 * 4-2CO3-2 (7)

Albite
In the Hollinger-Mclntyre System, albite occurs as 
fringes of tabular grains with carbonate projecting 
internally from vein walls. The abundance of albite 
decreases markedly from vein margins inwards. An 
derson and Burnham (1983) have shown that a rise

in pH increases the incongruent solubility of albite. 
Hence, this chemical aspect of H2O-C02 phase sepa 
ration cannot explain albite precipitation. Anderson 
and Burnham (1983) have also shown that low [CI'] 
fluids favour transport of albite components because 
reduced ligand competition with available alkali per 
mits the formation of alkali-alumina (e.g. NaH2AI030) 
complexes in solution. Hence, Archean Au-quartz 
vein fluids are suitable for Al transport because of 
their relatively low salinities (e.g. Wood et a/. 1986a).

A simple explanation for marginal albite precipita 
tion, in addition to temperature decrease, is leaching 
of Na from wall rock, which has been documented 
from the Hollinger-Mclntyre System (Wood et al 
1986b) and many other Archean Au-quartz vein sys 
tems (e.g. Roberts 1987). A highly speculative alter 
native is that Al forms a dawsonite (NaAICO3(OH)2) 
like uncharged carbonate complex in solution which 
is stoichiometrically analogous to NaH2AIO30 
(NaAIO(OH)20). On phase separation, CO2 would be 
lost from solution, the simplified reaction written be 
low displaced to the left, and albite precipitated until 
the solution was depleted in Al:

(8)NaAICO3(OH)20 *3H4Si04

Anhydrite
Anhydrite and minor barite are common gangue min 
erals in oxidized Archean Au-quartz vein systems 
(e.g. the Mcintyre Mine Cu-Au-Ag-Mo-anhydrite; the 
Renabie Mine; and the Golden Mile Mine). Anhydrite 
can be present in very large amounts in, for example, 
stage l of the Mcintyre mineralization (Burrows and 
Spooner 1986). Sulphates cannot be precipitated from 
cooling solutions because their solubilities increase 
with decreasing temperature. On the other hand, an 
hydrite precipitation can be readily explained by H2O- 
CO2 phase separation because of the solution oxida 
tion effect associated with the loss of reduced spe 
cies (H2, CH4, H 2S). If an approach to equilibrium is 
maintained between reduced and oxidized species, 
phase separating solutions from both reduced and 
oxidized S species predominance fields will move to 
f02 values slightly above the reduced S/oxidized S 
predominance field boundary, so that the slightly 
lower partition of S02 into the gas phase relative to 
H2S is balanced. Starting from the reduced S species 
predominance field (e.g. pyrite-pyrrhotite in the 
Hollinger-Mclntyre System; Wood et al. 1986a) anhy 
drite would be precipitated in amounts dependent on 
the degree of 2 S depletion before oxidation:

(9)
Reaction (9) also shows that anhydrite precipitation is 
promoted by a decrease in [H*]. It is worth noting 
that gas release from magmas can lead to magma 
oxidation, and release of later oxidized fluids, by 
analogous progressive loss of reduced gaseous spe 
cies (H20, CH4, H2S).

Quartz
Although H 2O-C02 phase separation would, or could, 
cause the precipitation of carbonate, albite, and an 
hydrite, this is not the case with quartz, apart from 
the very minor amount induced by fractional H 20 loss
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into the predominantly C02 phase. No ligands are lost 
which would promote quartz precipitation because 
quartz dissolves as H4Si04, and pH has no effect 
until values as high as 8 to 8.5 (1000C to 1600C) are 
reached (e.g. Henley 1983), where the formation of 
alkali-Si02 complexes such as NaH3SiO4 becomes 
important (Anderson and Burnham 1983). The only 
variable which can really cause quartz precipitation 
is temperature decrease; hence, the occurrence of 
quartz veins signifies a drop in fluid temperature. At 
P*c~750 bars, quartz solubility, and probably that of 
other silicates, goes through a maximum decreasing 
at higher as well as lower temperatures (Figure 
236.13). At 500 bars, the current preliminary estimate 
for the formation pressure of the Hollinger-Mclntyre 
system (see section above), the temperature of maxi 
mum Si02 solubility is 3850C; hence, temperature 
conditions in the Hollinger-Mclntyre system appear to 
have been consistently on the low temperature side 
of the maximum so that all fluid cooling would have 
been accompanied by quartz precipitation.

Hydrothermal behaviour at the Hollinger-Mclntyre 
Mines is divisible into: a) an early hydraulic cracking 
and inflationary phase, with little vein filling and 
intense wall rock interaction at ~300CC to 3600C 
(Wood ef al. 1986a); followed by b) a predominantly 
post-inflationary, fluid cooling and vein filling phase 
at ~3300C down to ~230CC (Wood ef al. 1986a, for T 
estimates).

PRESSURE EFFECTS
H2O-CO2 phase separation has significant potential 
for generating high liquid/gas pressures because of 
volumetric expansion. For example, Drummond and 
Ohmoto (1985) note that most significant chemical 
changes in the liquid phase occur by the time the 
vapour has expanded to equal the volume of liquid; 
107o phase separation at 3500C, and only 20Xo at 
2500C. Such pressures generated in addition to the 
pressure produced by the fluid generation process 
itself (e.g. magmatic crystallization of dominantly an 
hydrous minerals) could explain the evidence for 
hydraulic fracturing (Kerrich and Allison 1978; Phil 
lips and Groves 1984; Wood ef al. 1984) and volu 
metric inflation (Wood ef al. 1984) in Archean Au- 
quartz vein systems, including dilation of ductile 
shear structures (e.g. the Renabie Mine; Callan and 
Spooner, this volume). In particular, H2O-CO2 phase 
separation at a particular level might explain how 
Archean Au-quartz vein systems expand from rela 
tively narrow and insignificant root zones character 
ized by thin, low grade veins and veinlets (e.g. the 
Hollinger-Mclntyre System; Lamaque, D.R. Burrows 
and E.T.C. Spooner, personal observation; Nudulama 
and 'C' zones, the Renabie Mine area, N.J. Callan 
and E.T.C. Spooner, personal observation)

DISCUSSION
H 2O-C02 phase separation provides a unified theory 
which, in combination with other factors, has the 
potential to explain several features of Archean Au- 
quartz vein systems including:
1. intimate co-precipitation of Au-Ag, pyrite, and 

other sulphides
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Figure 236.13. Solubility of quartz as a function of 
temperature along the boundary of the three 
phase region and at 500 bars (modified from 
Kennedy 1950).

2. co-precipitation with carbonate
3. mineralization over large vertical intervals of 

-1000 m to as much as 3230 m
4. generation of oxidized Au systems containing 

anhydrite±hematite and sulphur isotopically de 
pleted sulphides

5. hydraulic fracturing
6. volumetric inflation including dilation of ductile 

shear structures.
How widespread the evidence for CO2 phase separa 
tion is in Archean Au-quartz vein systems can readily 
be determined from the characteristics of primary 
fluid inclusions (e.g. Ho et al. 1985; Wood et al. 
1986).

A further point is that, should the consensus of 
thought ever consider Hemlo to be chemical-sedi 
mentary in origin, as some controversial geological 
relationships (e.g. possible stratabound nature), high 
d**S barite (up to ~* 12*^0, compared with most strati 
form Archean barite at ~*4*^o), and apparently 
covariant barite 634S values, pyrite 634S values, and 
Au grades might possibly suggest (Cameron and Hat 
tori 1985), then phase separation (H2O-CO2 and/or 
aqueous phase boiling) could explain two aspects of 
Hemlo. These aspects are the generation of an ox 
idized system, and the generation of a dense fluid 
which could produce a chemical-sedimentary horizon 
with a remarkably uniform Au grade (compare to 
Atlantis II deep, Red Sea). The former could be ex 
plained by the solution oxidation associated with the 
loss of reduced gas species which accompanies 
phase separation as discussed above, and could 
also explain the high sulphate 634S values and S 
isotopically depleted pyrite (down to -17.5^o). The 
second aspect could be explained by H2OCO2 phase 
separation and/or high level aqueous phase boiling 
generating dense fluids, relative to Archean sea wa 
ter which accumulated in topographic depressions, 
not necessarily above discharge points, and which 
formed mixed chemical-tuffacous sediments.

A final problem concerns the prevalent precipita 
tion of Au and pyrite in metasomatised wall rock in 
the Hollinger-Mclntyre Mines, since evidence dis 
cussed in the introduction to this section suggests 
that sulphidation reactions were insufficient. A pos 
sibility is that the hydraulically fractured host rocks
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were initially cold relative to the hydrothermal vein 
fluid. Fluid penetrating the wall rock cooled in in 
timate physical contact with it, whereas the vein fluid 
temperature remained relatively constant because of 
lack of heat exchange and internal convection. 
Hence, H20-C02 phase separation occurred particu 
larly in the wall rock and caused the precipitation of 
Au, pyrite, and other sulphides. Evidence for the 
possibility of initially cold wall rock includes; a) the 
depth estimate of 2 km (see section above) giving an 
ambient temperature of ~1000C for a thermal gra 
dient of ~500C7km; and b) strain related secondary 
fluid inclusions giving homognization temperatures of 
*C1500C (Wood 1987).

PRINCIPAL CONCLUSIONS ~
1. The mean of eight new carbonate 613C values 

from the 2800-, 3600- , and 3800-foot levels in 
the Mcintyre Mine (-3.3±0.4^o) is indistinguish 
able from the Hollinger value of -3.0±1.5(3oo, 
whereas the spread is less (t.4%0 c. f. 4.7 ^ total 
ranges). The weighted mean 613C value for the 
Hollinger-Mclntyre system as a whole is -3.1±

2. The carbon isotopic composition of carbonate in 
two altered albitite dikes is indistinguishable 
(-S.1%0, -2.8^0) from the Au associated carbon 
ate, suggesting that the carbonates have the 
same origin.

3. The fluid inclusion gas analytical system, which 
uses a heated (~1050C) crusher modified from 
the design of Andrawes and Gibson (1979), has 
a zero blank for all gases at current detection 
limits, as determined by runs on heat-treated 
(9000C74 hours) Brazilian quartz.

4. The following peaks have been detected using a 
Hewlett Packard 5890 gas chromatograph with a 
Porapak Q packed column at 500C and a high 
sensitivity thermal conductivity detector: compos 
ite (N2±CO±Ar±02±NO), and separate NO, CH4, 
C02, N2O, C2H6, and H20 (in order of retention 
time). As far as is known, these results are the 
first to report NO and N20 in gases from fluid 
inclusions in minerals.

5. Detection of significant quantities of CH4 con 
firms the possibility of producing less hydrogen 
isotopically negative H20 by D/H exchange with 
CH4 (Wood et al. 1986b).

6. CH47(CH4 *CO2) molar ratios of quartz and 
scheelite samples containing best primary and 
strain related secondary inclusions show a simi 
lar upward decrease from 18.00±7.3507o (1a; 
n=6; 1500- and 1800-foot levels) to 1.37±0.81 07o 
^5; surface; 200- and 800-foot levels). The 
total range is large from Q.30% to 25.3607o. This 
vertical decrease is interpreted to be a result of 
H20-C02 phase separation, since CH4 has a high 
gas/liquid partition coefficient (Drummond and 
Ohmoto 1985).

7. The fluid inclusion gas chemistry and estimates 
of other gases present from measured C02 melt 
ing points appear to be qualitatively consistent 
providing that the effect of additional (N2±CO± 
Ar±O2) gases is taken into account.

8. CH47(CH4*C02) molar ratios from Au-quartz vein 
mineralization from the Renabie area, 80 km 
northeast of Wawa, are low (1.07±0.3507o; 0=6; 
all depths) and similar to the higher level and 
surface values from the Hollinger Mine. The Re 
nabie is an oxidized Archean Au system 
(anhydrite; negative sulphide 634S), whereas the 
Hollinger system is reduced (pyrite-pyrrhotite; 
tf^+S.Sll^; Wood et al. 1986a). Hence, 
the gradational upward CH47(CH4 *C02) decrease 
in the Hollinger system to values similar to those 
in the Renabie system documents H2O (liquid) 
oxidation by reduced gas (H2, CH4, H2S) loss 
during H2O~C02 phase separation, a process sug 
gested for the origin of oxidized Archean Au- 
quartz vein systems.

9. Samples from close proximity to graphitic inter 
flow material from surface from the Hollinger 
Mine show clear increases in CH4 contents to 
CH47(CH4 *C02) ratios of 5.94 to 16.5607o, relative 
to other surface material (0.30 to 1.5207o). Hence, 
production of CH4 by interaction with graphitic 
material, which could produce less carbon 
isotopically negative carbonate by exchange 
(Fyon ef al. 1983) has been docmented.

10. A very approximate pressure estimate for the 
Hollinger-Mclntyre Au mineralization, based on 
the estimated temperature of H2O-C02 phase 
separation (~280CC; Wood ef al. 1986a), the es 
timated fluid composition before unmixing (-93 
mole percent CO2, —6 equivalent mole percent 
C02, -1 equivalent mole percent NaCI) and P-T 
sections through the H2ONaCI-CO2 immiscibility 
volume (Gehrig et al. 1979) is 500+2007-300 
bars. Since evidence suggests that the Hollinger- 
Mclntyre was a lithostatically pressured system 
(Wood ef al. 1986a), this pressure estimate is 
equivalent to a depth estimate of -1.9+0.87- 
1.1 km.

11. H2O-CO2 phase separation, fluid inclusion evi 
dence for which has been described from the 
Hollinger-Mclntyre, and Pamour f 1 Deposits, and 
several deposits in Western Australia (Groves et 
al. 1984; Walsh ef al. 1984; Wood ef al. 1984, 
1986a; Ho ef al. 1985), can, in combination with 
other factors, explain several features of Archean 
Au-quartz vein systems including: a) intimate co- 
precipitation of Au-Ag, pyrite, and other sul 
phides; b) co-precipitation with carbonate (e.g. 
Arnorsson 1978); c) mineralization over large ver 
tical intervals of 1000 m to as much as 3230 m 
(Kolar, India); d) generation of oxidized Archean 
Au-quartz and Cu-Au-Ag-Mo-anhydrite systems 
by loss of reduced gas species (H2, CH4 , H2S); e) 
hydraulic fracturing; and f) volumetric inflation, 
including dilation of shear zones (e.g. the Re 
nabie Mine, Callan and Spooner, this volume) 
and expansion of Archean Au systems from rela 
tively insignificant root zones (based significantly 
on the work of Drummond and Ohmoto 1985).

12. Albite precipitated because of a combination of 
Na leaching from wall rocks and temperature 
decrease. An additional possibility is that it could 
precipitate from destabilization of a dawsonite-
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like complex in solution (NaAICO3(OH)20) 
stoichiometrically analogous to NaH2AI030.

13. Significant quartz precipitation can only signify 
temperature drop, for temperatures less than the 
solubility maximum (-385 C at 500 bars).
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ABSTRACT
The groundwater of southwestern Ontario has been 
analyzed for: major, minor, and trace element geo 
chemistry; stable isotope content; tritium; and stron 
tium isotopic content. The results of these analyses 
indicate that most sedimentary formations contain 
very concentrated brines ^300 grams per litre (g/L) 
Total Dissolved Solids (IDS)), which have distinctive 
geochemical and isotopic signatures for individual 
units. Some samples that have been collected, how 
ever, appear to be mixtures of brines from various 
formations and/or mixtures of formation brines with 
more dilute groundwaters such as glacial meltwaters 
or recent meteoric waters. The mixing of various 
water masses would indicate that both paleo-migra- 
tion and recent migration of groundwater has taken 
place. This, in turn, has a number of implications on 
the formation of economic deposits in the area, and 
on active and proposed waste disposal schemes.

INTRODUCTION ~
The chemical composition of formation waters within 
the Paleozoic strata of southwestern Ontario and 
Michigan are important for a variety of reasons. Wa 
ter composition controls mineral scaling and corro 
sion of oilfield production equipment. Formation water 
salinities affect the calibration of electric logs which 
are used to determine petrophysics! parameters, pro 
duction zones, and hydrocarbon reserves. Casing 
leaks from fluid-bearing horizons, other than the pro 
ducing zone, may be identified if there is sufficient 
variability between the chemical constituents of the 
two zones.

Formation waters are commonly associated with 
oil and gas accumulations and metallic mineral de 
posits in sedimentary basins. Examination of the in 
organic chemical constituents that characterize these 
waters may reflect the origin and migrationary path 
ways of these fluids. Knowledge of the composition 
and variability of formation waters may also be used 
to evaluate the importance of rock-water interaction 
in their evolutionary history. This information is ex 
tremely useful when developing: (i) hydrocarbon gen 
eration models for evaluating source rocks and trap 
ping mechanisms; and (ii) waste disposal strategies.

STRATIGRAPHIC AND STRUCTURAL 
CONTROLS____________________
In order to appreciate possible hydrogeological fluid 
migration aspects of the study, it is necessary to be 
fully acquainted with the important stratigraphic and 
structural features which might influence fluid move 
ment in the area.

Southwestern Ontario and Michigan are underlain 
by an essentially undisturbed Phanerozoic sedimen 

tary succession which rests unconformably on 
Precambrian basement rocks, and is overlain by 
Pleistocene glacial deposits. The area of study ex 
tends from Oxford County, Ontario, in the east to 
Missaukee County, Michigan (USA), in the west. In 
the eastern part of the study area, Phanerozoic is 
represented by 875 m of strata that is Upper Cam 
brian to Upper Silurian in age. The sedimentary units 
generally thicken towards the depocentre of the 
Michigan Basin where a much more complete stratig 
raphic record occurs (Figure 249.1). In the central 
part of the basin, the Phanerozoic sequence ranges 
in age from Lower Cambrian to Upper Jurassic, and 
is greater than 5 km in total thickness. The present 
study characterizes inorganic chemical constituents 
in formation waters from nine hydrocarbon-bearing 
horizons and two salt mines located in southwestern 
Ontario and Michigan (Table 249.1).

The Algonquin and Findlay Arches, broad 
Precambrian highs separated by the Chatham Sag, 
trend northwest-southeast, dividing the Ontario Penin 
sula into two parts (Figure 249.2). These two structur 
ally positive features were probably introduced dur 
ing late Precambrian time, but were intermittently re 
activated during the Paleozoic to form a broad plat 
form between a more rapidly subsiding Michigan Ba 
sin on the west and the Appalachian Basin to the 
southeast (Sanford et at. 1985). The current regional 
dip of the Paleozoic rocks to the northwest of the 
arches is 6 to 9 m/km into the Michigan Basin; and to 
the southeast of the arches, the dip is 6 m/km into 
the Appalachian Basin (Winder and Sanford 1972). 
Paleozoic strata in the Chatham Sag are for the most 
part horizontal.

Sanford era/. (1985) have proposed a relatively 
active tectonic history for southwestern Ontario. Tec- 
tonically associated fault block readjustment has pro 
vided the structural control for the origin and devel 
opment of southwestern Ontario's hydrocarbon traps. 
The implications of such tectonic movements on the 
hydrodynamic/fluid migration history are being exam 
ined.

SAMPLE COLLECTION AND ANALYSIS
The waters studied are oilfield brines from south 
western Ontario (Figure 249.3). Samples were initially 
collected in large polyethylene bottles from producing 
oil and gas wells and dry holes (no oil or natural gas 
encountered). Prior to geochemical analyses, sam 
ples were filtered through a hand-held Millipore filter 
system using 0.45 /*m filters. A 500 ml aliquot for 
cation analyses was acidified to a pH of *c2 using 
concentrated HCI. Analyses for cations were per 
formed by atomic absorption spectrophotometry using 
standard analytical procedures. A second 500 ml al 
iquot was filtered and left unacidified to be used for
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Figure 249.1. Schematic representation of the Paleozoic strata on the western flank of the Michigan Basin. 

Table 249.1 Dominant reservoir lithologies for stratigraphic units sampled in southwestern Ontario and Michigan.

PERIOD

Mississippian
Devonian

Silurian

Ordovician

Cambrian

PRODUCING INTERVAL

Berea
Dundee
Richfield
F Unit
A-2 Unit
Guelph/Nlagoran
Thorold/Grlmsby
Whirlpool
Trenton- Block River
Prairie du Chlen
(Undivided)

LOCATION

Mlch
Ont/Mlch
Mlch
Ont
Ont
Ont/Mlch
Ont
Ont
Ont/Mlch
Mlch
Ont

LITHOLOGY

Sandstone
Carbonate
Carbonate
Salt
Salt
Carbonate
Sandstone
Sandstone
Carbonate
Sandstone
Sandstone

analyses of SO42', CI', and Br by a Dionex Auto Ion 
System 12 analyzer. All samples were treated using 
standard procedures, although certain special proce 
dures as outlined by Dionex were used for Br analy 
ses.

At all sites a 125 ml filtered sample was taken to 
be used for analyses of 1B0, deuterium, and tritium. 
Deuterium and 1 *0 analyses were done using con 
ventional preparation techniques and mass spectrom 
etry. However, because of the high salinities of the 
brines, it was necessary to correct the 1BO data ac 
cording to the method proposed by Sofer and Gat 
(1972). Deuterium analyses were done on water vap 
our distilled from the brines. Distillations were per 
formed at elevated temperatures to prevent formation 
of hydrated salts. Results are reported with respect to

Figure 249.2. Regional tectonic structures influ 
encing the Paleozoic strata of eastern Michi 
gan and southwestern Ontario.
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Figure 249.3. Location of 
ground water samples, 
southwestern Ontario 
and Michigan.

Table 249.2 Chemistry of typical formation waters from southwestern Ontario and Michigan.
Bwnqnt 

mg/l

Co
No
Mg
K
Sr
U

a
Br
S04

TDS

Bern

38600
54800

7810
740

1490
2.4

179940
1270
05

300820

•w
635

3690
630
85
30

8.2

9095
50

795

15030

W
40300
70600
6990
3370
1120

16.7

202650
1315
166

312540

RtehfWd

64900
23400

7960
8320
2060

16.9

173130
1970
205

281985

F Salt

47600
33500
16400
5700
1620

NA

232000
3215

108

340145

A-2 Salt

4530
93770

2900
2660

190
1.8

198000
620
434

303110

NfoQoron

52500
47300
9240
3370

840
10.8

197170
1925

173

312725

Thorold/ 
Grlmtby

41050
25100
4930

710
403

15.1

119635
805
382

193100

Whirlpool

48050
31725
4480
795
467

17.5

150990
1060
376

238100

Trenton/ 
Black Rtvw

24325
42515

5170
2660
545

9.7

132230
880
375

208750

SSJ?""
87500
26700

8700
18400
2850

8.2

249700
1930

63

394900

Combrfon

50560
45870

6600
1480
1285

3.4

196040
1570
166

303650

the Vienna-SMOW standard. Accuracy is ±0.15^ for 
18O, and ±2.0*200 for deuterium.

Strontium isotopic analyses were measured on a 
VG 354,5-collector mass spectrometer, following sep 
aration of Sr by standard ion-exchange techniques. 
Elution was carried out using 2.5 M HCI. Within-run 
precision of a single analysis is ±0.003^o. Repeated 
runs of Eimer S Amend and NBS 987 standards give 
0.70802 and 0.71024 respectively.

All analyses of inorganic chemical constituents 
and hydrogen and oxygen stable isotopes were per 
formed at the University of Waterloo. Analyses of 
strontium isotopes were done at McMaster University, 
Hamilton, Ontario.

RESULTS AND INTERPRETATION 
MAJOR ELEMENT CHEMISTRY
Almost all groundwaters sampled in the present study 
are brines according to the classification scheme 
proposed by Davis (1964), since most contain 
:^00 000 ppm total dissolved solids. Representative 
chemistries of the most concentrated brines from 
each stratigraphic horizon are presented in Table

249.2. The principal ions contained in these waters 
are Ca2 *, Na*. and Cr with total concentrations in 
excess of 300 g/L at many sites. The most con 
centrated waters encountered in the Michigan Basin 
are from the Prairie du Chien sandstone. These wa 
ters have Total Dissolved Solid (TDS) near 400 g/L 
and are dominated by Ca, K, and CI ions.

Reconstruction of chemical evolutionary paths of 
many highly saline formation waters are often at 
tempted using the methodology presented by Car 
penter (1978). The chemical evolution is traced by 
comparing the chemical composition of the subsur 
face water with that of seawater with the same Br 
concentration level. Comparison based on the Br data 
reveals that the average values for each Michigan 
Basin formation are depleted in S04 and Mg, and 
enriched in Ca relative to seawater (Figure 249.4). 
Most samples plot near the CI evaporation line and 
below the Na evaporation line, past halite saturation. 
The only exceptions are the dilute groundwaters from 
the Dundee Formation in Ontario and the Nad-domi 
nated waters encountered in the F Unit salt. The 
majority of samples analyzed are depleted in K rela 
tive to seawater, except for the Richfield brine that is
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Figure 249.4a. Composition of different chemical 
constituents of formation waters from the 
Michigan Basin with that of evaporating 
seawater at the same level of Br concentra 
tion. A/a and CI vs. Br. The solid line refers to 
the compositional change for evaporating 
seawater (after Carpenter 1978).

2.0
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Log Br (mg/l)
3.5 4.0

Figure 249.4b. Composition of different chemical 
constituents of formation waters from the 
Michigan Basin with that of evaporating 
seawater at the same level of Br concentra 
tion. Ca and SO4 vs. Br. The solid line refers to 
the compositional change for evaporating 
seawater (after Carpenter 1978).

4.5
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E

0^2.5 
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o K
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Figure 249.4C. Composition of different chemical 
constituents of formation waters from the 
Michigan Basin with that of evaporating 
seawater at the same level of Br concentra 
tion. A/a and CI vs. Br. The solid line refers to K 
and Mg vs. Br. The solid line refers to the 
compositional change for evaporating seawater 
(after Carpenter 1978).

Berea
Dundee (Ont)
Dundee (Mlch)
Richfield
F Salt
A-2 Salt
Guelph /Niagaran
Thorold/Grlmsby
Whirlpool
Trenton— Black River
Prairie du Chlen
Cambrian

1
2a
2b
3
4
5
6
7
8
9
10
11

FIGURE 249.4. LEGEND FOR a,b,c.
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Figure 249.5a. Stable 
isotopic composition 
(oxygen-7 8 and 
deuterium) for brines 
and saline waters from 
southwestern Ontario 
and Michigan. Data from 
Claytonetal. 1966 have 
been included for 
correlative purposes.
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Figure 249.5b. Stable 
isotopic composition 
(oxygen-18 and 
deuterium) for brines 
and saline waters from 
southwestern Ontario 
and Michigan. Distinct 
groupings by 
stratigraphic unit are 
shown to occur for 
many of the samples 
analyzed.

similar to seawater, and the Prairie du Chien brine 
that is moderately enriched.

STABLE ISOTOPES (18O and 2H)
Oxygen and hydrogen stable isotopes are used in 
conjunction with geochemical compositional data to 
help better define the origin of water in oilfield brines 
of the area. Figure 249.5 shows the relationship be 
tween Oxygen-18 and Deuterium for the southern 
Ontario and Michigan brines and other selected 
groundwater data from areas adjacent to the study

site. For correlative purposes, brines from the Michi 
gan Basin (Clayton et at. 1966) are also included.

Brines from the present study plot below the 
global meteoric water line. The most concentrated 
brine samples from the different stratigraphic units 
have a narrow range of composition, with Cambrian 
and Ordovician waters positioned nearest the global 
meteoric water line. The lower salinity waters of the 
Silurian Salina and Guelph Formations and Mississip 
pian Berea Formation depart significantly from the 
line. As an example, Berea samples with concentra 
tions greater than 300 g/L TDS, plot in a very tight
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Table 249.3 Comparison of Sr/ Sr ratios for the whole 
rock, cement and brine for a typical Cambrian sample.

1.
2.

3. 

4.

CS et al. S. Dorchester 1 - 10 - 

87Sr786Sr Study

Whole rock (1069 m) 

Calcite cement (1069 m) 

(leached with cold 0.5 HAc) 

Whole rock — leachate 

Brine (1063 - 1071 m)

VIII

= 0.73302 

= 0.70964

= 0.73895 

= 0.70957

area at approximately Q.5%0 18O, and -30^ 2 H. More 
dilute samples of Berea brines K230 g/L) plot much 
closer to the meteoric waterline around an area cen 
tred on -404 180 and -50^o 2H. This trend, like that 
found for some other formations, is probably due to 
dilution with a component of fresh, more recent me 
teoric waters. Two low salinity samples from the 
Devonian age Dundee Formation are depleted in 180 
and 2H, characteristic of waters recharged under 
cooler climatic conditions.

The brines show a large enrichment in 18O, but a 
relatively small enrichment in deuterium. Hitchon and 
Friedman (1969) have attributed the 180 enrichment 
of formation waters to the exchange of oxygen iso 
topes between water and carbonate minerals. Al 
though exchange of deuterium takes place between

waters and hydrogen compounds in sedimentary ba 
sins, the effect is minimized by the overwhelming 
mass of formation water relative to hydrogen com 
pounds (most notably H2S, Hitchon and Friedman 
1969).

Several possible mechanisms could be used to 
account for the observed 18O—2H trend. The forma 
tion of clays and hydration of silicates has been 
shown to isotopically deplete the residual fluid in 180 
and enrich the fluid phase in 2H (Fritz and Frape 
1982). The end result of this process would be to 
move the isotopic composition of a fluid up and to 
the left on Figure 249.5. This is very interesting in 
light of the groupings and age distribution of the 
brines. In order to confirm this hypothesis, much 
more work will be required involving the identification 
and isotopic analyses of clay minerals in the various 
horizons.

Alternatively, the trends seen on Figure 249.5 
could represent varying mixtures of two end mem 
bers. As an example, a concentrated fossil Michigan 
Basin seawater, possibly similar in composition to a 
Canadian Shield brine.

In support of this view point, the work of Knauth 
and Beeunas (1986) is very interesting. They have 
discussed several ways to enrich 18O. The most com 
mon sources of 18O-enriched waters are connate 
brines, waters from gypsum dehydration, waters from 
salt, or mixtures. The major conclusion that these 
researchers have reached is that mixtures of me 
teoric waters and original formation or connate brines 
may be far more common in sedimentary basins than 
originally believed.

Work is presently underway to detail the influ 
ence of water-rock interaction versus mixing in each 
of the formations. However, whatever scenarios are 
developed for the 18O—2H distributions in the basins 
involved, they must agree in part or whole with other 
isotopic and geochemical trends.

STRONTIUM ISOTOPES (87Sr786Sr RATIOS)
Strontium isotopic results are shown in Figure 249.6 
as a function of the age of the host rock that con 
tains the brine. Also shown is the curve of Burke et 
al. (1982), describing the change in the 87SrX86Sr 
composition of seawater over Paleozoic time. Be 
cause Sr has a long residence time in the ocean, its 
concentration and isotopic composition is uniform 
throughout the world's oceans at any given time 
(Veizer and Compston 1974). Therefore, there is the 
potential for Sr to be used as a geochronological tool 
for marine sediments and/or as an indicator of the 
changes in chemistry that occur during diagenesis. It 
is the latter that is of interest to us in this study.

The Sr seawater curve shows a large variation 
over the time interval under study, varying from a 
high of approximately 0.7095 in the Cambrian to a 
low of less than 0.7076 in the Middle Mississippian, 
with a series of cyclical oscillations in the interim. If 
the brines measured in this study are the same age 
as their host rock, then they all have 87SrX86Sr values 
greater than that of seawater for the time period in 
question, with the exception of the Silurian Salina 
waters and one sample from each of the Guelph,
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Richfield, and Berea Formations. Such elevated ratios 
imply that there has been water-rock interaction in 
situ. If the water is not the same age as its present 
host, then the interpretation is more difficult. For 
example, if the Guelph brines were really Cambrian 
in age and subsequently migrated up-section, then 
what appears to be water-rock interaction in Guelph 
time may not be the case at all, i.e., there was only 
fluid migration with no water-rock interaction. No in 
teraction seems a highly unlikely scenario based on 
our extensive experience studying the brines in rocks 
on the Precambrian Shield (Fritz and Frape 1982; 
Frape et al. 1984; McNutt et al. 1984).

The Ordovician samples are not as ambiguous; 
their ratios are higher than that of seawater for all of 
Phanerozoic time (Burke et al. 1982), so some water- 
rock interaction is indicated. (Seawater values for the 
Precambrian are poorly known overall, but must be 
lower in value. Veizer et al. (1982) propose that the 
87SrX86Sr ratio of Archean time was 0.7012 to 0.7025). 
The same may be said for the Cambrian samples, but 
not with the same conviction due to the limited num 
ber of samples, and the tendency of those we do 
have to break into two groups (Figure 249.6). One of 
the samples, CS et al., Dorchester 1-10-VIII, possibly 
lies on the extrapolated seawater curve.

Of the samples studied to date, only the brines 
found in the Salina Formation have the same ratios 
as the seawater curve for that time. Therefore, it is 
possible that this brine has remained in its present 
host rock since Silurian time with essentially no 
water-rock interaction.

The drill hole CS ef a/., South Dorchester 1-10-VIII 
was studied in detail to determine if the brine's 
87SrX86Sr value relates to the host rock. Both the core 
samples and the brine are from the Cambrian Mount 
Simon Formation at a depth of 1062 to 1071 m, imme 
diately overlying the Precambrian basement. The 
rock is fine- to medium-grained arkose containing a 
suite of diagenetic minerals including dolomite, 
quartz, and feldspar overgrowths, clay minerals and 
calcite. A detailed Scanning Electron Microscope 
(SEM) and cathode luminoscopic study is now under 
way. Preliminary examination shows that the calcite 
cement is the last diagenetic phase to form, replacing 
earlier primary and secondary phases and infilling 
pore spaces. One sample was leached by a dilute 
solution of acetic acid to remove the calcite, but not 
dissolve the other minerals. The results are given in 
Table 249.3 for the sample from 1069 m. The whole- 
rock value of 0.7330 reflects the presence of feld 
spar with its high Rb/Sr ratio and probable Precam 
brian age. The leachate, representing the dissolved 
calcite, has a 87SrX86Sr value identical to the brine, 
i.e., 0.7096 (compare lines 2 and 4, Table 249.3). The 
whole-rock minus leachate fraction (line 3, Table 
249.3) increases in value, as expected, if only the 
low "Sr/^Sr phase calcite dissolves.

The Sr isotopic composition of the brine in drill 
hole 1-10-VIII is slightly elevated with respect to the 
seawater curve for Cambrian time and reflects minor 
water-rock interaction. Whether this occurred in situ 
or not, cannot be confirmed until more studies are 
done. Isotopic equilibrium between calcite and brine 
imply that the former precipitated from the later.
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Figure 249.7. A K/Na versus 87Srxe6Sr plot for 
brines and saline waters from the Paleozoic 
strata of southwestern Ontario and Michigan. 
Data from the Canadian Shield are added for 
comparison.

Therefore, the minimum residence time for the brine 
in its present host rock is the age of the calcite, an 
unknown at present. Future work on the application of 
Sr isotopes in sedimentary basins has to involve the 
separation and analysis of all the diagenetic phases. 
The separation will be painstaking, but the results will 
be rewarding in the further understanding of the 
origin and migration of oilfield brines.

DISCUSSION
Preliminary results and interpretation would suggest 
that three major ground water types occur in the sedi 
mentary rocks of southwestern Ontario. These would 
consist of: a) a distinctive formation brine which has 
similar geochemical and isotopic compositions 
throughout a particular formation; b) meteoric ground- 
waters which are generally found at shallower depths 
across the area; and c) a glacial meltwater which 
usually occurs in Devonian age sedimentary rocks. 
Several of the samples obtained to date appear to be 
mixtures of these various end members, or in some 
cases, mixtures of formation brines from strata of 
different ages.

Figure 249.7 is a plot of K/Na versus 87SrX86Sr for 
selected water samples from several producing hori 
zons. The K/Na ratio puts a relatively conservative 
cation Na against a very reactive cation, K. Potassium 
is easily weathered from many detrital silicate min-
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erals and is a major component of several secondary 
clay minerals. Therefore, the use of this ratio may 
help to distinguish degrees of water-rock interaction, 
as well as distinguishing mineralogical composition 
(e.g. carbonates versus elastics).

Distinct groupings for each stratigraphic interval 
are shown in Figure 249.7. The Precambrian brines 
from the Sudbury area have the lowest K/Na ratio 
and the highest 87SrX86Sr values. Brines from the 
Mississippian and Cambrian sandstones most closely 
resemble the Precambrian brines. Samples collected 
from carbonate reservoir rocks generally have higher 
K/Na ratios than their clastic counterparts. Other 
samples, such as some brines from Guelph-aged 
strata, plot near or among the Cambrian and Ordovi 
cian brines and would appear to be mixtures of the 
formation water end members. In several cases, 
some of these samples have strontium isotopic 
and/or stable isotopic compositions which would 
support this statement. Casing leaks from horizons 
other than the producing interval may also be de 
tected using ratio plots. For instance, the Michigan 
Trenton-Black River sample that plots to the right of 
the Guelph/Niagaran Grouping is probably the result 
of such a leak. The most likely scenario is that this 
sample has been contaminated with a Niagaran brine 
resulting in the reduction of the 87SrX86Sr isotopic 
value, and an increase in the K/Na ratio. This particu 
lar sample also plots in close proximity to the 
Guelph/Niagaran field on the oxygen versus 
deuterium diagram, providing further evidence. To 
date, no Niagaran wells have been sampled in this 
particular area, but future sampling should unequivo 
cally provide more detailed information to prove this 
point.

Many additional ratio plots can be constructed 
with very similar results. In all cases they show 
strong individual groupings of Precambrian, Cambri 
an, and Ordovician brines with Precambrian fluids 
usually resembling Cambrian fluids more closely than 
Ordovician fluids. Based on very preliminary results, 
the apparent lack of overlap between brines from 
these variously aged rocks would argue against 
large-scale present-day migration and mixing be 
tween these units.

CONCLUSIONS
Several conclusions can be drawn on the basis of 
the work to date:
1. Very concentrated brines ^300 g/L TDS) exist in 

most Paleozoic strata of southwestern Ontario 
and Michigan. These brines are usually Ca-Na-CI 
in composition; although some variability of 
Ca/Na does occur. Deep basin brines from the 
Prairie du Chien sandstones are Ca, K, and CI 
solutions.

2. Devonian-aged strata in southwestern Ontario 
usually contain much more dilute saline waters 
(TDS OO g/L), whose stable isotopic signature 
( 180 and 2H) would suggest they were recharged 
under a cooler climate, probably the last period 
of deglaciation.

3. The most concentrated brines and waters from 
each unit have similar isotopic and geochemical

characteristics which are distinct from the con 
centrated brines of other units.

4. Although Cambrian and Mississippian brines 
come closest isotopically and geochemically to 
known Precambrian brines at Sudbury, Ontario, 
very large geochemical differences exist. All Pa 
leozoic brines have several orders of magnitude 
more Mg than any Canadian Shield brine, and 
the stable isotope composition of the various 
Paleozoic brines plots, as most sedimentary 
brines, to the right of the global meteoric water 
line.

5. Many samples taken in this study appear to be 
mixtures of different formation fluids, recent me 
teoric waters, and dilute subglacial meltwaters. 
Such mixtures would indicate both past and pre 
sent migration of fluids within the area.
Considerably more detailed sampling and sup 

porting diagenetic work is presently underway in or 
der to evaluate the extent and timing of fluid migra 
tion and mixing.
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Significance of Carbonaceous Host Rocks in Gold 
Deposits of the Timmins Area
Graham C. Wilson and John C. Rucklidge
IsoTrace Laboratory, University of Toronto

ABSTRACT
The results of this study of carbonaceous gold ores 
and host rocks in the Abitibi Belt, with emphasis on 
the Owl Creek Mine, illustrate the relationship of 
epigenetic gold mineralization to the mechanical and 
chemical properties of the local strata. Minor element 
and carbon isotope analyses are used to document 
the concentration of carbon in metasediments result 
ing from intensive pressure solution adjacent to 
zones of deformation, a process originally inferred by 
field and petrographic observations. Variation in re 
duced carbon content and 613C values near ore 
zones reflects the process of ductile shear by which 
the carbon is effectively mobilized, and by which the 
setting for late gold mineralization is prepared. These 
processes may be indicated on a regional scale by 
hydrocarbon contents in potential host rocks. Arsenic 
is an effective indicator element for gold in both 
sedimentary and volcanic units. A proportion of the 
gold is concentrated in quartz vein selvages as a 
result of local reduction against carbonaceous matter, 
but much is trapped within sulphide minerals, particu 
larly in a porous habit of erratically arsenical pyrite 
which developed subsequent to growth of metamor 
phic pyrite porphyroblasts.

INTRODUCTION ~
A comparison of well-documented quartz-vein gold 
deposits indicates the prevalence of structural con 
trol, and that a very wide range of lithologies may 
serve as host rocks in different regions at different 
times. This paper describes specific chemical char 
acteristics of deformed metasedimentary rocks and 
adjacent carbonatized metavolcanic rocks in the Tim 
mins area; such features are to be expected in other 
parts of the Abitibi Belt and wherever faults and 
shear zones crosscut similar packages of strata with 
strong internal contrasts in competence and bulk 
chemistry.

SAMPLING LOCATIONS
The Owl Creek and Hoyle Pond Mines are situated in 
the poorly-exposed succession of metasedimentary 
and metavolcanic rocks underlying southern Hoyle 
Township. The two deposits lie between the Kidd 
Creek Mine metallurgical plant in the east and the 
new (Canamax Resources Incorporated) Bell Creek 
Mine to the west (Knoll 1986; Harron ef a/. 1987). 
Regional structural control on gold deposits in this 
area, as in other parts of the greenstone belt, is a 
consequence of major deformation zones (e.g. 
Shegelski 1986). The field data, geochemistry, and 
petrography derived from the two Kidd mines form 
the basis for this interpretation of carbonaceous ores, 
backed up by observations based on on-site visits 
and/or specimens from mines and showings, includ 
ing the Hollinger, Maclntyre, and Kenilworth Prop 

erties (Porcupine Camp) and the Macassa, Lake 
Shore, Omega, and Kerr Addison Properties (Kirkland 
Lake-Larder Lake-Virginiatown trend).

The most productive site for this study has been 
the open pit at the Owl Creek Mine, and the most 
detailed work has involved successive working faces 
on Bench 3 and Bench 4. A suite of seven samples 
collected from Bench 3 in 1984 is referred to at 
length in the present paper. Photo 262.1 illustrates 
the general form of the north-dipping dominant vein 
structure in the pit.

MINERALOGY AND PETROGRAPHY
A mineralogical resume of the Owl Creek and Hoyle 
Pond deposits (Wilson and Rucklidge 1986) alluded 
to a volumetric dominance of pyrite in the opaque 
phases, and to the importance of sodic white micas, 
iron-rich chlorites, carbonates, and reduced carbon in 
vein selvages and mineralized wall rock. A few ex 
tensions and clarifications of the earlier work will be 
given in this paper.

The silicate mineralogy of productive veins is 
always quartz-dominated, although the proportion of 
carbonates varies and some late barren veinlets may 
be essentially pure calcite. Tourmaline and albite are 
locally abundant, more so at the Hoyle Pond Mine 
than at the Owl Creek Mine. Recent experimental 
work (Woodland and Walther 1987) indicates that the 
assemblage quartz-albite-paragonite, observed in 
Hoyle Pond vein selvages, is consistent with the 
transport of aluminum in high-salinity solutions. At the 
time of writing, no fluid inclusion data is available to 
cast direct light on this matter. However, primary fluid 
inclusions are quite abundant in the vein quartz, 
albeit subordinate in number to trails of small secon 
dary fluid inclusions which define planes of weak 
ness in the quartz. When sufficiently developed, 
these planes may also contain very fine grained 
reduced carbon (Photo 262.2).

The reduced carbon in the rocks is extremely 
fine grained, poorly reflecting, opaque material. Re 
cent progress on carbon in Phanerozoic strata 
(Okuyama-Kusunose and Itaya 1987) indicates that 
organic debris is altered, via transitional forms, into 
well-ordered graphite, by contact or regional meta 
morphism. The Archean age, the fine grain size, and 
low reflectivity of carbon in the Timmins samples are 
consistent with the low degree of ordering expected 
in greenschist facies rocks.

A spectacular high-grade addition to our 
documented occurrences of visible gold at quartz- 
carbon contacts is provided by Royal Ontario Mu 
seum sample M13714, from the old Vipond Mine in 
Timmins (Photo 262.3). Coarse native gold occurs at 
the margin of a milky quartz vein in contact with the 
black host rock, in fractures penetrating into the vein 
from the contact, and adjacent to small inclusions of
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Photo 262.1. Northeastern corner of the Owl Creek 3 Bench in Spring, 1985. The prominent structure 
dipping to the north (left) is the main "quartz dike" of the ore zone. This structure is a quartz-veined 
shear zone with inclusions of carbonaceous wall rock. To the north are carbonatized, pyritic, tholeiitic 
metavolcanics; to the south are argillitic metasedimentary rocks. Economic gold values occur in 
association with sulphide mineralization in both types of wall rock, and also within the selvages of the 
quartz veining.

Photo 262.2. Within a 
doubly-polished thin 
section, dense clumps 
of fine-grained carbon 
are seen along well- 
developed grain 
boundaries in vein 
quartz. Trails of fine 
carbon cut across the 
quartz, following 
incipient grain 
boundaries, or other 
planes of weakness. 
View in cross-polarized 
light; long axis of 
photograph is 1.2 mm.
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Photo 262.3. Spectacular 
native gold in sample 
from the Vipond Mine, 
Timmins. Area in photo 
is approximately 5.0 by 
2.5 cm. See text for 
description.

carbonaceous matter which appear to have been 
spalled into the vein. A brief description of the old 
mine (Ferguson et al. 1968) suggests that the local 
geology is quite similar to that of the Hollinger Mine 
to the north and northwest. The Central vein system 
'is along a carbonaceous argillite which is up to 20 
feet thick", and "Gold occurs around the margins of 
fine-grained pyrite, where there are breaks in the 
quartz, and near, or on, the contacts of inclusions of 
country rock with the vein material" (Ferguson et al. 
1968, p. 117-118).

A brief review of carbonaceous gold deposits 
(Wilson and Rucklidge, in press) indicates that in 
some major examples, such as Pueblo Viejo, Domini 
can Republic, and Carlin, Nevada, paragenetic con 
siderations appear to exclude carbonaceous matter 
from playing a major role in gold precipitation. Also, 
in the smaller graphite-bearing deposit of the Red 
Pine Mine in Montana, the bulk of the gold was 
introduced in a sulphide association which predates 
the bulk of the graphite (Kinley 1987).

The microstructure! features documented in the 
Timmins deposits (Wilson and Rucklidge 1986, in 
press) have parallels elsewhere. Thus, phyllosilicate 
laminae in quartz veins within the Meguma domain in 
Nova Scotia (e.g. see Mawer 1986) seem akin to 
carbon/mica foliae and stylolites at the Hoyle Pond 
Mine. Henderson et al. (1986) have described fabrics 
in the Golden vi l le Formation indicating that cleavage 
formation is the result of a 507o pressure solution 
removal of material from these rocks. Abundant and 
often multistage pressure shadows in the Timmins 
metasedimentary rocks attest to a complex history; to 
a degree they must exhibit clues to the tectonic 
evolution of the rock fabric (see White and Wilson 
1978) and the chemical evolution of the mobile com 
ponents. Individual shadows may consist of fibrous 
quartz alone, of blocky quartz and/or carbonate, and 
may have plate-like overgrowths of chlorite or white 
mica (traces of chalcopyrite may also occur). Pres 
sure shadows occasionally approach rock-forming 
proportions, and may even reach centimetre dimen 
sions in extreme cases (Photo 262.4).

Sulphide mineral assemblages are always pyrite- 
dominated. An important clarification concerns the 
relative timing of the pyrite forms found at the Owl 
Creek Mine. The paragenesis (Figure 262.1) as de 
fined by Wilson and Rucklidge (in press) encom 
passes the following sequence:
1. early nodular pyrite, thought to be syngenetic/ 

diagenetic in origin, which is affected by later 
deformation, and entrained by the secondary fo 
liation. The nodules have not been studied in 
detail, and sulphur isotopic data on Fe-sulphides 
in the Superior province metasediments (e.g. see 
Strauss 1986) has not yielded an unequivocal 
answer to the question of pyrite genesis. 
Stratabound concentrations of pyrite -occur in 
some sediments at the Owl Creek Mine (Photo 
262.5a), but these rocks show signs of strong 
tectonic modification. An example is Owl Creek 
sample 725, a grey banded argillite with promi 
nent pyrite bands, a relatively high carbonate 
content, strong pressure shadow development 
(notably, on coarse carbonate as well as on the 
usual pyrite nuclei), and, for reference, a low 
(background) gold content

2. porphyroblastic pyrite, both coarse and euhedral, 
crosscutting both original sedimentary bedding 
planes and later foliations (Photo 262.5b), and 
often enclosing irregular masses of the foliated 
matrix

3. porous, frequently arsenical, gold-related pyrite, 
including concentrations of small euhedra and 
overgrowths of later, sponge-like habit
Arsenic in the carbonaceous ores has been de 

tected most commonly in arsenical pyrite. The ar 
senic content in the pyrite reaches a maximum near 
2.0 weight percent. Much higher values have been 
reported elsewhere, e.g. 10 weight percent as a maxi 
mum for Idaho pyrites (Lewis and Shieh 1986). The 
bulk rock arsenic values are sometimes bolstered by 
the occurrence of arsenopyrite. In quartz-veined vol 
canic "grey zone" sample 709 from the Hoyle Pond 
Mine, minor amounts of arsenopyrite occur with 
volumetrically dominant, coarser pyrite. The exact na-

68



F.G. FERRIS, W.S. FYFE, AND T.J. BEVERIDGE

Photo 262.4. A
spectacular example of 
a pressure shadow 
developed in argillite at 
the Owl Creek Mine, 
with centimetre-scale 
quartz "wings" on either 
side of a coarse pyrite 
nucleus. Usually less 
than 1 mm wide, the 
shadows abut pyrite 
(rarely carbonate), and 
generally consist of 
stocky quartz fibres.

HABIT X DOMINANT 
REGIME

Nodular Pyrite 

Porphyroblastic Pyrite 

Fine-grained l Porous Pyrite 

Final Gold Deposition 

Observable Pressure Solution 

Recrystallization 

Late Fracturing

Sedimentation ~ Brittle 
and Diagenesis

~ Ductile ~ Brittle

TIME

Figure 262.1. Inferred paragenetic relationships of major phases at the Owl Creek Mine (from Wilson and 
Rucklidge, -in press). Note the relative timings inferred for the three distinctive habits of pyrite in the 
deposit.
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Photo 262.5a. This, and 
the accompanying 
photograph, depict 
metasedimentary rocks 
south of the ore zone on 
the Owl Creek 3 Bench. 
Prominent pyrite 
banding occurs in a very 
fine grained argillite 
showing strong pressure 
solution, with removal of 
carbonate,
concentration of silica 
fibres around the pyrite, 
and concentration of 
relatively inert carbon.

Photo 262.5b. A few metres south of 262.6a, 
porphyroblastic pyrite grows in metasedimen 
tary rocks, retaining its primary sedimentary 
layering.

ture of these sulphides is not fully resolved; both 
arsenical sulphides may show the porous form in 
auriferous samples, and the arsenopyrite gives low 
totals on electron microprobe analysis, although the 
energy spectra indicate that Fe, As, and S account 
for all the peaks that are visible, apart from sporadic 
trace amounts of Si and Cu, presumably related to 
tiny inclusions in the host sulphide. The com 
positional variation of these sulphides can provide 
important constraints on the nature of the mineraliz 
ing fluids, and it is suspected that this peculiar form 
may also be a significant clue to the conditions of 
crystallization. According to Rytuba (1986), arsenical 
pyrite was formed at Carlin by the adsorption of 
native arsenic onto pre-existing pyrite. Amorphous 
sulphides rich in As, Sb, Au, Ag, Hg, and Tl have 
been documented from hot springs in New Zealand 
(Weissberg 1969). Even if such precipitates could 
have formed in the veins, one might expect recrystal 
lization to generate aggregates of fine crystals, such 
as the fine-grained euhedral arsenopyrite, coarser 
berthierite (FeSb2S4), and associated Sb phases pre 
sent in the "Card Lake* Occurrence in Sewell Town 
ship, west of Timmins, an assemblage unusual for 
the Archean and for the Abitibi Belt. This last site, the 
subject of a number of exploration projects in the 
past (Assessment Files, Mining Recorder's Office, 
Ministry of Northern Development and Mines, Tim 
mins), is noted as a mineralogical curiosity by Sabina 
(1974).

STABLE ISOTOPES, CARBON, CARBONATES 
AND HYDROCARBONS_______________
A combination of geochemical techniques were ap 
plied to representative samples. The reduced carbon 
and carbonate contents of the samples, as reported 
here, were determined by X-Ray Assay Laboratories 
Limited, Don Mills. A summary of the methodology is 
included as it is pertinent to the following discus 
sions. Carbon isotope measurements were made by 
the Environmental Isotope Research Laboratory, Uni 
versity of Waterloo, on both reduced and oxidized 
(carbonate) fractions of selected samples. These and
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other data are given in Table 262.1. With the excep 
tion of sample 414, each reduced carbon sample was 
measured twice, and the values quoted are averages 
(the average and extreme differences within each 
pair of measurements were Q.26%0 and 0.03 to 
0.67Xo respectively). Carbonate samples were mea 
sured once (except for sample 421, which has the 
mean of two analyses).

Hand samples were crushed for major and minor 
element analysis, and small aliquots of the remnants 
were prepared for stable isotope measurements. Car 
bonate content as CO2 was first determined by 
coulometry following hydrolysis of small 
(approximately 0.1 g) aliquots. So-called organic car 
bon was then measured by heating the same aliquots 
in the presence of an oxidizing agent, and repeat 
coulometry on the CO2 evolved. The data reported 
here refer to *C02" (carbonate) and "C" (reduced) 
carbon in weight percent, and are all coulometric 
measurements. The authors prefer the nongenetic 
phrase "reduced carbon" in general, although the 
evidence seems good that this carbon is biogenic, 
incorporated into the sediment at time of deposition. 
As a check, "total carbon" was determined on sepa 
rate 0.1 g aliquots with a LECO (induction furnace) 
total carbon analyzer. As this is a high-temperature 
process, any difference between the total carbon 
value and the sum C*(0.2729xCO2) should be a 
refractory form of carbon, either "graphitic", (the ana 
lytical term employed) or, more exotically, carbon 
trapped within some other phase. Of two samples 
analyzed in 1984, and eleven samples in 1987, only 
the Nevadan sample 445 displayed a total carbon 
value significantly (0.69 weight percent) less than the 
total as calculated from the coupled measurements at 
lower temperature. Mean and extreme values for ex 
cess high-T carbon are 0.53 (0.13 to 0.83) and 2.45 
(1.08 to 5.74) weight percent for 3 metavolcanic rock 
samples and 10 metasedimentary rock samples re 
spectively. In five out of 13 samples, this residue 
may account for the balance of the absolute total 
carbon in the rock. The precise nature of the "extra 
carbon" is not critical to the observations which fol 
low, so, in conclusion, some possible explanations 
are noted:
1. The "organic carbon" analyses have been found 

to be reproducible, and the excesses in the high- 
T measurements occur in some of the low-car 
bonate samples. A problem in calibration might 
be involved, but the offsets appear to be random.

2. Inhomogeneity between aliquots might be in 
volved, but the incidence of high-T excesses 
(12/13 samples) seems too great for this to be 
likely.

3. A relatively ordered "graphite" may be present, 
accounting for the excesses. This is the authors' 
preferred explanation for the data. However, the 
excesses show no spatial relationship to the ore 
zone at the Owl Creek Mine. If true graphite 
occurs, it is very fine grained and intractable to 
conventional microscopy. Alternative techniques, 
possibly transmission electron microscopy, could 
provide useful information on the crystallinity of 
carbon in the Abitibi Belt metasedimentary rocks,

and on possible modifications that it may un 
dergo within shear zones.
Reduced carbon contents of the metavolcanic 

samples are quite low, (0.10 to 0.25 (mean 0.17) 
weight percent). In comparison, six, black, clearly 
carbon-rich metasediment samples average 8.3 
weight percent C, while the remaining four metasedi 
ment samples (shades of grey in hand specimen, 
lacking copious amounts of loose, powdery or shiny 
"graphite") averaged only 0.31 weight percent (0.35 
for three Owl Creek samples). It is worth noting that 
in the case of the metamorphosed argillites, a cutoff 
level of 1.0 weight percent reduced carbon separates 
the Owl Creek and Hollinger ore zone material from 
all the other samples.

The gold and carbon values correlate very well in 
the case of the Owl Creek sedimentary suite. It 
should be remembered, however, that while the gross 
carbon concentration may be engendered by the re 
moval of more soluble phases in an episode of 
ductile shear, it is not the carbon concentration, per 
se, that is responsible for the gold enrichment. The 
enrichment in carbon (averaging 24 times by weight 
for the four "black" versus the three "grey" Owl 
Creek metasedimentary rock samples) is in part due 
to the removal of carbonate and silica by intense 
pressure solution, and in part to (arguable) the migra 
tion of extremely fine carbon along small-scale 
planes of weakness. Despite the association of car 
bon with quartz veining, no convincing evidence is 
found that a significant portion of the carbon can 
have moved in the fluid phase, and been deposited 
on the vein margins. It seems, from Table 262.1, that 
the background level of gold in unmineralized 
metasediments is probably below 10 ppb, and that a 
(order-of-magnitude) thousand-fold enrichment in 
gold cannot be generated on a mine scale by in 
volvement of the host rocks alone. This finding ac 
cords with an average gold content for black shales 
of 14.7 ppb (Korobeynikov 1986). The carbon was 
concentrated during the same tectonic regime that 
prepared the rocks for later gold deposition. A pro 
portion of the gold plates onto carbonaceous sur 
faces in quartz-veined argillite, but much of it is 
sulphide-hosted.

Carbon isotope ratios of Archean carbonaceous 
metasediments vary widely, 613C (*3oo variation from 
PDB standard) of the organic material ranging from
-47 to -15^o (Strauss 1986; Schoell and Wellmer 
1981). The data in Table 262.1 range from -34.3 to
-19.4^. Strauss's (1986) samples contained 0.1 to 
15 percent total organic carbon, and one sample from 
the Owl Creek Mine was isotopically light (-31.5^). 
The seven metasediment samples from the Owl 
Creek Mine (0.3 to 17.1 weight percent reduced car 
bon) range from -31.2 to -26.7^, with a tendency for 
the lightest 613C values to occur in the most C-rich 
(and Au-rich) samples. Roughly speaking, the higher 
the ratio of carbonate to reduced carbon in the rock, 
the heavier (less negative 613C) the latter's isotopic 
signature, suggesting a degree of equilibration be 
tween the two. This generalization can be extended 
to two altered tholeiites (samples 421 and 696B, 
Table 262.1), having 613C—23.4 and -19.40/^ respec 
tively.
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The three sedimentary carbonate fractions stud 
ied have 613C ranging from -14.0 to -10.7^o, while a 
single tholeiitic sample returned a value of -4.3^o. 
The latter value for carbonate alteration in the aurif 
erous (4600 ppb Au) tholeiite is close to the mean 
value of -S.lil.3%0 ^289) for carbonate associ 
ated with 15 Au-mineralized sites in the Timmins area 
(Burrows et al. 1986). The preservation of distinct 
carbonate and carbon 613C values implies a fairly low 
formation temperature for the veining, as in the case 
of the Mother Lode in California, where wall rock 
ferroan dolomite has 613C no lighter than -4.9*3U 
while 'graphitic" carbon in veins and wall rocks is
-23 to -2S0L (Taylor 1986).

The occurrence of the lightest carbon (most neg 
ative 613C) in the C-rich, intensely veined and de 
formed rocks is reminiscent of observations by Eich- 
mann and Schidlowski (1975). They found that string 
ers of visible carbon in the Transvaal Dolomite of 
South Africa were 13C-depleted (613C - -37.1 to
-41.2^o) relative to disseminated carbon (this 
"normal" carbon varied from -26.5 to -36.7^). These 
authors attributed the isotopically light nature of the 
millimetre-thick carbonaceous layers to preferential 
transport of the lighter isotope from its earlier site in 
the carbonate matrix. In the case of the Owl Creek 
Mine, even rocks farthest from the ore zone have 
quite low carbonate contents relative to the African 
example, and the degree of concentration toward the 
ore zone is more intense. The survival of the lightest 
carbon adjacent to shear zone-hosted carbonatiza 
tion is also notable.

Hydrocarbon contents of five whole-rock sam 
ples were measured by Mercury Hydrocarbons of 
Limerick, Ireland.'The extraction process selects a 
5 g aliquot from a much larger sample, and by coarse 
crushing, sieving, and heating, liberates a proportion 
of the hydrocarbon gases in the rock for analysis in 
a computerized gas chromatography system. Al 
though only a fraction of the total gas, which is 
located on surfaces and microfractures, may be ex 
tracted, the data appear quite suitable for compara 
tive studies (J. Carter, Mercury Hydrocarbons Limited, 
personal communication, 1987). The technique is in 
tended less for close-spaced direct indication of gold 
potential, than for kilometre-scale regional surveys. 
Four of the selected samples were also analyzed by 
other techniques. The fifth is a background sample 
from the well known "Shovel Outcrop" composed of 
turbidite metasedimentary rocks exposed northwest 
of Porcupine Lake, some 8 km south-southwest from 
Owl Creek. Table 262.2 displays the data for key 
hydrocarbons in the samples. The samples are 
CH4-dominated, and show ethene/ethane ratios aver 
aging 5.3. The abundant methane is in accord with 
the wider survey of Gerdenich et al. (1986), who 
demonstrated that decrepitated fluid inclusions from 
Archean Au deposits are methane-rich. Their sam 
ples, also analyzed by gas chromatography, char 
acterized metasediment- and volcanic-hosted vein Au 
deposits with ethene/ethane ratios averaging 0.007 
and 1.4 respectively. Neither study has nearly 
enough samples (seven in Gerdenich et al. 1986, five 
in the present study) to properly investigate this topic. 
For present purposes, however, it is interesting to 
note that certain light and heavy hydrocarbons are

substantially enriched in the Owl Creek open pit 
samples relative to the other samples, confirming that 
the method of hydrocarbon gas analysis has some 
promise for gold prospection in Archean terrains.

TRACE AND MINOR ELEMENTS (GOLD AND 
ARSENIC REVISITED)_______________
A range of trace elements were measured in these 
samples. The assays for gold and arsenic (Table 
262.1) are particularly revealing. The importance of 
arsenic as an indicator element for gold is dem 
onstrated by the data in Table 262.1; a threshold 
value is hard to estimate from the data due to the 
preponderance of strongly gold-anomalous samples. 
Apart from local arsenopyrite-bearing material, pyrite 
must be the main repository of the element; accord 
ing to a survey by Boyle and Jonasson (1973), pyrite 
in mineral deposits may carry 5 to 5600 ppm As, and 
in unmineralized rocks the smaller range of 100 to 
1600 ppm. Since pyrite is ubiquitous in the ores, 
albeit present in variable amounts, arsenic appears to 
work for both metasedimentary and metavolcanic 
rocks, in distinction to the reduced carbon contents, 
which remain quite low in the altered lavas due to 
their relative competence and overall susceptibility to 
brittle as opposed to ductile deformation events.

Other data on the suite, concerning major, minor, 
and trace elements, including rare earth elements 
(REE), will be presented at a later date. The REE yield 
gently-sloping plots, essentially flat for the metavol 
canic rocks, and moderately light rare earth element 
(LREE)-enriched for the metasedimentary rocks, as 
commonly found in Archean tholeiites and wackes 
respectively.

CONCLUSIONS
The data presented in this paper confirm the earlier 
contention (Springer 1985; Wilson and Rucklidge 
1986) that carbonaceous host rocks exert a com 
bined chemical and structural influence on external 
fluids introduced during intrusive or tectonic events. 
Carbon/carbonate ratios, carbon isotope data, and 
hydrocarbon contents of bulk rock samples all yield 
indications of the deformation zone localizing ore at 
the Owl Creek Mine. It is believed that similar pro 
cesses have operated in the other sites examined, 
although the degree of carbon concentration is usu 
ally on a lesser scale. The isotopic and other data 
from this study are in accord with the tectonic con 
centration of sedimentary Archean carbon into de 
formation zones which are localized within narrow 
areas of high competency contrast, and which serve 
as foci for external (magmatic) fluids transporting Au, 
As, and other elements.

As the major variation in carbon contents is re 
stricted to the metasedimentary rocks, whereas the 
variation in arsenic is not, arsenic remains the best 
pathfinder for gold on a grab-sample scale, barring 
gold itself.

In summary, extremely carbonaceous rocks sig 
nal tectonic disturbance near the ore zone, and al 
though the gold-carbon correlation may be to a de 
gree fortuitous in our limited set of data, abundant 
shiny "graphite" in outcrop or drillcore should alert
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the exploration geologist to favourable zones in the 
metasedimentary component of greenstone belts.

The final results of this study of reduced carbon 
and metal deposits, including an extensive review 
and supporting data, will be submitted for publication. 
Initially, it will be published as an Open File Report of 
the Ontario Geological Survey.
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ABSTRACT
The ability of bacterial cells to serve as nucleation 
sites for authigenic mineral formation has been in 
vestigated. Sediment samples, obtained from several 
different locations in Ontario, were examined by elec 
tron microscopy and energy dispersive X-ray spectro 
scopy. Individual bacterial cells and their remains 
were prominent in thin-sectioned plastic-embedded 
specimens as templates for authigenic mineral forma 
tion. The mineralization was usually observed on the 
walls of the bacteria, or was deposited around en 
capsulated cells growing in biofilms. In addition, lab 
oratory simulations showed that the development of 
bacteria-associated mineralization facilitates the 
structural preservation (fossilization) of micro-organ 
isms.

INTRODUCTION
A number of studies have shown that substantial 
quantities of dissolved metallic ions can be com- 
plexed by bacteria and their products (for a recent 
review see Beveridge and Fyfe 1985). This fixation of 
metallic ions arises through electrostatic interactions 
with anionic carboxyl or phosphoryl groups within the 
constituent polymers of the bacteria (Beveridge and 
Murray 1980; Ferris and Beveridge 1986). The molec 
ular components in the walls and external sheaths of 
bacteria are particularly reactive, so metals tend to 
accumulate at the surfaces of the cells (Ferris and 
Beveridge 1985). The results of our present field 
work and laboratory investigations further indicate 
that these cellular structures not only tenaciously 
bind metallic ions, but also serve as templates for the 
formation of distinct authigenic mineral phases dur 
ing early sedimentary diagenesis.

ANALYTICAL METHODOLOGY ~ 
SAMPLING PROCEDURES
Surficial sediment samples were collected in seepage 
areas near mine tailing impoundments at Onaping 
(northwest of Sudbury), Burchell Lake (west of Thun 
der Bay), and Rossport (on the northern shore of 
Lake Superior). Microbial biofilms were also scraped 
from submerged leaves at Rossport and rocks in the 
Irvin River near Salem, a small village north of 
Guelph. Immediately after the samples were collect 
ed, specimens were placed into 5 ml metal-free plas 
tic tubes containing 1 ml of 17o (v/v) aqueous 
glutaraldehyde, a fixative for electron microscopy. 
When the samples were returned to the laboratory, 
they were prepared for electron microscopy by de 
hydration through an ethanol-propylene oxide series, 
and embedding in an epoxy resin (Epon 812). Thin- 
sections (150 nm in thickness) were then cut using a 
Reichert Ultra-cut E ultramicrotome and mounted on 
Formvar-carbon coated copper grids.

EXPERIMENTAL GEOLOGICAL AGING OF BACTERIA
Mid-exponential growth phase cultures of Bacillus 
subtilis were grown as previously outlined, and har 
vested by centrifugation (Beveridge and Murray 
1980). After the bacteria were washed with pH 7.0 
HEPES buffer, half of the cells were resuspended in 
a fresh 10 mM FeCI3 solution at a concentration of 
1.0 mg dry weight per millilitre; the remaining cells 
were used as controls (i.e. no sorbed iron). The 
suspensions were allowed to incubate at room tem 
perature for 10 minutes, then the cells were pelleted 
by centrifugation and washed three times with 
deionized distilled water (DDW). The bacteria were 
then aged at 700C in either DDW or an aqueous 
300 ppm silica solution, for periods up to 150 days. 
Specimens were prepared for electron microscopy, as 
described above, at 15 day intervals.

ELECTRON MICROSCOPY
Thin-sectioned specimens were examined in either a 
Philips EM 300 or a Philips EM 400T electron micro 
scope, at 60 KeV or 100 KeV respectively. The EM 
400T was fitted with a STEM unit, goniometer stage, 
and an EDAX energy dispersive X-ray spectrometer. 
Both instruments were operated with a liquid nitrogen 
cooled anticontamination device in place at all times. 
Energy dispersive X-ray spectroscopy was conducted 
using electron beam spot sizes of 200 nm or less, 
and spectra were obtained by collecting counts for 
100 seconds (live-time).

RESULTS AND DISCUSSION ~
BACTERIAL SUPPORTED IRON MINERALIZATION
A significant portion of the organic matter in acidic 
sediments that arise near mine tailing impoundments 
is derived from acidophiiic bacteria which, unlike 
higher organisms, thrive under conditions of low pH 
(Brock 1974). In thin-sectioned samples of these 
sediments, bacterial cells were found in successive 
stages of mineralization by iron. The most common 
form of mineralization associated with the bacteria 
was amorphous ferrihydrite (Photo 265.1). However, 
cellular accumulations of various oxy-hydroxides 
(e.g. goethite) and oxides (e.g. hematite) were ob 
served (Photo 265.2). Similar iron precipitates also 
develop on the external surfaces of iron-loaded bac 
teria in the laboratory (Photo 265.3).

At least a two-step depositional process is ex 
pected to be involved with bacterial-supported iron 
mineralization (Beveridge and Fyfe 1985). Metal bind 
ing studies conducted with isolated bacterial walls 
suggest that an initial stoichiometric interaction be 
tween dissolved cations and the anionic bacterial 
polymers first saturates negatively charged sites. 
Then the hydrolysis of the bound iron forms distinct 
nuclei! for subsequent mineralization at the bacterial
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Photo 265.1.
Thin-section 
transmission electron 
micrograph showing a 
ferrihydrite encrusted 
bacterium in a sediment 
sample from a mine 
tailing impoundment 
seepage area near 
Onaping (ba^500 nm).

cell surface. This not only provides an explanation 
for the present data, but also accounts for the pres 
ence of biogenic carbon in natural goethites (Yapp 
and Poths 1986), and the genesis of oolitic iron ores 
by bacteria (Champetier et al. 1987).

MINERALIZATION OF BACTERIAL BIOFILMS
The direct examination of bacteria as they grow in 
natural environments has demonstrated that microbial 
cells are typically surrounded by extensive accu 
mulations of slime or capsular material (Costerton et 
al. 1985). As these encapsulated micro-organisms 
grow and divide, daughter cells are trapped within a 
common hydrated matrix, forming microcolonies of 
morphologically identical cells. This type of growth 
pattern is illustrated in Photo 265.4. The extracellular 
polymers that mediate microcolony formation also 
facilitate irreversible adhesion, so that most micro 
colonies develop directly on surfaces. Eventually, ad 
jacent microcolonies coalesce to form adherent 
biofilms which often contain a consortium of different 
bacterial species. Members of these mixed microbial 
populations are immediately juxtapositioned, and this 
facilitates their physiological cooperation. Nutrient 
substrate transfer, and even hydrogen translocation, 
are possible, leading to the establishment of micro- 
environmental conditions that differ substantially 
from the external aqueous milieu (Costerton et al. 
1985).

The chemical structures of many extracellular 
polymers from various aquatic micro-organisms are 
understood in considerable detail. Most are com 
prised of acidic mucopolysaccharides or poly- 
peptides that can be expected to act as ion-exchange 
resins which will interact with charged molecules or 
ions (Costerton ef al. 1985). Depending on the dis 
sociation characteristics of the exopolysaccharide, 
the adsorbed molecules and ions may be available to 
the encapsulated bacteria at concentrations signifi 

cantly higher than those available to planktonic 
micro-organisms. The uptake and retention of inor 
ganic ions within these polyanionic matrices also 
favors the nucleation and epitaxial growth of 
authigenic mineral phases (Photos 265.5 and 265.6). 
This type of diagenetic process, coupled with an 
entrainment of small clastic particles, must, therefore, 
contribute to the mineralization of bacterial biofilms.

SILICIFICATION OF BACTERIA
Recently, individual bacterial cells in a geothermal 
sediment preserved in successive stages by iron- 
silica crystallites was described by Ferris et al. 
(1986). Similar results have been obtained in the 
laboratory by aging control (i.e. no sorbed metal) and 
iron-loaded cells of B. subtilis in aqueous 300 ppm 
silica solutions. In experimental runs using control 
bacteria, the cells were completely degraded by their 
own lytic enzymes after 15 days of aging. However, 
silica crystallites rapidly developed on the remaining 
cellular debris (Photo 265.7). This confirmed other 
experimental evidence which shows that organic mat 
ter from bacteria will act as a template for silica 
deposition (Birnbaum and Wiremann 1985). The initial 
association between the bacterial remnants and silica 
was probably established by the hydrogen bonding 
of mono- or polysilicic acid to available hydroxyl 
groups (Leo and Barghoorn 1976). A subsequent hy 
drolysis and polymerization of the bound silicic acid 
accounts for the formation of the silica crystallites 
(Her 1980). The close distributional relationship that 
frequently exists between early diagenetic chert and 
sedimentary organic matter may be explained by this 
type of depositional process (Knoll 1985).

Although the precipitation of silica was slower 
with the iron-loaded cells, it eventually reached a 
stage comparable to the control situation (compare 
Photos 265.7 and 265.8). This difference suggests 
that cellular degradation actually enhances silica cry-
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Photo 265.2. A thin-section profile of hematite microcrystal on the surface of a bacterium in a sediment 
sample from Burchell Lake (ba^200 nm).
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Photo 265.3.
Iron-oxyhydroxide 
crystalloids (arrows) 
formed in the laboratory 
on the surface of an 
iron-loaded Bacillus 
subtilis cell 

200 nm).

Photo 265.4. A
transmission electron 
micrograph of a 
bacterial microcolony in 
an epilithic microbial 
biofilm from the Irvin 
River near Salem 
(bar=500 nm).
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Photo 265.5. day-type 
mineralization (arrows) 
associated with a 
bacterial microcolony in 
an epilithic microbial 
biofilm from the Irvin 
River near Salem 
(bar^SOO nm).

Photo 265.6.
Iron-oxyhydroxide 
mineralization 
associated with a 
microbial biofilm on a 
submerged leaf in a 
mine tailing seepage 
area near Rossport 
(bar^BOO nm).
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Photo 265.7. Silicified 
cellular debris from 
control (no sorbed iron) 
Bacillus subtilis cells 
aged for 30 days at 
7(fC in an aqueous 
300 ppm silica solution 
(bar^200 nm).

Photo 26S.8. An
iron-loaded Bacillus 
subtilis cell aged in the 
presence of silica for 90 
days. The cell wall has 
been completely 
mineralized by iron-silica 
crystallites and the rod- 
shape morphology of 
the bacterium has been 
preserved 
(bar=500 nm).
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siallite formation. However, the extent to which the 
bacteria were degraded by their own lytic enzymes 
determined whether intact structures conforming to 
the original morphology of the cells were preserved 
by silicification. In this context, the structural pres 
ervation of the iron-loaded B. subtilis cells was en 
sured by the inhibitory effect of the metal on the 
constituent lytic enzymes of the bacteria. Similar con 
ditions must apply to our recent observation of bac 
teria perserved in situ by iron-silica crystallites (Ferris 
et al. 1986). The scavenging of iron from the environ 
ment by the bacteria probably prevented the rapid 
post-mortem degradation of the cells and this facili 
tated the silicification (fossilization) of intact cellular 
structures.
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ABSTRACT
Calcareous Shield tills were examined to determine 
how they were transported and deposited, and how 
they could affect gold exploration, aggregate quality, 
and acid rain susceptibility.

Two highly calcareous tills, deposited by lodg 
ment and subglacial melt-out, are underlain by a 
local weakly calcareous till, and are overlain by a 
weakly calcareous supraglacial melt-out till. The en 
tire till sequence can be explained by a single rapid 
glacial advance over uplands involving simultaneous 
stoss side upshearing of local rocks and lee side 
downward transport of distal debris, followed by 
stagnation. Rapid flow involved ice streaming and/or 
surging within the Superior glacial lobe and may also 
explain other carbonate drift belts on the Shield.

Supraglacial till comprises coarse local Precam 
brian materials and is richest in metals. Carbonate 
tills comprise finer, dominantly distal materials, with 
less metals. The supraglacial and local gritty sand 
tills are most likely to contain well-defined ore disper 
sal trains that may be traced upglacier to their source 
(probably within 30 km). The carbonate tills are too 
far traveled to contain distinct and traceable trains; 
however, they should make excellent buffers against 
acid precipitation, and dam cores for acidic mine 
tailings ponds. Little chert occurs in the tills and 
aggregate quality should be generally high.

INTRODUCTION ~
The normal recommendation in drift prospecting pro 
grams is to sample lodgment till, as opposed to other 
genetic types, because it is dominated by local clasts 
and should reflect nearby sources of till materials 
(Goldthwait 1971; Shilts 1975, 1984). However, the 
first phase of this project (Hemlo area) clearly dem 
onstrated that lodgment tills in calcareous drift are a 
hindrance to mineral exploration because they con 
tain abundant distally derived materials that cannot 
be easily traced upglacier to their source (Hicock 
1986, in press). This conclusion was also reached by 
Geddes and Kristjansson (1986) and Karrow and 
Geddes (1987). In order to test this hypothesis and 
assess the regional implications of calcareous drift 
on gold exploration, the Geraldton area was also 
investigated during the second phase of the project. 
As with the Hemlo area, till genesis has important 
implications for the usefulness of drift prospecting, 
between Geraldton and Beardmore, in locating other 
gold sources.

This project was initiated in order to assess: a) 
the influence of carbonate till on mineral exploration 
on the Canadian Shield using drift prospecting; b) its 
response to acid precipitation; and c) to determine till 
genesis and propose a depositional model for the 
calcareous drift. These objectives are accomplished 
in the Geraldton area by analyzing the till character 
and stratigraphy in order to interpret its mode of 
formation, occurrence, and provenance.

Field work for phase 2, during three weeks in 
July, 1986, concentrated on 11 sites (Figure 266.1; 
mainly roadcuts) which were re-exposed with shovels 
then studied in detail for stratigraphic and structural 
relationships of sediment units. In the laboratory, 
granulometric analyses were performed by the 
hydrometer-sieve method of the American Society for 
Testing and Materials (1972), using 0.002 and 
0.063 mm at the clay-silt and silt-sand boundaries, 
respectively. Carbonate analyses were done after the 
method of Dreimanis (1962) and geochemical analy 
ses were completed by Barringer Magenta Limited of 
Toronto, using atomic absorption techniques on total 
digests of the -0.002 mm fraction of till matrices.

Till criteria and terminology used in this paper 
follow the system of the International Quaternary As 
sociation's Commission on Lithology and Genesis of 
Glacial Deposits as summarized by Dreimanis (1982).

PHYSICAL SETTING AND PREVIOUS WORK
The Geraldton area abounds with glacially aligned 
lakes and occupies a broad drumlinized trough with 
up to 100 m relief that is flanked by distinct uplands 
to the west, south, and east, as well as a subtle 
upland north of Geraldton (Figure 266.1). The area is 
underlain by a structurally-complex sequence of 
Precambrian lithologies including: metavolcanic 
(mainly greenstone), metasedimentary (including iron 
formation), and granitoid plutonic and gneissic rocks 
(Pye et al. 1966; Stott 1984a, 1984b). Diabase dikes 
have intruded other lithologies and minor patches of 
ultramafic rocks (mainly peridotite) occur on the bed 
rock surface.

Recent Quaternary studies north of Lake Superior 
have concentrated on surficial mapping and glacial 
lake studies (Farrand 1962; Zoltai 1965a, 1965b, 
1967; Boissonneau 1966); Zoltai and Boissonneau 
recognized the carbonate-rich till, as did Sado 
(1975). Coker and Shilts (1979) generally described 
the till in a lake geochemistry study, and Fortescue 
and Geddes (1983), Geddes (1984), Kristjansson 
(1984, 1986), Geddes and Bajc (I985a, I985b), Ged 
des et al. (1985), Woods (1985), Geddes and Krist 
jansson (1986), Geddes (1986), White (1986), Hicock 
(1986, in press), and Kristjansson et al. (in press) 
have described it in more detailed mapping and case 
studies. Gartner (1979, 1980a, 1980b) and Cooper 
(1983) provided engineering and terrain studies of 
the Geraldton area, and Karrow and Geddes (1987) 
summarized the implications of carbonate drift on 
radiocarbon dating, fossil shell preservation, acid 
precipitation buffering, and drift prospecting on the 
Canadian Shield.

TILL STRATIGRAPHY AND GENESIS
Four tills are recognized in the Geraldton area; two 
are highly calcareous and are sandwiched between 
tills with low carbonate content. The oldest is a 
locally-derived gritty, silty sand till observed by Krist-
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Figure 266.1.
Topographic map of the 
study area with site 
localities. Contour 
interval is 60 m.

jansson (1984, 1986); it was not encountered in the 
sections studied by the author.

LODGMENT TILL
The overlying unit occurs in seven sections and com 
prises a dark grey, compacted, calcareous diamicton. 
It is fissile, stony, and contains striated, faceted, and 
bullet-nosed stones, as well as clasts of sand at site 
11. Till matrix (-2.00 mm) comprises about 350Xo sand, 
55 07o silt, 100Xo clay and 30 to 4070 total carbonates 
(calcite and dolomite; Table 266.1). At sites 6 and 10, 
its upper portion was remobilized to produce a non- 
compacted massive diamicton.

Stones are generally subrounded to subangular 
and dominated by Paleozoic lithologies, indicating 
distal glacial transport. Parallel and transverse align 
ment of stones in the till, extension fractures, and 
shear planes within the unit, as well as displaced 
bedrock blocks in contact with the till, are consis 
tently oriented with striae on the top surfaces of 
stones.

These characteristics indicate that this compact 
diamicton was deposited subglacially by lodgment 
(Dreimanis 1976, 1982; Shaw 1985).

MELT-OUT TILL
The compact calcareous till is overlain by a light 
grey, noncompacted, coarser-textured diamicton. This 
calcareous till was observed at five sites and com 
monly appeared to be massive, although at some 
sites it contains interlayered and lenticular silt, sand, 
gravel, and diamictic strata. Bedding is in places 
truncated by dropstones or draped over them. Stri 
ated and faceted stones, as well as clasts of sorted 
sediment and compact till are abundant. Till matrices 
contain 60 to 700Xo sand, 20 to 300Xo silt, under 507o 
clay, and 25 to 357o carbonate (Table 266.1). Stones 
are generally subrounded, and distal clasts dominate 
the pebble assemblages. Alignment of stones is com 
monly parallel to striae on the top surfaces of stones 
within the till. At some sites, the unit extends to the 
ground surface where it has been heavily oxidized 
and leached of carbonate by soil development (Table 
266.1, sites 2 and 10).

These data indicate that this unit was deposited 
subglacially, mainly by melt-out (Dreimanis 1976, 
1982; Shaw 1982, 1983, 1985), but with subglacial 
stream and subglacial debris flow having formed 
some of the gravelly and diamictic strata.
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TABLE 266.

Till 
Unit

Supraglacial
meltout

lodgment

1 . GERALDTON TILL MATRIX AND PEBBLE DATA.

Site 
on 

Fig. 266.1
3

2 oxidized
2

Tupper
7 lower

9
10 oxidized

10

1
4 upper
4 lower

5
6 clasts

in meltout
6 remobilized

6
8

10 remobilized
11
11

Matrix Grain Size Matrix Carbonate Pebble data 
(•2.0mm fraction) (-0.063mm fraction) (1-1 Ocm fraction) 

•fcsand *Ksilt %clay ^arb cal/dol roundness Dlstal/Prec
62
61
62
70
65
74
63
59

45
42
38
34
23
30
35
31
43
32
43
36

ea ̂ calcite, doN dolomite, car 6=1013 1 
lithologies; prec= Archean lithologies,

37
37
36
28
33
23
34
38

48
50
55
59
68
53
59
53
48
62
48
56

1
02
02
02
02
03
03
03

07
08
07
07
09
17
06
16
09
06
09
08

11
0

22
24
27
33

0
32

26
44
31
37
39
33
35
32
26
35
35
32

0.2
0

0.2
0.3
0.5
0.7
0

0.5

0.5
0.9
0.7
0.9
0.7
0.9
0.6
1.4
0.7
0.6
0.9
0.9

sa-sr
sr-sa
sr-sa
sr-sa
sa-sr
sr-sa
sa-sr
sr-sa

sa-sr
sr-sa
sr-sa
sr-sa
sr-sa
sr-sa
sr-sa
sr-sa
sr-sa
sr-sa
sr-sa
sr-sa

calcite and dolomite, Distal Paleozoic -f- Proterozoic 
sa^ subangular, s^subrounded

0.5
1.0
0.9
0.9
1.3
1.4
1.6
5.7

1.2
2.6
3.8
4.6
4.3
-

5.3
1.9
6.1
4.9
-

1.2

(wacke)

SUPRAGLACIAL DRIFT (TILL AND BOULDER 
MANTLES)
At site 3, a noncompacted, weakly calcareous, 
coarse-textured diamicton (Table 266.1), dominated 
by subangular Precambrian clasts (many of them 
rotten), comprises the section, which contains a large 
angular block of highly calcareous till. The section 
occurs in a mound mantled by large subangular 
granitoid boulders. Other boulder-mantled mounds 
occur near the site and Precambrian blocks com 
monly mantle the ground surface at other sites. Stone 
alignment at site 3 is bimodal and unrelated to ice 
movement.

This material was most likely deposited by supra 
glacial melt-out, commonly as kames and Precam 
brian boulder mantles. Younger glaciofluvial and 
glaciolacustrine sediments were studied by Kristjans 
son ef a/, (in press).

GLACIER MOVEMENT AND CLASTIC 
DISPERSAL—^———————————^—
An accurate knowledge of glacier movement direc 
tions in the Geraldton area is essential for developing 
a strategy for mineral exploration by drift prospecting, 
as well as constructing a depositional model for the

tills and determining their source areas. Zoltai (1967), 
Sado (1975), and Kristjansson ef a/, (in press) deter 
mined that general ice advance was toward the 
southwest.

LODGMENT TILL
All fabric orientations (pebble long axes) in the lodg 
ment till display both parallel and transverse clast 
alignment indicating that glacier advance was toward 
the southwest, which agrees with the dips of exten 
sion fractures, shear planes, and displaced bedrock, 
as well as striae on stones within the till. Distal 
lithologies dominate the stones (see Table 266.1) but 
local rocks have been incorporated, including serpen- 
tinized peridotite originating just southward of Gerald 
ton.

MELT-OUT TILL
Fabric orientations in the melt-out till suggest that 
glacial advance was generally to the southwest, 
which is supported by striae on stones in the unit. 
Distal clasts are commonly the most abundant, but 
stones of local to intermediate provenance (including 
peridotite) were also upsheared into the ice when it 
was actively advancing prior to melt-out deposition.
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TABLE 266.2. GEOCHEMICAL ANALYSES OF GERALDTON TILL SAMPLES (-0.002 mm fraction).

Site

1
2
2

3
4
4
5
6

6

6

6
7
7
8
9
10
10

10

11
11

TIM 
Facies
lodgment
meltout
meitout
oxidized
supraglacial
lodgment
lodgment
lodgment
lodgment
clast in meltout
lodgment
clast in meltout
lodgment
remobilized
lodgment
meltout
meltout
lodgment
meltout
meltout
meltout
oxidized
lodgment
remobilized
lodgment
lodgment

Cu 
ppm

90
190
200

600
100
60
60
55

47

55

45
125
85
80

130
70
80

90

90
60

Nl 
ppm

65
145
500

375
60
55
40
40

40

45

35
50
30
60
60
55
75

45

65
55

B 
ppm

22
35
31

38
39
35
28
43

31

36

36
36
31
40
40
33

9

37

28
28

Mn 
ppm
460
790
760

1250
560
480
460
520

490

540

475
780
640
530
640
610
300

520

530
570

Zn 
ppm
120
195
140

200
145
110
115
100

90

105

95
195
140
150
160
135
100

135

120
105

MO 
ppm
d
•O
•O

C1
d•ci
ci
•o

ci
••ci

C1
C1
C1
C1
•a
d
ci
•C1

*C1
^

As 
ppm
11.0
7.5

20.0

23.5
6.0
5.0
5.0
4.5

4.0

4.5

4.0
5.5
3.5
4.5
7.5
7.0

11.0

5.5

26.5
16.5

Sb 
ppm

0.2
0.2
0.3

0.5
0.2
0.2
0.2
0.2

•C0.2

0.2

0.2
0.2
0.2

•C0.2
0.2
0.2
0.2

0.2

0.3
0.2

W Te 
ppm ppm

6 C0.2
20 CO. 2
12 0.2

350 0.2
16 C0.2
4 •CO. 2
6 <0.2

12 C0.2

C4 C0.2

4 •CO. 2

8 -CO. 2
8 C0.2

100 C0.2
16 C0.2
4 CO. 2
4 CO. 2
6 C0.2

4 CO. 2

4 C0.2
4 C0.2

AU 
PPb

5
29

4

145
1

15
34
17

10

12

2
16
5
2

13
37

1

4

11
^

SUPRAGLACIAL DRIFT
The bimodal fabric in supraglacial till at site 3 is 
unrelated to ice movement, but the drift is clearly 
dominated by angular local clasts, including peri 
dotite derived from the northeast.

SUMMARY
The glaciotectonic and fabric data agree with the ice 
movement data of Zoltai (1967), Sado (1975), and 
Kristjansson et a/, (in press) and clearly indicate 
southwestward advance. Paleozoic, peridotite, and 
dark wacke clasts confirm this since they originated 
from bedrock sources to the northeast. The Paleozoic 
pebbles were derived from the James Bay Lowland, 
at least 120km distant, and the wackes from the 
eastern side of Hudson Bay (Shilts 1980, 1982, 
1984). Pebble assemblages indicate that ice ad 
vanced southwestward across lithological contacts 
rather than parallel to them.

GEOCHEMICAL GLACIAL DISPERSAL
Atomic absorption analyses of the -0.002 mm fraction 
in till matrices for eight metals and three semimetals 
are presented in Table 266.2. This size fraction was 
chosen because it most accurately reflects 
preweathering proportions of metals in the till matrix 
(Shilts 1975, 1984).

The supraglacial melt-out till is clearly richest in 
metals, especially gold, whereas the highly calcar 
eous tills contain lesser amounts. Melt-out till is gen 
erally richer in metals than the lodgment facies, but 
has lesser matrix carbonate. The relationship be 
tween metal content and matrix carbonate is dem 
onstrated in Figure 266.2 for four representative met 
als; in general, as matrix carbonate increases, metal 
content decreases. This trend reflects relative dilution 
of metals of local to intermediate provenance by 
distal carbonate matrix during glacial transport and 
deposition. Supraglacial till has low carbonate matrix 
and better reflects the local bedrock geochemistry.

MODE OF GLACIAL TRANSPORT AND TILL 
DEPOSITION___________________
The entire till sequence in the Geraldton area can be 
explained by one glacial advance over uplands to the 
northeast (Figure 266.1). The carbonate-rich tills 
probably resulted from rapid ice stream erosion of 
carbonate bedrock in the James Bay Lowland and 
subsequent deposition in the lee sides of uplands 
where englacial debris was transported downward to 
the basal zone as the glacier experienced enhanced 
extending flow, followed by stagnation. The deposi 
tional model for phase l of this project (Hemlo) also 
applies here and was presented by Hicock (1986; in 
press). Extending flow was probably also part of the
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SUPRAGLACIAL TILL MELTOUT TILL LODGMENT TILL
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Figure 266.2. Geochemical comparison of representative metals in Geraldton Till matrices (-0.002mm 
fraction), excluding leached samples from sites 2 and 10, with percent matrix carbonate (-0.063 mm 
fraction).

rapid glacial movement (surging and/or ice stream 
ing) in prominent lobes along the southern margin of 
the Late Wisconsinan Laurentide Ice Sheet (Wright 
1973; Boulton and Jones 1979; Boulton et a/. 1985; 
Clayton et al. 1985; Beget 1986; Hicock et al. in 
press), in this case the Superior lobe. In this way, 
large quantities of Paleozoic carbonate debris were 
rapidly transported great distances over the Canadian 
Shield and deposited on it as belts of thick carbonate 
till (c.f. Karrow and Geddes 1987; Hicock et al. in 
press).

In the Geraldton area, glacier ice streaming from 
the northeast (probably out of the James Bay Low 
land via the Albany-Drowning corridor and Nakina) 
met the stoss side of the granitoid upland belt north 
of Geraldton. Local compressive flow was induced 
and diverted around the uplands (as welt as inducing 
upshearing of glacial debris), eroding the local bed 
rock and depositing Kristjansson's (1984, 1986) local 
gritty sand till. The englacial zone overrode the re 
tarded basal ice and continued the stoss-side up 

shearing of local debris to or near the glacier sur 
face. It then spilled over the bedrock step and into a 
structural trough southwest of Wildgoose Lake while 
its debris was transported downward with extending 
flow. This resulted in lodgment of englacial debris on 
top of the gritty sand till, in the lee side of the 
upland.

After the glacier reached its maximum extent, it 
probably stagnated in the Geraldton area where 
much glacial debris was deposited by subglacial 
melt-out. A late rejuvenation of the glacier occurred 
during general downwasting which carved drumlins 
into the carbonate tills and probably correlates with 
the deposition of an upper lodgment till in the Hemlo 
area (Hicock 1986, in press).

Finally, upland stoss-side debris that was up- 
sheared to or near the glacier surface was passively 
lowered onto the underlying calcareous melt-out and 
lodgment tills by supraglacial melt-out, in some 
places as kames. This is supported by the various
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late glacial ice retreat and disintegration features in 
the area (Zoltai 1967; Sado 1975; Kristjansson 1986; 
Kristjansson ef a/, in press).

Lakes within areas of calcareous glacial drift are 
more alkaline than those without and also serve as 
buffers (Woods 1985, p.45; Coker and Shifts 1979).

ECONOMIC AND ENVIRONMENTAL ASPECTS TAILINGS DAM CORES
As with the first phase of the project (Hicock 1986, in 
press), these results and interpretations indicate that 
an understanding of till genesis, stratigraphy, and ice 
movements are important for mineral exploration 
strategies and environmental considerations. Some 
recommendations are presented below for the Geral 
dton area.

DRIFT PROSPECTING
The supraglacial melt-out till and the local gritty sand 
till, in which significant gold was also found (F. 
Kristjansson, Geologist, Engineering and Terrain Geol 
ogy Section, Ontario Geological Survey, Toronto, per 
sonal communication, 1987), are best to sample in 
overburden drilling programs. They comprise material 
that has been transported for relatively short dis 
tances (mainly derived from uplands less than 30 km 
upglacier; Figure 266.1) and are, therefore, most like 
ly to contain well-defined dispersal fans of ore 
anomalies which may be traced back to their source 
(c.f. Shifts 1976, 1984). This is exemplified by the 
relatively high gold value in the supraglacial till, 
which occurs within an area of gold exploration.

The calcareous tills, however, are a hindrance to 
drift prospecting (Kristjansson 1986) because they 
contain mainly distally-derived material (much of it 
from at least 120km away) which mask dispersed 
ore of local to intermediate provenance. Any disperal 
fans within the calcareous tills will probably be too 
diffuse to recognize (with ore values near back 
ground this far downglacier from distal ore sources) 
or to successfully trace the anomalies back to their 
source.

AGGREGATE QUALITY
As in the Hemlo area (Hicock 1986), chert is a minor 
component in the drift studied around Geraldton and 
should cause no problems with gravel use. Rotted 
clasts of granitoid and metased i merits were found in 
several sections. At site 3, the supraglacial till was 
dominated by completely decomposed purple 
metasedimentary ciasts and the unit will present a 
problem for aggregate use if this is found to be a 
trend in it.

ACID RAIN
The calcareous tills should be excellent buffers. They 
are as calcareous as those overlying carbonate bed 
rock in southern Ontario where till matrix carbonate 
would attain a maximum.

Map unit 3 of Kristjansson et al. (in press) is the 
least susceptible to acid rain. Thus, a map of acid 
rain susceptibility could be constructed based on the 
matrix carbonate of the various sediment units in the 
area, such as that attempted by Woods (1985, p.45) 
for the Hemlo area.

The calcareous lodgment till would probably make 
good low-permeability cores with high capacity for 
buffering acidic mine tailings, as it does in the Hemlo 
area (Hicock 1986).
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ABSTRACT
The southern segment of the granophyre ring of the 
Sudbury Igneous Complex contains prominent C-S 
fabrics produced by northwest-directed ductile shear. 
This intense deformation probably occurred in the 
same regional stress field that generated the reverse 
faults and thrusts found south of the Sudbury Struc 
ture. Ongoing structural analysis will test the hypoth 
esis that the tectonic deformation of the Sudbury 
Structure was caused entirely by reverse ductile 
shear and associated faulting. Another objective of 
the structural analysis is to make a proper estimate 
of the original diameter ratio of the unstrained Sud 
bury Structure. Laboratory research is directed toward 
a better use of available strain gauges, such as 
concretions in the Chelmsford Formation and various 
types of fragments in the Onaping Formation. A de 
tailed structural map is being made that will cover the 
deformed portion of the Sudbury Structure, to be 
published upon completion of this project.

INTRODUCTION
The Sudbury Structure holds the largest Known Ni-Cu 
deposits on earth, but its origin and tectonic history 
are still a matter of heated debate. No detailed struc 
tural study has been made of the Sudbury Igneous 
Complex, and the deformation of the wall rocks is not 
well understood. Therefore, the authors started a 
long-range project to remedy this situation and there 
by assist in the search for new Ni-Cu deposits.

This paper summarizes the progress after 3.5 
months of field work and subsequent laboratory 
study. It focuses on the ductile deformation of parts 
of the Sudbury Structure and contains no information 
on the wall rocks. All of the field data were obtained 
above ground. Research has greatly benefited from 
earlier structural work, notably that of Brocoum and 
Dalziel (1974), Card and Hutchinson (1972), Clenden- 
den (1986), Dressler (1984a, 1984b), Morris (1984), 
Muir and Peredery (1984), Rousell (1972, 1975, 
1984), and Stevenson (1972, 1984).

RESEARCH GOALS
A field-based structural analysis is being conducted 
to; a) produce a detailed structural map of the de 
formed portion of the Sudbury Structure, b) attempt to 
estimate the original ratio of principal horizontal di 
ameters of the Sudbury Structure, and c) reconstruct 
the kinematics of tectonic deformation of the original 
Sudbury Structure. This entails a critical assessment 
of natural strain gauges used by previous workers 
and the discovery of suitable kinematic indicators.

DETAILED STRUCTURAL MAPPING ~
Field mapping in 1986 covered the western core of 
the Sudbury Structure (Figure 275.1) and the south 
western portion of the Sudbury Igneous Complex. A 
detailed survey was made of the fold system in the

Chelmsford Formation (Rousell 1972, 1984) and a 
number of important relationships were established.

Folds are of different orders (Ramsay 1967, 
p.355) and do not adhere to a simple en echelon 
pattern as implied by Rousell (1972, 1984). The up 
right folds belong to a pervasive system of sinuous 
and bifurcating structures that seems to extend 
across the entire core of the Sudbury Structure 
(Shanks 1987, Figure 10). Individual folds of the 
wave trains are markedly noncylindrical and doubly 
plunging (Figure 275.1). The dominant trend of the 
hinge-plane traces is OSO0 to 0700, but the lack of 
northwest-trending linear zones of hinge-line depres 
sions and culminations is difficult to explain with 
Rousell's (1984, p.84) hypothesis of horizontal cross 
folding under northeast-southwest compression. More 
probably, the curvature of fold hinges and the asso 
ciated change in fold amplitude is largely caused by 
the termination and bifurcation of folds as typically 
found in buckle systems (Photo 275.1). Buckle fold 
ing in bedding seems to have occurred throughout 
the Chelmsford Formation, which involves an alter 
nating sequence of strong wacke beds (1 to 5m 
thick) and weak siltstone beds K2 m thick).

The southwestern part of the Igneous Complex 
contains highly strained granophyre rocks and noritic 
to gabbroic phases that show little macroscopic evi 
dence of pervasive deformation. However, there are 
enough narrow mylonite zones in the noritic and 
gabbroic rocks to demonstrate that the entire Igneous 
Complex was subjected to regional deformation. Field 
work in 1987 was specifically directed toward the 
problem of the deformational responses of the 
"norite".

Schistosity (flattened mineral aggregates) in the 
granophyre dips consistently to the southeast (Figure 
275.2), and is subperpendicular to the lithological 
contacts in the southwestern part of the Sudbury 
Structure (Morris 1984). Convincing evidence was 
found that schistosity was produced in a broad zone 
of pervasive ductile shear, which includes at least 
the upper part of the Onaping Formation.

Within the southwestern Sudbury Structure, and 
possibly elsewhere as well, the Onaping Formation 
was deformed in a ductile manner that resulted in 
prolate fragments. The fragments define pronounced, 
steeply plunging linear fabrics that cannot be readily 
explained by ductile simple shear, and pose an im 
portant structural problem.

NATURAL STRAIN GAUGES
All major rock units in the Sudbury Structure contain 
at least one potential strain gauge (Rousell 1984, 
Clendenden 1986), but most of these common 
gauges cannot be used at present (Shanks 1987). 
The Chelmsford Formation is rich in football-size con 
cretions (Brocoum and Dalziel 1974), but their origi 
nal shape and time of formation are uncertain (Photo 
275.2; Shanks 1987, Appendix A).
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Figure 275.1. Horizontal traces of fold hinge surfaces (opposing arrows) within the core of the Sudbury 
Structure (simplified from Shanks 1987, Figure 10). Small solid circles indicate mines.

The Onwatin Formation seems to lack macro 
scopic strain gauges, but its slaty cleavage should 
provide a minimum value of the total-strain ratios 
(Ramsay 1967, p. 180) as well as the principal-strain 
directions. Small-scale folds are locally present in the 
Onwatin Formation, and could yield valuable informa 
tion about the progressive strain.

The Onaping Formation is practically undeformed 
in the northern part of the Sudbury Structure, where 
the shapes and original fabrics of inclusions 
(fragments, shards, and so on) can be ascertained. 
Most types of inclusions are apt to be stronger than 
the rock matrix, and cannot be easily used as gauges 
of total rock strain. Shanks (1987, p. 12) started to 
investigate this problem and found that most types of 
inclusions have no original preferred orientation. 
Moreover, at least one common variety of ductile 
inclusions is strained as much as the rock. This is 
revealed by identical results of strain analysis based 
on; a) the shape and orientation of deformed inclu 
sions (Robin 1977), and, b) the relative displacement 
between centres of neighbouring inclusions (Fry 
1979, Crespi 1986).

Coarse varieties of strained granophyre contain 
excellent mineral-aggregate fabrics (mafic clots, and 
so on), which are being used as gauges of total rock

strain. No conventional strain gauges seem to occur 
in fine-grained granophyre and norite.

ESTIMATE OF ORIGINAL RATIO OF PRINCIPAL 
HORIZONTAL DIAMETERS———————-
Several workers have estimated the length of the 
original northwest-southeast diameter of the entire 
Sudbury Structure, or at least the core of its map 
pattern (for example, Brocoum and Dalziel 1974, 
Rousell 1984, Morris 1984, Clendenden 1986). How 
ever, only the diameter ratio is needed in assessing 
whether the original Sudbury Structure was subcir- 
cular in plan view and could have been caused by 
meteorite impact (Naldrett 1984). Most previous work 
ers assumed that the present horizontal diameter is 
the same material line as the original diameter, but 
this assumption is untenable because of the strong 
northwest-southeast gradient in total strain across the 
Sudbury Structure (c.f. Schwerdtner 1977). These 
workers also assumed that all rocks were present as 
well as being undeformed at the onset of the tec 
tonism that distorted the original Sudbury Structure. In 
view of such restrictive assumptions, the original ra 
tio of principal horizontal diameters must be regarded 
as being still unknown. The chance that the present 
attempt will be successful at estimating this ratio will
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Photo 275.1. Transparent model of a system of upright buckle folds in plan view (15 by 15 cm), formed by 
noncoaxial horizontal compression. Load was applied by clockwise rotation of dark levers and glass 
plates fixed at top and bottom of the model. Undeformed strong member = 1 mm thick rubber sheet 
with a square grid of black lines, a single black diagonal and large marker circles. Weak matrix = 
gelatine with a few black air bubbles. Diffuse dark lines subparallel to black diagonal are hanges of 
buckle folds. Note common bifurcation and termination of buckle folds and wavy (corrugated) appear 
ance of the black grid lines after buckle folding.

depend largely on the reliability of the potential 
gauges of total strain.

Two principal methods are available for estimat 
ing the original horizontal dimensions of large geo 
logical bodies. Method 1 utilizes markers of the 
paleohorizontal plane, and Method 2 utilizes the geo 
metric surface which coincides with the present ero 
sion surface (Schwerdtner 1985, Figure 1). Owing to 
the absence of depositional layering within most out 
crops of the Onaping Formation and the Igneous 
Complex, only Method 2 can be used for the entire 
erosional remnant of the Sudbury Structure. This 
method relies on the compatibility between small 
finite elements within a large geological structure 
(Cobbold and Percevault 1983) and has recently 
been employed in estimating the original width of an 
Archean greenstone belt (Schultz-Ela 1987).

Method 1 can only be applied to the core of the 
Sudbury Structure (Chelmsford Formation), where

bedding attitudes are available. These bedding at 
titudes permit the delineation of outcrop patterns of 
folds (Figure 275.1; Shanks 1987, Figure 10) and the 
projection of folded surfaces to depth (Pagan 1985, 
Chapter 12) and the construction of a northwest- 
southeast vertical section.

The projection methods assume that the fold 
style is perfectly parallel, a first-order approximation 
in most natural buckle systems (Suppe 1985). Un 
fortunately, the folds in the central Sudbury Structure 
are rarely seen in profile, but they tend to be open 
(e.g. in road cuts near the town of Chelmsford). All 
open folds may be regarded as quasi-parallel, as 
shown in Ramsay's (1967, p.366) t'/a, and T' /a, 
plots. This means that vertical sections can be con 
structed across fold trains within the Chelmsford For 
mation and used to restore the minimal northwest- 
southeast length of undeformed bedding planes 
across parts of the central Sudbury Structure. This
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Contoured plot of S-planes in lower hemisphere 
stereographic projection

Contoured plot of C-planes in lower hemisphere 
stereographic projection

Figure 275.2. Machine-contoured stereoplots (lower hemisphere) using the Gaussian weighting function 
(after Robin and Jowett 1986),
(a) 43 poles to schistosity planes (S),
(b) 47 poles to C-planes, 1-5 are fields of increasing density. Contours are at 0.43+0, 0.43+40, 0.43+So, 
and 0.43+280 in Figure 275.2a, as opposed to 0.47+20, 0.47+40, 0.47+Bo and 0.47+360 in Figure 
275.2b (o^ standard deviation).

can be accomplished by measuring the northwest- 
southeast arc length of individual bedding surfaces, 
within a train of folds, from their outcrop traces on 
one flank of the central Sudbury Structure to those on 
the other flank. The original lengths thus obtained are 
divided by the present northwest-southeast horizontal 
distances between the respective outcrop traces to 
estimate the reciprocal value of northwest-southeast 
overall strain.

This estimate can be improved by considering 
also the uniform thickening of beds associated with 
buckling, which is accomplished by means of reliable 
strain data. The northeast-southwest overall strain is 
probably small, but can also be estimated on the 
basis of strain data. In case of no northeast-south 
west change in overall length, the reciprocal value of 
northwest-southeast overall strain corresponds to the 
length ratio of a pair of undeformed line segments 
located on the principal horizontal diameters of the 
oval map pattern. If this length ratio is close to the 
diameter ratio of the central map pattern (Chelmsford 
Formation), then the Sudbury Structure was probably 
subcircular at the onset of regional deformation.

KINEMATIC INDICATORS IN THE SOUTHERN 
IGNEOUS COMPLEX________________
Apart from its prominent schistosity (S-fabric), the 
deformed granophyre also exhibits discrete planar 
discontinuities that have tentatively been interpreted 
as C-planes (Figure 275.2b and Berthe et al. 1979). 
However, these discontinuities may also be shear

bands (Coward 1984, Figure 19) or Riedel shears; 
field work was carried out in 1987 to test this pos 
sibility. Shanks (1987) regarded the features in ques 
tion as C-planes of a simple-shear zone, and es 
timated the extreme-strain ratio from the angle be 
tween the centres of the maxima for C- and S-poles 
(Figure 275.2). He found that this principal axial ratio 
is 7.53 and the corresponding unit shear Z 2.38. 
These values would be incorrect if the discontinuities 
turn out the shear bands, or if the deformation is not 
purely by ductile simple shear.

Because the centre of the maximum for S-poles 
is less inclined than that for the supposed C-poles, 
the sense of shear corresponds to that of northwest- 
directed thrusts. If the discontinuities turn out to be 
shear bands instead of C-planes, then the shear 
zone boundaries dip more steeply to the southeast 
than is suggested by Figure 275.2b, but the sense of 
shear would not be affected. This indicates clearly 
that the southern segment of the granophyre ring, if 
not the entire southern Igneous Complex, was sub 
jected to progressive ductile shearing with the dis 
placement sense of thrusts or reverse faults. The 
lowermost Onaping Formation had a similar fate, but 
no kinematic indicators were found in the other 
stratigraphic members whose path of deformation 
may have been comparable to that of the 
granophyre.
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Photo 275.2. Small road cut near Chelmsford in which the orientation of deformed concretions varies 
between wacke (a) and siltstone (b) beds. This suggests that the undeformed concretions in siltstone 
were markedly elongated parallel to bedding.
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CONCLUSIONS
The beds of the Chelmsford Formation (exposed core 
of the Sudbury Structure) comprise a northeast-tren 
ding system of buckle folds which has been mapped 
in detail and will be used, together with various other 
strain gauges, to estimate the original diameter ratio 
of the undeformed Sudbury Basin. The fold pattern 
can be explained fully by northwest-southeast com 
pression, possibly associated with the northwest-di 
rected ductile shear of the southern granophyre seg 
ment and reverse faulting south of the Sudbury Struc 
ture.
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ABSTRACT
The Lac des lies Complex consists of several mafic 
and ultramafic intrusions which contain economically 
interesting platinum group element- (PGE-) bearing 
Ni-Cu sulphide mineralization. The different plutonic 
centres have been studied using geochemical and 
isotopic methods to constrain their petrogenesis. 
Platinum group element abundances are used to de 
velop concepts explaining the origin of the sulphide 
mineralization.

Sm-Nd isotope analysis of whole rock and min 
eral separate samples from the southern ultramafic 
centre lie on a 143NdX144Nd versus 147SmX144Nd isoch 
ron with an age of 2736±28 Ma and an initial 
i43Ndxu4Nd of o.509150±30 (E^ + 1.2). This age is 
interpreted to be the time of intrusion of the ul 
tramafic complex. The southern ultramafic centre 
consists of a wehrlite core which is surrounded by 
websterite and gabbronorite cumulates. Major and 
trace element variations reflect the zoning of the 
complex, in that MgO, Cr, and Ni contents decrease, 
and AI2O3, Na2O, TiO2, Zr, Y, and rare earth element 
(REE) contents increase from the core to the margin.

Based on petrographic and geochemical studies, 
the northern ultramafic centre can be subdivided into 
at least four cyclic units which ideally consist of 
dunite to wehrlite cumulate at the base, followed by 
clinopyroxenite and websterite, locally grading into 
gabbronorite. This indicates similar crystallization se 
quences in both ultramafic centres: olivine, olivine* 
clinopyroxene, clinopyroxene, clinopyroxene+ortho- 
pyroxene, and clinopyroxene+orthopyroxene+plagio- 
clase.

The gabbroic complex has been subdivided into 
eastern and western intrusive phases which consist 
mainly of gabbro and norite to gabbronorite cumu 
lates, respectively. Latter phases host PGE-bearing 
mineralization and appear to intrude the gabbroic 
cumulates. Compared to the western gabbro, the 
eastern gabbro is depleted in MgO, Cr, and Ni, which 
implies different parental magma compositions. REE 
and Nd isotope ratios in neritic to gabbronoritic intru 
sions of the western gabbro suggest that they are 
formed from chemically distinguished parental mag 
mas.

Both ultramafic and gabbroic intrusions of the 
Lac des Iles Complex contain PGE-bearing Ni-Cu sul 
phide mineralization. However, differences in chal 
cophile element patterns suggest different ore forma 
tion processes. The mineralization of the gabbroic 
part is characterized by rather constant and very low 
Ir, but high and variable Au, Pd, and Pt abundances. 
The association with pegmatitic gabbro and the high 
Pd/lr ratios in the order of 10 000 imply a late stage 
magmatic origin. Sulphide saturation was probably

caused by the mixing of gabbronoritic magma with 
silica and volatile-rich components. Sulphides in the 
ultramafic part display chalcophile element patterns 
typical of deposits associated with mafic and ul 
tramafic volcanic rocks. They are depleted in Ir, Os, 
Ni, and Co relative to Au, Pd, and Pt. Pd/lr ratios vary 
between 10 and 30. Mineralization occurs in cumu 
lates of websteritic to gabbronoritic compositions at 
the base of harzburgitic to lherzolite rocks. This 
might represent a zone of mixing of fractionated 
residual liquid with fresh pulses of more primitive 
magma which caused sulphide liquation.

INTRODUCTION ~
This research project is primarily concerned with the 
problem of understanding the behaviour of platinum 
group elements (PGE) during formation and fractional 
crystallization of mantle magmas and the origin of 
PGE mineralization. The study area is located on the 
Lac des Iles Complex, approximately 80 km northwest 
of Thunder Bay (Figure 276.1). During the first year 
of the project, the main emphasis was given to the 
major and trace element characteristics of the dif 
ferent rock suites and to the noble metal distribution. 
This work is the basis of future detailed studies of 
noble metal variations in whole rocks and mineral 
separates in order to describe the precious metal 
distribution more quantitatively.

GEOLOGICAL BACKGROUND
The Lac des Iles Complex lies within the Wabigoon 
Subprovince and has recently been mapped by 
Sutcliffe (1986). The Complex consists of several 
mafic intrusions which intrude gneissic tonalites of 
Archean age. The mafic intrusions display a circular 
configuration, the centre of which is composed of 
hornblende tonalite and biotite granodiorite rocks 
which were emplaced shortly after or contempora 
neously to the mafic plutons. The Lac des Iles Com 
plex is the largest of the mafic bodies and has been 
mapped by Pye (1968) and Sutcliffe and Sweeny 
(1985, 1986). These authors distinguished an ultra 
mafic part located around the Lac des Iles and a 
gabbroic part to the south of it (Figure 276.1). Ab 
solute ages are not known and age relationships 
between the different intrusive phases are not well 
constrained.

Macdonald (1985) and Sweeny and Sutcliffe 
(1986) mapped part of the gabbroic intrusion in de 
tail. Previous studies concentrated on several occur 
rences of PGE-bearing sulphide mineralization, espe 
cially the Roby Zone (Dunning 1979; Watkinson and 
Dunning 1979; Talkington and Watkinson 1984). 
Based on mineralogical and chemical differences, 
Dunning (1979) distinguished between two intrusive
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Figure 276.1. Location and geology of the Lac des Iles Complex (modified after Sutcliffe and Sweeny 
(1985)) and location of sample traverses. A,B,C. NUC: Northern Ultramafic Complex; SUC: Southern 
Ultramafic Complex; GC: Gabbroic Complex.

phases, a gabbroic eastern gabbro (plagioclase- 
clinopyroxene cumulates), and a noritic to gabbro- 
noritic western gabbro (orthopyroxene-clinc- 
pyroxene±plagioclase cumulates). Primary mineral 
ogy is rarely preserved; alteration to saussurite and 
uralite is dominant. The interface between the east 
ern and western gabbro is very complex and het 
erogeneous on a centimetre and metre scale. The 
interface consists of melanocratic to leucocratic and 
coarse-grained to pegmatitic gabbro and gabbro 
breccia, and is intruded by dikes consisting of web 
sterite to gabbronorite and tonalite. This zone is inter 
preted to be the result of the magmas which gave 
rise to the eastern and western gabbro mixing to 
gether (Sweeny and Sutcliffe 1986). This zone hosts

the major PGE mineralization of the Roby Zone. The 
economically most important ore metals are Pd, Pt, 
and Au. Based on their abundances and the litholog- 
ical association of the mineralization, Macdonald et 
al. (1987) distinguished three categories of mineral 
ization:
1. low grade mineralization (less than 1000ppb 

PGE+Au) occurring in pegmatoidal gabbro, 
leucocratic gabbro, and gabbro breccia

2. mineralization with up to 15ppm PGE+Au asso 
ciated with an intrusive websteritic-gabbronoritic 
dike

3. high grade mineralization (up to 35 ppm PGE+ 
Au) in gabbro pegmatite dikes
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Macdonald ef al. (1987) suggested that mineral 
ization resulted from the mixing of gabbro and 
tonalite and that the degree of noble metal enrich 
ment in pegmatite gabbro reflects increasing frac 
tionation of a late stage magmatic phase.

The ultramafic centres at Lac des Iles also con 
tain PGE-bearing sulphide mineralization, but so far 
they are of minor economical interest. The southern 
ultramafic complex consists of a wehrlite core, sur 
rounded by websterite, which grades into gabbro 
norite (Figure 276.1). The northern ultramafic complex 
is built up of several cycles of dunite, wehrlite, clino 
pyroxenite, websterite, and gabbronorite. Due to lack 
of outcrop, single units can often only be traced for 
tens or even fewer than tens of metres, and the 
generally massive structure of the rocks also com 
plicates the interpretation of geometrical relationships 
between different units and of the whole complex. 
These rocks represent meso- to adcumulates, and 
suggest a crystallization sequence of olivine, olivine- 
clinopyroxene, clinopyroxene, clinopyroxene-ortho- 
pyroxene, and finally clinopyroxene-orthopyroxene- 
plagioclase (Sutcliffe and Sweeny 1985). Olivine is 
generally completely altered to serpentine and mag 
netite; occasionally, fresh olivine cores can be ob 
served in thin sections of wehrlites and clino- 
pyroxenites. Pyroxenes and plagioclase are fresh to 
moderately altered.

SAMPLES AND ANALYTICAL TECHNIQUES ~
SAMPLES
Field work in 1986 concentrated on rock sampling 
and examining detailed geological relationships in 
the gabbroic and ultramafic complexes. Rock sam 
ples were collected along sections which represent 
the lithological sequence in the different intrusions. 
Locations of traverses are indicated in Figure 276.1. 
Lithological sequences and sample points are shown 
in the geological profiles of Figures 276.2, 276.3, and 
276.9.

ANALYTICAL METHODS
Major element chemistry of the rock samples has 
been determined by conventional X-ray fluorescence 
analysis (XRF) on glass pellets. Trace element deter 
minations such as Ni, Cr, V, Zr, Y, Rb, and Sr were 
performed by XRF using powder pellets. REE and Se 
have been determined by instrumental neutron ac 
tivation analysis (INAA). The noble metals Au, Pd, Pt, 
Ir, and Os were analyzed by means of radiochemical 
neutron activation analysis as described by Brug- 
mann (1985) and Brugmann era/, (in press). Samples 
have been irradiated at the Slowpoke reactor, Univer 
sity of Toronto, for 16 hours in a thermal neutron flux 
of 2*1011 ns"1 cnrr2, or at the reactor of the McMaster 
University, Hamilton, for 72 hours in a flux of 
3*1013 ns'1 cnrr*. Furthermore, preliminary Sm-Nd 
isotopic data have been obtained for whole rocks 
and mineral separates. They have been determined 
at the Max-Planck-lnstitut fiir Chemie, Mainz, F.R.G. 
The accuracy of the XRF analyses are estimated to 
be better than 50Xo, except trace elements analyses of 
Rb, Zr, and Y, in the concentration range of 2 to 
10ppm, for which the accuracy is between 10 and

307o. The accuracy of REE analyses are generally 
better than 30"/o, Se determination is better than 50A. 
Data quality of the noble metal analyses depends on 
thermal neutron flux; however, precision for Au and Ir 
is better than 107o, for Pd, it is better than 2007o, and 
for Pt and Os, it is better than 307o. Accuracy is 
similar to previous estimates of Brugmann et al. (in 
press), within 107o for all elements.

RESULTS AND DISCUSSION ~
The results of major and trace element determina 
tions are summarized in Table 276.1. Major and trace 
element variations along the sample traverses of the 
gabbroic and ultramafic intrusions are shown in Fig 
ures 276.2, 276.3, and 276.9. Rocks are named after 
the classification of Streckeisen (1979), based on 
their normative mineralogy.

GEOCHEMISTRY OF THE ULTRAMAFIC INTRUSIONS
Figures 276.2 and 276.3 show lithological profiles 
and major and trace element variations along the 
sampling sections in the northern and southern ul 
tramafic intrusions. The following description of the 
lithological sequences is based on observations in 
thin sections and calculations of the normative min 
eralogy.

The southern centre is built up of a wehrlite core 
which gradually grades into olivine-clinppyroxenite. 
This is surrounded by websterite grading into gabbro 
norite. This implies a crystallization sequence of: 
olivine-clinopyroxene, clinopyroxene-orthopyroxene, 
clinopyroxene-orthopyroxene-plagioclase. Major and 
trace element variations nicely reflect this change 
from ultramafic to mafic compositions (Figure 276.2). 
Thus, MgO, Ni, and Or contents systematically de 
crease from the core to the margin of the intrusion, 
whereas Al and Sr contents increase, indicating the 
crystallization of plagioclase. At the same time, con 
centrations of the incompatible elements Na, Ti, Y, Zr, 
and REE increase, as well as element ratios like Zr/Ti 
and Zr/Y. This probably reflects the increasing 
amount of interstitial liquid and the change from 
adcumulate to mesocumulate/orthocumulate textures.

Based on lithological repetitions and chemical 
variations, the northern ultramafic centre can be sub 
divided into at least four cycles which are interpreted 
as either individual intrusions or several inputs of 
new primitive magma batches into the magma cham 
ber (Figure 276.3). Due to lack of outcrop, the relative 
position of the central part of the profile in Figure 
276.3 is not well defined; it may either represent 
another cycle (or even several cycles) or the exten 
sion of cycle 1 to 3, to give the intrusion a circular 
shape. Ideally, a cycle consists of a dunite base 
grading into wehrlite and clinopyroxenite. This is 
overlain by websterite, which locally grades into 
gabbronorite. This lithological sequence is very simi 
lar to that of the southern ultramafic centre indicating 
a similar crystallization order.

The northern part of the northern ultramafic com 
plex (cycle 4 of the profile in Figure 276.3) appears 
to be a separate intrusion. It consists of a websterite 
core surrounded by clinopyroxenite and olivine clino 
pyroxenite. Within the olivine clinopyroxenite, a thin,
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Figure 276.3. Geological profile and major and trace element variations along sample traverse A of the 
northern ultramafic intrusion of the Lac des Iles Complex. Symbols as in Figure 276.2.

less than 1 cm thick chromitite seam has been dis 
covered (sample LDI-43). In this pan: of the intrusion, 
previous field parties also discovered thin chromitite 
seams in olivine clinopyroxenites (Sutcliffe and 
Sweeny 1986; Linhardt and Sutcliffe 1986). The out 
crops of the chromitite seams are indicated in Figure 
276.1, and they may define the shape of this sepa 
rate intrusion.

A few samples from the bases of cycle 1 and 2 
have harzburgitic to lherzolite compositions (samples 
LDI-22, 23, 35). Thin section examination of these 
samples revealed that olivine crystals were replaced 
by orthopyroxene. This implies that olivine was not in

equilibrium with its host liquid. However, ortho 
pyroxene is probably not an early liquidus phase of 
the magma forming the main masses of the two 
cycles because websterite cumulates appear later in 
the lithological sequence. Interestingly, lherzolite and 
harzburgitic samples overlie gabbronorite, which con 
tains PGE-bearing sulphide mineralization. An inter 
pretation of these observation is discussed below 
(see section on Noble Metal Distribution in the Ul 
tramafic Centres).

Most samples of the northern ultramafic complex 
have adcumulate textures locally grading to 
mesocumulates. The very low concentration of in-
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Figure 276.4. REE patterns in samples of the ul 
tramafic part of the Lac des Iles Complex. See 
Table 276.2 for normalizing values for primitive 
mantle.

compatible elements such as Zr, Ti, Y, and REE also 
indicates that these cumulates contain minor amounts 
of interstitial liquid. REE data are summarized in Ta 
ble 276.2. The shape of REE patterns are controlled 
by the main cumulate mineral phase. Gabbronorite, 
websterite, wehrlite, and clinopyroxenites display 
convex patterns and intermediate REE form a pro 
nounced maximum (Figure 276.4). This pattern is 
typical of clinopyroxene and suggests that clino 
pyroxene is the main REE carrier. Dunites are light- 
REE enriched relative to intermediate and heavy REE. 
Due to the very low REE partition coefficients be 
tween olivine and silicate magma, these REE abun 
dances probably reflect the composition of interstitial 
liquid. This might also represent the REE pattern of 
the parental magma.

Sm-Nd-ISOTOPE SYSTEMATICS OF THE 
ULTRAMAFIC CENTRES
Results of Sm-Nd-isotope analyses are reported in 
Table 276.3. Samples include whole rocks from dif 
ferent ultramafic and mafic intrusions and mineral 
separates of sample LDI-16 from the southern ul 
tramafic centre. Figure 276.5 shows an isochron dia 
gram for the ultramafic centres. Whole rock and min 
eral separate samples from the southern ultramafic 
complex give an age of 2736±28 Ma. This agrees 
very well with ages reported from other mafic intru 
sions of the Wabigoon Province (Morrison et at. 1985; 
Shirley et al. 1986) and is interpreted as the time of 
the intrusion of the southern ultramafic magma. The 
sample of cycle 1 of the northern ultramafic centre 
also plots along this isochron, indicating a similar 
age. However, sample LDI-45 of cycle 4 plots signifi 
cantly below the regression line. Thus, the parental 
magma forming this part of the northern ultramafic 
complex had different Nd isotope characteristics than 
the southern and the base of the northern ultramafic 
centres. This supports the previous suggestion that 
cycle 4 represents a separate intrusive phase. f^T) 
values for the southern centre and cycle 1 of the
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Figure 276.5. Sm-Nd-lsochron diagram of mineral 
separate and whole rock analyses of samples 
from ultramafic intrusions of the Lac des Iles 
Complex; Age calculation is based on data for 
samples of the southern ultramafic complex.

100-

Ni Os Ir Ru Rh Pt Pd Au Cu

Figure 276.6. Chalcophile element patterns of se 
lected samples from the southern and northern 
ultramafic centres of the Lac des Iles Complex. 
See Table 276.4 for normalizing values for 
primitive mantle. Ni 2110 ppm, Cu 28 ppm.

northern centre are about 1 to 1.4 and indicate that 
the source of the parental magmas was time-averag 
ed depleted in light REE relative to CHUR for the 
Archean mantle. However, if we look at all Nd isotope 
data, ENd(T) values vary significantly between O and 
2. Based on an extended database, including 
granitoidal samples, Brugmann et al. (in preparation) 
conclude that these variations are likely due to to 
assimilation of older continental crust. The alternative 
explanation is that the mantle source of the parental
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TABLE 276.2. REE CONTENTS OF MAFIC AND ULTRAMAFIC ROCKS FROM

LDI-01
LDI-02
LDI-03
LDI-04
LDI-05
LDI-06
LDI-07
LDI-08
LDI-09
LDI-10
LDI-11
LDI-14
LDI-19
LDI-20
LDI-22
LDI-23
LDI-25
LDI-27
LDI-28
LDI-29
LDI-32
LDI-34
LDI-55
LDI-65
Prim. Mantle

La
1.05
0.36
0.74
0.8
0.9
0.75
0.6
2
0.21
1.27

1
0.5
0.7
1.1
0.59
0.44
0.3
0.57
0.62
0.66
0.4
0.53
1.19
0.98
0.64

Ce
1.9

2.2
2.1
1.9

4.2

2.7
2.9
3
1.1

1.9
3.1

2.6
1.54
2.1

1.66

Nd
1.2

0.89

1.5

1.9

2
2.8
2.2
1.89

1.23

Sm
0.28
0.18
0.2
0.32
0.27
0.47
0.47
0.31
0.16
0.3
0.7
0.7
0.74
1.02
0.15
0.64
0.76
1.48
0.46
0.75
1.05
0.77
0.52
0.38
0.4

THE LAC DES ILES COMPLEX.

Eu

0.19
0.05
0.11
0.12
0.14
0.16
0.16
0.34
0.11
0.25
0.16
0.19
0.2
0.23
0.04
0.11
0.17
0.39
0.14
0.17
0.22
0.3
0.19
0.19
0.15

Yb
0.32
0.41
0.24
0.34
0.28
0.59
0.55
0.18
0.38
0.17
0.4
0.5
0.62
0.55
0.07
0.41
0.5
0.85
0.3
0.32
0.6
0.49
0.63
0.48
0.42

Lu
0.04
0.06
0.05
0.06
0.03
0.07
0.09
0.02
0.05
0.04
0.07
0.07
0.1
0.11

0.07
0.06
0.12
0.06
0.05
0.1
0.08
0.11
0.07
0.07

liquids forming the various Lac des Iles intrusions 
was heterogeneous on a very small scale.

NOBLE METAL DISTRIBUTION IN THE ULTRAMAFIC 
CENTRES
Occurrences of PGE-bearing Ni-Cu sulphides in the 
ultramafic complex have previously been reported by 
Sutcliffe (1986) and Linhardt and Sutcliffe (1986). So 
far, no high grade mineralization comparable to that 
of the Roby Zone in the gabbroic part of the Lac des 
Iles Complex has been found. Sulphide mineralization 
mainly occurs in rocks of websterite to gabbronoritic 
composition. Samples studied here contain less than 
l 0/* sulphide and the main sulphide minerals are 
chalcopyrite, pyrrhotite, and pentlandite.

Table 276.4 summarizes PGE concentrations de 
termined in this study. In addition to previous studies, 
it also provides data for Ir and Os. PGE contents in 
samples of the ultramafic centres vary by up to two 
orders of magnitude. Pd/lr ratios are typical for mafic 
rocks, ranging from 10 to 30. Samples of the gab 
broic part have much higher Pd/lr ratios (;HOOO) as 
well as higher Pt/lr and Au/lr ratios. These differen 
ces are mainly caused by lower Ir, but higher Pd, Pt, 
and Au abundances in samples from the gabbroic 
part and should imply different parental magma com 
positions, and/or different processes of sulphide 
liquation and segregation. Figure 276.6 shows chal 
cophile element patterns of selected samples. Ele 
ments are ordered according to increasing incompati 
bility in silicate liquids and concentrations are nor 
malized to a model primitive mantle composition, re 
presented by spinel Iherzolites. Compared to the 
common practice of chondrite normalization, this

method allows direct comparison of highly chal 
cophile elements (PGE and Au) with less chalcophile 
elements (Ni, Co, Cu) in mafic and ultramafic rocks. 
Figure 276.6 shows two different types of PGE pat 
terns. Samples of websterite and gabbronorite com 
position are similar in that they are enriched in Au, 
Pd, and Pt relative to Co, Ni, and Ir. Such patterns are 
typical for sulphide-poor and sulphide-bearing mafic 
and ultramafic volcanic rocks and are probably caus 
ed by fractionation during fractional crystallization 
and mantle melting. Thus, Co, Ni, and Ir are compati 
ble to mafic minerals such as olivine, and their con 
centration in magmas decrease with fractional cry 
stallization of such mineral. On the other hand, Au, 
Pd, Pt, and Cu generally are incompatible to silicate 
minerals and therefore become enriched during frac 
tionation of silicate melts (Naldrett and Barnes 1986; 
Brijgmann et al. in press). Dunite and wehrlite sam 
ples display a complementary pattern. They are de 
pleted in Au, Pd, and Pt relative to Ir, Os, Ni, and Co. 
This is in agreement with our hypothesis, as elements 
such as Ni, Co and probably Ir (Briigmann et al. in 
press), partition into olivine, whereas Au, Pd and Pt 
are incompatible. The low abundances of latter met 
als suggest that there is only a low amount of intersti 
tial liquid left in the cumulates. The patterns also 
indicate that these dunites and wehrlites contain in 
significant amounts of sulphide because magmatic 
Ni-Cu sulphides are enriched in Au and Pd relative to 
Ir, Os, Ni, and Co.

In the ultramafic centres, PGE-bearing sulphide 
mineralization almost exclusively occurs in websterite 
and gabbronorite and is overlain by peridotites. As 
already pointed out, these peridotites contain olivine, 
which is not in equilibrium with its environment, be-
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TABLE 276.3.

Sample

LDI-06 
LDI-03 
LDI-55 
LDI-17 
LDI-16 
OPX-16 
CPX-16 
PLAG-16 
LDI-34 
LDI45

Abbreviations:

Nd ISOTOPIC DATA FOR SAMPLES FROM

Sm Nd 
ppm ppm

GA. NO 0.472 1.506 
GA.NO 0.197 0.892 
GA.NO 0.516 1.89 
WEHRL 0.565 1.82 
GA.NO 1.37 4.62 
OPX-MI 0.402 1.25 
CPX-MI 3.32 10.35 
PLAG-M 0.287 2.41 
GA.NO 0.77 2.205 
CPX 0.31 1.3

GA. NO: Gabbronorite 
WEHRL: Wehrlite 
OPX-MI: orthopyroxene mineral separate 
CPX-MI: clinopyroxene mineral separate 
PLAG-Mi: plagioclase mineral separate 
CPX: clinopyroxenite.

THE LAC DES
147Sm/ 
144Nd

0.189649 
0.133566 
0.164619 
0.18816 
0. 1 79624 
0.194892 
0.193920 
0.071816 
0.211213 
0.143865

ILES COMPLEX
143Nd/ 
i44Nd

0.512509 
0.511595 
0.512073 
0.512553 
0.512400 
0.512676 
0.512633 
0.510446 
0.512955 
0.511705

9

2-sigma 
Error

16 
12 
10 
16 
15 
16 
18 
17 
30 
18

ENd(T) 
2738 Ma

-.03 
1.90 
0.28 
1.36 
1.38 
1.39 
0.89 
1.23 
1.08 
0.41

TABLE 276.4. NOBLE METAL CONTENTS (PPB) 
COMPLEX.

LDI-2
LDI-4
LDI-19
LDI-2 1
LDI-22
LDI-26
LDI-27
LDI-30
LDI-32
LDI-34
LDI-35
LDI-36
LDI-37
LDI-38
LDI-39
LDI-41
LDI-45
Prim. Mantle

Au

168
12.1
8.7

16.2
0.1
1.0
8.0
3.0

13.7
24

0.15
0.13
5.4
6.9
0.8
2.6

13.9
1.0

IN MAFIC AND

Pd

2090
110
44

102
O

3
35

6
25
80

40
4

ULTRAMAFIC ROCKS OF THE LAC DES ILES

Pt

620
<5Q
^0

40
OO
OO

40
OO

45
109

6
4

30
42

4
26
64

8

Ir
0.2
0.1
1.9
3.0
4.5
1.0
4.0
0.8
5.2
7.0
3.8
3.7
2.5
1.5
0.4
2.0
3.0
3.6

08

4.1
3.2
2.3
0.9
0.7
2.5

3.3

cause it is replaced by orthopyroxene. One explana 
tion could be that during the intrusion of a new 
magma pulse into the magma chamber, the new 
magma mixed partly with the remaining, more frac 
tionated liquid. Olivine, which crystallized in the rath 
er primitive magma, settled to the bottom of the 
magma chamber into a hybrid magma of more 
evolved composition. There, it reacted with the melt 
to form orthopyroxene. Mixing of a mafic magma with 
a fractionated, silica-rich liquid may also cause sul 
phide liquation. As pointed out by Irvine (1975) and 
Naldrett and Macdonald (1980), adding silica to a 
magma can result in a reduction of the solubility of 
sulphide liquid. Therefore, it is suggested that sul 
phide mineralization in websteritic to gabbronoritic 
rocks of the ultramafic complexes was formed by the 
mixing of a new input of fresh, more primitive magma

with fractioned liquid near the bottom of the magma 
chamber. Naldrett and Campbell (1979) showed that 
the PGE content of a sulphide liquid depends on the 
silicate/sulphide liquid mass ratio, the R-factor. The 
relatively low PGE concentrations in the sulphide min 
eralization of the ultramafic part of the Lac des Iles 
Complex suggest a low R-factor, i.e. sulphide liquid 
equilibrated with a rather low amount of silicate 
magma. The mixing of magmas near the bottom of 
the magma chamber might very well be a local phe 
nomenon. Thus, the low PGE content in sulphide 
mineralization of the ultramafic centres is consistent 
with the model.
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F/gwre 276.7. AlzO* versus Se variation in mafic 
and ultramafic rocks from the Lac des Iles 
Complex. Mineral compostion determined by 
microprobe analyses and neutron activation 
analyses of mineral separates. EG - eastern 
gabbro, WG - western gabbro.

GEOCHEMISTRY OF THE GABBROIC INTRUSION
Most of the samples of the gabbroic part of the Lac 
des Iles Complex are pervasively altered to uralite 
and sausserite. Therefore, identification of the pri 
mary mineralogy using thin sections and chemical 
mineral analysis is often impossible. Similarily, cal 
culation of the normative mineral content heavily de 
pends on the assumption that this alteration was 
isochemical and that redistribution of elements was 
insignificant. Samples of the eastern gabbro display 
inconsistencies between normative mineralogies and 
field descriptions, which could indicate that certain 
major elements were mobile during alteration. Thus, 
previous workers describe eastern gabbro rocks as 
plagioclase-clinopyroxene cumulates, whereas nor 
mative mineralogy calculations indicate the presence 
of significant amounts of orthopyroxene (samples 
LDI-8, 10, 57). This could imply redistribution of espe 
cially Si02 and CaO, compounds which are known to 
be very susceptible to alteration. However, compari 
son with immobile compounds, such as AI203 and Se 
(the normative calculation of orthopyroxene and 
clinopyroxene is also independent of these com 
pounds), indicates that this is probably not the ex 
planation. Thus, in Figure 276.7, samples of the east 
ern gabbro clearly plot in the ternary space of clino 
pyroxene, plagioclase, and orthopyroxene. The vari 
ation of CaO and AI2O3 is almost identical (Figure 
276.8) as are variations including compounds such 
as MgO, FeO, Na20 and Sr (not shown here). Es 
timates of the amount of plagioclase, orthopyroxene, 
and clinopyroxene, based on these compounds vari 
ations, are in good agreement with the normative 
calculations. This suggests that during the alteration 
of the gabbroic complex, major elements did not 
suffer severe redistribution and that eastern gabbro 
rocks also contain orthopyroxene. An alternative ex 
planation is that magmatic hornblende was an impor 
tant crystallizing mineral phase. Thus, in the variation

Figure 276.8. AI^O* versus CaO variation in mafic 
and ultramafic rocks form the Lac des Iles 
Complex. Mineral composition determined by 
microprobe analyses.

diagram of CaO and AI2O3 (Figure 276.8) eastern 
gabbroic rocks plot close to a mixing line between 
plagioclase and hornblende. However, so far in the 
eastern gabbro, magmatic hornblende has not been 
unambiguously identified, it is a common crystallizing 
phase in most of the mafic intrusions of the Lac des 
Iles area (Sutcliffe 1986), and primary hornblende 
has been observed even in gabbronorite rocks of the 
western gabbro and the ultramafic complexes. It is 
interesting that leucogabbros of the southwestern 
part of the gabbroic intrusion (samples LDI-60 to 64), 
which have been described as plagioclase-clino 
pyroxene cumulates, display similar chemical char 
acteristics as rocks from the eastern gabbro. Inten 
sive microprobe analysis have to be performed to 
elucidate this problem, which is of major importance 
for the interpretation of the petrogenesis of the gab 
broic complex.

Previous workers subdivided the gabbroic intru 
sion into an eastern and western gabbro (Dunning 
1979; Watkinson and Dunning 1979; Sweeny and 
Sutcliffe 1986) and interpreted them as separate, not 
comagmatic, phases. This is based on:
1. mineralogical differences: the eastern gabbro 

has no orthopyroxene, is oxide-rich (magnetite), 
and sulphide poor; the western gabbro contains 
orthopyroxene as a cumulus phase, and is the 
source of sulphur and the ore metals which give 
rise to the mineralization in the Roby Zone

2. chemical differences: the eastern gabbro is more 
fractionated having lower Mg-numbers (MgO/ 
MgO+FeO) and higher AI2O3 and CaO contents 
than the western gabbro
This subdivision represents a simplification of 

the geology as it is now known. For example, the 
southwestern part of the western gabbro also con 
tains leucogabbro, which is very similar to eastern 
gabbro rocks. It also contains magnetite-rich zones 
(Macdonald 1987; A J. Macdonald, Geologist, Mineral 
Deposits Section, Ontario Geological Survey, personal
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Figure 276.8. Geological profile and major and trace element variations along sample traverse C of the 
gabbroic intrusion of the Lac des Iles Complex.

communication, 1987). On the other hand, the east 
ern gabbro contains gabbronorite rocks (samples 
LDI-6 7, 9). This zone appears to be intrusive into 
leucogabbro (Sweeny and Sutcliffe 1986) and also 
contains sulphide mineralization (B- and H-zone).

Figure 276.9 shows major and trace elements 
variations along a profile through the gabbroic com 
plex. At the contact of the western to eastern gabbro, 
MgO/MgO+FeO (Mg#) clearly decreases from about 
0.75 to less than 0.65 confirming observations of 
previous studies. Similarity, concentrations of Ni and 
Cr decrease (Figure 276.9). The variations of Al, Ca, 
Na, and Sr do not indicate significant differences 
between the two gabbroic phases. Incompatible trace 
elements such as the REE, Rb, and Zr do not show 
systematic trends either. Their abundances are prob 
ably controlled by the amount of interstitial liquid in 
the cumulates. Surprisingly, gabbronorites of the B- 
and H-zone in the eastern gabbro also have a lower 
Mg#, and lower Ni and Cr contents than most rocks 
of the western gabbro. A gabbronorite dike in the 
western gabbro (LDI-55) also has a lower Mg#, com 
parable to those of the eastern gabbro. However, the 
estimated Mgf of these gabbronorites could be too 
low as they contain cumulus magnetite (1 to 27o). 
This is also indicated by high concentrations of Ti, V, 
Co, and Se (Figure 276.9 Table 276.1), elements 
which strongly partition into magnetite. Because the 
chilled sample LDI-9, which contains no visible mag 
netite, also has a low Mgf, the influence might be 
insignificant. The different Mg# and Ni and Cr con 
centrations of western and eastern gabbro and be 
tween gabbronoritic phases suggest that they origi 
nated from different parental magma.

REE patterns and preliminary Sm-Nd isotope data 
also indicate differences in the composition of the 
parental liquids of websteritic to gabbronoritic cu 
mulates. These samples have variable REE patterns, 
ranging from flat to light REE enriched (Figure 
276.10). Some of the differences in the shape of the 
REE pattern might be caused by fractionation of 
clinopyroxene or hornblende. However, gabbronorites

10

o:
Q.

0.1

m
]W Gabbro iiji E Gabbro

l l l l
La Ce Nd Sm Eu Y Yb Lu

Figure 276.10. REE patterns in samples from the 
gabbroic part of the Lac des Iles Complex.

with light-REE-enriched and flat REE patterns might 
have similar low EM values of about O, whereas one 
norite with a light-REE-enriched pattern has a signifi 
cantly higher Ew value of about 2 (Figure 267.10; 
Table 276.3). The variable Ew value suggests that, 
during uprise through older continental crust, the par 
ental magma of gabbronorites was contaminated with 
a crustal component. An alternative interpretation is 
that the parental liquids of the gabbronoritic phases 
formed in mantle sources with different REE and 
isotopic compositions. Leucogabbros of the eastern 
gabbro are light-REE-enriched and show large posi 
tive Eu anomalies, as expected in plagioclase cu 
mulates (Figure 276.10). Leucogabbros of the south 
western part of the western gabbro display similar 
REE patterns (A.J. Macdonald, geologist, Ontario Geo 
logical Survey, personal communication, 1987) and 
could suggest a common origin with gabbros of the 
eastern gabbro. The different Mg# in these gabbros 
do not necessarily imply different sources for the 
magma, because the Mg# of mafic minerals would
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change concurrently with progressive fractionation of 
a silicate liquid. Therefore, Mg# of anorthositic cu 
mulates cumulates would decrease during evolution 
of the parental melt.

The following tentative model for the genesis of 
the gabbroic complex, constrained by the geological 
and geochemical evidence summarized above, is 
proposed. It suggests the intrusion of a mafic magma, 
forming the leucogabbro cumulates of the eastern 
and western gabbro. Shortly after, several 
geochemically distinguished gabbronorite phases 
were emplaced. This intrusion sequence appears to 
be well constrained due to the occurrence of discor 
dant websterite to gabbronorite dikes in leucogabbro. 
Furthermore, the relatively good preservation of the 
orthopyroxene-bearing rocks compared to the perva 
sive altered leucogabbros suggests that they were 
perhaps emplaced after the alteration of the 
leucogabbros. However, the occurrence of ductile 
deformation and mixing phenomena implies that 
leucogabbro cumulates were not completely solidi 
fied at the time of the websterite-gabbronorite intru 
sion. To explain the severe alteration of the 
leucogabbro, a volatile rich parental magma is sug 
gested. If this is the case, hornblende was most 
probably a liquidus phase of the eastern gabbro 
magma, together with plagioclase and irclino- 
pyroxene, which would explain the major and trace 
element characteristics of the leucogabbros. Alter 
natively, intrusion of volatile-rich phases, such as 
granite and tonalite, could also explain the alteration.

NOBLE METAL GEOCHEMISTRY OF THE GABBROIC 
COMPLEX
The PGE deposit at the interface of the western and 
eastern gabbros (Roby Zone) is one of the most 
advanced prospects in North America. PGEs occur in 
sparsely disseminated sulphides (chalcopyrite, pyr 
rhotite, pentlandite, and pyrite) in pegmatoidal gab 
bro, pegmatite dikes, anorthositic lenses, websterite- 
gabbronorite dikes, and magmatic breccias 
(Macdonald et al. 1987). Dunning (1979) and Watkin 
son and Dunning (1979) describe braggite and vysot 
skite as the most abundant platinum group minerals 
(PGM). The high grade mineralized zones appear to 
be associated with the websteritic-gabbronoritic intru 
sions.

Figure 276.9 shows the distribution of the chal 
cophile elements Au and Ni along the profile through 
the western and eastern gabbros. Compared to the 
western gabbro, the 'eastern gabbro has significantly 
lower Au and Ni contents. One explanation could be 
that the eastern gabbro is depleted in chalcophile 
elements due to the segregation of an immiscible 
sulphide liquid. However, given a sulphide-silicate 
partition coefficient in the order of 104 to 105, the Au 
contents in the eastern gabbro are far to high to be in 
equilibrium with a sulphide liquid. Furthermore, be 
sides low Ni and Co contents, the eastern gabbro 
also has low Cr concentrations, an element which 
usually does not partition into sulphide melts. There 
fore, the low abundances of Ni, Co, and Cr in eastern 
gabbro samples likely reflect their lower content of 
mafic minerals compared to western gabbro rocks. 
As sulphide minerals have not been observed in thin
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Figure 276.11. Chalcophile element abundances in 
selected samples from the gabbroic part of the 
Lac des Iles Complex.

sections and sulphur contents of the samples are 
very low (less than 100 ppm), Au variation in the 
eastern gabbro is probably controlled by the amount 
of interstitial liquid.

Excluding the eastern gabbro implies that the 
websterite-gabbronorite suite of the western gabbro 
is the source of the PGEs. The most important min 
eralization indeed occurs in a discordant, Fe-rich 
gabbronorite dike (sample LDI-55), which contains 
about 207o sulphides. Chalcophile element patterns 
(Figure 276.11) indicate a coherent increase of all 
chalcophile elements. This probably reflects increas 
ing amounts of sulphide in the samples. Assuming 
that the sulphide-silicate partition coefficients are 
similar for all precious metals, then similar concentra 
tion variations and constant Pd/lr ratios are expected. 
However, whereas Pd, Pt, and Au contents vary by a 
factor of 50, Ir contents vary only by a factor of 5, 
which gives rise to variable Pd/lr ratios. Furthermore, 
the samples have very high Pd/lr ratios of more than 
1600. Data of Naldrett et al. (1980) even indicate 
ratios in the order of 10 000. These ratios are signifi 
cantly higher than those observed in magmatic sul 
phide deposits associated with mafic and ultramafic 
volcanic rocks (Pd/lrOOO; Naldrett 1981). Such high 
Pd/lr ratios have been found only in hydrothermal 
sulphide deposits, like the Rathbun Lake mineraliza 
tion in northwestern Ontario (Rowell and Edgar 1986). 
This implies that either the Lac des Iles mineraliza 
tion is of hydrothermal origin or that postmagmatic 
hydrothermal solutions changed the primary noble 
metal distribution. The occurrence of pegmatitic 
phases hosting high grade PGE mineralization clearly 
indicates the importance of late magmatic processes. 
However, it appears that these pegmatites formed by 
crystallization of a mafic intercumulus liquid rather 
than by subsolidus replacement. Field observations 
show that after the intrusion of the mineralized 
gabbronorite dike, pegmatoidal gabbro released frac 
tionated pegmatitic dikes, which eventually crystal-
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lized as anorthosite, quartz-bearing veins 
(Macdonald 1987). During this fractionation, there ap 
pears to be a coherent concentration increase of Au, 
Pd, and Pt with light REE. This suggests that during 
crystallization of the late magmatic residual liquid, 
Au, Pd, and Pt behaved incompatibly and eventually 
formed the high grade ore in pegmatitic dikes. The 
coherent increase of incompatible elements such as 
REE in mineralization associated with pegmatite 
phases, suggests that during extensive fractional cry 
stallization of a late stage, volatile-rich liquid, Au, Pd, 
and Pt became enriched in the liquid phase, whereas 
compatible elements, such as Ir, Ni and Co remained 
in residual minerals. The extreme fractionation even 
tually caused sulphide saturation and gave rise to the 
formation of Au, Pd, and Pt-rich, but Ir-, and probably 
also Os- and Ru-poor, mineralization.

There still remains the problem of what causes 
sulphide liquation in the gabbronoritic dike of the 
Roby Zone. The close association of this mineraliza 
tion with pegmatitic gabbro could imply that mixing of 
more primitive mafic-ultramafic melts with patches of 
fractionated, volatile-rich liquids/fluids caused sul 
phide saturation. The volatile-rich component could 
be either residual, interstitial liquid of the early 
leucogabbro cumulates, or could be introduced with 
tonalite intrusions. The mineralized gabbronorite dike 
in the Roby Zone contains interstitial magmatic horn 
blende and has an exceptionally low Ew value (Table 
276.2). This favours the idea that the mixing of 
mafic-ultramafic magma with crustal components trig 
gered sulphide liquation.

CONCLUSIONS
The Lac des Iles Complex, District of Thunder Bay, 
consists of several mafic and ultramafic intrusions 
which contain economically interesting PGE-bearing 
Ni-Cu sulphide mineralization. The different plutonic 
centres have been studied using geochemical and 
isotopic methods to constrain their petrogenesis. 
Platinum group element abundances are used to de 
velop concepts explaining the origin of the sulphide 
mineralization.

Previous workers distinguished between a gab 
broic complex and an ultramafic complex; the latter 
can be further subdivided into a northern and south 
ern intrusive body. Sm-Nd isotope analysis of whole 
rock and mineral separates samples from the south 
ern ultramafic centre lie on a 143NdX144Nd versus 
147SmXU4Nd isochron with an age of 2736±28 Ma and 
an initial 143NdX144Nd of 0.509150±30 (EN^ + 1.2). 
This age is interpreted as the time of intrusion of the 
ultramafic complex. The positive ENd value indicates 
a time-averaged depletion in Sm/Nd relative to CHUR 
for the Archean mantle beneath this area. REE char 
acteristics show that the mafic to ultramafic parental 
liquids are light-REE-enriched relative to intermediate 
and heavy REE. This implies that either the magmas 
assimilated incompatible element-rich continental 
crust during its uprise, or a "metasomatic" enrich 
ment of the mantle source occurred shortly before 
magma genesis.

The southern ultramafic centre consists of a 
wehrlite core which is surrounded by websterite and 
gabbronorite. All samples represent cumulates with

adcumulate to orthocumulate textures. Major and 
trace element variations reflect the zoning of the 
complex in that MgO, Cr, and Ni contents decrease, 
and AI2O3, Na20, TiO2 , Zr, Y, and REE contents in 
crease from the core to the margin. Based on petrog 
raphic and geochemical studies, the northern ultra 
mafic centre can be subdivided into at least four 
cyclic units which ideally consist of dunite to wehrlite 
cumulate at the base, followed by clinopyroxenite 
and websterite, which locally grades into gabbro 
norite. These cyclic units are interpreted to represent 
new inputs of fresh, primitive magma. Cycle 4 in the 
northern part of the ultramafic complex might be a 
separate intrusive body. The magmatic stratigraphy in 
both ultramafic centres suggests the following cry 
stallization sequences: olivine, olivine H-clinopyrox- 
ene, clinopyroxene, clinopyroxene+orthopyroxene, 
clinopyroxene+orthopyroxene+plagioclase.

The gabbroic complex has been subdivided into 
eastern and western intrusive phases, which consist 
of cumulates mainly of gabbroic and noritic to 
gabbronoritic composition, respectively. The latter 
phases host PGE-bearing mineralization and appear 
to intrude the gabbroic cumulates. Compared to the 
western gabbro, the eastern gabbro appears to be 
MgO, Cr, Ni, and Co depleted, implying different par 
ental magma compositions. REE and Nd isotope ratios 
in noritic to gabbronoritic intrusions of the western 
gabbro also suggest that they formed from chemi 
cally distinguished parental magmas.

Both ultramafic and gabbroic intrusions of the 
Lac des Iles Complex contain PGE-bearing Ni-Cu sul 
phide mineralization. However, differences in chal 
cophile element patterns suggest different ore forma 
tion processes. The mineralization of the gabbroic 
part are characterized by rather constant and low Ir, 
but high and variable Au, Pd, and Pt abundances. 
The association with pegmatitic gabbro and the high 
Pd/lr ratios in the order of 10 000 imply a late stage 
magmatic origin. A coherent increase of Au, Pd, and 
Pt concentrations with REE contents suggests that 
high Au, Pd, and Pt but low Ir, Ni, and Co contents of 
mineralization in pegmatite gabbro are caused by 
extensive fractional crystallization, which eventually 
lead to sulphide saturation. In the Roby Zone, a 
sulphide saturated, Fe-rich gabbronorite dike hosts 
the main PGE mineralization. Here, sulphide liquation 
might be caused by the mixing of gabbronorite with a 
volatile-rich component, which probably originated 
from granitic phases. Sulphides in the ultramafic part 
display chalcophile element patterns typical for de 
posits associated with mafic and ultramafic volcanic 
rocks. They are depleted in Ir, Os, Ni, and Co relative 
to Au, Pd, and Pt; and Pd/lr ratios vary between 10 
and 30. Mineralization occurs in cumulates of web- 
steritic to gabbronoritic compositions at the base of 
harzburgitic to lherzolite rocks. This might represent 
a zone of the mixing of fractionated residual liquid 
with fresh pulses of more primitive magma, which 
caused sulphide liquation.

Lithological units and geochemical features ob 
served in the Archean Lac des Iles area are very 
similar to those found in Phanerozoic complexes in 
the North American Cordillera. These complexes also 
show compositional zonation where intrusions of ul 
tramafic to mafic composition are separated by
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tonalite and granodiorite plutons (Kelemen and 
Ghiorso 1986). These complexes also contain abun 
dant hornblende phases, similar to the Lac des Iles 
area (Sutcliffe 1986). Furthermore, gabbro pegmatites 
are common constituents of mafic intrusive rocks in 
such complexes (Beard and Day 1986). Chemical 
variations are also very similar. For example, trends 
in AFM diagrams are indistinguishable, following a 
calc-alkalic fractionation curve. Finally, the western 
Cordillera also hosts important precious metal min 
eralization. These observations suggest that the Lac 
des Iles Complex, and maybe the anomalously PGE- 
rich District of Thunder Bay may have been formed in 
a similar tectonic environment - a subject of further 
research.
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in the Dome Mine Quartz-Fuchsite Vein
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ABSTRACT
The quartz-fuchsite vein environment in the Dome 
Mine, Timmins area, has been the subject of a lead 
isotope study. The vein is characterized by a consis 
tent gold-galena association. Both metals are most 
certainly coeval and were deposited by the same 
hydrothermal fluid. The present study seeks to recog 
nize possible sources of the lead, and perhaps, gold. 
Isotopic compositions were obtained for five galena 
samples from the quartz-fuchsite vein, two porphyry 
samples, and one slate composite. The isotopic sig 
natures of the galenas are slightly too radiogenic to 
be derived directly from a mantle source. A mul 
tistage model is considered. In this model, the por 
phyries were derived at about 2685 Ma from a mantle 
reservoir with a \L\ value of 7.73. On a 207PbX204Pb 
versus 206PbX204Pb diagram, the majority of the ga 
lena samples are colinear with the porphyries and 
the slates. This pattern may be interpreted as evi 
dence of a genetic association between the quartz- 
fuchsite vein and the porphyries.

INTRODUCTION AND AIM OF THE STUDY ~
The highest grade ore vein in the Dome Mine, Tim 
mins area, is a distinctive quartz vein characterized 
by narrow fuchsite-chlorite bands (Rogers 1982). The 
quartz-fuchsite vein (QFV) environment has been the 
subject of a project to evaluate the source of gold, 
the nature of the ore transporting fluids, and the 
mechanism of gold deposition in auriferous quartz 
lodes. An integrated study of the vein has involved 
underground mapping of the essential structural ele 
ments of the vein, a fluid inclusion investigation, 
lithogeochemistry of the host rocks, trace element 
geochemistry of the vein, and a sulphur and lead 
isotope study.

Galena is consistently associated with native 
gold in the OFV. This consistent association suggests 
that lead and gold were carried by the same hy 
drothermal fluid. Any information obtained from the 
lead isotopic composition of the galenas may be 
directly relevant to the gold. Thus, as part of the 
entire project, the lead isotopic study seeks to recog 
nize possible sources of the lead, and perhaps, gold.

Four different sources of gold have been ad 
vocated for Archean deposits. Felsic intrusions are 
cited by Fyfe and Henley (1973), Burrows ei al. 
(1986), Mason and Melnik (1986a, 1986b), Wood, 
Burrows, and Spooner (1986), and Wood, Burrows, 
Thomas and Spooner (1986). Alternatively, lateral se 
cretion from local wall rocks has also been proposed 
as a source of the precious metal by Pyke (1976) 
and Boyle (1979). On the other hand, a larger and 
deeper crustal rock reservoir in which the ore fluids 
are produced by metamorphic outgassing at the 
greenschist-amphibolite facies boundary has been 
suggested by Fyfe and Henley (1973), Kerrich and 
Fryer (1979), Phillips and Groves (1983), and Phillips 
et al. (1986). Fyon et al. (1984), and Colvine et al.

(1984) developed a fourth model, which links ore 
fluid generation and granulite development in the 
lower crust. Thus, in the present state of knowledge, 
lead isotopes should prove useful in constraining 
possible gold sources. In particular, the lead isotope 
signature may be evaluated in terms of local rock 
sources or deep lower crust and/or upper mantle 
sources.

GEOLOGICAL SETTING OF THE DOME MINE 
QUARTZ-FUCHSITE VEIN—————————
The quartz vein under study is one of various types 
of gold mineralization recognized in the Dome Mine 
(Rogers 1982). It is situated in a steeply dipping zone 
of highly altered rocks, comprising the Dome Fault. 
This fault strikes southwest, and is thought to be a 
branch of the Destor-Porcupine Fault (Holmes 1968; 
Hodgson 1983) (see Figure 280.1). The zone of high 
ly altered rocks lies between a slate unit to the north 
and metabasalts, namely the Southern Greenstones, 
to the south (Figures 280.1 and 280.2). It dies out to 
the northeast, whereas to the southwest it bends 
southward between the two major porphyries in the 
Dome Mine environment, namely the Preston and the 
Paymaster porphyries, and grades into ultramafic 
rocks (Figure 280.1). This zone consists of altered 
porphyry lenses and completely carbonatized rocks 
(Figure 280.2).

The carbonatized rocks are most probably al 
tered komatiites, as evidenced by major and trace 
element geochemistry (relatively high MgO, Cr, Ni, 
and Ir contents), flat unfractionated rare earth ele 
ment (REE) patterns, and textures resembling flow top 
breccias. Previous geochemical studies suggest the 
same protolith for these carbonatized rocks (Fryer et 
al. 1979; Roberts and Reading 1981). Their mineral 
ogy is dominated by magnesite, dolomite, quartz, and 
chlorite, and variable amounts of fuchsite. They are 
often coarse grained and massive, lacking any impor 
tant flattening as evidenced by the presence of flow 
top breccias. When schistosity is locally developed, it 
is parallel to the regional penetrative fabric (Roberts 
efa/. 1978; Roberts 1981).

The felsic rock lenses are highly deformed, 
sericitized, and albitized quartz-feldspar porphyries. 
These felsic rocks appear to be petrographically simi 
lar to the Preston Porphyry (McAuley 1983). The 
mode of emplacement, either intrusive or extrusive, is 
still not resolved and remains controversial (Pyke 
1982; McAuley 1983). According to McAuley (1983), 
these oorphyries predate regional metamorphism.

THE QUARTZ-FUCHSITE VEIN
The QFV is subparallel to the northern contact be 
tween the slates and the carbonatized rocks (Figure 
280.2). For most of its extension, the immediate wall 
rocks are the altered komatiites. However, the QFV 
can be found to mark the boundary between the 
carbonatized rocks and the slates.
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Ml Younger Sedimentary l l Basalt ~*^ rocks ——

Komatiite

Figure 280.1. Generalized geology of the Timmins 
area (after Davies 1977; Roberts 1981; Pyke 
1982; Hodgson 1983).
Sample locations of whole rocks at the surface, 
south of the Dome Mine.

The mineralization is entirely hosted within the 
500 by 550 by 3.5 m average width quartz vein, 
which occurs between the 6th and 17th levels of the 
mine. The QFV strikes southwest and dips 750 to the 
southeast. It is discontinuous along strike, and it 
occurs as a chain of quartz lenses, bounded by 
faults or shears of variable orientations (Figure 
280.2). Underground mapping indicates that quartz 
deposition occurred during several stages of opening 
along a fault. The QFV is composed of two main 
quartz types: one which is massive and barren, and 
consists almost entirely of quartz; and a second type 
which has bands of chlorite and fuchsite. The latter 
type constitutes the mineralized part of the vein 
(Photo 280.1).

Two high grade zones are present in the QFV. 
The larger is located in the western extremity of the 
vein, and the other in its eastern part. Both high 
grade zones are oriented parallel to the regional 
lineation (Roberts ef al. 1978; Roberts 1981), and to 
the slickenslides present along the chlorite and fuch 
site bands. The banding in the western ore zone is 
due mainly to fuchsite, whereas chlorite is predomi 
nant in the eastern ore zone banding.

The bands are subparallel to the walls of the 
vein. Their width is usually in the millimetre range. 
Thicker bands can be recognized as slivers or inclu 
sions of carbonatized komatiite and slate wall rock. 
Thin section textural evidences indicate that fuchsite

Slates F-vvi Basalt
sedimentary k-^-J (Southern Greenstones)

Carbonatized Talc-rich rocks 

Quartz-fuchsite veinCarbonatized 
rich in fuchsite

r^Tl Quartz-feldspar

Figure 280.2. Local geology of the Dome Mine quartz fuchsite vein on the 12th level (adapted from Dome 
Mine 12th level plan).
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Photo 280.1. Typical ore 
zone of the 
quartz-fuchsite vein. 
A: fuchsite and chlorite 
bands. Native gold and 
galena are located 
along and between 
these bands. Quartz 
between the bands has 
a cataclastic texture. 
B: Massive, 
unmineralized and 
coarse-grained quartz. 
C: Late stage discordant 
quartz vein. 
Scale bar corresponds 
to 20 cm.

postdates chlorite and wall rock carbonates. The 
quartz between the fuchsite and chlorite bands has a 
cataclastic and recrystallized texture, whereas the 
quartz from barren zones is coarser grained and less 
deformed.

Native gold and galena are the main opaque 
minerals. These minerals occur both along the fuch 
site and chlorite bands, and in the fractured quartz 
between the bands. Galena has only been observed 
in the upper part of the vein (between the levels 8 
and 13), and is always intergrown or in association 
with native gold (Photo 280.2). However, gold is pre 
sent in the lower levels of the vein (levels 15 to 17) 
without galena. Tellurides (altaite, melonite, hessite, 
tetradymite) are present as well, and intergrown with 
gold and galena. Pyrite is poorly represented in the 
OFV environment. It is almost absent in the vein 
itself, and only present as a minor constituent of the 
wall rocks, unlike much Dome gold ore (Rogers 
1982), and other major gold ores (Boyle 1979; Col 

vine et al. 1984). Late stage carbonates are also 
present.

Thus, the characteristics of the OFV, and in par 
ticular, the intimate gold-galena spatial association, 
are particularly relevant to the lead isotope systemat 
ics to recognize possible sources of gold in Archean 
auriferous deposits, since the structural and the local 
rock environment are well established. The gold-ga 
lena association is so consistent, that a strong infer 
ence that both metals are coeval and deposited by 
the same hydrothermal fluid can be assumed. This 
inferred similarity in age has also been documented 
by earlier studies in the Timmins area (Hurst 1935; 
Ferguson et al. 1968).

PREVIOUS GEOCHRONOLOGICAL STUDIES ~
Previous geochronological work in the Dome Mine 
(Masliwec et al. 1986) makes the OFV an even more 
attractive target for a lead isotope study. A cry-
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Photo 280.2. Typical gold-galena association in the quartz-fuchsite vein. Au=native gold; Gn=galena; Q= 
quartz. Scale bar corresponds to 0.2 mm.

stallization age of 2685±3 Ma was obtained by U-Pb 
dating of zircons for the Preston porphyry 
(S. Marmont in Masliwec et at. 1986). Moreover, 
Masliwec et at. (1986) obtained an 40ArX39Ar age of 
2633±6 Ma for the fuchsite associated with the gold 
mineralization. Thus, since the porphyries predate the 
gold mineralization, which in turn is considered to be 
pre- or syn-fuchsite, it is possible to bracket the 
formation of the gold mineralization between 2633± 
6 Ma and 2685±3 Ma. These two ages constrain lead 
isotope models used for the source rock investigation 
of lead and gold.

METHODOLOGY 
SAMPLING
Eight galena samples were collected in the two high 
grade zones. All but one came from the banded 
zones of the QFV. They are typically in grain bound 
ary contact with gold (Photo 280.2), or occur with 
gold in the same thin-section. Sample 8006 is the 
only sample analyzed, so far, where a grain bound 
ary contact between both opaque minerals was not 
observed. The one sample which was not collected 
in the banded part of the vein comes from an oblique 
quartz vein, which is present in the wall rock, but in 
contact with QFV (#12003 in Figure 280.3).

Whole rock lead isotope compositions were de 
termined on various rocks from the Dome Mine, par 
ticularly those in the Dome Fault environment. Slates, 
carbonated rocks, and a porphyry lens were sam 
pled along a drift on the 12th level, which cuts the 
QFV perpendicularly (Figure 280.3). Samples were 
taken at variable distances from the vein, in order to 
recognize possible changes in the lead isotope ratios 
across it. The Preston porphyry, the Preston West 
porphyry, and an ultramafic flow were sampled at the 
surface south of the Dome Mine (Figure 280.1 b).

ANALYTICAL
The rock samples were crushed to pass 200 Mesh. A 
200 mg split was digested in HF for four days, fol 
lowed by a 12 hour dissolution in HNO3, and finally 
another 12 hour digestion in HCI. The dry residue 
was dissolved in 1 M HBr. Pb was separated by 
anionic exchange in HBr columns, and collected with 
a 6 M HCI solution. The galenas were dissolved in 
0.01 M HNO3, and the Pb was purified by electro- 
deposition on a Pt-electrode. Isotopic ratios were 
measured on a VG 365 mass spectrometer.
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Figure 280.3. Sample locations across the quartz-fuchsite vein on the 12th level. Dots=who^e rock samples; 
squares=galena samples. Numbered samples are samples analyzed to date. For geology see the legend 
on Figure 280.2.

THEORETICAL CONSIDERATIONS________
The manipulation and interpretation of lead isotope 
data follows the procedure of Faure (1986) and Gul- 
son (1986). The basic approach in a source rock 
investigation is to determine or infer the lead isotopic 
composition of the possible source rocks at their time 
of formation, and compare these compositions with 
that of the ore, also at its time of formation. Thus, two 
distinct situations can be expected for the galenas of 
the QFV:
1. Lead derived directly from a mantle source, with 

out any contamination from older radiogenic 
crust, would show isotopic compositions char 
acteristic of a uranium-poor reservoir. In such a 
case, we would find on conventional ^Pb/^Pb 
and 208Pb7204Pb versus 206PbX204Pb diagrams, that 
the lead isotope ratios of the galenas would 
cluster tightly on a single-stage growth curve 
with a typical mantle 238U7204Pb ratio (/x, between 
7.5 and 8.0). Such a scenario could be envis 
aged for lead deposited from a fluid interacting 
with mafic-ultramafic volcanic rocks, or from a 
fluid generated by metamorphic outgassing of 
such a rock pile. Lateral secretion from the local 
carbonated komatiites could result in a similar 
pattern, but with more scatter. However, given the 
low lead content of unaltered komatiites, it is 
doubtful that the'se wall rocks contributed much 
of the lead now present in the galenas of the 
QFV.

2. Lead generated by upper crustal felsic rocks 
would be more radiogenic than lead typical of 
the first case. In conventional lead-lead dia 
grams, the isotope ratios would cluster off a 
mantle growth curve indicating a multistage evo 
lution for the galena-leads. In the very special 
case, where the Dome Mine porphyries; that is, 
the Preston and the Paymaster porphyries, were 
the source of the lead, one might find that the 
lead isotope ratios of the porphyries and of the 
galenas are colinear. The simplest case is where 
the mantle is the magma source, and crustal

contamination is absent or negligible. In this 
case, the line defined by the isotope ratios of the 
galenas and the porphyries would intercept the 
mantle growth curve at the very same point 
where the 268513 Ma isochron (age of the Pres 
ton porphyry) intersects the mantle growth curve.
There will be some limitations in the degree of 

confidence with which one or the other of these 
scenarios can be applied to explain the lead isotope 
signature of the galenas. These limitations are the 
following:
1. The age difference between the porphyries and 

the vein fuchsite is apparently about 50 Ma. In 
order to generate much radiogenic lead in this 
short time span, the porphyries must be fairly 
rich in uranium and thorium.

2. If the ore fluid was derived from depth (the 
greenschist-amphibolite facies boundary and/or 
the lower crust-upper mantle environment), it may 
have been modified by reaction with the rock 
column during its ascent. Depending on the mix 
of felsic and mafic-ultramafic rocks, leads may 
have become more radiogenic than those char 
acteristic of single stage mantle extraction.

3. Since the rocks under study are fairly old, it is 
expected that any initial colinearity of isotope 
ratios was destroyed by subsequent mobilization 
of uranium and thorium, which scattered the ra 
tios off the line. Any metamorphic or alteration 
event postdating the formation of the galenas 
and of the host rocks might have altered the 
original isotope ratios. Thus, scatter of the data 
can be foreseen. A confident choice of one or 
the other model will be subject to the extent of 
the spread of the data.
These two simplistic hypothetical models bracket 

a broad range of more complicated lead isotope 
patterns. Mixing of leads from different sources is 
conceivable; for instance, lead leached out from a 
variety of wall rocks including the porphyries. The 
gold deposit model linking ore fluid generation with 
the granulitization of the lower crust would generate
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TABLE 280.1. LEAD ISOTOPE RATIOS OF THE 
GALENA SAMPLES FROM THE DOME MINE 
QUARTZ-FUCHSITE VEIN.

Sample 
Number

8006
8010

12003
12031
13010

206pb

204pb

13.619
13.407
13.388
13.462
13.494

207Pb 
^*Pb

14.606
14.462
14.465
14.462
14.483

208pb^w
33.322
33.027
33.062
33.050
33.105

TABLE 280.2. LEAD ISOTOPE RATIOS OF PORPHYRIES 
AND SLATES FROM THE ENVIRONMENT OF THE DOME 
MINE QUARTZ-FUCHSITE VEIN. All samples were 
collected on 12 level.

Sample 
Number

12302 
12515

COMP4

Rock Type and 
Name of 
Lithology
Preston porphyry
Porphyry lens from 
the zone of highly 
altered rocks
Composite sample 
of slates from the 
Younger sediments

2(*Pb 207pb 208pb

18.799 15.480 37.770 
18.002 15.338 36.188

18.149 15.353 38.^45

TABLE 280.3. MODEL p, AND MODEL AGES CALCULATED FROM THE ISOTOPIC COMPOSITION OF THE 
GALENAS FROM THE DOME MINE QUARTZ-FUCHSITE VEIN.

Sample 
Number

8006 
8010 

12003 
12031 
13010

Single-stage

Mi

7.72 
7.54 
7.57 
7.48 
7.51

Model 

Age
2.472 
2.534 
2.555 
2.483 
2.473

Two-Stage Model age 
(Stacey and 

Kramers 1975)
2.567 
2.553 
2.587 
2.478 
2.480

Superior Province 
Model age 

(Tnorpe 1982)
2.566 
2.597 
2.620 
2.538 
2.532

16.00 -i

15.00 -

14.00 -

13.00
12.00 KOO 16.00 18.00 20.00

Figure 280.4. Lead isotope data from galenas of 
the quartz-fuchsite vein, and porphyries and 
slates from the Dome Mine. Also plotted are 
the isochron corresponding to the age of the 
Preston porphyry (2685 Ma), the secondary 
isochron defined by the age of the Preston 
porphyry and the lead isotope ratios of the 
porphyry and slate samples, and the sample 
growth curve with a /*, value of 7.73. (See text 
lor discussion, and appendix IV for the calcula 
tion of the isochrons and the mantle growth 
curve).

a complex lead isotope pattern, since the lead now 
present in the galenas would have resided in at least 
three systems with different 238ux204Pb ratios, that is, 
mantle, lower crust, and upper crust.

PRELIMINARY RESULTS AND DISCUSSION
Isotopic ratios were obtained for five galena samples 
(Table 280.1), two porphyry samples, and one com 
posite slate sample (Table 280.2). The current data 
must be taken with caution, since analysis of other 
samples and of replicates is on-going. In order to 
simplify the reading of the report, all model calcula 
tions are given in Appendices II to IV. Appendix l lists 
the constants and symbols used in the lead-lead age 
and model calculations.

The galena samples have similar isotope ratios. 
In a 207Pb7204Pb versus 206PbX204Pb diagram they form 
a tight cluster (Figure 280.4). One sample, #8006, has 
an isotopic composition differing significantly from 
the other four (Table 280.1, Figure 280.4). Ages have 
been calculated according to three different lead 
isotope models: the Single-Stage Model (Faure 1986), 
Stacey's and Kramers' (1975) Two-Stage model, and 
the local lead evolution model developed for the 
Superior Province by Thorpe (1982). Calculated ages 
are given in Table 280.3, and their determination is 
given in Appendices II and III. The Single- and the 
Two-Stage models yield very similar ages for most of 
the galenas. Ages obtained with Thorpe's (1982) 
model are slightly lower than the 2633±6 Ma date
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given for the fuchsite by Masliwec et al. (1986). 
Thus, the ages calculated with the three different 
models lie outside the age bracket given by the 
^Ar/^Ar fuchsite age and the zircon U-Pb for the 
Preston porphyry, that is, 2633± 6 Ma to 2685± Ma. 
This discrepancy can be explained if the galenas 
contain some radiogenic lead, and thus yield younger 
ages than the other geochronolpgical methods. Possi 
ble reasons explaining such a divergence are:
1. The galenas were contaminated with radiogenic 

lead during a metamorphic or an alteration event 
postdating their crystallization.

2. During their crystallization, the galenas incorpo 
rated lead generated by a radiogenic source, that 
is, high level crustal rocks.
The first hypothesis might explain the isotopic 

ratios of sample 8006. However, more spread in the 
ratios from the other samples would be expected, if 
postcrystallization radiogenic lead contamination was 
the unique explanation for the isotopic composition of 
all samples. The second hypothesis is favoured be 
cause it explains more rigorously the consistent 
isotopic composition of most of the galena samples. 
Given the age constraints of the fuchsite and the 
Preston porphyry ages, the lead isotope signature of 
the galenas cannot be interpreted in a Single- or a 
Two-Stage lead evolution model. Moreover, with a 
Single-Stage model, the lead isotope ratios yield /n 
values (23rUX204Pb ratios) of approximately 7.5, which 
are acceptable for an Archean mantle in general 
(Table 280.3; see equation for the calculation of /i in 
Appendix II); however, such a ^ value is a lower 
estimate for the Superior Province mantle in the Ar 
chean (for instance, Dupre and Arndt 1987, Shirey 
and Carlson 1987). Thus, the slightly radiogenic com 
position of the galenas requires consideration of a 
multi-stage lead evolution model.

The zircon U-Pb age for the Preston porphyry, 
that is, 2685±3 Ma, permits us to calculate the slope 
of the secondary isochron along which the lead iso 
tope ratios of the porphyries should lie, if contamina 
tion can be ruled out. This slope has a value of 
0.1835 (see Appendix IV). It matches perfectly the 
distribution of the two porphyry samples and the 
composite slate sample (Figure 280.4). It is not sur 
prising to find a colinear relationship for the slates 
and the porphyries, since the former are most prob 
ably derived from the felsic rocks (Kerrich and Fryer 
1979). If, as a first approach, it is assumed that the 
porphyries were derived from a mantle reservoir un 
affected by older radiogenic crust, then it is possible 
to model a mantle growth curve with a /ii value of 
7.73 (see Appendix IV). This latter value agrees bet 
ter with independently calculated /i, values for the 
Archean mantle (for example, Dupre and Arndt 1987, 
Shirey and Carlson 1987), than the /i 1 value obtained 
from the isotopic composition of the galenas in a 
Single-Stage model. In such a case, where the por 
phyries were derived at about 2685 Ma from a mantle 
with a /t, value of 7.73, the main galena cluster lies 
along the secondary isochron defined for the felsic 
rocks (Figure 280.4). Such a pattern may be inter 
preted as evidence of a genetic affiliation between 
the OFV and the porphyries of the Dome Mine envi 
ronment. Moreover, the location of the galena cluster

close to the mantle growth curve is in agreement with 
a short time span to generate the radiogenic compo 
nent in the galena lead.

Alternatively, the linear array formed by the ga 
lena cluster and the rock leads analyzed to date 
might be fortuitous; that is, the porphyries and the 
gold mineralization are of the same age, but not from 
the same source. However, given the close spatial 
association of gold mineralization and porphyries in 
the Timmins area, the latter interpretation seems less 
credible than the model linking emplacement of felsic 
intrusions and generation of gold mineralization.

The isotopic composition of sample #8006, with 
lead ratios differing from the other samples, is not 
well understood at present. Its composition might be 
the result of a postmineralization event (that is, meta 
morphism, alteration); or, on the other hand, the main 
galena cluster and this "anomalous" sample may lie 
on a mixing line (see Figure 280.4).

CONCLUSIONS AND FUTURE OBJECTIVES ~
The preliminary results permit drawing some very 
interesting conclusions, and indicates further lines of 
modeling and research:

CONCLUSIONS
1 The slightly radiogenic isotopic signatures of the 

galenas cannot be explained with a Single-Stage 
model, with Stacey's and Kramers' (1975) Two- 
Stage model, or with Thorpe's (1982) local lead 
evolution Superior Province model. Thus, the lead 
of the galenas was not derived directly from a 
mantle source.

2. As a first approach, the lead isotopic composition 
of the porphyries and the slates in the Dome 
Mine environment can be interpreted with a multi 
stage model. In this model, the porphyries were 
derived at about 2685 Ma from a mantle reservoir 
with a model /i, value of 7.73. Such a figure 
agrees with /t, values obtained from other in 
dependent studies (for example, Dupre and Arndt 
1987, Shirey and Carlson 1987). If such a multi 
stage model proves to be correct, then it may be 
inferred that no significantly older crust was pre 
sent under the Superior Province.

3. The majority of the lead compositions from the 
galenas cluster close to the secondary isochron 
defined by the porphyries. This pattern may in 
dicate a possible genetic affiliation between the 
quartz-fuchsite vein and the local porphyries. 
Thus, it supports the gold deposit model linking 
emplacement of the porphyries and generation of 
gold mineralization.

4. At present, as evidenced by one "anomalous" 
galena sample (#8006), whose isotopic signature 
differs from the other galena samples, mixing of 
lead from different sources cannot be ruled out.

FUTURE OBJECTIVES
Three other galena samples have still to be analyzed. 
Their isotopic compositions may indicate if mixing of 
lead from various sources took place. The analyses 
of other porphyry samples are expected to confirm
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their present distribution along a secondary isochron. 
Replicate analyses will be carried out in order to 
assess the precision of the isotopic ratios, and thus 
of the calculated model ages and fi values. In this 
way, we may estimate the degree of confidence 
which can be given to the scenarios used to explain 
the isotopic signatures of the galenas. An improve 
ment of the quality of the analytical procedures is on 
going, and may allow the obtaining of precise lead 
isotope ratios for low lead concentration rocks, that 
are the altered komatiites.
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CONSTANTS AND SYMBOLS USED IN THE Pb-Pb 
AGE AND MODEL CALCULATIONS

Symbol
x,
X2
k
a0
bo

M
T

T'

T*

m

i

Meaning
Decay constant for 238U
Decay constant for 235U
Present ^38jj /235jj rgtio

Primeval 206PbX204Pb ratio
Primeval 207PbX204Pb ratio
Present 238ux2MPb ratio
Age of the Earth in the 
Single-Stage model
Date of geochemical 
differentiation
in Stacey's and Kramers' 
model (1975)
Date of source age in 
Thorpe's model (1982)
Slope of a secondary 
isochron
Intercept of a secondary 
isochron and the

Value
1.55125x10'1(Vyear
9.8485 x 10-1cVyear
137.88
9.307
10.294

variable
4.55 x 1 09 years

4.06 x 1 09 years

SINGLE-STAGE MODEL CALCULATIONS
This model assumes that radiogenic Pb was pro 
duced by decay of U and Th in the source region 
and that the resulting Pb (primeval plus radiogenic) is 
then separated from its parents and incorporated into 
ore deposits as a Pb-rich mineral, in the present case 
galena. The isotopic composition of such Pb remains 
constant with time.

If t years ago, Pb was withdrawn without isotopic 
fractionation from a U-bearing system of age T, then 
the ^Pb/^Pb and 207PbX204Pb ratios of such Pb is:

Equation (11.1)
-e

Equation (II. 2)

Equations 11.1 and II. 2 can be combined to cal 
culate the time t at which Pb was extracted, which in 
the present case is the age of the QFV-galenas:

M =
-e* 1 ' )

Three unknowns are present in equation 11.3; the 
two isotope ratios and t. The lead ratios are obtained 
by isotopic analysis of the galena samples. Thus,
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equation 11.3 can be solved for t (age of the galenas) 
using Table 19.2 in Faure (1986, p.315). After t is 
obtained, fi can then be calculated using either equa 
tion 11.1 or equation 1 1. 2.

APPENDIX III
TWO-STAGE MODEL OF LEAD EVOLUTION (STAGEY 
AND KRAMERS 1975)
In this model the evolution of Pb started with primor 
dial isotope ratios 4. 5 7x1 09 years ago. At a more 
recent date T' = 3. 7x1 09 years, the U/Pb ratio of the 
reservoir was changed by geochemical differentiation 
and then remained constant to the present. The initial

are 11.152 instead of 9.307 (a0) and 12.998 instead 
of 10.294 (b0) respectively. Thus, equation II. 3 is as:

(e x 2 T'. X 2 t
Equation (III. 1)

(207pbX204pb) . i g gg8

M =———————————— = - ————————— 
(206Pb7204Pb) - 11.152 k (e XlT'-e Xlt )

This equation can be solved for t (age of ga 
lenas) using Table 19.4 in Faure (1986, p.322).

SUPERIOR MODEL AGE CALCULATION (THORPE 
1982)
On the basis of lead minerals associated with Supe 
rior Province syngenetic and synvolcanic deposits, 
Thorpe (1982) determined a source age of 4.06x109 
years (T*), with initial 206Pb7204Pb and ^07Pb7204Pb ra 
tios which are respectively 10.242 and 11.9556. 
Thus, equation II.3 can be rewritten as follows:

Equation (III.2)

M ~-
9556

. 10 242 k (e Xl T *- e Xl '

t can then be derived from this equation and tables 
similar to those given by Faure (1986, Tables 19.2 
and 19.4).

APPENDIX IV
CALCULATION OF THE 2.685x109 YEARS ISOCHRON
Single-Stage leads that were removed from source 
regions with different fi values at the same time t 
must lie on the same isochron. Such an isochron can 
be calculated using equations 11.1 and II.2. In these 
equations, if t is kept constant, at 2.685x109 years, 
then fi remains the sole variable. Different a values 
yield 207 Pb7204Pb ratios as a function of 2C*Pb7204Pb 
ratios, which plot on the same line or isochron.

CALCULATION OF THE SECONDARY ISOCHRON 
FITTING THE DISTRIBUTION OF THE LEAD ISOTOPE 
RATIOS OF THE PORPHYRIES AND THE SLATES
If a sample of Pb passed through two U-bearing 
systems characterized by different 23BU7204Pb ratios

(fii and /i2), then the 
of that sample are:

Equation (IV. 1)

X, t

and 207Pb7204Pb ratios

X, t

- e

Equation (IV.2)
(207pbx204p

(M27k)(e X21 -e 22)

X 2 t

where ^ is the time when Pb was removed from 
system 1 and transferred to system 2, and t2 is the 
time when Pb was removed from system 2 after 
which its isotopic composition remained constant. 
12=0, since Pb evolution continues up to the present, 
when the isotopic composition is determined. More 
over, we simplify the Single-Stage component of 
equations IV. 1 and IV.2 with A and B respectively. 
Thus, we obtain:

Equation (IV.3)

Equation (IV.4)
(207pbX204pb) . B ± (M2xk) (e x 2 * i . i)

Both equations can be combined to eliminate /i2:

Equation (IV.5)
(207Pb7204Pb) - B 1 (e X2 ' 1 -1)

m =——————=— ———————
(206Pb7204Pb) - A k (e -D

This is the equation of a family of straight lines 
passing through a point with A and B as coordinates, 
and whose slopes are given by:

Equation (IV.6)
(e X? t1 -1) 

(eXl t1 - 1)

In other words, a two-stage Pb lies on a secondary 
isochron that passes through a point on the growth 
curve of system 1 and whose slope depends only on 
the interval of time ti-t2 during which the lead resided 
in system 2. In the present case, t,-1^2.685x109 
years. This latter value and equation IV.6 were used 
to calculate the slope of the secondary isochron 
fitting the distribution of the lead isotopic composition 
from the porphyries and the slates. This slope has a 
value of 0.183526.

CALCULATION OF THE fi, VALUE OF THE SOURCE 
RESERVOIR OF THE PORPHYRIES
The 206Pb7204Pb and 207Pb7204Pb ratios of the porphyry 
and slate samples lying along the secondary isoch-
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ron are related to each other by an equation in the 
form of:

Equation (IV. 7)

The lead isotope ratios of the porphyry and slate 
samples and the slope m can be used to determine i. 
The average value obtained for i is 12.029. Thus, i 
represents the intercept between the secondary 
isochron and the ^Pb/^Pb axis.

Since the 2. 685x1 09 years isochron, the secon 
dary isochron with a slope 01=0. 18 3526 and the 
growth curve of the porphyry source reservoir must 
have a common intercept, we can use equations 11.1, 
II. 2, and IV.7 to determine the p t value of this reser 
voir. Equations II. 2 and IV.7 can be combined in the 
form of:

Equation (IV.8)
i 4- m (206PbX204Pb) = b0

( — X j T ** X o t v e * - e * )

Equations 11.1 and IV.8 in turn can be combined 
as follows:

Equation (IV.9)

(e x 2 r -3 x 2 t )
= b

Finally, the growth curve is determined using 
equations 11.1 and II.2 and /i, obtained in equation 
IV.9. ii is kept as a constant in both equations 11.1 
and II.2, and different values for t yield ^Pb/^Pb 
ratios as a function of 206PbX204Pb ratios, which when 
plotted allow us to trace the growth curve with the 
given ^, value.
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the Mulcahy Lake Gabbro and the Lac des Iles 
Complex
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Department of Geophysics, University of Western Ontario, London

ABSTRACT
Anisotropy of magnetic susceptibility data from sites 
within the Mulcahy Lake Gabbro faithfully mimic 
megascopic foliation and modal layering. At a num 
ber of localities within the Mulcahy Lake Gabbro, a 
magnetic lineation can be defined that at one locality 
at least, parallels the lineation recorded by the major 
phase, orthopyroxene. If the magnetic lineations re 
flect magmatic flow, currents were to or from the 
north and northeast assuming a "U" or bowl-shaped 
initial configuration of the body. Remanence data 
from the Mulcahy Lake Gabbro also confirm the origi 
nal shape and attitude of the body, inasmuch as 
Archean-like remanence directions can only be ob 
tained when the layering and foliation are restored to 
predeformation attitudes.

The ultramafic part of the Lac des Iles Complex 
is megascopically massive to only weakly foliated 
and, as a consequence, magnetic fabrics are more 
poorly defined. A complicating factor in the ultramafic 
part of the Lac des Iles Complex is its variably 
serpentinized nature. As a consequence of serpen 
tinization, two generations of magnetite are present in 
some localities. Second generation magnetite ob 
scures the primary magnetic fabrics. Magnetic fabrics 
in the gabbroic parts of the Complex complement 
field-measured megascopic foliations. The original re 
manence in the Complex has largely been overprin 
ted by nearby Proterozoic diabase. As a conse 
quence, any pre-Logan Sill internal deformation within 
the Complex remains undetected.

INTRODUCTION
This research project is primarily concerned with de 
fining layering, understanding its mode of formation, 
and defining its subsequent deformation in each of 
two mafic bodies exposed in the Wabigoon Sub- 
province of the Superior Province. These bodies are 
the Mulcahy Lake Gabbro and the Lac des Iles Com 
plex.

The Mulcahy Lake Gabbro (Figure 284.1) is a 
6 km thick layered intrusion of tholeiitic bulk com 
position (Morrison et al. 1986). The Mulcahy Lake 
Gabbro exhibits several types of layering including 
planar laminations of feldspar and pyroxenes, rhyth 
mic modal layering of minerals (phase ratio layering), 
and cryptic layering defined by systematic com 
positional variation (Sutcliffe and Smith 1985).

The Lac des Iles Complex (Figure 284.2) consists 
of an ultramafic intrusion centred on Lac des Iles, 
and a gabbroic intrusion south of the lake (Sutcliffe 
and Sweeny 1986). Within the ultramafic part of the 
complex, igneous lamination and layering are only 
locally visible. The gabbroic intrusion is divisible into 
a leucogabbro enveloped by gabbronorite. The gab 
broic intrusion is divisible into a leucogabbro to the 
east and a gabbronorite to the west, with subsidiary

mixed-magma, pyroxenite and anorthosite phases. 
The leucc-gabbrro is weakly layered due to the de 
velopment of magnetite-rich layers, pyroxene-rich 
layers, and locally has an igneous lamination 
(Sutcliffe and Sweeny 1986). Most of the sulphide 
mineralization of economic importance occurs near 
the eastern gabbro-western gabbro interface.

The primary techniques used in this study are 
the measurement of anisotropy of magnetic suscepti 
bility (AMS) and the natural remanent magnetization 
(NRM).

The anisotropy of magnetic susceptibility in min 
erals, the dependence of susceptibility on the direc 
tion along which it is measured in a sample, arises 
from either fundamental anisotropy in the crystal 
structure or from nonsphericity in the shape of min 
eral particles (Collinson 1983). Since magnetite is the 
dominant magnetic phase in these Archean rocks, 
any magnetic anisotropy measured will be a reflec 
tion of the preferred alignment of nonspherical mag 
netite particles. Cumulus magnetite of elongated or 
platy shape can be aligned by magmatic flow and 
intercumulus magnetite grains may have their shapes 
controlled by the alignment of nonequant major cu 
mulate phases. Thus, magnetic anisotropy has come 
to be used as a profitable tool for the detection of 
rock fabrics which might not otherwise be apparent.

The NRM, in contrast to the AMS, exists indepen 
dently of a presently applied magnetic field. The NRM 
is the rock's permanent magnetization. It is a vector 
resultant of several magnetizations which a rock has 
acquired during its history. Some of these magnetic 
components may be geologically recent; isothermal 
remanence may be acquired by lightning strikes at 
the outcrop or by viscous decay and viscous buildup 
over years in geologically recent magnetic fields. 
Geologically useful components of the NRM are those 
acquired during initial cooling and those acquired as 
a result of postsolidus chemical reactions in which a 
new ferrimagnetic phase is grown in the ambient 
earth's magnetic field. These geologically useful re- 
manences are called thermoremanent magnetization 
(TRM) and chemical remanent magnetization (CRM) 
respectively. In igneous rocks, the TRM is the desired 
component and its isolation may provide evidence for 
differential rotation of parts of an intrusive body or 
for rotation of the igneous body as a whole. The 
isolation of the TRM component from the total NRM in 
a rock is based on the belief that at least some of 
the TRM resides in ferrimagnetic grains with the high 
est blocking temperatures and remanent coercivities. 
Its isolation in old, coarse-grained rocks necessitates 
exhaustive and time-consuming thermal and alternat 
ing field demagnetization experiments.

The objectives of this study are to define the 
orientation of magnetic rock fabrics and to correlate 
these with rock fabrics as viewed in outcrop. Where 
megascopic fabrics are not visible, the AMS data are
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GENERALIZED GEOLOGY OF THE 
MULCAHY LAKE GABBRO

kilometres

Felsic plutonic rocks
Mulcahy layered gabbro
g: ultramafic rocks
f: hornblende ± quartz gabbro
e: leuco gabbronorite with granulite inclusions
d: magnetite rich gabbronorite
c: pegmatitic gabbro
b: olivine gabbronorite, troctolite
a: gabbronorite, norite
Intermediate metavolcanic rocks
Mafic metavolcanic rocks

deformation zone 

lithological contact

————— fault

A. strike and top directions of pillows

............. orthopyroxene cumulates

—— -— olivine, first appearance

— --— zone contact

Figure 264.1. Geological map of the Mulcahy Lake Gabbro with AMS data which is portrayed in Figure 284.3 
represented with strike and dip symbols. For those sites where K-max is determined with an a^1(f, a 
magnetic lineation is considered to be defined and this is represented by a plunge symbol. The weight 
of the symbol is controlled by the precision with which K-min is determined: 
Heavy weight = Mean K-min having a95<50 
Medium weight = Mean K-min having ct^ 100 
Light weight = Mean K-min having a 5

used to extend the spatial range of fabric informa 
tion. The remanence data may be used to test the 
hypothesis that the Mulcahy Lake Gabbro represents 
a tilted U-shaped sheet (Morrison et a/. 1986) and 
may enable the determination of the original attitude 
of the members of the Lac des Iles Complex.

FJELD AND LABORATORY PROCEDURES
An average of five field-drilled cores (samples) were 
taken at 17 sites within the Mulcahy Lake Gabbro 
and at 34 sites within the Lac des Iles Complex. 
Because many of the rocks in these bodies are 
sufficiently magnetic to affect magnetic compass

readings, all azimuthal components of orientation for 
the samples were obtained by sun compass.

From each oriented sample, typically two paleo 
magnetic specimens were prepared. The anisotropy 
of magnetic susceptibility of each specimen was 
measured using a Sapphire Instruments SI-2 instru 
ment coupled to a Zenith 150 personal computer. The 
determination of the principal axes of the susceptibil 
ity ellipsoid for each specimen was made by two 
repeat measurements using a six position orientation 
pattern. The natural remanence (NRM) of all speci 
mens was measured using a Schonstedt DSM-1 spin 
ner magnetometer. At least three independently ori 
ented specimens from each collecting site in the
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Figure 284.2. Geological map of the Lac des Iles Complex with AMS data of Figure 284.4 represented by 
strike and dip symbols. The weight of the symbol is controlled by the precision with which K-min is 
determined:
Heavy weight = Mean K-min having a iff 
Medium weight = Mean K-min having 
Light weight = Mean K-min having a
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Mulcahy Lake Gabbro and at least two from each site 
in the Lac des Iles Complex were subjected to al 
ternating field (AF) demagnetization. Only a few 
specimens have been examined by thermal demag 
netization. For the demagnetization experiments, 
Schonstedt GSD-5 and TSD-1 instruments were em 
ployed. Characteristic directions, and any other com 
ponents manifested by linear segments on orthogonal 
demagnetization diagrams (Zijderveld 1967), were 
estimated using the Principal Component Analysis 
computer program of Kirschvink (1980) as modified 
by Halls (1986).

MAGNETIC ANISOTROPY RESULTS
The magnetic anisotropy of a rock can be visualized 
as a triaxial ellipsoid with semiaxes proportional to 
KI, K2, and K3. Depending on the relative values of 
these quantities, the geometry of the figure can range 
from a prolate ellipsoid, through a sphere, to an 
oblate ellipsoid. A number of numerical measures, 
depending on Kt , K2, and K3, of anisotropy mag 
nitude, degree of lineation, and foliation and of 
shape have been proposed and these are summa 
rized by Tarling (1983, Table 6.3).

A complementary way of analyzing AMS data is 
to plot the directions of maximum, intermediate, and 
minimum susceptibility axes on stereo or equal area 
net diagrams for each specimen and assess the 
groupings of these directions on a site-by-site basis 
(Figures 284.3 and 284.4). In interpreting the align 
ment of susceptibility axes, it must be remembered 
that susceptibility axes lack polarity. As a conse 
quence, most directions are plotted on the lower 
hemisphere; upper hemisphere directions have been 
chosen for some axes in order to produce more 
homogeneous within-site groupings. A magnetic folia 
tion plane can be mapped as the plane normal to the 
mean of the minimum susceptibility axes for each 
site. Since the K,, K2, and K3 axes are constrained to 
be orthogonal, the magnetic foliation plane contains 
the mean maximum and mean intermediate axes. The 
AMS directional results, plotted on equal area net 
projections, are shown in Figure 284.3 for Mulcahy 
Lake Gabbro sites and in Figure 284.4 for Lac des 
Iles sites.

With respect to the AMS directional data from the 
Mulcahy Lake Gabbro, a number of features are 
apparent (Figure 284.3):
1. Groupings of minimum, intermediate, and maxi 

mum axes are generally good; the data from 
sites 3, 9, 12, and 15 are exceptions.

2. The magnetic foliation planes have steep atti 
tudes; sites 8, 9, and 10, all at high stratigraphic 
levels, are exceptions.

3. Maximum axes are well grouped at sites 1, 2, 4, 
5, 13, 16, and 17, implying that magnetic linea- 
tions are developed at these locations.
The attitudes of the magnetic foliation planes 

have been plotted in Figure 284.1 as conventional 
strike and dip symbols. In addition, at the seven sites 
where the maximum susceptibility axes are well 
grouped (ar 9^10fl), plunge symbols have been added 
to the strike and dip symbol. An inspection of Figure 
284.1 shows that the magnetic attitudes are in ex 

cellent agreement with the trend of layering and 
foliation in the lower and middle zones. In general, 
foliation is not well developed in upper zone rocks 
but, where present, dips are steep (Sutcliffe and 
Smith 1985). Although foliation was not observed in 
the field at upper zone sites 8, 9, and 10, magnetic 
foliation planes have shallow attitudes at these local 
ities. The reason for the lack of agreement between 
field-measured foliations and magnetic foliations in 
the upper zone is not understood.

The magnetic lineations recorded from the lower 
and middle zone rocks may have petrological signifi 
cance in terms of paleoflow patterns. Morrison ef a/. 
(1986) reported conventional fabric results from an 
orthopyroxene cumulate at their locality 3. These au 
thors found that orthopyroxene c axes lie within the 
plane of layering with a 70C plunge to the southwest. 
Their study locality is near sites 2 and 17 of the 
present study where plunges of 81 C and 750 have 
been measured. These results suggest that magnetic 
lineations, reflecting the preferred alignment of mag 
netite, are indirect estimators of the linear fabric of 
the major minerals in these rocks. If this alignment is 
an indicator of paleoflow pattern, its original orienta 
tion may be of some petrological interest. The major 
problem with this type of analysis is to decipher the 
original attitudes of the layers containing the linea 
tions. Blackburn (1978) established, from observa 
tions along a cross section through the central part of 
the gabbro, that the layers face to the northwest. He 
further speculated that the body was emplaced as a 
sheet and subsequently tilted into its present vertical 
position. The subsequent mapping of Sutcliffe and 
Smith (1985) and the petrological work of Morrison et 
a/. (1986) indicated that the structure is akin to a 
tilted bowl. If this analogy is correct, six of the seven 
well-determined lineations are from sites parallel to 
the base of the bowl; restoration of these lineations 
to their pretilt attitude is straightforward and these 
restored lineations are recorded in Table 284.1. 
These azimuths are not random but are north and 
northeasterly in trend. Whether paleoflow, implied by 
these trends, was toward the north and northeast or 
from the north and northeast, is indeterminate. The 
well determined lineation recorded at site 13 (Figure 
284.3b), located on the eastern bulbous end of the 
intrusion (Figure 284.1), presents more ambiguity in 
restoration. Resuming the bowl analogy, it would be 
located on the steep sides of the bowl. However, at 
the present time, the foliation dips outward rather 
than inward. The rocks at this location may have 
undergone two components of rotation; one, an over- 
steeping of initial dip about a north-south axis and 
two, the tilting to the northwest which affected the 
body as a whole. Undoing these inferred rotations 
sequentially produces a lineation with a bearing of 
2730 and a plunge of 50C It should be understood 
that had the rotations been done in the opposite 
order, a different result would have been obtained as 
finite rotations are not commutative. However, the 
order chosen produced the more consistent pattern 
with the remanence data at site 12 which is also at 
the eastern, oversteepened end of the intrusion (see 
Figure 284.5). The geological history was probably 
one of simultaneous deformations and the correct 
approach to restoration would be a sequence of in-
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ML 1 ML 2 ML 3

ML 4 ML 5 ML 6

ML 7 ML 8 ML 9

Figure 284.3a. Equal area projections showing maximum (squares), intermediate (triangles), and minimum 
(dots) susceptibility axes in oriented specimens from Mulcahy Lake Gabbro sites. The minimum can be 
regarded as the pole to the magnetic foliation plane which contains the mean intermediate and mean 
maximum susceptibility axes.
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ML 10 ML 11 ML 12

ML 13 ML 14 ML 15

ML 16 ML 17

Figure 284.3b. Equal area projections showing maximum (squares), intermediate (triangles), and minimum 
(dots) susceptibility axes in oriented specimens from Mulcahy Lake Gabbro sites. The minimum can be 
regarded as the pole to the magnetic foliation plane which contains the mean intermediate and mean 
maximum susceptibility axes.

131



GRANT 284

DI 1 DI 2 DI 3

DI 4 DI 5 DI 6

DI 7 DI 8 DI 9

Figure 284.4a. Equal area projections showing maximum (squares), intermediate (triangles), and minimum 
(dots) susceptibility axes in oriented specimens from Lac des Iles Complex sites. The minimum can be 
regarded as the pole to the magnetic foliation plane which contains the mean intermediate and mean 
maximum susceptibility axes.

132



H.C PALMER

DI 10 DI 11 DI 12

DI 13 DI 14 DI 15

DI 16 DI 17 DI 18

Figure 284.4b. Equal area projections showing maximum (squares), intermediate (triangles), and minimum 
(dots) susceptibility axes in oriented specimens from Lac des Iles Complex sites. The minimum can be 
regarded as the pole to the magnetic foliation plane which contains the mean intermediate and mean 
maximum susceptibility axes.
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DI 19 DI 20 DI 21

DI 22 DI 23 DI 24

DI 25 DI 26 DI 27

Figure 2B4.4C. Equal area projections showing maximum (squares), intermediate (triangles), and minimum 
(dots) susceptibility axes in oriented specimens from Lac des Iles Complex sites. The minimum can be 
regarded as the pole to the magnetic foliation plane which contains the mean intermediate and mean 
maximum susceptibility axes.
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DI 30

DI 33 DI 34

Figure 284.4d. Equal area projections showing maximum (squares), intermediate (triangles), and minimum 
(dots) susceptibility axes in oriented specimens from Lac des Iles Complex sites. The minimum can be 
regarded as the pole to the magnetic foliation plane which contains the mean intermediate and mean 
maximum susceptibility axes.
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TABLE 284.1. RESTORATION OF MAGNETIC LINEATIONS IN

Site

ML-1
ML-2
ML-4
ML-5

ML- 16
ML- 17
ML- 13

Directions of Kmex

0390 -l- 340

0600 +81 0
2230 +080
1360 + 460
0660 * 560
0320 * 750
1660 + 270

Foliation/Layering 
Attitude

03007830SE
04507880SE
04207870NW

1100X650S
0630X880SE
0730X800NW

OOV650E

THE MULCAHY GABBRO.

Facing Direction 
A Value of Dip

3000 + 970
3150 + 920
3120 4- 870

0200 * 1150
3330 + 920
3430 + 800
271 0 + 300 S 
3260 -l- 800

Restored Lineation 
Direction

3560
3240

2320 = 053C
0580
0070
3560

2730 * 500

finitesimal rotations. Inasmuch as the amount of over 
steepening is a guess, the infinitesimal rotation ap 
proach was not attempted.

An inspection of the AMS directional data from 
sites in the Lac des Iles Complex (Figure 
284.4a.b,c,d) reveals that magnetic anisotropy is not 
as well developed as in the Mulcahy Lake Gabbro 
(Figure 284.3a,b). A second feature is that at the 
majority of Lac des Iles sites, the magnetic fabric is 
subhorizontal. The majority of the steeply inclined 
magnetic foliations (sites 17, 18, 19, 31, 32, and 33) 
are confined to the gabbros (Figure 284.2). Within the 
gabbros, the magnetic fabrics are in good agreement 
with the attitude of megascopic foliation. Within the 
ultramafic portion of the Lac des Iles Complex form 
lines are shown which divide regions dominated by 
clinopyroxenite, websterite, and dunite and wherlite. 
Magnetic fabrics, summarized as conventional strike 
and dip symbols in Figure 284.2, bear no systematic 
relationship to these petrological boundaries. The 
most probable complicating factor is that within the 
Lac des Iles Complex, serpentine is variably devel 
oped. The production of serpentine from olivine and 
orthopyroxene results in magnetite as an additional 
product of the reaction. It is possible therefore, that 
at least some of the derived fabrics are resultants of 
primary and secondary magnetite fabrics.

REMANENT MAGNETIZATION 
MULCAHY LAKE GABBRO
The selection criteria adopted for choosing geologi 
cally meaningful remanence directions from among 
the samples measured were:
1. the demagnetization data, when plotted on an 

orthogonal demagnetization diagram, produced a 
linear array which converged to the origin

2. the linear array was defined with a mean angular 
deviation (MAD) angle (Kirschvink 1980) less 
than 100. Most accepted characteristic directions 
were, in fact, defined with MAD angles less than50

3. the characteristic directions selected had to have 
within-site consistency. The mean direction for a 
site had to be defined with a precision parameter 
(Fisher 1953) greater than 25.

Sites which satisfied the above selection criteria 
are shown in Figure 284.5a. An additional two sites 
(2 and 10) had samples which satisfied criteria 1 and 
2 but whose site-means were defined with lower 
precision (k:^0^5). These also are shown in Figure 
284.5a. Thus only nine of the 17 sampling sites 
produced geologically meaningful information. The 
remaining eight sites contain a large number of sam 
ples with high intensities of NRM and the characteris 
tic directions, although defined with high precision, 
lack within-site directional consistency. Most or all of 
these sites have had their remanence affected by 
the magnetic fields of lightning strikes.

A noteworthy feature of the results is that two 
polarities of remanence have been recovered. Re 
verse polarities are from sites in the lower two thirds 
of the intrusive whereas the normal polarity sites are 
in the upper third of the body. This stratigraphic 
separation of polarities suggests that a reversal of 
the earth's field took place during initial cooling. A 
confirmation that the remanence is primary is pro 
vided by the fold test where the site-mean char 
acteristic directions are referenced to the paleo- 
horizontal (Figure 284.5b). The overall precision of 
the mean, without regard to polarity, is defined with a 
k of 18 before unfolding and with a k of 26 when 
restored to the estimated paleohorizontal. The res 
toration of the directions to the paleohorizontal was 
done in the conventional manner, i.e. by rotation 
about the line of strike by the value of dip. An 
alternative restoration is shown (Figure 284.5b) for 
site 12. This site is located at the eastern margin 
(Figure 284.1) where initial dips may have been pre 
sent. A compound rotation, using the same rotations 
as were used for the AMS data at site 13 (see Table 
284.1) was performed. The more complex rotation 
improves the overall grouping of the remanence data 
and as a consequence, gives indirect support for the 
tilted bowl analogy used in the restoration of the 
fabric data at site 13. A third piece of evidence that 
the remanence data portrayed in Figure 284.5 is 
primary is that the remanence directions, when re 
ferenced to the present subvertical attitude of the 
layers, yield a pole position quite unlike any Superior 
Province Archean one (Dunlop 1985). All known Su 
perior Province Archean magnetizations have mod 
erate to shallow inclinations. Shallow inclinations can 
only be obtained in the Mulcahy Lake Gabbro when
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Figure 284.5. The mean remanence direction from each of seven sites in the Mulcahy Lake Gabbro where 
the precision of the mean is defined with lo25 (large symbols). In sites 2 and 10, the precision of the 
mean is defined with lo 10 and these are represented with small symbols. Solid symbols are on the 
lower hemisphere whereas open symbols are on the upper hemisphere. In (a) the directions are shown 
without a structural correction (before tilt) whereas in (b) the directions are shown after rotation about 
the line of strike by the value of dip (after tilt). All layers are assumed to face north or northwest. For 
site 12, an alternative method of restoration, involving two rotations, is shown.

the remanence directions are referenced to the 
paleohorizontal (Table 284.2).

LAC DES ILES COMPLEX
The remanence in samples from the Lac des Iles 
Complex was analyzed in the same manner as was 
used for the Mulcahy Lake Gabbro. The majority of 
samples demagnetized to date have had their re 
manence reset to that possessed by the Logan Sills. 
The most direct evidence for this is provided by the 
results from site 20 (Figure 284.2) where the outlier 
of Proterozoic diabase was sampled in addition to 
nearby Archean gabbro. Both diabase and gabbro 
share a common characteristic direction which is 
identical to that recorded from the Logan Sills in the 
type area around Lake Nipigon and Thunder Bay 
(Palmer 1970; Robertson and Fahrig 1971). Many of 
the Archean gabbro and ultramafic samples, collect 
ed at sites far removed from the present outcrop 
limits of Proterozoic diabase, also share the Logan 
Sill remanence direction. Others progressively move 
toward it with demagnetization. Whether a meaningful 
lower coercivity component can be extracted from 
these latter samples by the method of converging 
remagnetization circles (Halls 1976, 1978) will have 
to await the completion of the demagnetization ex 
periments. An inspection of Figure 284.2 shows that 
Proterozoic diabase (Logan Sills) crops out both to 
the east and west of the exposures of the Lac des 
Iles Complex. Since the Logan Sills occur as sub- 
horizontal sheets, it seems probable that all current

exposures of the Complex were once a few tens of 
metres below the lower contact of these sheets.

CONCLUSIONS AND FUTURE PLANS
Magnetic foliations, as reflected by low field an 
isotropy measurements, are in good agreement with 
field-measured megascopic foliations in the Mulcahy 
Lake Gabbro. Magnetic lineations, recovered from 
some localities within the Mulcahy Lake Gabbro, 
probably reflect magmatic flow directions. The pre 
sent structure of the body is 'IT or bowl shaped with 
the layers parallel to the base of the "D* facing 
northwest. Restoration of the lineations, recorded 
from layers in the base of the "U", to their original 
attitudes implies flow having north and northeasterly 
directions. At one locality on the eastern, over 
steepened limb of the body, a steep, down-dip linea 
tion is inferred. Pairs of oriented polished thin sec 
tions have been made from selected samples in 
which the magnetic anisotropy has been measured. 
These thin sections will be examined, using quantita 
tive imaging techniques, to confirm the above conclu 
sions by direct observation of the shapes of the 
magnetite grains.

Natural remanent magnetization, of probable 
predeformation age, has been recovered from half of 
the sampled sites in the Mulcahy Lake Gabbro. The 
structural corrections, applied to these data, give sup 
port to the structural corrections applied to the AMS 
lineation data from which the above paleocurrents 
have been inferred.
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TABLE 284.2. MULCAHY

Site*

ML 2
ML 3
ML 4
ML 6
ML 9
ML 10
ML 11
ML 12
ML 17

MEAN
MEAN
MEAN

Notes:

N

4
3
5
4
4
4
3
3
4

9
9
9

LAKE SITE-MEAN REMANENCE

R

3.843
2.999
4.942
3.984
3.884
3.698
2.941
2.928
3.959

8.552
8.689
8.734

k
19.

1588.
70.

182.
26.
10.
34.
28.
73.

18.
26.
30.

DIRECTIONS AND POLES.

In Situ 
D 1
2920 -
2270 -

049^
2540 -
2400 -

0540 +
065^
2430 -
2270 -

0600 *

750
390
490
630
420
840
490
340
680

570

Tilt Corrected 
D 1
1590
1760

OOO0
1790
1930

-02"
-130

-fOS0
-050
-190

3330 * 21 0
0190

1780-
f 140
01 00)

1830 + OO0

Pole Positions 
Long Lat

1130E
920E
870E
880E
670E

1260E
600E
900E
830E

380N
470N
440N
430N
490N
460
450
41 0
400

N
N
N
N

3580 * 100
900E 450N

N is the number of samples used in the analysis; R and k are the statistical parameters of Fisher (1953); D 
and l are declination and inclination in degrees. Long and Lat are the Longitude and Latitude of the vertical 
geomagnetic pole, 
(a) Tilt correction for this site involved a compound rotation.

In the calculations of means, directions have been converted 
to northern hemisphere poles.

to normal polarity and all poles are converted

Magnetic fabrics from the gabbroic portions of 
the Lac des Iles Complex are in good agreement with 
field-measured megascopic foliations. Magnetic fab 
rics from the ultramafic portion of the Complex are, 
however, dominantly shallow with erratic trends in 
strike and dip. The fabric picture may be improved 
when filtering of the data is performed. Such filtering 
will involve: a) measures of the degree of anisotropy, 
and b) the quantitative removal of the contribution to 
the total fabric by secondary magnetite produced as 
a consequence of the serpentine reaction. The re 
manence data from the Lac des Iles Complex have 
only been partially analyzed. Whether sufficient re 
manence data, uncontaminated by the effects of 
nearby Proterozoic sills, can be obtained to resolve 
the deformational history of the complex remains to 
be seen.
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Potential of Platinum Group Element Bearing Rocks of 
the Lac des Iles Complex, Northwestern Ontario
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ABSTRACT
This paper presents the results of the first year of a 
study of the Platinum Group Element (PGE) mineral 
ization in the area of the Roby Zone, Lac des Iles 
complex, northwestern Ontario. The mineralized zone 
consists of several varieties of gabbroic rocks which 
can be distinguished, on the basis of detailed map 
ping, petrography, and whole rock and mineral chem 
istry (principally pyroxenes), as the western and east 
ern gabbros and the hybrid zone. The degree of 
alteration and grain.size of the gabbroic rocks varies, 
ranging from those in which alteration of pyroxenes 
is 1007o to those with almost pristine pyroxenes. 
Twenty-four samples (four each from the western and 
eastern gabbros, 12 from the hybrid zone, and four 
channel samples from within this zone) have been 
analyzed for all PGEs, Au, Cu, Ni, and S. These 
values have been related to degrees of alteration in 
the rocks and compared with other PGE deposits 
using Cu/fCu+Ni) versus Pt^Pt+Pd) and chondrite 
normalized average in 1000Xo S versus PGE+Au plots. 
These comparisons suggest that the Lac des Iles 
Deposit may have been formed by more than one 
process. Future examination of the minerals contain 
ing the PGEs, and of silicate minerals, will be done to 
support the hypothesis.

INTRODUCTION ~
This summary presents the results for the first year 
of an investigation into Platinum Group Element (PGE) 
mineralization in the Lac des Iles Intrusion, north 
western Ontario. The primary objectives of this re 
search are:
1. To map and distinguish the gabbroic phases pre 

sent within the PGE mineralization zone based on 
their mineralogy, petrography, and mineral and 
whole rock chemistry.

2. To relate the PGE mineralization to the stratig 
raphy of the intrusion based on the first objec 
tive.

3. To determine the processes whereby PGE min 
eralization appears to be associated with peg 
matitic gabbroic dikes, breccias, and pyroxenites.

4. To assess the role played by fluids to PGE min 
eralization as indicated by the altered mineral 
assemblages.

5. To relate whether PGM (platinum group minerals 
in surficial samples occur in the same minerals 
as those found by Talkington and Watkinson 
(1984) in drill core samples and to assess wheth 
er the classification used by these authors is 
viable in light of detailed surface sampling.
Previous work in this area is detailed in reports 

by Pye (1968), Dunning (1979), Watkinson and Dun 
ning (1979), Sutcliffe and Sweeny (1985, 1986), Mac 
donald (1986), Sweeny and Sutcliffe (1986), and

Sutcliffe (1986). The results of this study will be in 
collaboration with ongoing studies of this intrusion 
being undertaken by the Ontario Geological Survey.

REGIONAL GEOLOGY
The Lac des Iles Complex is the largest of a series of 
mafic to ultramafic intrusions which form a circular 
structure approximately 30 km in diameter (see Figure 
286.1; Sutcliffe 1986). The complex is within the 
Wabigoon Subprovince lying approximately 15 km 
north of the Wabigoon and Quetico Subprovince 
boundary. Initial mapping by Pye (1968) delineated 
the extent of the complex and recent mapping by 
Sutcliffe and Sweeny (1986) was undertaken at a 
scale of 1:15 840.

The Lac des Iles Complex consists of an ul 
tramafic intrusion centred on Lac des Iles and a 
gabbroic intrusion located south of the lake (Pye 
1968; Dunning 1979). The complex is of Archean age 
and was emplaced into older granitoid rocks, which 
are predominantly composed of gneissic tonalites. 
Sutcliffe (1986) snowed that the gneisses are located 
on the periphery of the circular structure and the 
central portion is occupied by two younger granitoid 
phases. These include a foliated biotite-hornblende 
tonalite pluton in the southern part of the core, and a 
foliated to massive pluton of granodioritic to granitic 
composition in the northern part (Figure 286.1). These 
younger granitoids locally intrude the complex.

The ultramafic and mafic rocks of the complex 
have not been significantly metamorphosed or de 
formed. Rocks throughout the region are intruded by 
diabase sheets and dikes of late Proterozoic age 
(Sutcliffe and Sweeny 1986).

The most significant mineralization found in the 
region to date occurs in the gabbroic rocks of the 
southern portion of the Lac des Iles Complex; how 
ever, occurrences of PGEs have been identified in 
the ultramafic portion of the complex (Sutcliffe and 
Sweeny 1985, 1986). Other sites of PGE mineraliza 
tion are found in the Tib Gabbro and Demars Lake 
Intrusion (Sutcliffe 1986) shown in Figure 286.1.

LOCAL GEOLOGY
Dunning (1979) subdivided the gabbroic part of the 
complex into an "eastern" and a "western" gabbro, 
and interpreted them as separate intrusive phases. 
The recent mapping of the area has outlined a com 
plex zone of magma mixing approximately 60 to 
300 m wide within the western gabbro adjacent to the 
contact with the eastern gabbro (Figure 286.2; 
Sutcliffe and Sweeny 1985, 1986). The outcrop tex 
tures indicate a mechanical mixing of the two gab 
broic phases and mineral and whole rock chemistry 
suggest a compositional range between the eastern 
and western gabbros. This has been termed the
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Figure 286.1. Regional geology of the Lac des Iles area showing known PGE occurrences (after Sutcliffe 
1986).
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Hybrid Zone: pegmatitic gabbro, norite, 
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Figure 286.2. Detailed geology of the Roby zone area showing its relationship to the eastern and western 
gabbros and the location of the hybrid zone (after Sutcliffe and Sweeny 1986; Sweeny and Sutcliffe 
1986).

'hybrid zone" in the present study. Figure 286.2 also 
shows the location of the mineralization zones "A" 
through "F" identified by Gunnex Limited in 1964, 
and the "Roby zone" outlined by Boston Bay Mines 
Limited and Texasgulf Incorporated in 1975 and 1976 
(Sweeny and Sutcliffe 1986).

The rocks of the western gabbro consist of inter- 
layered cumulate gabbros, gabbronorites, norites, 
and minor anorthosites. Both sulphide and PGE min 
eralization are associated with the mafic cumulate 
rocks as well as pegmatitic gabbroic phases and 
pyroxenites. Layering within the western gabbro is 
poorly defined, but does occur within gabbronorites 
and leucogabbros.

The eastern gabbro is composed mainly of gab 
bro to leucogabbro with uralitic alteration of clino 
pyroxene and is weakly layered due to the develop 
ment of pyroxene-rich horizons (Sweeny and Sutcliffe 
1986). These rocks locally show an igneous lamina 
tion which is also found in the western gabbro rocks.

The hybrid zone rocks are a combination of 
lithologies which include gabbros, gabbronorites, 
norites, pegmatitic gabbros, pyroxenites, and leuco 
gabbros. These rock types appear to be representa 
tive of the phases present within the eastern and 
western gabbros. The main zone of PGE mineraliza 
tion, the Roby zone, occurs within this heterogeneous 
hybrid zone.

PETROGRAPHY
Classification of the rocks is based on Streckeisen's 
(1976) system for mafic and ultramafic rocks. The 
eastern gabbro consists of medium-grained gabbro to 
leucogabbro with uralitic alteration of the clino- 
pyroxenes. The western gabbro is generally fresher 
and consists predominantly of gabbronorite. The hy 
brid zone is heterogeneous, but is typified by units of 
coarse-grained to pegmatitic gabbro, norite, leuco 
gabbro, gabbronorite, and pyroxenite (Sweeny and 
Sutcliffe 1986).

Modal analyses for some of the samples are 
presented in Table 286.1. These samples were se 
lected because they contained a relatively fresh 
pyroxene and plagioclase. Many of the samples col 
lected showed little or no primary pyroxene mineral 
ogy and were assigned names based on their field 
relationships. In some cases the type of pyroxene 
can be determined from the habit and nature of the 
amphibole pseudomorphs. The following descriptions 
are based primarily on thin sections of fresh and 
altered rocks within the area shown in Figure 286.2. 
Plagioclase orthopyroxene cumulates appear to be 
more prevalent than clinopyroxene cumulate rocks.

GABBRO
These are cumulate rocks containing varying propor 
tions of cumulus plagioclase, orthopyroxene, and in 
tercumulus clinopyroxene. Grain size varies from me 
dium to pegmatitic, with the largest grains occurring
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TABLE 286.1. MODAL ANALYSES OF LAC DES ILES SAMPLES.

Sample t
85-RHS-57
85-RHS-750
85-RHS-753
85-RHS-775
86-LDI-002
86-LDI-010
86-LDI-019
86-LDI-031
86-LDI-034
86-LDI-043
86-LDI-071

Rock Name
mela-gabbronorite
norite (oxide rich)
norite
gabbronorite
mela-norite
norite
gabbronorite
gabbronorite
mela-norite
gabbronorite
norite

Opx
60
20
34
38
70
27
27
41
64
41
50

Cpx
11

-
tr

10
tr
tr

15
15

0.5
13
4

Flag
20
53
58
48
13
63
53
32
26
39
37

Amph
7
2
3
3

10
7
3

11
6
6
3

Chl
tr
-
2
tr
tr
1
1
-
3
-
2

BIO
.
1
.
-

0.5
tr
tr
-
-
-

0.5

Epidote
.
-
1
-
-

tr
-
tr
-
-
-

Opaques
2

25
2
1
6
1
1
tr
tr
1
3

in pegmatites in the hybrid zone. Altered pyroxenes, 
up to 15 cm in length, were found in some pegmatitic 
phases. Generally, the clinopyroxene is the first to 
alter to an assemblage of uralitic amphibole, chlorite, 
talc, and epidote. This is followed by alteration of 
orthopyroxene and lastly, plagioclase is altered to 
sericite, epidote, and chlorite.

Pegmatitic gabbro contains clots of sulphide min 
eralization up to 0.75 cm in size as well as dissemi 
nated sulphide mineralization along fractures and be 
tween grains. Minor crosscutting talc-magnetite vein- 
lets and chlorite veins occur in most samples.

GABBRONORITE
These rocks generally contain fresh cumulus 
plagioclase and orthopyroxene and intercumulus 
clinopyroxene where both clinopyroxene and ortho 
pyroxene content is greater than 100Xo of the rock. 
Gabbronorite is medium grained, but also occurs as a 
fine-grained phase in some samples. Alteration af 
fects clinopyroxene first and only occurs as rims and 
along fractures in the orthopyroxene. Most ortho 
pyroxene grains show bleb-type exsolution of clino 
pyroxene which then alter to amphibole.

In some samples, clinopyroxene occurs as large 
poikilitic grains enclosing orthopyroxene and 
plagioclase. Sulphide mineralization is intercumulus 
or occurs as blebs associated with alteration pro 
ducts such as amphibole, biotite, and chlorite.

NORITE
The plagioclase orthopyroxene cumulates occur 
throughout the hybrid zone and in areas of the east 
ern gabbro. They are generally fresh, medium 
grained, and may contain up to 6007o orthopyroxene. 
Minor intercumulus clinopyroxene is present, but is 
usually altered to amphibole. Intercumulus magnetite 
was observed in samples near the B-zone (Figure 
286.2). Alteration appears on the edges of ortho 
pyroxene grains, or as veins of chlorite crosscutting 
the sample.

PYROXENITE
Pyroxenite occurs as distinct intrusive phases which 
crosscut both the eastern and western gabbro. These 
rocks contain no primary pyroxene, but minor (up to 
10 percent) intercumulus plagioclase may be present.

Fine-grained amphibole aggregates occur as 
pseudomorphs after medium- to coarse-grained cu 
mulus clinopyroxene.

CHANNEL SAMPLES
A 1.3 m channel sample was taken across a peg 
matitic gabbro dike which was intruding into norites 
and leucogabbros. The sample section consists of:
1. Twenty-seven cm of medium- to coarse-grained 

gabbronorite with cumulus orthopyroxene and 
plagioclase and intercumulus clinopyroxene. Al 
teration of pyroxenes is about 50"/o. Sulphide 
mineralization occurs as small clots around al 
tered pyroxenes and as disseminated grains. 
This section contains •C0.507o visible sulphide 
mineralization. Sample LDI-080 (Table 286..1) is 
representative of this section.

2. Eighteen cm of medium-grained norite containing 
approximately 500Xo cumulus orthopyroxene, 37070 
cumulus plagioclase, and 507o intercumulus clino 
pyroxene, as well as minor amphibole, chlorite, 
and biotite. This section is crosscut by small 
(0.25mm) wide veinlets of talc-magnetite. Ap 
proximately 0.57o sulphide mineralization is pre 
sent as clots associated with secondary am 
phibole and biotite. Sample LDI-081 (Table 286.1) 
was taken from this section.

3. Fifteen cm of pegmatitic gabbro with cumulus 
plagioclase and amphibole pseudomorphs after 
cumulus clinopyroxene and orthopyroxene. Sul 
phide mineralization occurs disseminated within 
pyroxene and as clots up to 2 mm in size intersti 
tial to grains making up 1 to 27o of the section. 
Secondary chlorite and epidote are ubiquitous 
throughout the section. Sample LDI-082 (Table 
286.1) is from this pegmatite.

4. Thirty-four cm of gabbronorite with amphibole 
pseudomorphs of cumulus orthopyroxene and in 
tercumulus clinopyroxene. Chlorite and epidote 
alteration is present and minor quartz is asso 
ciated with sulphide mineralization in highly al 
tered areas of this section. Sulphide mineraliza 
tion is present up to 17o interstitially to altered 
pyroxenes. Sample LDI-083 represents this sec 
tion.

5. Thirty cm of intermixed leucogabbro, norite, and 
gabbro containing variably altered pyroxenes and
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differing amounts of sulphide mineralization. This 
section is considered too heterogeneous to de 
fine separate units for analyses.

ANALYTICAL METHODS ~
Of the total 110 samples collected to date, 75 have 
been analyzed for whole rock chemistry at the Geo 
science Laboratories, Ontario Geological Survey, To 
ronto. Major and trace element analyses were by 
X-ray fluorescence (X.R.F.) and Pt, Pd, and Au were 
determined by fire-assay (F.A.) and atomic absorp 
tion (A. A.).

Nuclear Activation Services Limited determined 
complete PGE+Au values by neutron activation (N.A.) 
for 20 of the 75 samples that were submitted for 
whole rock analyses. Another five separate samples 
were also analyzed for PGE, but whole rock chem 
istry was done at X-Ray Assay Limited in Don Mills. 
Sulphur, Cu, and Ni values have been determined by 
F.A. and A.A. at the Geoscience Laboratories, Ontario 
Geological Survey, Toronto.

A comparison of analyses for Pt, Pd, and Au 
between the F.A. and A.A. methods versus F.A. and 
N.A. methods show that for Pt, 16 out of 19 samples 
gave lower values by A.A. (up to 230 ppb less). For 
Pd, 10 analyses were higher by A.A. (up to 480 ppb) 
and eight analyses were lower by A.A. (up to 
426 ppb). Gold determined by A.A. in 12 cases was 
higher by up to 430 ppb and lower in seven cases by 
up to 406 ppb. These differences likely represent the 
heterogeneous nature of the rock types where PGM's 
were unevenly distributed in samples.

Mineral chemistry was obtained using a MAC-400 
electron microprobe at 15 kv and 250 /iamperes on 
fresh orthopyroxene, clinopyroxene, and plagioclase 
grains. Analyses are given for 15 samples in which 
fresh pyroxenes were found. Plagioclase analyses 
were done on nine samples representing fresh 
norites, gabbronorites, and melanorites. Preliminary 
microprobe analyses have been performed on sev 
eral amphiboles.

RESULTS "~
The results presented in this section are of a prelimi 
nary nature and the database is currently being ex 
panded to include new samples or analyses.

PGE
Complete analyses for PGE's, Au, Cu, Ni, and S are 
presented in Table 286.2. Also included in this table 
is a rock name, based on modal analyses or visual 
estimation from thin sections and the percent alter 
ation of pyroxenes. The table has been subdivided 
into four sections according to relative location within 
the eastern gabbro, western gabbro, or hybrid zone 
as well as results from the channel samples.

A plot of CuACu+Ni) versus PtX(Pt-f Pd) is shown 
in Figure 286.3. This also shows the positions of 
other PGE deposits for comparative purposes. The 
general field for Lac des Iles is shown.

Recalculating the PGE results to 1000Xo sulphides 
(after Hoffman et al. 1979; Naldrett ef al. 1980), and 
normalizing by chondrite values, allows plots to be

uo

0.9

08

0.7

0.3 

0.2

AMERENSKY

—Tfi——02—03—040508 07 OB 09 10
Cu/fCu+Ni)

Figure 286.3. Variation in Pt/fPt+Pd) with 
Cu/tCu+Ni) for Lac des /tes and other depos 
its.

constructed for PGE and Au. These plots are shown 
in Figures 286.4a, b, and c, along with profiles for 
other deposits. In the recalculation, values for sam 
ples which fell below detection limits were taken as 
one half of the detection limit value (Borthwick and 
Naldrett 1984).

MINERAL CHEMISTRY
Electron microprobe data are presented in Tables 
286.3, 286.4, and 286.5 showing sample number, 
rock type, representative major oxide values, and 
recalculated end members. The data in Table 286.3 
are representative of cumulus orthopyroxene grains 
in which the cores and rims were probed. There was 
no significant core-rim variation encountered in the 
samples analyzed. Table 286.4 presents the data for 
core analyses of intercumulus clinopyroxene grains. 
The plagioclase analyses (Table 286.5) are for cu 
mulus grain cores. Minor normal and reverse zoning 
was detected in several samples. The pyroxene data 
for the eastern and western gabbros have been plot 
ted on the pyroxene quadrilateral (Figure 286.5) 
which also includes analyses of Dunning (1979) and 
Watkinson and Dunning (1979).

DISCUSSiON
Based on these results, it is apparent that PGE con 
centrations occur in three different rock types:
1. altered pegmatitic gabbro with sulphide clots
2. altered intrinsic pyroxenite with low amounts of 

sulphide mineralization
3. fresh gabbronorite and norite with intercumulus 

sulphide mineralization
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The hybrid zone contains the highest PGE values 
with the western gabbro containing the lowest PQE 
abundances (Table 286.2).

IGNEOUS STRATIGRAPHY
The complex nature of the relationship between gab 
broic phases has been discussed by Sutcliffe and 
Sweeny (1985, 1986); Macdonald (1986); and 
Sweeny and Sutcliffe (1986) and this is substantiated 
by the mineral and whole rock data. The lack of good 
igneous layering, combined with poorly defined con 
tacts between units, makes any interpretation of 
stratigraphy tenuous, especially when determining a 
top direction. The map presented in Figure 286.2 
indicates that a unit of gabbronorite extends north 
eastward from the "C-zone" to the "B-zone". This 
unit truncates layering and foliation in the eastern 
gabbro and suggests that the western gabbro was 
emplaced after the eastern gabbro (Sweeny and 
Sutcliffe 1986). The gabbronorites of this unit are 
similar to western gabbro rocks but there is much 
more pegmatitic gabbro present as well as mixing 
textures.

Initially, the eastern and western gabbros were 
believed tp be distinguishable based on their whole 
rock chemistry (Sutcliffe and Sweeny 1986; Sweeny 
and Sutcliffe 1986). This conclusion is supported by 
pyroxene analyses (Watkinson and punning 1979) 
which showed distinct compositional fields for each 
gabbro (Figure 286.5). However, the present study of 
pyroxene chemistry indicates that such a distribution 
does not exist and that the compositions of pyrox 
enes in the hybrid zone are comparable to those in 
the eastern and western gabbro (Figure 286.5). 
Plagioclase analyses also show no discernable 
trends between the two gabbroic phases, but they do 
exhibit a variation in average content between similar 
rock types (see Table 286.5).

PGE
The graph in Figure 286.3 shows that Lac des Iles 
rocks appear to follow two different trends. One trend 
with constant Pt/XPt+Pd) and increasing CuACu+Ni) 
contains the majority of samples, while a second 
minor trend shows increasing PtAPt+Pd) with de 
creasing Cu/fCu+Ni). The former trend is compatible 
with that given by Naldrett et al. (1980) for the Lac 
des Iles area and the latter trend falls within that for 
tholeiitic-hosted PGE deposits.

The data for the channel sample in Table 286.2 
indicate that the pegmatitic phase contains the high 
est PGE as well as the highest Cu, Ni, and Au 
compared to the rest of the section. Microprobe anal 
yses of the amphibole and the identification of 
PGM's in this section will be completed soon.

Based on recalculation to normalized chondrites 
samples with low sulphur generally plot in the same 
range as do samples with higher sulphur contents 
(dashed line on Figure 286.4). The slopes of the lines 
between Pt and Au in the hybrid zone, as plotted in 
Figure 286.4b, differ from those in the eastern and 
western gabbros (Figures 286.4a and c). These 
slopes result from different sulphur values and hence

may reflect different processes in the hybrid zone 
relative to those in the eastern and western gabbros.

One interesting trend observed is the opposite 
peaks for Ir and Ru between Naldrett's (1981) analy 
ses and the present study (Figure 286.4b). The rea 
son for this is unclear at the present time. The profile 
for the Lac des Iles Deposit is similar to that for 
Rathbun Lake, which has been interpreted as a hy 
drothermal deposit (Rowell and Edgar 1986).

Dunning (1979) and Watkinson and Dunning 
(1979) have given the rocks the following names, 
pyroxenites and amphibolites, due to the complete 
alteration of primary pyroxenes to amphiboles. The 
pyroxenes were interpreted as layers within the gab 
broic phases, but recent mapping (Sweeny and 
Sutcliffe 1986; Macdonald 1986) indicated they are 
intrusive and are locally observed to crosscut both 
the eastern and western gabbros. Two samples of 
pyroxenite have been analyzed (Table 286.2, Figure 
286.4c) and show relatively high values of PGEs with 
low amounts of S. As indicated in Figure 286.4c, the 
pyroxenite profiles show a similarity to the samples 
from the hybrid zone. These slightly later pyroxenites 
may have remobilized the Pt, Pd, and Au as they 
intruded into the crystallizing, PGE-rich western gab 
bro and hybrid zone.

FUTURE PLANS
Determination of PGM's within the ore zone using a 
JEOL 8600 model microprobe with EDS, WDS, and 
backscatter capabilities, combined with analyses of 
the secondary amphibole, will be carried out in an 
effort to characterize the fluids involved in the redis 
tribution of PGEs. Analyses for F and CI will be 
included in this work.

Further whole rock analyses will also include 
C02, Fe2 *, and Fe3 * determinations which will also be 
used to evaluate the composition of the fluids. These 
analyses may also help to distinguish the eastern 
and western gabbros from each other as well as their 
relationship to rocks of the hybrid zone. Further de 
tailed mapping and selective sampling is being car 
ried out in areas recently stripped by Boston Bay 
Mines Limited at the deposit site.
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TABLE 286.3,

Sample f
Rock Type
Si02
Ti02
AI203
Cr2O3
FeO
MnO
MgO
CaO
Na20
K2O
Total

Fs
Wo
En
Sample f
Rock Type
Si02
Ti02
AbOg
Cr2O3
FeO
MnO
MgO
CaO
Na2O
K20
Total

Fs
Wo
En
Sample *
Rock Type
SI02
Ti02
AI2O3
Cr2O3
FeO
MnO
MgO
CaO
Na2O
K2O
Total

Fs
Wo
En

REPRESENTATIVE ORTHOPYROXENE ANALYSES.

85-RHS-57
mela-gabbronorlte

53.06
0.19
2.11
0.13

19.78
0.35

22.93
1.21
0.00
0.00

99.76

31.65
2.62

65.75
86-LDI-033

gabbronorite
53.12
0.14
2.00
0.14

17.56
0.29

24.76
1.45
0.00
0.00

99.46

27.52
2.92

69.56
86-LDI-088A
gabbronorite

52.61
0.17
2.20
0.14

19.30
0.36

23.33
1.60
0.00
0.00

99.71

29.26
3.32

67.42

85-RHS-65
gabbronorite

53.60
0.10
1.47
0.01

17.56
0.30

25.53
1.26
0.00
0.02

99.85

27.15
2.49

70.35

85-RHS-67
gabbronorite

54.18
0.10
1.89
0.03

13.76
0.30

27.97
1.59
0.03
0.01

99.86

20.96
3.10

75.93

85-RHS-746
gabbronorite

52.89
0.78
1.80
0.01

19.65
0.38

23.62
1.38
0.00
0.00

100.51

30.94
2.79

66.27
86-LDI-041 86-LDI-043

gabbronorite gabbronorite
52.92

0.16
1.47
0.07

21.17
0.41

22.54
1.35
0.01
0.01

99.95

33.14
2.75

64.11
86-LDI-010

norite
54.75
0.16
1.39
0.00

16.67
0.18

27.05
1.25
0.01
0.00

101.46

23.48
2.46

74.06

86-LDI-01 1
gabbronorite

53.77
0.16
1.31
0.09

17.47
0.33

24.56
1.66
0.00
0.00

99.35

27.33
3.36

69.31

54.09
0.18
2.05
0.15

17.23
0.32

24.79
1.42
0.00
0.00

100.23

26.89
2.91

70.19
86-LDI-019

gabbronorite
52.84

0.18
1.72
0.00

20.56
0.28

22.83
1.96
0.01
0.00

100.38

31.36
3.99

64.65

85-RHS-775
gabbronorite

54.75
0.14
1.81
0.01

15.00
0.24

26.52
1.45
0.00
0.00

99.92

23.40
2.89

73.71
86-LDI-060

gabbronorite
54.34

0.16
1.31
0.00

15.37
0.18

27.18
1.44
0.01
0.00

99.99

22.62
2.84

74.53
86-LDKJ31

gabbronorite
54.41
0.17
2.13
0.15

16.29
0.35

24.89
2.05
0.00
0.00

100.44

25.61
4.00

70.38

149



GRANT 286

TABLE 286.4. REPRESENTATIVE CLINOPYROXENE ANALYSES.

Sample f
Rock Type
SiO2
TiO2
AljOg
CrzOg
FeO
MnO
MgO
CaO
Na2O
K2O
Total

Fs
Wo
En
Sample f
Rock Type
SiO2
TiO2
AI.03
CfjOa
FeO
MnO
MgO
CaO
Na2O
KzO
Total

Fs
Wo
En

85-RHS-57
mela-gabbronorlte

51.49
0.57
3.15
0.21
9.25
0.20

13.83
21.36
0.25
0.00

100.31

14.34
45.07
40.59

86-LDI-01 1
gabbronorite

51.66
0.37
2.53
0.08
8.52
0.23

15.08
20.84
0.33
0.00

99.64

11.23
44.26
44.51

85-RHS-746
gabbronorite

50.34
0.75
3.64
0.00
8.09
0.18

13.40
22.65
0.37
0.00

99.42

13.26
47.58
39.16

86-LDI-019
gabbronorite

51.01
0.34
2.52
0.00
9.75
0.16

14.24
21.13
0.33
0.00

99.48

12.04
45.42
42.55

85-RHS-752
gabbro

51.49
0.57
3.49
0.01
7.94
0.15

14.05
22.59

0.22
0.04

100.55

12.83
46.73
40.45

86-LDI-031
gabbronorite

52.22
0.25
3.12
0.18
9.34
0.27

15.35
19.55
0.32
0.00

100.60

14.56
40.84
44.61

86-LDI-008A
gabbronorite

50.94
0.48
3.89
0.17
8.44
0.48

14.28
20.53
0.30
0.00

99.51

12.97
44.23
42.79

86-LDI-043
gabbronorite

51.79
0.52
3.26
0.19
7.91
0.23

14.49
21.13

0.22
0.01

99.75

12.85
44.58
42.57
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TABLE 286.5. REPRESENTATIVE PALGIOCLASE ANALYSES.

Sample f 85-RHS-57 86-LDI-002 86-LDI-010 86-LDI-011
Rock Type mela-gabbronorlte mela-norlte
SiO2
AI203
Na20
CaO
K20
FeO
Total

AB
AN
OR
Sample #
Rock Type
Si02
AljOa
Na2O
CaO
K2O
FeO
Total

AB
AN
OR

50.42
32.01

3.66
14.13
0.51
0.15

100.88

31.82
67.88

0.30

86-LDI-031
gabbronorite

47.29
32.98

2.71
16.24
0.07
0.23

99.52

23.09
76.52
0.39

53.44
29.71

5.16
11.84
0.17
0.13

100.45

43.67
55.41

0.92

86-LDI-033
gabbronorite

49.33
32.51

3.09
15.19
0.01
0.13

100.26

26.90
73.03
0.07

norite
48.84
32.53

3.41
14.96
0.03
0.08

99.85

29.17
70.68
0.15

86-LDI-019
gabbronorite gabbronorite

51.79
30.50

4.43
13.08
0.24
0.29

100.33

37.45
61.25

1.31

86-LDI-041
gabbronorite

53.43
29.16

4.69
12.05
0.21
0.28

99.82

40.83
57.97

1.20

51.21
31.73

3.73
13.89
0.15
0.31

101.02

32.43
66.71

0.86

86-LDI-043
gabbronorite

48.82
32.25

3.41
15.07
0.06
0.08

99.69

28.97
70.73
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ABSTRACT
Significant Au-quartz vein mineralization in the Re 
nabie area (e.g. Renabie Mine: 5.5 million tonnes at 
~6 g/tonne Au and ~2 g/tonne Ag) occurs outside 
the confines of a greenstone belt and is hosted in 
marginal trondhjemitic/tonalitic components of the 
Wawa Domal Gneiss Terrane. Au-quartz veins occupy 
variably oriented brittle/ductile shear zones which 
rotate and crosscut regional flattening fabric in the 
host intrusions.

Structural data obtained so far suggest reverse, 
south-side-up, sinistral shear displacements on west 
to west-northwest trending shears (e.g. Nudulama 
and C zone shears), and a reverse west-side-up, 
sinistral shear displacement on the northwest-tren 
ding Braminco 121 vein shear. Kinematics are cur 
rently less well constrained for the dominant west- 
northwest to northwest and west-southwest to south- 
west shears comprising the more complex Renabie 
vein system, although orientations appear to be con 
sistent with a conjugate shear set.

Shear zone-hosted ore zones with prolate shapes 
show consistent plunges, often parallel to subparallel 
with ductile and brittle lineations in the shear zones. 
Plunges are also subparallel with major lithological 
contacts.

Initiation of shearing appears to have predated 
the introduction of mineralizing fluids, and though 
fabric and other strain features displayed by the 
mineralization indicate that shear deformation contin 
ued throughout of mineralization. Vein formation oc 
curred predominantly by overpressured fluid injection 
parallel to shear fabric, which generated distinctive 
"crack-seal* type vein filling structures. The mineral 
suite associated with gold includes quartz, pyrite, 
galena, tellurides, molybdenite, carbonate, anhydrite, 
and minor tourmaline, and is typical of Archean Au- 
quartz vein deposits.

INTRODUCTION
Archean Au-quartz vein/shear zone mineralization in 
the Renabie area, located near Missanabie, -80 km 
northeast of Wawa, is unusual because it is located 
outside the confines of a greenstone belt 
(Michipicoten) in intrusive gneissose trondhjemites 
and tonalites of the Wawa Domal Gneiss Terrane 
(tonalite-trondhjemite-granodiorite (TTG) material). 
The mineralization is clearly important for exploration 
because it is significant (e.g. Renabie Mine past- 
production and known reserves are 5.5 million tonnes 
at -6 g/tonne Au and -2 g/tonne Ag). has a sat 
isfactory cash operating cost (~SUS 240 per ounce 
because of large -8 to 12 m stoping widths), and is 
in lithologies which have received relatively little ex 
ploration attention. If there is one Renabie deposit.

then there could be more in the tonalitic/trondh- 
jemitic rocks which surround and intrude Archean 
greenstone belts, an area of several thousand square 
kilometres in Ontario. The Renabie area Au mineral 
ization is clearly also important for genetic reasons 
because of its location in intrusive rocks outside a 
greenstone belt. Questions are raised, such as: are 
high level greenstone belt processes really relevant 
to the formation of Archean Au-quartz vein fluids, or, 
on the other hand, is the Renabie area Au mineraliza 
tion unrepresentative so that points of general ge 
netic relevance cannot be drawn?

The Renabie Mine has been in production, with 
some interruptions, since 1941, after its discovery in 
1939 by a poacher in the Chapleau Crown Game 
Preserve. Production to date has been —4 million 
tonnes at ~6.6 g/tonne Au and ~2.1 g/tonne Ag. Pro 
duction has been based on a shaft to the 3105-foot 
level, a decline from the 3105-foot level for trackless 
mining, and an internal shaft to 4500 feet. Current 
reserves defined by drilling down-plunge from a 
crosscut on the 3105-foot level are 1.5 million tonnes 
at ~6 g/tonne Au. Mill rate is being expanded to 700 
tonnes/day by 1988 from 525 tonnes/day. The Re 
nabie Mine is currently operated by Royex Gold Min 
ing Corporation (International Corona Resources 
Limited) who share ownership equally with American 
Barrick Resources Corporation.

Similar mineralization to that at the Renabie Mine 
occurs in the Braminco #21 (Canreos Minerals (1980) 
Limited; Missibay Mining Limited) and the Nudulama 
(Anglo Dominion Gold Exploration Limited) vein struc 
tures. High Si02 (~77*k Si02) flux ore containing ~4.8 
to 6.6 g/tonne Au has been mined and trucked to the 
Kidd Creek Mines Limited smelter in Timmins re 
cently. Exploration in the last few years has been 
quite active in the Renabie area and southwest to the 
Kremzar (Canamax) and Magino (Muscocho/McNel- 
len) projects.

This report summarizes the results of field work 
carried out in 1985 and 1986. The objectives of this 
report are:
1. to describe the geological relationships, geomet 

rical characteristics, and structural controls on 
the Au-quartz vein/shear zone mineralization

2. to discuss the field evidence for a relative time 
sequence of igneous intrusive, deformation, min 
eralization, and hydrothermal alteration pro 
cesses in the Renabie area

3. to describe the characteristics of the mineraliza 
tion based on field and hand specimen observa 
tions
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Proterozoic
alkalic rock-carbonatite complex
i
massive to foliated granite to tonalite

gneissic tonalite-granodiorite and 
xenolithic tonalite gneiss

:.....;| metavolcanic , minor metasedimentary rocks 

anorthositic rocks 

paragneiss , mafic gneiss

—r— fault

Figure 288.1. Geology of the Wawa-Abitibi area showing location of the study area (modified from Percival 
1986).

REGIONAL GEOLOGICAL RELATIONSHIPS
The regional geological setting (Figure 288.1) is char 
acterized by a 120km easterly transition from pre 
dominantly greenschist facies metavolcanics of the 
Michipicoten greenstone belt to the west, through the 
generally amphibolite facies tonalite, trondhjemite, 
and granodiorite (TTG) gneisses of the Wawa Domal 
Gneiss Terrane (WDGT), to the southwest-trending 
units of granulite grade paragneiss, mafic gneiss, 
tonalite, and anorthosite comprising the Kapuskasing 
Structural Zone (Percival 1986). The eastern bound 
ary of the Kapuskasing Structural Zone is marked by 
a sharp lithological, structural, and metamorphic dis 
continuity—the Ivanhoe Lake Cataclastic Zone 
(ILCZ). The section is interpreted to be an oblique 
Archean crustal cross section corresponding to —25 
vertical kilometres which was uplifted on a 
northwest-dipping reverse fault, represented at sur 
face by the ILCZ.

Au-quartz vein mineralization in the Renabie area 
is located within the Missinabi Lake Batholith (MLB) 
which intrudes the eastern extremity of the 
Michipicoten greenstone belt. The MLB forms a dis 

crete mafic tonalitic intrusive phase of the areally 
extensive WDGT and is thought to represent one of 
its oldest components (Percival 1981).

GEOLOGICAL RELATIONSHIPS IN THE 
RENABIE MINE AREA——^-—^^^-—- 
The contact between the metavolcanics of the 
Michipicoten greenstone belt to the west and the 
intrusive phases of the MLB to the east in the Re 
nabie Mine area is arcuate in shape, swinging from 
northwest to north-northwest in the south, to north- 
northeast to northeast approximately 1.7 km north of 
the Renabie Mine (see Figure 288.2). Interpolation 
between the position of the contact at surface and its 
exposure in the southern exploratory crosscut, 3105- 
foot level in the Renabie Mine, indicates an average 
dip of ~50C to the southwest. The dip of the contact 
on the 3105-foot level shows a steepening to -~70C.

The nature of the contact is variable. Excellent 
intrusive relationships are observed in a 5 to 10 m 
wide contact zone at surface -500 m west of the 
Braminco #21 vein, where fine-grained granitic ma-
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MAFIC VOLCANICS
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Figure 288.2. Simplified geology of the Renabie Mine area showing major lithological contacts and 
distribution of the major Au-quartz veins (modified from Ferguson 1968).

terial containing mafic volcanic xenoliths invades the 
adjacent mafic metavolcanics.

However, in the southern exploratory crosscut, 
3105-foot level, in the Renabie Mine, the contact is 
marked by a 25-cm hybrid zone of highly foliated 
mafic metavolcanics and intrusive trondhjemite. The 
strain intensity in the trondhjemite decreases progres 
sively over 40 m away from the contact as indicated 
by a marked coarsening of foliation and a decrease 
in the intensity of folding of aplitic/pegmatitic veins 
which have acted as passive strain markers.

The contact has been offset by north-northwest- 
to north-trending brittle faults as shown by the sub-

vertical "shaft" fault at the Renabie #2 shaft which 
has an approximate vertical displacement of 180 m. 
This fault may be related to a subparallel set of faults 
showing a sinistral transcurrent component of move 
ment which are observed to offset the Renabie ore 
body.

A penetrative foliation is developed in the mafic 
metavolcanics. Its orientation is generally concordant 
with that of the metavolcanic/intrusive contact. Folia 
tion is also variably developed in the intrusions and 
is also concordant to subconcordant with the contact 
with the mafic metavolcanics.
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mm
Photo 288. la. Well foliated trondhjemite from mar 

ginal zone, 3105-foot level, Renabie Mine.

All lithologies are transected by northwest- to 
north-northwest-trending diabase dikes which also 
crosscut, and therefore postdate mineralization.

Lamprophyre dikes of variable orientation, con 
sisting either of foliated fine-grained chloritic ma 
terial, or a fine-grained unfoliated matrix rich in 
biotite platelets and lithic fragments, also crosscut 
mineralization. The former type are crosscut by the 
diabase dikes, but no crosscutting relationships were 
observed between the two varieties themselves or 
between the biotite/lithic fragment variety and the 
diabase.

INTRUSIVE LITHOLOGIES
Mineralization is hosted by two main intrusive 
lithologies, both of which contain aplitic/pegmatitic 
minor phases.

GNEISSOSE TRONDHJEMITE
The marginal lithology adjacent to the mafic metavol- 
canics forms a zone varying in width from —200 m on 
the 3105-foot level, Renabie Mine to -350 m at sur 
face. It is characterized by a trondhjemitic normative 
bulk composition and a coarse 5 to 10 mm scale 'S'

fabric defined by epidote- and biotite-rich foliae en 
closing domains rich in quartz and greenish buff 
saussuritized plagioclase (Photo 288.1 a). Rare horn 
blende needles are also present.

TONALITE
To the east of the gneissose trondhjemite, and of 
unknown easterly extent, is a finer grained, more 
melanocratic lithology with a tonalitic normative bulk 
composition. The tonalite exhibits a variably devel 
oped 'S' fabric concordant with that in the adjacent 
trondhjemite, and occasional centimetre-scale band 
ing defined by grain size and/or compositional vari 
ation. Weakly foliated examples (Photo 288.1 b) show 
distinctive apple green, subhedral, zoned plagioclase 
phenocrysts up to 0.5 cm in size; fine disseminated 
pyrite is also present. Locally developed in the 
Nudulama east pit is a distinctive textured variety 
showing biotite clots up to -1.5 cm in size.

Locally contained in the tonalite are bands up to 
-30 cm thick of a finer grained more mafic phase 
which commonly lacks plagioclase phenocrysts. 
These are best developed in the vicinity of the 
trondhjemite/tonalite contact and have an orientation 
concordant with both this contact and the regional 
foliation. The mafic bands are locally pyrite rich.

CONTACT RELATIONSHIPS AND RELATIVE TIMING
The 3105- and 1400-foot levels of the Renabie Mine 
provide key exposures of the gneissose 
trondhjemite/tonalite contact. On the 3105-foot level, 
the contact, oriented at 3200 and dipping southwest, 
shows a sharp juxtaposition of weakly foliated, al 
most granular, plagioclase phenocrystic tonalite 
against coarsely foliated trondhjemite. The more 
complex contact on the 1400-foot level is represent 
ed by a 30 m wide zone of coarsely foliated trondh 
jemite and granular tonalite, interleaved on a cen 
timetre to metre scale, once again with very sharp 
contacts between the two lithologies (Photo 288.1 c).

Three observations, made on the 1400-, 2900-, 
and 3105-foot levels of the Renabie Mine, which 
support the interpretation of a slightly younger 
tonalitic intrusive phase, include:
1. the marked strain differential between closely 

juxtaposed granular tonalite and strongly foliated 
trondhjemite, particularly in the interleaved con 
tact zones

2. gneissose trondhjemite/granular tonalite contacts 
which shallowly crosscut the 'S' fabric in the 
foliated trondhjemite

3. rare (?) xenoliths of gneissose trondhjemite with 
in tonalite. The rarity of this feature renders it the 
least reliable criterion

REGIONAL FABRIC DEVELOPMENT WITHIN 
INTRUSIVE PHASES
As mentioned above, both intrusive lithologies exhibit 
a regional 'S' (flattening) fabric, striking -3400 north 
west and dipping at 60 to 70C to the southwest. This 
orientation is concordant to subconcordant with the 
foliation in the adjacent mafic metavolcanics and 
with major lithological contacts. No regional lineation
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Photo 288.1 b. Almost
granular tonalite from 
3105-foot level, Renabie 
Mine. Note altered 
plagioclase phenocrysts.

Photo 288.1 c.
Interleaving of 
gneissose trondhjemite 
and tonalite from the 
complex, 40 m wide 
contact zone on the 
1400-foot level, Renabie 
Mine. Note the sharp 
nature of the contacts.
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fabrics were identified, although Bruce (1944) reports 
west plunging linear elements at the metavolcanic/ 
gneissose trondhjemite contact.

The parallelism of the interleaved trondhjemite/ 
tonalite contact on the 1400-foot level of the Renabie 
Mine with the regional fabric suggests that this fabric 
may have controlled the emplacement of the younger 
tonalitic phase. Indeed, the weak foliation and occa 
sional banding in the tonalite indicates that the stress 
field responsible for regional fabric development 
was, in fact, still active during tonalite emplacement.

MINOR INTRUSIVE PHASES
Gneissose trondhjemite commonly contains aplitic 
and pegmatitic dikes ranging in width from 5 to 
40 cm, with rare composite dikes comprising aplitic 
margins with pegmatitic cores. The orientations of 
these dikes vary widely. That most of the regional 
fabric was superimposed on these earlier aplitic/ 
pegmatitic dikes is indicated by:
1. the internal fabric within the dikes, which is con 

cordant with the external host fabric
2. the development of serrated margins to the 

dikes, showing high angle orientations with re 
spect to the host foliation. "Teeth" show concor- 
dancy with the external host foliation

3. isoclinal folding of aplitic/pegmatitic dikes which 
have acted as passive strain markers, particu 
larly in close proximity to the highly strained 
trondhjemite/mafic metavolcanic contact. Internal 
and external foliations are axial planar
In addition to aplites and pegmatites, the tonalite 

also hosts microtonalite dikes ranging from 10cm to 
1 m in width. These are generally foliation subparal- 
lel, contrasting with the aplites and pegmatites which 
show highly variable orientations. The tonalite-hosted 
aplites and pegmatites typically exhibit less strain 
than those in the gneissose trondhjemite and appear 
to have been emplaced fairly late with respect to 
fabric development as indicated by:
1. good crosscutting relationships relative to host 

fabric and gneissose banding where the latter is 
developed

2. scalloping and slight strain intensification at dike 
margins but little internal fabric, suggesting that 
weak strain was imposed only at dike margins

3. displacement of dikes due to late movement 
along host fabric planes
Occasionally observed in the tonalite are 

millimetre- to centimetre-scale glassy quartz veinlets. 
These are generally discontinuous and may contain 
pyrite.

Emplacement of less strained later aplites/peg- 
matites, normally associated with the tonalite, in the 
gneissose (?) earlier trondhjemite, might be expected. 
From the criteria outlined above, they should be 
readily identifiable; however, they have not been 
observed.

Crosscutting relationships between aplites and 
pegmatites hosted in either lithology do not provide 
any consistent temporal relationships regarding em 
placement of pegmatitic and aplitic phases.

Au-QUARTZ VEIN MINERALIZATION______ 
DISTRIBUTION OF Au-QUARTZ VEINS
Five major vein/vein systems occur, the main Re 
nabie vein system currently being mined, the Renabie 
C "west* zone (the western strike extension of the 
Renabie C zone, which is now inaccessible), the 
Nudulama vein, the Braminco #21 vein, and the 
smaller Frontenac extension vein. Their locations are 
shown in Figure 288.2.

The map shows two trends:
1. a dominant east-west trend exemplified by the 

Renabie vein-C zone-Nudulama association. The 
Frontenac and Frontenac extension veins show a 
similar relationship

2. a northwest trend shown by the Braminco #21 
vein and its southern extension
In the case of the Renabie-C zone-Nudulama 

association it is possible that the vein systems are in 
some way structurally related. Surface drilling has 
failed to provide substantial evidence that they are 
contained within the same structure. They may be 
contained in shallow en echelon structures.

The similarity in style of mineralization observed 
at Braminco #21 with veins comprising the dominant 
east-west association suggests that the two trends 
were generated in the same mineralizing event, and 
therefore may be related structurally.

ORE ZONE/VEIN GEOMETRICAL CHARACTERISTICS
Ore zone/vein geometric range in complexity from 
the relatively simple forms, exhibited by the Renabie 
ore-body (deptl-02475 feet), the Nudulama, C zone, 
and Braminco #21 veins, to complex three dimen 
sional configurations typified by the Renabie ore 
body (deptfK2475-foot level).

The Nudulama and C zones form elongate len 
ticular orebodies in plan view with dimensions of 156 
by 20 m and 220 by 21 m, respectively. Strike varies 
from west to west-northwest with dips to the south of 
~700 to 800. The ore bodies exhibit a strong westerly 
plunge of 50C In detail, they comprise a number of 
closely associated quartz bodies, varying in dimen 
sions from centimetres to several metres and show 
ing, qualitatively, prolate shapes with long axes 
plunging parallel to the west.

The plunge of the Renabie vein system is con 
cordant with the other members of the east-west 
association (Figure 288.3). The remarkably continu 
ous ore body has a consistent plunge of ~550 to 
-2600 southwest, paralleling the mafic metavolcanic/ 
intrusive contact, though data from the 3265-foot 
level suggest that this plunge has shallowed to 30C ; 
the dip of the contact is unknown at this level. Below 
the 2475-foot level, the orebody is dominated by a 
vertically persistent pipe, crudely elliptical in plan 
view, striking west-northwest and dipping at -600 
southwest. Dimensions on the 3105-foot level are 45 
by 18m, expanding to 160 by 27 m on the 3300-foot 
level (Figure 288.4). The main pipe is accompanied 
by subsidiary prolate pipe-like bodies which are verti 
cally and laterally more discontinuous, often an 
astomosing with each other, or with the main pipe.
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Figure 288.3. East-west vertical cross section through the Renabie C zone, Nudulama vein systems showing 
consistent ore body plunge parallel to subparallel with major lithological contacts.
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Figure 288.4. Geology, ore zone geometry, and structural elements of the main ore zone, 3265-foot level, 
Renabie Mine.
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At higher levels, the Renabie orebody comprises 
a number of more distinct ore zones occupying three 
main orientations; northwest to west-northwest, north- 
northwest, and west to west-southwest. Zones are 
commonly elliptical in plan view and lack vertical 
continuity. Zones may change orientation along 
strike. On some levels (e.g. 925- and 1400-foot lev 
els), certain zones, apparently once continuous, have 
been transected and offset sinistrally along late 
north-northwest brittle/ductile shears forming crude 
en echelon type geometries. This late brittle-ductile 
shearing event may also explain the 'S'-shaped ge 
ometry of the D orebody on the 125- and 250-foot 
levels. The geometry of the well exposed Frontenac 
extension vein would be analogous, showing sinistral 
displacement of the west-southwest trending vein by 
late north-northwest-trending brittle-ductile shearing.

The northwest striking Braminco #21 vein shows 
an inverted 'Y'-shaped geometry formed by its bi 
furcation to form the 6 m wide eastern vein and the 
2 m wide western vein at the southern end of the ore 
zone. The hinge of the bifurcation plunges —350 
northwest. The zone dips to the west at ~550, more 
shallowly than the regional foliation, and has a strike 
length of -80 m.

Ore zone continuity may be disturbed by late 
crosscutting diabase and lamprophyre dikes.

SHEAR ZONE CONTROL ON MINERALIZATION
Shear zones are the dominant structural control on 
Au-quartz mineralization in the Renabie area. All the 
major orebodies are hosted within these structures. 
Shear zones, ranging in size from kilometre-scale 
deformation zones to metre-scale structures, and 
hosted in a variety of lithologies, have received 
much attention recently with respect to the localiza 
tion of Archean Au mineralization, as well as more 
recent early Proterozoic (Aphebian) deposits. In many 
Archean (and Aphebian) granitoid-hosted Au deposits 
and showings, shear zones appear to be an important 
common feature (e.g. Poulsen and Franklin 1981; 
Wilkinson 1982; Poulsen 1983; Poulsen et al. 1986). 
The Renabie deposit appears to be unusual by virtue 
of its size and consistent Au grade.

Shear zones comprise narrow subparallel sided 
zones in which high strain concentrations, relative to 
the surrounding rocks, are localized (Ramsay 1980). 
They may be broadly classified into three types, 
ductile, brittle/ductile, and brittle, based on the rela 
tive importance of ductile and brittle processes. Each 
type is characterized by specific geometrical features 
(e.g. Hugon and Schwerdtner 1984; Poulsen 1986) 
though temporal evolution of the shear zone in re 
sponse to changes in pressure, temperature, fluid or 
strain rate conditions may result in superimposition of 
features characteristic of different types of deforma 
tion.

Many of these features have been recognized in 
the Renabie area, although their interpretation has 
proved difficult owing to the orientation of the in 
ferred XZ plane of the strain ellipsoid, the critical 
plane for observation of features in shear zones, 
especially for determination of displacement. This 
orientation is such that it is exposed neither in the

horizontal plane (i.e. surface outcrop, backs of drifts), 
nor in the vertical plane (i.e. drift walls).

Shear Zone Geometries
The exposed shear zones comprising the approxi 
mately east- to west-trending Renabie C zone- 
Nudulama association typically show variation in 
strike within individual shears. Both the Nudulama 
and the C zone shears define shallow sigmoidal 
forms, particularly at surface. The strike at Nudulama 
(Figure 288.5) wanders from -2800 northwest in the 
east, through ~270C west, to -2830 northwest at the 
western extremity. The shear shows a variable dip to 
the south of ~760 to 80C. The C zone exhibits almost 
identical changes in strike, dipping to the south at 
660 to 680

Possible explanations include:
1. inherent shear zone wandering (Poulsen 1986)
2. refraction of a more west-trending shear into a 

more west-northwest orientation due to an 
isotropy in the foliated host rocks

3. shear zone termination by tip curving (Ramsay 
1980). The clockwise rotation would imply a dex 
tral horizontal shear component, which is unlikely 
in the light of other kinematic indicators
The Renabie vein itself exhibits a more complex 

system of shears reflected in the ore body geometry 
discussed earlier. The geology from surface to the 
375-foot level (Figure 288.6) is dominated by the B, 
D, and A zones which constitute an 'S'-shape, possi 
bly reflecting sinistral north-northwest-trending brittle/ 
ductile shearing of an originally west-northwest ori 
ented shear zone, or flexure of a more west-south 
west to southwest oriented zone by later sinistral 
shear in a process similar to sigmoidal tension gash 
formation. Both the west-northwest orientation of 
shear together with a more west-southwest to south- 
west orientation are conspicuous on the 125-, 250-, 
and 375-foot levels, often with persistent individual 
shears being correlateable from level to level (see 
Figure 288.6 D, E). Orientations are ~580SWX3050 and 
~620SE72490. Both may host orebodies, although the 
former orientation generally hosts the more extensive 
zones, not only in the upper levels but also through 
out the mine (e.g. the main zone below the 2475-foot 
level is oriented at ~600SW72950).

The Frontenac extension vein (Figure 288.7) may 
represent a close analogy to the structure observed 
in the Renabie B, D, and A zones at, and just below, 
surface. The slightly sinuous approximately east- to 
west-trending mineralized shear is sinistrally offset 
along a north-northwest-trending brittle/ductile shear 
with remobilized quartz forming lenses.

The Braminco #21 shear (Figure 288.8) is ori 
ented at 550SWX3260, dipping more shallowly than 
the regional foliation in the hosting gneissose trondh 
jemite, and trending more northwest than the regional 
fabric.

Shear Zone Boundaries
Boundaries vary from gradational (e.g. the Braminco 
#21 vein hanging wall contact, C "west" zone)— 
where shear fabric decreases in intensity, usually
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with a simultaneous decrease in alteration, and re 
gional fabric becomes discernible again—to some 
what sharper contacts, often marked by more brittle 
fractures. The latter are well developed at Nudulama, 
with the fractures forming at the point where rotated 
regional fabric becomes asymptotic to the high strain 
part of the shear. The "brittle" type contacts may 
indicate late reactivation at the high strain boundary 
since fracture surfaces are commonly striated. Princi 
pal C-type fractures in the C "west" zone also repre 
sent later brittle-type fractures. Underground, bound 
aries exhibit similar variation (e.g. the main zone on 
the 3265-foot level shows a fairly sharp footwall 
contact but a more gradational hanging wall contact).

Regional Fabric Rotation
The surface exposures of the C "west" and 
Nudulama shears show rotation of the northwest- to 
north-northwest-trending regional fabric in the hosting 
tonalite, over a distance of 0.6 to 2.5 m, into parallel 
ism with the west-northwest to west-trending shear 
plane (Photo 288.2a). This rotation implies a sinistral 
shear component in the horizontal plane although the 
lack of offset markers precludes a quantitative es 
timate of displacement. The Frontenac extension vein 
also exhibits a sinistral horizontal shear component 
as deduced from the rotation of the regional foliation. 
Foliation rotation may be observed both in the verti 
cal and horizontal planes in the Braminco #21 pit. 
Regional foliation is observed to swing from a north- 
northwest trend into the northwest trend of the shear 
in the horizontal plane, while simultaneously shal 
lowing in dip in the vertical plane as the foliation is 
deflected into the shear plane. This feature is more 
difficult to identify underground. A good example has 
been observed on the 1400-foot level where the 
north-northwest trending regional fabric is rotated si- 
nistrally over 3.5 m into concordancy with the steep 
east-west shear hosting the D(E) orebody. Simulta 
neous steepening of foliation may not necessarily 
imply a normal shear component since horizontal 
shear alone may cause steepening of the regional 
foliation toward the shear. Foliation rotation is also 
observed at the hanging wall contact of the west- 
northwest-trending main ore zone on the 3335-foot 
level, Renabie Mine. This is discussed below.

Shear Zone Fabric
The shear zones are characterized by two predomi 
nant fabrics:

'C' Fabric A 'C' fabric, generally observed to be 
parallel to subparallel with shear zone boundaries, 
which is defined by a planar orientation of secondary 
sericite and some original biotite (in less altered 
zones) enclosing elongate quartzofeldspathic do 
mains and Au-bearing quartz veins. In general, the 
orientation of shear foliation (S) relative to shear 
zone boundaries may be used to deduce shear 
sense (Ramsay 1980). This has proved problematical 
here owing to the markedly dominant C fabric, possi 
bly a consequence of rotation of any pre-existing 
shear foliation into parallelism with shear boundaries 
as a result of large shear displacements.

Mineral Elongation A mineral elongation contained 
within the mylonitic fabric. This feature is best ob 
served in the C "west" zone where elongate quartzo 
feldspathic rods, plunging 52tV2670, are enclosed in 
the sericitic/biotitic foliation (Photo 288.2 b,c). The 
elongation lineation in altered shear zone material in 
the main zone, 3265-foot level, Renabie Mine, again 
defined by elongate quartzofeldspathic domains, 
plunges at 30072630. This is coincident with an inter 
section lineation of the foliation on plunging quartz 
bodies enclosed within the foliation. The Frontenac 
extension vein also shows a mineral elongation best 
developed in the 0.3 m region, where regional folia 
tion is rotated into the shear plane, and plunging 
46CX2630.

Mineral elongations generated during ductile 
shear are important indicators of net shear direction. 
The examples described above would imply oblique 
net shear displacements.

Corresponding with these ductile lineations are 
more brittle lineations including slickensides on al 
tered wall rock foliation surfaces (e.g. Nudulama) and 
rodding/striations on shear-hosted quartz lenticles 
(e.g. Frontenac Extension vein, B north zone; Photo 
288.2d). Interestingly, the long axes of prolate Au- 
bearing quartz bodies also show, in a qualitative 
sense, a plunge concordant with both ductile and 
brittle lineations.

Slickensiding and weakly developed mineral 
elongation plunge 42072820 at the Braminco 121 vein, 
approximately parallel with the plunge of the vein 
bifurcation hinge at its southern end.

Other Kinematic Indicators
Transected Dikes Passive strain markers in the form 
of aplitic/pegmatitic dikes hosted in the intrusions, 
and showing high angle orientation with respect to 
shear zones, are progressively rotated into the west 
to west-northwest shear at Nudulama (see Photo 
288.2a), eventually evolving into well developed 
boudins as the deformed dike enters the high strain 
region of the shear. Deflection clearly indicates a 
sinistral horizontal component of shear. This is 
thought to be the origin of more isolated pegmatitic/ 
aplitic boudins within the Nudulama and C "west" 
zone shears.

Shear Hosted Fold Structures Asymmetric folds are 
commonly developed in aplitic/pegmatitic dikes 
which have been caught up in the shear zones 
(Photo 288.2e). Quartz stringers also show fold de 
velopment. Examples at Nudulama, the C "west" 
zone and B "north" zone, Renabie Mine generally 
show S-shaped asymmetry when viewed on the hori 
zontal plane, suggesting a sinistral horizontal shear 
component. Folded quartz veins underground on the 
3265-foot level, Renabie Mine, show Z asymmetry in 
a vertical plane suggesting normal displacement in 
this plane. Minor folding at Braminco, observed in 
both shear-hosted quartz veins and in the shear 
foliation itself, shows both S and Z type asymmetry 
when viewed approximately on the inferred XZ plane, 
although the latter appears to dominate. Interpretation 
of these asymmetrical folds requires caution for two 
reasons. Ideally, fold asymmetry should be viewed
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Figure 268.5. Geology and structural elements of the Nudulama vein.

on a plane parallel with the maximum extension di 
rection, but perpendicular to foliation in the shear 
zone (i.e. the XZ plane of the strain ellipsoid). This 
plane is generally poorly exposed in the field. Under 
conditions of simple shear, passive rotation of both 
pre- and syn-shear linear structural elements (e.g. 
fold hinge axes) may result in progressive reorien- 
tation of these elements toward parallelism with the 
stretching lineation (Sanderson 1973; Skjernaa 1980; 
Bryant and Reed 1969).

In the case of preshear folds, this deformation 
would be superimposed on the earlier strain state, 
resulting in a total strain state which may be pro 
foundly influenced by the preshear strain state. 
Hence, fold geometry may not necessarily be reflect 
ing shear deformation alone.

Even syn-shear folds may undergo significant 
reorientation where fold hinge axes, which initially 
formed parallel to the intermediate strain axis (Y axis 
of the strain ellipsoid) and in optimum orientation for 
kinematic interpretation purposes, are progressively 
oriented towards parallelism with the stretching linea 
tion. The coincidence of measured fold hinge orienta 
tions with that of stretching (mineral) lineation in the 
study area suggests that reorientation may have oc 
curred under high shear strains. Preshear geometry

of aplite/pegmatite veins could also be a significant 
factor in determining their present geometry.

Shear Bands An oriented sample taken from the 
northern margin of the C "west" zone shear, and cut 
in the XZ plane, shows a shear foliation on which 
weak planar surfaces are superimposed (see Photo 
288.2b) which form an angle of ~30C with shear 
foliation. These may represent shear bands (White et 
al. 1980), alternatively referred to as an extensional 
crenulation cleavage (Platt and Vissers 1979) though 
they were not identified in a more highly strained 
sample as would be expected, perhaps suggesting 
correspondence to C type shears as opposed to C'. 
Their orientation would imply a reverse south-side-up 
component of shear.

KINEMATIC INTERPRETATION
Sense of movement is reasonably well constrained 
for the Braminco #21 shear. Regional foliation deflec 
tions in the hanging wall of the main shear and in 
parallel subsidiary shears provide good evidence for 
a sinistral horizontal shear component and a reverse, 
west-side-up vertical shear component. The interpre 
tation is corroborated by west-northwest plunging 
mineral elongation and slickenside lineations.
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Observation of regional foliation deflection in a 
sinistral sense in the horizontal plane and steep west 
to west-southwest plunging lineations, including min 
eral elongations, at Nudulama and in the C "west" 
zone should, in theory, uniquely define shear direc 
tions for these shear zones. A sinistral, reverse, 
south-side-up sense of movement is indicated with 
the sinistral horizontal component being tentatively 
supported by fold asymmetry on the horizontal plane 
in the C "west" zone. Data on the vertical plane, 
however, are lacking due to poor exposure. Further 
work focusing on foliation within the shears and its 
relationship to shear zone walls may add a greater 
degree of certainty to this interpretation.

Similar features (i.e. regional foliation deflection 
in a sinistral horizontal sense and west plunging 
mineral lineations and quartz rodding) suggest a simi 
lar net shear displacement for the Frontenac Exten 
sion vein.

Interpretation of the Renabie vein system itself is 
problematical at present owing to poor constraints on 
net shear for the dominant shear zone orientations. 
Angular relations between shears in the more com 
plex upper levels of the Renabie Mine (Figure 288.6 
D) are suggestive of conjugate shear development. 
The two conjugate sets would be expected to show 
opposite shear displacements, commonly with an ear 
lier set displaced by its later conjugate set. Though 
more work is needed to constrain shear displace-
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Figure 288.6. A,B,C; ore zone geometries of the 125-, 250-, and 375-foot levels, Renabie Mine.
D. Horizontal projection showing distribution of ore zone hosting shears on the 125-, 250-, and 375-foot 
levels. Dips are calculated where possible by extrapolation between levels. Note that the "D" zone 
structure has been omitted. Its possible origin is discussed in the text.
E. Stereographic projection (equal angle) showing the two dominant ore zone hosting shear orientations. 
A third orientation is shown by the "E" zone hosting shear.
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Figure 288.7. Detailed geology of the Frontenac extension vein.
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Figure 288.8. Geology and structural elements of the Braminco #21 vein.

ments, it is interesting to note that west-southwest- to 
southwest-trending shear-hosted orebodies often ter 
minate rather abruptly against the better developed, 
more northwest-trending ore-hosting shears, and, on 
the 125- and 250-foot levels, appear to be displaced 
sinistrally in a horizontal sense.

Observations pertinent to the deduction of net 
shear displacement on the hosting shears in the 
Renabie vein system include:

west plunging lineations within the west- 
northwest-trending main zone shear on the 3265- 
foot level which indicate an oblique net shear 
displacement approximately parallel with the 
plunge of the orebody. This, together with its 
west-northwest orientation, suggests that the 
zone is developed in a shear structure closely 
analogous to the C zone and Nudulama shears. If 
net shear on such structures is consistent, it is 
possible that west-northwest shears generally ex-
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Photo 288.2a. Rotation 
of regional foliation (S^) 
and tonalite-hosted 
aplitic vein (A) into the 
hanging wall shear 
plane (SB), Nudulama 
west pit A sinistral 
horizontal shear 
component is implied.

hibit a reverse sinistral, south-side-up net shear 
displacement.

2. regional foliation trending 770SWX3520 swinging 
sinistrally in the horizontal sense, and progres 
sively steepening in the vertical sense to 
850SWX2740 into concordancy with foliation in 
the shear which hosts the northeast- to west- 
trending D (E) orebody on the 1400-foot level.

3. data from a slot on the 3335-foot level, which 
provides a rare section through the hanging wall 
contact of the main ore zone, show regional 
foliation trending 560SWX3280 being progressive 
ly rotated towards the shear to 74 SW/2850, de 
fining a sinistral horizontal shear component. Mi 
nor folding observed in the shear fabric plunges 
630SEX1620 and shows S-shaped asymmetry 
when viewed on the inferred XZ plane. This ob 
servation is consistent with a sinistral reverse, 
south-side-up oblique net shear displacement.

4. minor fold asymmetry within quartz veins in the 
main zone shear on the 3265-foot level indicates 
a normal shear component. The reliability of such 
indicators is in doubt as discussed earlier.

TIMING RELATIONSHIPS BETWEEN MINERALIZATION 
AND SHEAR ZONE DEFORMATION
Initiation of shear structures is interpreted tp have 
predated mineralization since the strike extremities of 
the well mineralized shear zones, especially at 
Nudulama and, to a lesser extent, the C "west" zone 
show high strains typical of the shear zones but 
minimal observable hydrothermal alteration in out 
crop. This characteristic is particularly evident at the 
western end of the Nudulama west pit where the 
shear zone is defined by a -12 m zone of highly 
strained tonalite with well developed minor folds. 
Reduction in alteration intensity, but persistence of 
shear fabric, can actually be observed from the

hanging wall, where the main quartz body lies, to 
wards the footwall. A similar situation occurs at the 
western end of the C "west* zone. It is interesting to 
note that mineral lineations are commonly best devel 
oped in the less intensely quartz veined, narrower, 
strike extensions of shears. Where the shear has 
been strongly dilated by quartz vein emplacement the 
shear fabric is dominated by conspicuous flattening.

Most quartz emplacement occurred late during 
shear zone deformation but prior to the termination of 
shearing. Minor, probably earlier, veining shows high 
strain as strings, isoclinal folds, and boudins. Larger 
scale veins retain their integrity and show geometries 
which appear to be related to host shear kinematics 
(i.e. flattened, prolate forms plunging concordantly 
with subvertical plunging ductile lineations). Virtually 
all quartz shows rather granular textures indicative of 
some deformation, with associated ore and gangue 
minerals, especially pyrite and carbonate, showing 
fabrics and textures indicative of syndeformational 
precipitation.

Alteration associated with late syndeformational 
quartz deposition appears to promote enhancement 
of the deformation fabric, probably due to growth of 
initially strain free alteration minerals which may ac 
commodate significant strain during shearing (e.g. 
sericite). This is termed reaction enhanced ductility 
(White and Knipe 1978; Beach 1980). Post- 
deformation alteration would tend to obliterate shear 
fabrics, whereas alteration minerals in the examples 
studied here typically form an integral part of the 
shear fabric, with the exception of unaltered regions 
within shears as noted above.

CHARACTERISTICS OF SHEAR ZONE HOSTED 
Au-QUARTZ VEINS
Shear zone-hosted quartz veins account for almost 
all the quartz veining observed in the area.
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Photos 28B.2b,c. Strained tonalite from C "west" shear zone, cut in a plane parallel with the lineation and 
orthogonal to foliation (b) and perpendicular to lineation (c). The lineation is defined by the elongate 
quartzofeldspathic domains. Note weakly developed shear bands (C) in b.

Volumetrically, quartz forms a major component of 
the shear zones; at Nudulama west pit, for example, 
the exposed face which represents almost the com 
plete width of the shear (-12 m), comprises at least 
750Xo quartz. Similarly the 3265-foot level, Renabie 
Mine, exhibits massive quartz veining up to 20 m in 
width.

Appearance
Quartz veins within shears show a range in width 
from centimetre scale stringers to metre scale veins 
and lenses. Veining is generally parallel to subparal- 
lel to shear foliation, and less commonly is observed 
to crosscut foliation in the form of spurs which splay 
off the foliation parallel veins (Photo 288.3a). These 
are indicative of hydraulic fracturing by over- 
pressured mineralizing solutions, though generally,

shear zones appear to have been dilated by pressur 
ized fluid emplacement along the anisotropy repre 
sented by the sheared host rocks. The resulting 
"banded vein" comprises fabric parallel quartz veins 
on a centimetre scale separated from each other by 
millimetre to centimetre-scale wall rock foliae show 
ing extensive sericitic and pyritic alteration (Photos 
288.3b,c). These foliae appear to have been split 
away from the altered wall rock as a result of brittle 
failure at its margin during each vein emplacement 
event. The distinctive geometry is indicative of a 
"crack-seal" type of vein-filling mechanism (Ramsay 
1980) and is well developed at Nudulama, the C 
"west" zone, Frontenac extension vein, the Braminco 
#21 vein hanging wall, and in the main zone between 
the 3105- and 3300-foot levels, Renabie Mine.
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Photo 288.20. Westerly 
plunging striations on a 
westerly plunging quartz 
lens, B "north" zone, 
Renabie Mine.

Photo 288.2e.
Asymmetrically folded 
aplitic/pegmatitic vein 
in C "west" shear zone, 
Renabie Mine. A sinistral 
horizontal component of 
shear is implied.

Quartz veining may also be massive, with few 
altered wall rock inclusions. Massive "bull" quartz is 
well developed close to the footwall on the 3265-foot 
level, Renabie Mine (Photo 288.3d) and in the 
Nudulama E pit. The quartz is granular, pure white, 
contains no other mineral phases and typically con 
tains poor Au values.

A significant part of the main zone on the 3300-, 
3265-. and 3235-foot levels, Renabie Mine, comprises 
massive smoky grey-white quartz with green-grey 
sericitic streaks, bands, and veinlets. often with 
abundant, rather granular pyrite (Photo 288.3e).

These define a fabric concordant with shear foliation. 
This massive quartz may reach widths of up to 20 m 
on the 3265-foot level.

In the main zone between the 3105- and 3300- 
foot levels at the Renabie Mine, the intensity of 
veining falls off gradually into the hanging wall. The 
latter shows a well developed shear fabric, extensive 
alteration in the form of silicification, sericitization, 
carbonate alteration, and pyritization, and a conspicu 
ous red colouration, possibly related to carbonate 
alteration. Alteration progressively diminishes into the 
hanging wall, with simultaneous loss of the red col-
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Photo 288.3a. Quartz 
spur showing high angle 
crosscutting relationship 
to shear foliation, 3265- 
foot level, Renabie Mine.

Photo 288.36. Banded 
quartz vein, 3265-foot 
level, Renabie Mine.

Duration. Ore grade Au values persist into the red 
altered trondhjemite.

This zoned alteration is well developed around 
the shear-hosted quartz veins at Braminco.

Ore Mineralogy
Ore minerals comprise a small proportion of the vein 
material, rarely exceeding ~50Xo and commonly much 
less.

Pyrite Pyrite is the most abundant ore mineral; most 
other minerals occur only in trace amounts. It is 
commonly observed as anhedral or rarely euhedral to 
subhedral grains of variable size up to 0.8 cm across 
in trains or bands associated with sericite foliae and 
thin altered wall rock fragments (Photo 288.3f). Lar 
ger altered wall rock inclusions commonly show more 
disseminated fine-grained pyrite, and may exhibit 
banded selvages of pyrite at their contacts with en 
closing quartz. Massive quartz veins may contain 
grains or clots of more solitary euhedral to subhedral 
pyrite up to -1.5cm in size, usually showing some 
fracture development. Smaller examples from a high
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Photo 288.3c. Sample from banded quartz vein, 
3265-foot level, Renabie Mine, showing distinc 
tive crack-seal type geometry, defined by fab 
ric parallel quartz veins separated by altered, 
sheared wall rock foliae.

grade shoot on the 3265-foot level, Renabie Mine, 
show development of euhedral but unusual, inequant 
grain shapes (e.g. tabular and prismatic pyrite), with 
flattening and elongation correlating in a qualitative 
sense with the foliation and lineation in the ore zone 
respectively.

More massive altered wall rock contains fine 
grained disseminated pyrite, which, in highly 
strained, altered wall rock, may become markedly 
abundant to produce a pyritic schist with strained 
pyrite bands forming a strong foliation component 
(e.g. Nudulama E pit footwall).

Much of the textural evidence such as fracturing, 
granulation of larger grains to form trains and bands, 
and inequant euhedral habits suggests that deforma 
tion was still active during pyrite crystallization.

Chalcopyrite Chalcopyrite is typically associated 
with pyrite and exhibits an anhedral habit. It is con 
siderably less abundant.

Galena Galena is observed fairly frequently and is 
commonly associated with higher Au grades. Fine 
grained visible Au may often be present with galena. 
Galena rich shoots occur in the E vein at Braminco 
and on the 3265-foot level, Renabie main zone. It has 
also been identified on the 1400- and 250-foot levels. 
The mode of occurrence on the 3265-foot level is 
fairly typical (Photo 288.3g), with the galena forming 
discontinuous veinlets parallel with the fabric within 
the ore zone, as defined by altered wall rock foliae, 
sericite stringers, and pyritic strings. Galena veinlets 
may be isolated or focused on pyrite grains and 
clots. The "fabric" exhibited by the galena veinlets 
could be a result of syndeformational recrystalliza 
tion, or emplacement into a late spaced fracture sys 
tem, the development of which was controlled by the 
shear fabric anisotropy.

Photo 288.3d. Massive, 
unmineralized "bull" 
quartz, footwall of main 
ore zone, 3265-foot 
level, Renabie Mine.
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Photo 288.3e. Typical massive mineralized quartz 

with foliation defined by green sericitic streaks 
with associated pyrite and chalcopyrite.

Tellurides In exceptional cases tellurides with asso 
ciated visible Au may be identified in outcrop and 
hand specimen. Tellurides typically impart a dirty 
grey colour to the host quartz when present in suffi 
cient quantities (e.g. high grade Au shoot, hanging 
wall of Nudulama E pit). Here altaite (PbTe) is iden 
tifiable due to its very high reflectivity and greenish 
white hue as opposed to the metallic grey of galena. 
Where visible, the tellurides show a fracture-fill habit 
similar to galena, or form more diffuse bands of 
dispersed, finer grains.

Molybdenite Molybdenite is conspicuous in the 
footwall of the main shear hosted vein at Nudulama, 
occurring within the sericitic and pyritic foliae which 
enclose lenticular quartz bodies. The molybdenite 
forms a metallic sheen on the foliation surfaces. 
These molybdenite "smears" also occur in the pyritic 
footwall schist of the Nudulama E pit.

Gold Visible Au is uncommon, though the strong 
galena/telluride Au association is a valuable guide to 
the location of fine visible Au K1 mm). A telluride- 
rich shoot in the Nudulama E pit hanging wall has 
provided the best examples.

5 cm

mm

Photo 288.3f. Banded vein material showing thin 
sericitic foliae and intensely altered, sheared 
wall rock foliae with extensive associated py 
rite, Nudulama west pit.

Gangue Minerals
Quartz Quartz is the dominant gangue mineral. It 
shows variable characteristics, ranging from a grey, 
vitreous and compact variety with a more blocky 
fracture, to a white, highly friable variety with a flaky, 
shard-like fracture. The fine grained, glassy, cellular, 
or bubble-like texture exhibited by much of the 
quartz indicates some degree of recrystallization as 
sociated with strain.

Carbonate Carbonate, generally granular with grains 
^ mm in size, occurs as fabric-parallel elongate 
clots and stringers within more massive veins and as 
selvages associated with altered wall rock fragments 
and foliae. Wall rock is also pervasively carbonate 
metasomatized.

Sericite Sericite is a ubiquitous mineral forming vari- 
continuous millimetre-scale foliae, as well as 

more dispersed patches within massive
ably
somewhat
mineralized quartz. Sericite is commonly found along 
thin *c:l mm spaced fractures parallel with shear folia 
tion, and frequently encloses lenticular quartz bodies, 
often in association with other minerals. Wall rock 
fragments show extensive sericitic alteration as does 
the more massive wall rock where sericite, enclosing 
elongate quartzofeldspathic domains, forms the 
strong foliation present in the altered wall rock {e.g. 
3265-foot level, Renabie Mine).
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Photo 288.3g. High 
grade ore sample from 
hanging wall ore shoot, 
3265-foot level, Renabie 
Mine, showing foliation 
defined by galena 
bands/veinlets 
(arrowed), thin sericitic 
foliae and pyritic bands/ 
stringers.

Photo 286.3/1. Late 
pyrite-anhydrite-MoS2— 
bearing, tabular quartz 
veins cutting main 
shear-hosted 
mineralization, 3105- 
foot level, Renabie Mine.

Anhydrite Anhydrite was only identified under 
ground and is well developed in the main zone be 
tween the 3105- and 3300-foot levels. Here, it varies 
in colour from lilac to pale brown and occurs most 
frequently as marginal selvages and occasionally as 
more central clots associated with minor quartz vein- 
ing in altered wall rock. The anhydrite may be in 
timately associated with sericite and pyrite. This habit 
is also observed on the 1400-foot level. Anhydrite

may also occur in more massive quartz veins interg- 
rown with granular carbonate and minor pyrite.

Tourmaline Tourmaline is uncommon in the vein 
systems in the Renabie area. The Braminco #21 vein 
shows rare tourmaline occurring as centimetre-scale 
clots forming selvages on sericitized wall rock foliae 
adjacent to the margins of the larger quartz veins. 
The tourmaline is fine grained in regions where 
quartz appears to be more recrystallized, or forms
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well developed acicular crystals in areas of less 
strained vitreous quartz. Fine grained, matt black 
tourmaline also occurs as fine selvages in millimetre- 
scale deformed quartz veining in altered wall rock. 
This latter habit was observed at one locality on the 
3300-foot level, and on the 3375-foot level, Renabie 
Mine.

Fluorite Fluorite, occurring as a small centimetre- 
scale pod in highly altered wall rock, was identified 
on the 3300-foot level, Renabie Mine. This example 
was the only one observed.

Potassium Feldspar Rare pink potassium feldspar 
selvages are closely associated with tourmaline in 
the Braminco #21 vein.

CHARACTERISTICS OF QUARTZ-PYRITE-ANHYDRITE- 
MoS2-BEARING VEINS
These veins constitute a very minor phase of the 
mineralization at the Renabie Mine, having been ob 
served in three localities: on the 3105-foot level 
where they form subhorizontal tabular veins up to 
-25 cm in width which crosscut the main shear- 
hosted mineralization (Photo 288.3h), in the 'Barren 
Zone" (which forms the "tail* of the main zone on 
this level); in the shaft area, 3105-foot level, where 
veining is associated with an aplitic dike; and on the 
1400-foot level where, again, subhorizontal tabular 
veining up to 10 cm in width transects a 1.5 m shear 
zone. The veins are characterized by more waxy, 
less strained quartz with subhedral pyrite up to 
~1 cm across, lilac anhydrite selvages up to -5 cm 
in width, and fine-grained (millimetre-scale) molyb 
denite flakes, generally occurring at vein margins. Au 
grade is unknown as yet.

PRINCIPAL CONCLUSIONS
1. Major Au-quartz vein mineralization in the Re 

nabie area (5.5 million tonnes at ~6 g/tonne Au 
and ~2 g/tonne Ag) occurs in marginal trondh 
jemite and tonalitic phases of the Wawa Domal 
Gneiss Terrane up to 1.7 km away from the adja 
cent Michipicoten greenstone belt.

2. Mineralization is hosted in brittle/ductile shear 
zones of variable orientation which observably 
crosscut and rotate the variably developed re 
gional metamorphic flattening fabric and gneissic 
banding in the trondhjemites and tonalites.

3. Currently available structural data suggest a re 
verse, south-side-up, sinistral shear displacement 
for the west to west-northwest trending 
Nudulama, C zone, and Frontenac extension vein 
shears, and a reverse, west-side-up, sinistral 
shear displacement for the northwest-trending 
Braminco #21 vein shear.

4. Shear zones in the more complex Renabie vein 
system occupy a variety of orientations, often 
complicated by late crosscutting faults and dikes. 
West-southwest to southwest and west-northwest 
to northwest trending orientations are dominant, 
with the latter hosting the most extensive orebod- 
ies. Orientations are consistent with conjugate

shear sets. Kinematics, however, are poorly con 
strained at present.

5. Prolate, shear-hosted ore zones show a consis 
tent plunge, often parallel with ductile and brittle 
lineations in the hosting shears and subparallel 
with major lithological contacts in the area.

6. Initiation of shear zones predated the introduc 
tion of hydrothermal fluids.

7. Fabrics and other strain features exhibited by the 
mineralization indicate that mineralization and as 
sociated alteration occurred synchronously with 
shear deformation, possibly in the later stages.

8. "Crack-seal" type vein-filling structures are indi 
cative of shear zone dilation by pressurized Au- 
bearing mineralizing fluids which used the an 
isotropy represented by shear zone fabric.

9. Associated minerals are typical of Archean Au- 
quartz vein/shear zone deposits and include 
quartz, pyrite, galena, tellurides, molybdenite, 
carbonate, anhydrite, and minor tourmaline.

10. Renabie-type deposits should be valid explora 
tion targets since this type of deposit is unlikely 
to be unique in occurrence.

11. Since the Renabie area Au-quartz-vein/shear 
zone mineralization with a mineral/element asso 
ciation characteristic of Archean Au-quartz vein 
deposits occurs outside the confines of a green 
stone belt, the possibility is raised that high level 
processes within greenstone belts may not have 
been important in the generation of Archean Au- 
quartz vein ore fluids. An alternative possibility is 
that processes within the underlying, intrusive 
TTG layer (tonalite-trondhjemite-granodiorite; 
Wawa Domal Gneiss Terrane) may have been 
those which were important. Hence, the Renabie 
area could be significant in the overall study of 
Archean Au-quartz vein/shear zone deposits.
Laboratory work in progress includes a detailed 

petrographic examination of host lithologies and min 
eralization, an examination of the major and trace 
element geochemistry of host intrusions and asso 
ciated phases, and a fluid inclusion and light stable 
isotope study of the mineralization.
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ABSTRACT
Modern, automatic, computer-based gravity- and 
magnetic-modeling methods which do not require op 
erator intervention or a priori specification of the 
topology of the model are almost always "extremal" 
methods. They do not generally produce geologically 
"reasonable" models. We propose an "extremal" 
method based on a "complexity" norm for density (or 
magnetization) models; namely, the mean value of 
the magnitude of the density (or magnetization) gra 
dient. On the basis of analogous work done in un- 
idimensional seismic-inversion problems, minimiza 
tion of this norm, subject to fitting both the gravity (or 
magnetic field) measurements and the density (or 
magnetization) values obtained by direct sampling at 
the surface or underground, should lead to simple 
(reasonable) models. Numerical tests on synthetic 
data generated for simple, two-dimensional test struc 
tures (a tabular sill, a dipping thick dike of finite 
depth extent) indicate that this is the case.

INTRODUCTION
Potential field data, such as gravity or magnetic-field 
measurements, are used to infer the density or mag 
netization structure of the earth below the surface. A 
fundamental property of the solutions obtained for 
the structure is that they are not unique. It is normal 
for an infinite family of solutions to fit a given data 
set equally well. In the early days of potential-field 
interpretation, this was not a major obstacle to 
useful—if primitive—interpretation as the allowed 
models were normally restricted to a special group of 
structures. This led to questions such as "What is the 
spherical body of uniformly anomalous density which 
best fits the observations?." The real "anomalous 
body" was then presumed to be similar to the special 
model, at least in gross properties such as the total 
excess mass or depth to the centre of the mass. The 
advent of computers has made it possible to go 
much further than this. Computers make possible the 
easy generation of very complex models, many of 
whose features may be totally speculative in the 
sense of being allowed but not required by the data. 
This has made it mandatory for the question of non- 
uniqueness of solutions to be addressed. Despite the 
plethora of computerized inversion methods for mod 
eling which are discussed in the literature, the most 
practical approach in mineral-exploration problems is 
still in many cases to judiciously "cut and try" 
models which are constructed to both fit a priori 
information and the data, and not be unnecessarily 
complicated otherwise. It is in obeying this last re 
quirement, that of simplicity, that many current, auto 
matic, computerized methods are deficient.

This paper first reviews the main ways in which 
computers are applied to the potential-field interpreta 
tion problem (using, for the sake of discussion, the

gravity problem, in which the features of the methods 
are not obscured by the complexities of vector rather 
than scalar source parameters), and then describes a 
new method for automating the choice of "simple" 
models, and the results of applying this method to 
some synthetic data examples.

METHODS
Current computer methods of finding a density (or 
magnetization) model for the Earth that fits a given 
set of gravity (or magnetic) measurements are of two 
main types—manual and automatic. There are meth 
ods which combine some aspects of both, but this is 
a useful working classification.

By manual methods, we mean those in which the 
basic topological structure of the model (such as one 
or more polyhedral bodies of uniform density in a 
uniform host background) is chosen in advance and 
then modified as necessary by the interpreter. Man 
ual methods, despite the possibility of bias by the 
interpreter, are still very useful for two reasons:
1. the simplicity of the models generated, typically 

with sharp density contrasts corresponding to 
lithologic changes, which are built into the type 
of model used

2. the ease with which a priori information can be 
incorporated in the model (such as known den 
sities in certain locations as obtained by sam 
pling)
By automated methods, we mean those in which 

the density as a function of position is free to vary 
arbitrarily. In practise, this means representing the 
Earth as a rectangular array of small cells, within 
each of which the density is uniform and has to be 
determined by the modeling algorithm. Automatic 
methods are almost all "extremal" methods. That is, 
of the very many density models which may produce 
an acceptable fit to the gravity data, the chosen one 
is that which "extremizes" some property.

CURRENT "EXTREMAL" METHODS
Models which minimize or maximize some quantity 
have various purposes, not necessarily that of finding 
a structure whose density distribution is the closest 
to the truth. Examples of current methods include the 
following:

Minimum Error of Fit
This is perhaps the worst method for purely auto 
matic modeling. Since many models fit a given 
dataset acceptably, there is no reason to prefer 
that one whose fitting errors are the smallest. 
Indeed, the extreme complexity induced in the 
models by the attempts to squeeze the fitting 
error as small a value as possible normally ren 
ders such models useless without some addi 
tional smoothing or damping.
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Least RMS Density Anomaly
This is the so-called "smallest" model yielded by 
the methods of Backus and Gilbert (1967, 1968). 
It tends to yield very smooth results, so that 
lithologic boundaries are blurred.
Minimum-Density Contrast
This is the "Ideal Body" approach pioneered by 
R. Parker (1974, 1975). An anomalous-density 
variation is found in which the total-density con 
trast from smallest to largest is as small as possi 
ble. This normally results in an anomalous body 
of uniform density in a unifrom host, but one 
whose boundaries can be exceedingly complex. 
The lower bound obtained for density contrast 
can be decisive in some interpretation problems 
(Chavez et a/. 1987), but the density distribution 
obtained does not necessarily resemble the truth 
very closely.
Most Compact Bodies
This method is due to Last and Kubik (1983) and 
has been developed further by Guillen and 
Menischetti (1984). It produces simple bodies, 
which is an advantage. In the presence of noise 
in the data (which can be measurement error or 
a deviation from some modeling assumption 
such as that of two-dimensionality), it tends to a 
set of very small bodies (point masses in the 
limit) as far as possible. This can produce im 
plausibly high-density contrasts unless the meth 
od is explicitly restrained.
Most Like A Preferred Shape
This method is due to Mottl and Mottlova (1972). 
Simple bodies again result, but the potential bias 
introduced by having to choose a "preferred 
shape" negates one of the advantages of auto 
matic modeling.

THE SIMPLICITY NORM METHOD
The most useful solution for geological interpretation 
in practical exploration problems is in general the 
"simplest" or "most reasonable" structure that both 
fits the data and any a priori constraints (such as 
measured densities at the surface or down 
boreholes). The crucial problem is the quantitative 
definition of "simplest" and "most reasonable" as 
some sort of norm or unlikelihood function to be 
minimized; the computation of the model is then 
fairly straightforward. Although continuous density 
and magnetization variations certainly occur in na 
ture, preferred modeling schemes are those which 
can generate sharp boundaries, corresponding to real 
discontinuous changes in lithology. By this we do not 
mean those schemes in which the boundaries (and 
thus a specific presumed structure) are put into the 
model a prim by the interpreter; we mean schemes in 
which smooth density variations are not favoured 
over sharp ones.

A suitable candidate for such a norm, as sug 
gested by similar work on unidimensional modeling 
by Levy and Fullagar (1981) and Oldenburg et al. 
(1984) of seismic reflection data, is

S = J J J \Vp(x,y,z)\ dxdyd*

where p is the density, and the volume integral is 
over the entire model volume.

Somewhat surprisingly (but, after the fact, less 
so), the straightforward, central-difference, discrete 
formulation of S, namely

where the horizontal and vertical density gradients p, 
and p y are given by

and

works very badly. Like many discrete-operator equiv 
alents to continuous operators, it generates parasitic 
oscillating solutions not possessed by the original 
continuous problem. In particular, the above formula 
tion decouples the model cells into two independent 
sets corresponding to the black and white squares of 
a chessboard.

The best formulation of S seems to be simply the 
sum of the absolute values of the density differences 
across all cell boundaries in the model:

s =

where the index /' ranges over all intercell boundaries 
in the model, and Ap is the change across the /"th 
boundary. Density changes across the surface of the 
Earth are not included in this sum, since this marks 
an erosional rather than a lithologic boundary. Note 
that for a structure which is a single uniform anoma 
lous body, the norm S is just the product of the 
density contrast and the body area (perimeter in two 
dimensions).

This should in fact measure something like what 
an interpreter would regard as "complexity", although 
there may be a considerable difference. However,
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Figure 290.1. A simple sill structure. The model 
density range is 0.0 to 1.0 g/cm3. The value of 
S is 8.0.
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Figure 290.2. The gravity anomaly (a) of the true 
structure shown in Figure 290.1 (squares and 
solid line), and, (b) the initial model in Figure 
290.3 used to start the solution for the model 
of Figure 290.1 (triangles and dotted line).

the minimization of S is in fact to be done while 
respecting any a priori density data from sampling. 
This use of such ancillary information greatly re 
duces the number of "simple* models which can fit 
the data. If a great deal of such information is in 
cluded, the scope for differences between the sim 
plicity judgement of this method and that of an inter 
preter is greatly reduced. Finally, it must be remem 
bered that in cases where the Earth is actually com 
plex in the "S" sense, the modeled result will be too 
simple.

COMPUTATIONAL METHODS
The program developed for test purposes operates by 
minimizing the simplicity norm described above, sub 
ject to the following constraints: a) that all p(i) (the 
density of the f t h cell) be non-negative (inequality 
constraints); b) that p (j) equal specified values in 
those cells j in which the density is known a priori 
(equality constraints); c) that the model fit the data 
adequately, i.e. that m(k) < d(k) * e(k) and that 
m(k) > d(k) - e(k) where d(k) is the /Cth measured 
datum, m(k) is the value of that datum predicted by 
the model, and e(k) is the size of maximum accept 
able misfit to the /c*th datum (inequality constraints); 
and, d) that p(/) ^ p M where p M is the largest geo 
logically reasonable density in the particular problem 
(inequality constraints).

At present, the simplicity norm algorithm uses a 
general-purpose, nonlinear optimization algorithm; a 
sequential augmented Lagrangian method described 
by Gill ef a/ (1981), as implemented by the NAG 
Fortran library subroutine E04UAF. This is very con 
venient for test and developmental work as it is very 
general; unfortunately, it is also slow. It is an iterative 
procedure, and requires an initial guess at the solu 
tion. We nave shown that the equations above, and 
the norm, can be rewritten in the form of a standard

linear-programming problem, which can be solved 
much faster using the revised, simpler method.

UNCONSTRAINED OPTIMIZATION RESULTS
The information that enables manual interpretation to 
produce useful, simple models is normally in the form 
of density constraints defined by sampling at the 
surface or in boreholes or mines. Without such con 
straints (which are equivalent to a priori information 
about the geological structure), interpreted models 
may be meaningless. The method proposed here 
cannot circumvent the ambiguities enforced by the 
laws of potential-field theory, and will give equally 
meaningless results under similar circumstances. It is 
not intended to be applied without additional density 
information from sampling. Its virtue is that it readily 
allows the incorporation of such information.

Despite this fact that the method is intended to 
work in conjunction with density constraints obtained 
from sampling, it is instructive to examine the results 
obtained from data derived for some simple synthetic 
models without using such constraints. All the density 
models shown here are two-dimensional with infinite 
strike length, and are shown in section using grey- 
scale plots. The models each consist of a rectangular 
array of cells within which the density is constant. 
The top of each section represents the surface of the 
Earth, and there is no vertical exaggeration. The 
anomalous density outside the section shown is as 
sumed to be zero. Beneath each such section is a 
grey-scale calibration bar, corresponding to a density 
range indicated in the caption. Gravity-measurement 
profiles, where shown, are across strike, and the data 
used consist of one measurement per model-grid 
interval, and occupy the same horizontal extent as 
the model sections shown. They are assumed to 
represent anomalous gravity after the removal of a 
regional trend or value. Finally, quoted values of S 
are comparable between models obtained for the
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Figure 290.3. The initial model used to start the 
solution for the model of Figure 290.1. The 
model density range is 0.0 to 0.5 g/cm3. The 
density scale is -0.1 to +1.0 g/cm3. The value 
of S is 7.0.

Figure 290.4. The unconstrained solution for the 
data corresponding to the model of Figure 
290.1. The model density range is -0.02 to 
0.335 g/cm3. The density scale is -0.1 to 
+ 1.0 g/cm3. The value of S is 2.3.

Figure 290.5. The dipping-dike structure. The 
model density range 0.0 to 0.5 g/cm3. The den 
sity scale is -0.1 to -f-1.0 g/cm3. The value of S 
is 1.05.
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Figure 290.6. The gravity anomaly lor the dipping- 
dike structure shown in Figure 290.5.

same dataset. The units used for S are gigagrams per 
square metre.

A very simple, sill-like model is shown in Figure 
290.1. Synthetic gravity data (shown in Figure 290.2) 
were generated from this model. This is a rectangular 
prism 1 km thick, 3 km wide, and buried 1 km, with 
an anomalous density of LOgm/cm3. For test pur 
poses, the model was made very simple, and com 
prises a 9 by 4 array of 1 km square cells.

The starting model used for the iterative solution 
is shown in Figure 290.3. Note that it has a lower S 
value than the true structure, but does not fit the 
data, as shown in Figure 290.2. The nine data points 
were assumed to have errors of 0.01 mgal, and any 
model fitting all points to within this margin is consid 
ered to be fitting adequately.

Figure 290.5 shows the model recovered by un 
constrained minimization. Not surprisingly, it has a 
lower S value than the true structure shown in Figure

290.1. As one would expect, the highest densities are 
concentrated at the surface to reduce the value of 
the norm. There are two reasons for this: deeper 
sources would require higher densities to fit the data, 
thereby increasing the norm S; and, density contrasts 
across the surface are not penalized as noted above. 
There is little resemblance to the true structure 
shown in Figure 290.1.

Figure 290.6 shows the gravity response of an 
other test structure, a dipping dike-like model whose 
density section is shown in Figure 290.5. The array of 
prisms, each prism being 100 m by 100 m, is 1500 m 
across and 600 m deep. The body itself is 300 m 
wide and 500 m in depth extent, outcrops at the 
surface, possesses an anomalous density of 
0.5 gm/cm3, and dips to the right at 450 The data, 
taken at 100 m intervals, extend 500 m on either side 
of the prism array, giving a total of twenty-five data 
points. The true structure was used as the initial

179



GRANT 290

Figure 290.7. The unconstrained solution for the 
data corresponding to the dipping dike struc 
ture in Figure 290.5. The model density range 
is -0.05 to +0.69 g/cm3 . The density scale is 
-0.1 to * LO g/cm3. The value of S is 0.48.
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Figure 290.10. The solution for the dipping dike 
structure (Figure 290.5) with surface densities 
constrained. The model density range i -0.02 tc 
0.51 g/cc. The density scale is -0.1 to + 1.0 
g/cc. The value of S is 0.75.
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Figure 290.8. A gravity profile from Northern On 
tario. See text for details.

Figure 290.11. The solution for the dipping dike 
structure (Figure 290.5) with centre column 
densities constrained. The model density range 
is -0.05 to 0.50 g/cc. The density scale is -0.1 
to +1.0 g/cc. The value of S is 0.74.

Figure 290.9. Unconstrained solution for the data 
of Figure 290.8. The anomalous density range 
is -0.16 to 0.23 g/cm3. The density scale is 
-0.15 to +0.25 g/cm3 . The value of S is 1.6.
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guess for the iterative procedure. With no constraints 
placed on the prism densities (Figure 290.7), there is 
again a concentration of high densities at the surface 
underneath the gravity-anomaly peak, and not much 
resemblance to the true structure.

Finally, a profile of real residual-gravity data, 
measured across a granodiorite batholith in northern 
Ontario, is shown in Figure 290.8. The batholith is 
bounded on either side by volcanic rocks (basalts, 
andesites, and tuffs). Some pockets of sedimentary 
rock overly the volcanics. A diabase also intrudes the 
volcanics to the left while a syenite stock underlies 
those to the right. The volcanics to the right are also 
cut by a major fault zone. The data have been 
coarsely sampled at a 2.5 km interval so that one 
would not expect much resolution of the complex 
geology on either side of the batholith. The main 
problem here is to determine the depth extent of the 
batholith.

The traverse is 57.5 km in length. The prisms in 
the model are 2.5 km square and extend the length 
of the profile and to a depth of 10 km. A starting 
model that showed no reflection of the geology, with 
all prism densities set to O gm/cm3, was used, with 
no constraints imposed on the prism densities. The 
resultant model is given in Figure 290.9. The model 
has been separated into three distinct density units, 
although each unit is rather inhomogenous. There is 
a concentration of high-amplitude density values at 
the surface. At the centre of the batholith, the density 
grades from -0.16 gm/cm3 in the top layer to - 
0.06 gm/cm3 in the bottom layer. On the left, the 
anomalous density peaks at +0.23 grrVcm3and on 
the far right, ±0.15 gm/cm3. Given a background 
density of 2.74 gm/cm3, these anomalous density 
values at the surface seem to be slightly too large in 
amplitude for the mapped geology. On the basis of 
the previous synthetic-model results, this is exactly 
what one would expect when no surface-density con 
straints have been incorporated; the data are 
"explained" with structures which are not deep 
enough and are thus denser than they should be. 
The section in Figure 290.9 can be regarded as 
characteristic of unconstrained "simple" models; the 
apparent depths obtained must be regarded as un 
derestimates.

CONSTRAINED OPTIMIZATION RESULTS
How do results differ if density constraints of the sort 
likely to be available from sampling are available? 
Re-examine first the sill-like model shown in Figure 
290.1. If we assume that anomalous densities are all 
positive and in addition assume that surface sam 
pling has established the correct surface-cell den 
sities, so that they can be fixed at the correct values, 
the minimum S model obtained by the iterative al 
gorithm is so close to the true model as to be in 
distinguishable from it on a grey-scale plot, and is 
therefore not shown. A similar result is obtained if we 
assume that anomalous densities are all positive and 
in addition assume that borehole sampling has estab 
lished the correct cell densities in the central column, 
so that they can be fixed at the correct values.

For the dipping dike-like model whose density 
section is shown in Figure 290.5, and the same

starting model as in the unconstrained case, fixing 
the surface densities, as might be possible with sur 
face sampling, gives the interpreted result shown in 
Figure 290.10. Fixing the densities in the right-central 
column of the model in the top five cells, as might be 
possible with drillhole sampling, gives the interpreted 
result shown in Figure 290.11. Both of these are 
much closer to the true structure shown in Figure 
290.5 than was the unconstrained result in Figure 
290.7. Positivity constraints on the prism densities 
were not imposed as they had been in the previous 
example. It is worth noting that the method did not 
extend these models at depth more than necessary 
to fit the data and the constraints, as this would have 
increased the value of the norm.

CONCLUSIONS
The synthetic-model studies above have verified the 
suitability of the L1 density-gradient norm, in con 
junction with density constraints obtained by surface- 
and drillhole-density sampling, for forcing density 
models obtained from gravity data to be "simple", 
although there is room for considerably more test 
work using real rather than synthetic data. Although 
the method is still experimental—and not particularly 
fast—it is expected that these problems can be 
solved by the application of linear-programming tech 
niques.
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ABSTRACT
Field and laboratory studies aimed at developing 
geobotanical remote sensing as an exploration tool 
have been carried out over the past year. Field work 
involved the sampling of A and B horizons in soils 
and various vascular plants in the Gowganda area, 
including the detailed sampling in a 1 km2 area 
adjacent to the abandoned Capital Mine site. More 
than 200 soil samples and over 550 vegetation sam 
ples (leaves, needles, twigs, trunk-wood cores, roots, 
and whole lichens and fungi) have been analysed for 
Mn, Co, Ni, Cu, Zn, As, and Pb. Despite the presence 
of silver-cobalt-nickel-arsenide mineralization at the 
Capital Mine site, no geochemical anomaly was 
found in either the soils or the vegetation relative to 
background values in the surrounding area. In gen 
eral, higher metal levels were found in the A than in 
the B soil horizons. Plant-tissue metal levels are bet 
ter correlated with the A than the B soil-horizon 
values, but overall, the correlations are weak, sug 
gesting that plant-soil metal relations are complex.

Laboratory studies of metal uptake by plants, and 
their spectral responses in the visible to infrared 
range, indicate that a detectable spectral response 
occurs above 15ppm Ni in white-birch leaves. A 
similar concentration of Cu in lichens causes chlo 
rophyll breakdown and a marked spectral response.

INTRODUCTION
Research in the field of geobotany and its applica 
tions in mineral exploration has been an ongoing 
activity for several decades (see reviews by Cannon 
1971; and Brooks 1972). It is important to recognize, 
however, that in the past geobotanical research has 
largely been concerned with the geochemical as 
pects of plant-soil relations. The ultimate objective of 
such studies has typically been to identify, in any 
given area (with thick overburden or poor outcrop) 
whether particular plants and different plant tissues 
(leaves, pine cones, bark, twigs, etc.) might be more 
sensitive indicators of bedrock metal anomalies than 
samples of the soils in which they grow. Traditional 
geobotanical studies, therefore, have tended to focus 
on an assessment of specific, increased metal con 
centrations in various plant tissues.

The advent and rapid development of remote 
sensing, however, requires a re-examination of 
geobotany as being a potentially powerful tool for 
mineral exploration. When geobotany is coupled with 
remote sensing, the changes in vegetation spectral 
reflectance being sought may not arise simply be 
cause of increased metal loading in foliar tissues, but 
rather, and perhaps more likely, because of phys 
iological changes in the plants induced by metal 
toxicity.

The techniques of remote sensing, the use of 
airborne and space borne borne imaging systems, 
and the associated technologies of image processing 
and analysis, have been developing rapidly for more

than a decade and have been used effectively in a 
variety of applications including agriculture, forest 
management, oceanography, meteorology, and min 
eral exploration (Gates 1970; Collins 1978; Rock 
1982; Schwaller and Tkach 1985; Horler and Ahern 
1986).

In terms of mineral-exploration applications, re 
mote sensing using satellite-borne imaging systems 
have largely depended on imagery obtained through 
the multispectral-scanner (MSS) and the thematic- 
mapper (TM) remote-sensor programmes of the Land 
sat series of satellites, launched by the United States 
government starting with Landsat 1, in 1972, up to 
Landsat 5, launched in 1983.

Images from the remote-sensing systems carried 
by these satellites cover large areas of the earth's 
surface and can be obtained and processed rela 
tively quickly and inexpensively. A single Landsat 
scene covers an area of approximately 185 km2 with 
respective spatial resolutions of 80 m (MSS) or 30 m 
(TM) per picture element (pixel). The most successful 
geological applications of satellite remote sensing 
have been in areas where rocks and soils are ex 
posed directly on surface; that is, in areas with little 
or no significant vegetation cover. In these areas, 
lithological and structural information on a regional 
scale can be obtained directly from the imagery, with 
little processing required. This is particularly the case 
where ground truth information is available, or has 
been assembled for small test-site areas within the 
larger scene (Kahle and Goetz 1983; Purdy et a/. 
1985).

More detailed information, such as mineralogical 
compositions of rocks, soils, and alteration zones, 
can be obtained from airborne sensors which have 
both higher spatial and spectral resolution (Ashley 
and Abrams 1980, Kahle and Goetz 1983). Once 
again, however, this information can only be obtained 
over areas with no significant vegetational cover.

In areas with extensive, dense, vegetational cov 
er, such as most of the Canadian Shield, remotely- 
sensed lithological and geochemical information can 
only be obtained indirectly, regardless of whether the 
imagery is obtained from either airborne or satellite- 
borne systems. In order to obtain good-quality geo 
logical information from the imagery for these areas, 
it is essential; firstly, to identify, and hence distin 
guish, different plant species or communities using 
their remotely-sensed spectral characteristics; and 
secondly, to have a detailed understanding of the 
relationships between the vegetation cover and the 
rocks and soils upon which they grow.

Using currently available sensors, it is presently 
possible to distinguish between different plant spe 
cies and communities utilizing their different spectral 
characteristics (Horler and Ahern 1986). It is also well 
known that certain plant species and communities 
have an affinity for soils with particular geochemical 
characteristics for which other species and commu-
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nities have little or no tolerance (Kruckeberg 1954, 
1969; Jenny 1980; Raines and Canney 1980). In 
terms of mineral exploration, for example, it has been 
established (Bazzaz et al. 1974; Chang and Collins 
1980; Wickland 1982) that in areas with highly 
anomalous base-metal soil concentrations, such as 
occur in the proximity of massive-sulphide deposits, 
the local plant community is less healthy than similar 
communities growing in soils without such anomalous 
metal contents. This is a feature referred to as metal- 
induced vegetation stress (Horler et al. 1980). Such 
remote stresses are detectable through changes in 
the vegetation's spectral-reflectance characteristics 
as induced by metal uptake perhaps (Ward 1969). 
These spectral changes are commonly not visible to 
the naked eye. The most readily detectable spectral 
change due to either stress or early senescence is 
the so called shift of the "red edge" in the vegeta 
tion's spectral signature at wavelengths in the range 
0.70 to 0.75 A*m (Horler ef al. 1983).

The extraction of geological information from ap 
propriate imagery in areas with complete vegetation 
cover should be a relatively straightforward matter. 
Unfortunately, the problem is more complex than it 
first appears since the distribution and health of plant 
communities is also affected by a number of other 
factors, many of which are not geological in nature. 
Physical characteristics, such as the clay or moisture 
content of soils, can be a controlling factor in the 
distribution and health of plant communities (K ra mer 
1969; Ward 1969). Similarly, microclimatic variations 
in temperature, wind velocity, and drainage, which 
are influenced by local topography (Monteith 1973, 
Oke 1978), as well as the pathological effects due to 
insect or microbial infestations (Canney ef al. 1979) 
can all have an influence on the nature of the 
vegetational characteristics.

At the present time, the relative importance of 
these various factors in confounding efforts to obtain 
geologically significant information from imagery for 
areas with extensive vegetational cover is not well 
understood. It is clear, therefore, that a considerable 
amount of detailed research needs to be done in well 
studied test-site areas before a full understanding is 
obtained of the geobotanical relationships and their 
spectra! characteristics. Only when this understand 
ing has been attained can geological and mineral- 
exploration-related interpretations be made with con 
fidence. This research project is primarily concerned 
with developing such an understanding and a discus 
sion of its objectives follows.

OBJECTIVES OF THE PROJECT
If geobotanical remote sensing is to become a viable 
tool in terms of utilizing plant spectral emission and 
reflectance characteristics for mineral exploration 
purposes, a number of fundamental questions, both 
botanical and geological in nature, have to be an 
swered. A large number of different mineralized ar 
eas, such as those in the Superior Province of the 
Canadian Shield, are reasonably well understood 
geologically in terms of the nature of the mineraliza 
tion, lithology, structure, overburden, bedrock, and 
soils geochemistry. The major requirement for effec 
tively developing this new science, therefore, is to

obtain a better understanding of the relationships 
between vegetation spectral characteristics, which 
can be sensed remotely, and the plant physiological 
responses, which are directly attributable to the pres 
ence of mineralization in the bedrock and associated 
overburden. It is also necessary to differentiate these 
effects from those attributable to nongeological envi 
ronmental parameters.

In the context of this particular project, the over 
all objective is to develop the scientific basis of 
geobotanical remote-sensing techniques as a direct 
aid to mineral exploration in glacial and residual 
overburden in Northern Ontario. The primary objec 
tives are here outlined:
1. understand the geochemical and biochemical 

processes involved in the release and uptake of 
various metals from bedrock and overburden into 
the various tissues of vascular (trees and 
shrubs) and nonvascular (lichen, mosses, and 
fungi) plants

2. determine the effects of metal-induced stress or 
enhanced growth on the chemical, structural, and 
spectral characteristics of vascular and non 
vascular plants

3. determine the effects of ecological factors on 
plant spectral characteristics and to distinguish 
these from metal-induced effects

4. characterize spectral responses of a variety of 
plant species in areas with and without anoma 
lous metal concentrations

5. determine the nature of temporal shifts in vegeta 
tion spectral responses in mineralized areas in 
order to optimize the use of seasonally acquired, 
remotely sensed data for mineral exploration in 
vegetated terrains
In order to meet these objectives, it was decided 

that a variety of closely integrated field and labora 
tory studies were necessary and that the field studies 
should be carried out in an area which met a variety 
of site-selection criteria judged appropriate to the 
objectives to be attained.

SITE DESCRIPTION
With the above objectives in mind, preliminary field 
studies, including bedrock, soil, and vegetation sam 
pling, and an evaluation of the local topography, 
were carried out in the vicinity of several mineral 
deposits in the Gowganda silver-mining area, which 
is located some 150 km north of Sudbury. This recon 
naissance survey covered the southern portion of 
Haultain township, the adjoining northern portion of 
Nicol township and the adjoining eastern portions of 
Van Hise and Milner townships (Figure 291.1.).

The geology of the area is described in Ontario 
Geological Survey Report 175 and accompanying 
Geological Maps 2348 and 2349 (Mcilwaine 1978) 
from which the following brief summary has been 
made.

Within the area, basement rocks of Archean age 
consist of steeply dipping, mafic to intermediate 
metavolcanics and clastic metasediments. These 
rocks are unconformably overlain by fine to coarse- 
grained clastic metasediments of the Huronian Super-
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GOWGANDA GEOBOTANY PROJECT

GENERAL GEOLOGY
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Figure 291.1. General geology of the Gowganda Geobotany Project.
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group through which several mafic bodies of Nip 
issing Diabase have been intruded. Silver, occurring 
in association with cobalt-nickel-arsenide-bearing 
carbonate and quartz-carbonate veins, has been min 
ed in the area since 1907. These deposits appear to 
be closely related to the distribution of Nipissing 
diabase intrusions, which commonly outcrop as low 
ridges throughout much of Haultain and Nicol town 
ships. Much of the area is overlain by a thin, dis 
continuous cover of Pleistocene deposits comprised, 
for the most part, of sand and gravel whose composi 
tion appears to reflect that of the bedrock in the area. 
Eskers in the eastern portion of the study area have 
a southeastern trend, parallel to that of glacial stri- 
ations in the area, indicating that the dominant direc 
tion of ice transport was from the northwest.

In terms of vegetational cover, the area lies near 
the northern fringe of the Boreal Forest-Northern 
Hardwoods ecotone. Three major plant communities 
dominate: almost pure stands of aspen poplar 
(Populus tremuloides); almost pure stands of black 
spruce (Picea mar/ana); and mixedwood stands of 
balsam fir (Abies balsamea), white spruce (Picea 
glauca), white birch (Betula papyrifera), and aspen 
poplar with speckled alder (Alnus rugosa) as the main 
understory shrub. The dominant soil-forming process 
is podzolization, and an entire soil-drainage catena 
may be found, ranging from well drained to saturated. 
Glei soils may be present in the wettest sites.

Following a reconnaissance survey of this area 
and an evaluation of preliminary analyses of soil and 
vegetation samples, a small area to the north of 
Kilpatrick Lake, having several soil samples with 
seemingly high arsenic (As) concentrations, was se 
lected for further detailed soil and vegetation sam 
pling. This site is located on a gentle, southwest- 
facing slope on the Agnicc-Eagle Mines Limited prop 
erty, some 4 km to the northeast of the Town of 
Gowganda, and covers an area of approximately 1 
km2 adjacent to the abandoned Capital Mine (Figure 
291.2.). The southern half of the site is underlain by 
Archean mafic metavolcanics which are unconfor- 
mably overlain by wackes of the Coleman Member of 
the Gowganda Formation in the northern half of the 
site. The latter rocks host the Capital Mine Deposit 
and, in addition, several cobalt-arsenide veins ex 
posed by recent trenching performed near the aban 
doned mine shaft at the top of the slope.

With the exception of the area immediately adja 
cent to the mine shaft, which is covered with waste 
rock, the area (Figure 291.2.) has a dense and varied 
vegetational cover. The A and B soil horizons are 
well developed over most of the site. Field work to 
date, both on this site and in the surrounding area, is 
described below, followed by a description of related 
laboratory experiments.

FIELD WORK ~
In the field, vascular plants (trees and shrubs) and 
soils, occurring both proximal to the mineralization 
and in the surrounding nonmineralized area, provide 
the opportunity to determine whether or not preferen 
tial uptake of metals can be detected in one species 
relative to another and whether such uptake is most 
noticeable in a particular plant tissue such as the

leaves or fruits. Both the mineral portion of the soil (B 
horizon) and the upper, organic layer (A horizon) 
were sampled to determine in which horizon the 
metals tend to be concentrated and whether plant- 
tissue metal contents are better correlated with those 
in one soil horizon versus the other.

Vascular-plant sampling involved collection of 
leaves, twigs, trunk wood, and roots of various tree 
species; the roots, shoots, and leaves of small woody 
plants; and the above-ground and below-ground por 
tions of herbaceous plants. In the case of coniferous 
species, both first- and second-year needles and 
twigs were collected. Fruit samples were collected 
when present. The species and numbers of samples 
collected are shown in Tables 291.1 and 291.2. The 
locations of samples collected are shown in Figures 
291.1 and 291.2. At the time of writing (May, 1987), 
all of the 90 A-horizon and 130 B-horizon soil sam 
ples collected, as well as 556 of the 1007 vascular- 
plant samples collected, have been analyzed for Cu, 
Ni, Co, Mn, Pb, Zn, and As by atomic-absorption 
techniques; the results are presented in a later sec 
tion of this report.

Nonvascular-plant species such as fungi, lichens, 
and mosses are known accumulators of metals 
(Martin and Coughtrey 1982). Lichens and mosses 
have been used extensively to monitor airborne con 
taminants and may have potential use in separating 
the effects of long-range transport of aerial pollutants 
from the effects due to metals residing in the soils 
and parent rocks (Richardson et al 1980). The density 
of the tree canopy has prevented the development of 
an extensive ground cover of lichens in most of the 
area. However, because lichens are at least 957o 
fungal material, it is expected that mushrooms should 
possess most of the advantages that lichens now 
possess when used as geobotanical indicators. 
Therefore, fungi, such as mushrooms, were also col 
lected on the site because they may provide a simple 
and inexpensive geobotanical tool. This idea was 
tested at the Kilpatrick Lake site where two types of 
mushroom study were undertaken.

The emphasis of the first study was to investi 
gate the metal relationships between the mushrooms 
and the woody substrates on which they were grow 
ing. At least 3 g of mushroom material (bracket fun 
gus) and 3 g of the corresponding wood substrate 
(fir, spruce, birch, or aspen) were collected in paper 
bags and dried in an oven at 450C. The 225 samples 
were reduced to powder in a Wiley mill and, following 
acid digestion, analyzed for Cu, Ni, Zn, Mn, Co, and 
As using an atomic-absorption spectrophotometer. 
The major species were Trichaptum abietinus growing 
on balsam fir and Gloeophyllum sepiarium associated 
with spruce. Analytical results are presented in a later 
section.

The second mushroom study was undertaken to 
investigate the metal-enrichment factors existing be 
tween mushrooms and the organic-soil horizon on 
which they grow. In this study during the main mush 
room season in early fall, 60 samples were collected 
together with the associated humus. The collected 
samples were dried and prepared as in the first 
study, except that sample grinding was performed by
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TABLE 291 .1 . SAMPLE SIZE, SEPARATED BY TISSUE, FOR THE MAJOR ARBORESCENT AND HERBACEOUS 
SPECIES AT KILPATRICK LAKE SITE AND REGIONAL STATIONS: A TOTAL OF THIRTY-FOUR (34) SITES 
WERE SAMPLED,

SPECIES

Trees A Shrubs Needles/Leaves Twigs/Shoots Fruit Roots Trunk
Populus tremuloides (Trembling Aspen)
Alnus rugose (Speckled Alder)
Prunus pennsylvanica (Pin Cherry)
Betula papyrifers (White Birch)
Abies balsamea (Balsam Fir)
Picea mar/ana (Black Spruce)
Ptcea glauca (White Spruce)
Ledum groenlandicum (Labrador Tea)
Diervilla lonicera (Bush Honeysuckle)
Kalmia angustifolia (Sheep Laurel)
HERBACEOUS

Vaccinium angustifolia (Late Lowbush Blueberry)
Vaccinium myrtilloides (Sour-top Blueberry)
Aralia nudicaulis (Wild Sarsaparilla)
Maianthemum canadense (Wild Lily of the Valley]
Trtentalis borealis (Starflower)

Clintonia borealis (Bluebead Lily)

30
26
12
28
53
14
6
6
30
4

30
26
12
28
53
14
6
6

30
4

Above Ground
11
28
29
28
10

19

0
0
0
0
0
0
0
0
8
0

30
26
12
28
37
8
3
6

30
4

Below Ground
11
28
29
28

missing 
(too delicate)

19

30
26
12
28
37
8
3
0
0
0

Fruit

0
1
0
9
0

3

Totals
120
104
48
112
180
44
18
18
98
12

Total
22
57
58
65
10

41

use of a pestle and mortar. The metal analyses are in 
progress.

Finally, two weather stations were established on 
the Kilpatrick Lake site to determine possible effects 
of microclimatic variations on metal uptake. Micro- 
climatic variations could be a serious, confounding 
variable because of the potential to induce phys 
iological stress. The two stations were established 
400 m apart and at an elevational difference of 10m. 
Masts 14 m high permitted data to be taken through 
the entire vegetational canopy (see Table 291.3 for 
details). Sensors mounted on the masts monitored 
windspeed and direction, the total incoming short 
wave and photosynthetically active radiation, and 
constructed a temperature profile from measurements 
made beginning at the top of the canopy down to a 
soil depth of 0.5 m. The same masts were also used 
to support a profile of moss sample plates to monitor 
deposition of airborne metals.

LABORATORY WORK
Laboratory studies of the metal uptake to tree seed 
lings and tree-canopy foliage, when used in conjunc 
tion with handheld spectral radiometery, provide 
baseline data under controlled conditions. In this way 
confounding variables and possible synergisms are 
avoided thus providing an understanding of the basic 
mechanisms that are at work in the field situation.

Spectral-reflectance measurements of both 
white-birch canopy samples and caribou lichen were

TABLE 291.2. NUMBER OF SOILS SAMPLED, BY 
HORIZON, FOR THE KILPATRICK LAKE SITE AND 
SURROUNDING REGION.

Year

1985 

1985 

1986 

1986

Soil 
Horizon

AO 

B2

AO

B2

Kilpatrick Lake Reglonals 
Site 

June August June August

16 40 

56 15 

16 13 5 

14 13 27 5

monitored in the laboratory under cumulative metal 
loading to determine the threshold levels of detec 
tability and the pattern of spectral-reflectance shift 
when compared to a control. An artificial canopy was 
established in a polethylene basin with the help of 
florist's "oasis" and the leaves displayed more or 
less as if on the tree. The basin was filled with a 
100ppm solution of nickel occurring as nickel sul 
phate. Another basin, with its canopy, was filled with 
distilled water to act as a control. Both canopies were 
scanned daily for a five-day period with a Spectron 
portable radiometer (model CE 390 WB-P) calibrated 
against a barium-sulphate surface. Illumination was 
by means of a 600 W G.C.E. quartz halogen lamp. 
Leaf-metal content was determined on a Perkin-Elmer 
model 703 atomic-absorption spectrophotometer fol-
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TABLE 291.3. MICROCLIMATE SENSOR TYPE AND DEPLOYMENT.
Parameter Sensor Type ft Model Position
Wind speed 
Wind direction
Shortwave incoming solar 
radiation
Photosynthetically active 
radiation
Air temperatures

Soil temperature

Met-One, model 013A 
Met-One, model 023A 
Matrix, Inc. Sol-a-Meter

Lambda quantum sensor, 
model L1-190 S B
Shielded 20 SWG copper-constantan 
thermocouple

20 SWB copper-constantan 
thermocouple

14.0 m (top of canopy) 
14.0 m (top of canopy) 
14.0 m (top of canopy)

14.0 m (top of canopy)

14.0 m (top of canopy) 
12.0 m (mid canopy) 
10.0 m (lower canopy)
7.5 m (below canopy)
5.0 m (mid trunk)
2.0 m (standard screen height)
0.5 m (shrub height)
0.2 m (herb height)
0.005 m (sub surface) 
0.02 m (mineral soil) 
0.05 m (mineral soil)

TABLE 291.4. VARIABILITY OF SEVEN (7) SOIL METALS IN B2 SOIL HORIZONS COLLECTED AT 
KILPATRICK LAKE SITE (N ~ 57) AND REGIONAL SAMPLES (N - 68).

Site

Kilpatrick 
Lake

Regional

x - mean; sx

Statistic
Maximum
Minimum
x

sx
C.V.
Maximum
Minimum
x
sx
C.V.

Cu
68

7
21.6

12.0
55.67*

518
7

32.8
64.9

197.97*

^ standard deviation; C.V.

Soil Metals 
Nl Co

90 25
9 3

23.3 11.4

12.0 4.6
51.57* 40.47*

103 27
9- 4

27.6 11.0
14.9 3.8
54.07* 34.57*

Mn
179

36
89.2

28.7
32.27*

549
40

131.9
68.2
51.77*

Pb
92

6
18.4

10.9
59.27*

143
10
23.6
23.8

100.87*

Zn
100

13
27.4

15.0
54.77*

268
13
49.4
56.8

115.07*

AS

10
1
2.7

1.8
ee.7%

10
0
3.2
1.8

56.37.
s coefficient of variation

lowing ashing of the leaves and their subsequent 
dissolution in aqua regia.

Similar experiments tp the one described above 
were also carried out on lichen samples. A lichen mat 
was placed in a shallow tray and immersed in a 
100 ppm solution of copper, occurring as copper sul 
phate, for an hour, allowed to drain and then lightly 
sprayed to remove residual copper solution adhering 
to the lichen surface. Another mat was treated iden 
tically but received distilled water, rather than a cop 
per solution, to act as a control. Spectral reflectance 
was measured daily for five days. Metal content was 
determined, as was done for the birch, and the re 
sults are presented in the following section.

Results
Data, resulting from the various field and laboratory 
work described above, are presented under the fol 
lowing appropriate subheadings.

Soils data
A comparison of B2 soils, both at the mineralized 
Kilpatrick Lake site and in the surrounding non- 
mineralized area (Table 291.4), show that the soils 
from the nonmineralized areas had mean and maxi 
mum metal levels that were equally as high or higher 
than those at the mineralized Kilpatrick Lake site. 
Furthermore, metal contents in sets of four to six soil 
samples, collected within 1 m of each other at three
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different locations on the Kilpatrick site, all showed a 
high degree of variability (Table 291.5).

A comparison of metal contents in the A0 and B2 
soil horizons shows that there is a greater concentra 
tion of metals in the organic layer (Table 291.6). This 
is true in all cases for Cu, Ni, Co, Mn, Pb, Zn, and As.

Metal Uptake to Vascular Plant Tissues
Analytical data obtained for seven metals occurring 
in various vascular-plant species are summarized in 
Table 291.7 as typical examples of the levels found. 
Complete analytical data are available from the au 
thors on request.

In order to determine the relationships that exist 
between different species of vegetation and the dif 
ferent soil horizons for each of the seven metals, 756 
correlations were examined statistically. Of these, 
193 were characterized as significant (p^O.05; 
where p represents the probability). Three species 
(balsam fir, white birch, and speckled alder) were 
involved in more than half of these significant cor 
relations (Table 291.8). It was also observed that 
more metals showed a significant correlation be 
tween the vegetation and the A0 soil horizon (32 
significant correlations) than with the vegetation and 
the B2 soil horizon (8 significant correlations). How 
ever, it should be noted that in several cases the 
very high degree of significance in correlation was 
the result of a series of low metal concentrations, 
both in the soil and in the vegetation, in conjunction 
with a single, high value. When such values were 
discarded as outliers, little more than half of the 
correlations remained significant. The omission of 
these high outlier values also resulted both in a 
lowering of the significance levels and a change in 
the slope of the regression line.

The following results highlight the details of the 
many correlations examined and are summarized in 
Table 291.8. As, Zn, and Co concentrations in balsam 
fir are positively correlated with soil concentrations, 
while Mn concentrations in first-year twigs are nega 
tively correlated with the soil values. In white birch 
leaves, As, Zn, Pb. and Cu concentrations are posi 
tively correlated with those of their soils, whereas Ni 
and As concentrations in the trunk wood are nega 
tively correlated with their soils. In the case of spec 
kled alder, plant-part measurements of the concentra 
tions of Zn, Cu, As, and Mn show positive correla 
tions with their soils whereas Pb levels in twigs are 
negatively correlated in the same context.

These preliminary statistical examinations of the 
data indicate that the plant-soil metal levels are not 
strongly correlated. This suggests that the relations 
are complex and warrant more detailed examinations.

Metal uptake by nonvascular plants
The range of metal concentrations found in the two 
major mushroom species and their corresponding 
woody substrate are shown in Table 291.9. The sub 
strate metal levels for both the fir and the spruce are 
similar to those found in the living trees (see 
vascular-plant results above). The metal levels in the 
mushrooms are generally higher than those of its 
substrate. Pearson correlation coefficients were de 

termined to test the hypothesis that as metal levels 
increased in the substrate the metal levels would 
increase in the associated mushroom (see Table 
291.9). In Trichaptum, significant positive relation 
ships were found for Co (p^O.001) and As 
(p^O.001), two metals which are enriched in the 
deposits on the site. Ni and Pb just failed to meet the 
p^.05 level and Cu showed no mushroom-substrate 
relationship.

The results shown in Table 291.9 seem to in 
dicate that the mushrooms may show metal enrich 
ment when compared to the woody substrate. For 
each metal, the enrichment factors (metal in 
mushroom/metal in substrate) were calculated and 
presented in Table 291.10. A ratio of 1 indicates no 
enrichment in the mushroom whereas factors greater 
than 1 indicate metal enrichment in the mushroom. In 
some cases (e.g. Cu, Ni, and Co) the median and the 
mean enrichment factor deviate from one another, 
with the case of the mean being greater than the 
median indicating a skewness in the frequency dis 
tribution of the data. A simple test of significance 
indicates that for all the elements, except for Mn in 
Trichaptum, there is significant metal-enrichment in 
the mushroom. The data also indicate that Gloeophyf- 
lum is a better accumulator of metals than is Trichap 
tum (Table 291.10). In both mushroom species, the 
Cu contents are greatly enriched as compared to that 
of their substrates; namely, up to 27 times in Trichap 
tum and between 4 and 34 times in Gloeophyllum 
(Table 291.10).

Although the mushrooms are accumulating metal 
relative to levels present in their substrates, apart 
from Co and As in Trichaptum there is no simple, 
direct relationship between the substrate's and mush 
room's metal content. It may be that differential accu 
mulation occurs, such that at low substrate concen 
tration there is relatively higher metal enrichment in 
the mushroom. On the other hand at higher substrate 
metal levels, enrichment of metals in the mushrooms 
are much lower. This idea can be tested by looking 
at plots of the enrichment factor against the substrate 
metal level. Two examples are shown in Figures 
291.3a and 291.3b for the mushroom Trichaptum. 
Copper shows very high mushroom uptake at low 
substrate metal levels, with the enrichment factor 
becoming smaller as substrate concentration in 
creases. Conversely, cobalt uptake appears not to be 
related to the substrate's metal level. Hence, dif 
ferential metal uptake may be an important factor that 
determines the lack of linear relationships between 
substrate and mushroom metal levels. One might also 
expect differential uptake to occur with the vascular 
plants, but this has yet to be determined.

Microclimate
An almost unbroken series of data, from mid-June to 
mid-September, 1986, was obtained from both weath 
er stations. Measurements recorded include solar ra 
diation, wind speed and direction, and a profile of the 
temperature as taken from the top of the tree canopy 
downward to a depth of 0.5 m within the soil. The 
data are currently in the process of being analyzed.
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TABLE 291 .6. VARIABILITY OF SEVEN (7) SOIL METALS IN A0 AND B2 HORIZONS FOR THE SAME PROFILE 
(N*16) KILPATRICK LAKE SITE.

Horizon

AO

B2

x = mean; sx

Statistic
Maximum 
Minimum 
x 
sx 
C.V.

Maximum 
Minimum 
x 
sx 
C.V.
= standard

Cu
52 
10 
24.0 
11.0 
45.87o

Cu
30 

9 
18.6 

7.02 
38.70/0

deviation; C.V

Nl

245 
13 
40.0 
56.4 

Ul.0%
Nl

48 
16 
26.8 

9.3 
34.707o

Co
103 

2 
14.2 
24.1 

169.70/0

Co
32 

3 
11.8 

5.9 
SO.Qo/o

Mn
860 

71 
241.4 
254.4 
105.407o

Mn
258 

96 
144.9 
41.2 
28.40/0

Pb
55 
19 
39.0 
15.4 
39.50/0
Pb
42 
12 
18.8 

7.6 
40.40/0

Zn
330 

14 
54.1 
78.3 

144.70/0

Zn
140 

14 
47.9 
35.1 
73.30A

AS

5 
1 
2.1 
0.9 

42.90/0

AS

3 
1 
1.3 
0.6 

46.10/0
= coefficient of variation

Airborne-metal deposition.
The passive, airborne-metal-deposition monitors 
(moss plates), attached to the two weather-station 
masts, were sampled and replaced on a monthly 
basis. No chemical analyses are presently available 
owing to a backlog of samples for analysis.

Laboratory spectral-reflectance studies
Figure 291.4 shows a series of spectral scans for 
both control and nickel-treated white birch at the time 
of initiation and, respectively, at 24, 54, and 64 hours 
after the initiation of the experiment. The mean nickel 
level in the leaves (0=8) was 6.8 ppm at the begin 
ning, and 27.1 ppm at the end of the experiment. The 
control (Figure 291.4a) shows a treatment effect in 
the far red and near infrared, where relative reflec 
tance increased by about 20 percent after 54 hours. 
In the case of the nickel-treated birch (Figure 
291.4b), the upward spectral-reflectance shift was 
much more marked (~300Xo), and the shoulder above 
the red edge, at about 0.79 /xm, was much more 
abrupt. There was also an increase in visible-spec 
trum wavelengths with a maximum occurring in the 
green (-0.55 firn). After 64 hours, the introduction of 
freshly cut, leafy twigs, designed to mask the nickel- 
treated leaves (Figure 291.4b), showed a return to 
spectral values to within 5 percent of the reflectance 
values relative to those measured at the outset of the 
experiment.

Figure 291.5 illustrates the spectral-reflectance 
changes of copper-treated lichen. There appears to 
be little difference between the spectral response of 
the freshly copper-treated lichen from that of a con 
trol soaked in distilled water. With time, however, a 
gradual rise in the visible and a gradual decline in 
the infrared portion of the spectrum may be seen. At 
the same time the lichen became brown, which may 
account for the increased reflectance at visible 
wavelengths. The reduction in the infrared may be 
due to changes in wall structure brought about by the 
uptake of copper and perhaps a change in mem 
brane permeability to water.

DISCUSSION AND CONCLUSIONS________
The Kilpatrick Lake site was selected for study be 
cause at the outset it appeared to have many of the 
requirements necessary to meet the study objectives. 
The site is located on a productive mine property. At 
the upper edge of the sloping site, there is also an 
area of mineralization with silver-cobalt-arsenide 
veining clearly evident in shallow, open trenches. It 
was expected that the area downslope of the min 
eralization and in the same direction as movement of 
the Pleistocene ice sheet would yield a gradient of 
anomalous metal contents. Furthermore, it was ex 
pected that the intensity of the anomaly would de 
crease with increasing distance down ice, away from 
the veins and the mine property. Table 291.4 clearly 
indicates that this is not the case and that the re 
gional background metal concentrations in the 
Gowganda-area soils are at least as high as at the 
site adjacent to the mineralization. Thus, although 
many aspects of the study have been conducted 
satisfactorily at the site, others have not. Neverthe 
less, the failure of certain aspects have been, by 
their very failure, extremely instructive.

The relationships that exist between the metal 
levels occurring in plants and the soils in which they 
are growing, as well as the laboratory work carried 
out to date, indicate several important points.
1. Each species acts independently with respect to 

metal uptake, with white birch, balsam fir, and 
speckled alder generally showing the best posi 
tive correlations with soil metal levels. Overall, 
however, plant-soil metal levels are not strongly 
correlated.

2. The organic soil (A0 ) horizon tends to concen 
trate metals to a greater extent than the mineral 
soil (B2) horizon. The reason is that the small 
amount of metals that are taken up by plants 
over time are eventually returned to the soil sur 
face as organic material (leaves, twigs, etc) 
which, upon decay, adds its burden of metals to 
the organic horizon. Furthermore the primary con 
stituent of the organic horizon is cellulose which 
is highly colloidal. As a result there is a strong
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TABLE 291.8. SIGNIFICANCE OF PLANT PART CORRELATIONS WITH "A" AND "B" SOIL HORIZONS 
THE KILPATRICK LAKE SITE.

Species

BALSAM 
FIR

WHITE 
BIRCH

SPECKLED 
ALDER

Legend:

SOIL METALS 
Plant Part Cu Ni Co Mn Pb Zn
1st yr. needles AA* *

2nd yr. needles AA* *
1st yr. twigs 

* * * *(-\ * *

2nd yr. twigs

trunks AA
roots *

leaves AA* * * * * * * **
twigs * * * * * *

trunks A(-)

roots * * * *

leaves * * *
twigs AA(-)* * * * *

trunk * *
roots A AA * * * *

* s significance ^0.05 for 'A" soils 
* * - significance ^0.01 for "A" soils 
A - significance ^0.05 for "B" soils 
AA - significance ^0.01 for "B" soils 
(-) s negative correlation

FOR

As

* *

* * 

* *

*

* *

**(-)

* *

* *

affinity to bind ions by chelation and to minimize 
leaching downward and out of the soil profile. 
The organic horizon also tends to act like a 
sponge in retaining water. Therefore, it is within 
this zone that the bulk of plant feeder roots are 
found because it is here that the majority of 
nutrients and water are located.

3. Plant metal levels show stronger and more fre 
quent positive correlations with metal levels oc 
curring in the Ac soils than they do to those 
occurring in the B2 soils. The main reasons for 
this are likely the same as those outlined under 
point 2 above.

4. It was not always the canopy-foliage portion of 
the trees and shrubs that showed the best cor 
relations with soil metal concentrations. There 
are two possible reasons for this. Plants often

have mechanisms that either bind absorbed met 
als in a way that prevents movement upward 
through the plant or that renders the metal non- 
toxic, or both (Rauser and Courvetto 1980). Al 
ternately, where toxicity is not reduced, the phys 
iological disruption suffered by the plant is not 
necessarily the result of high metal concentra 
tions in the foliage. Copper, for instance, is well 
known to cause severe damage to fine feeder 
roots and can cause the plant to grow poorly or 
even to die (Salisbury and Ross 1985) without 
having unusually high Cu levels in its leaves. It is 
this sort of manifestation that is most likely to 
show up in remote-sensing imagery. At the Kil 
patrick Lake site, this hypothesis could not be 
tested owing to failure of the MEIS electro-optical
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TABLE 291.9. MINIMUM AND MAXIMUM METAL LEVELS (PPM) AND THE PEARSON CORRELATION 
COEFFICIENT (r) BETWEEN MUCHROOM AND SUBSTRATE.

a) in Trichaptum abietinus (n = 79) 
Metal Mushroom

Cu 
Zn 
Ni 
Co 
Pb 
Mn 
As

2.5- 30.7 
40.1 -550.1 

1.4- 13.1 
0.3 - 9.2 
2.8- 25.6 

29.0 - 658.0 
0.3 - 3.8

Substrate

0.6 - 8.9 
13.2- 106.3 

1.0- 9.7 
0.4 - 4.8 
0.6 - 28.2 

24.0 - 1 197.0 
0.1 - 2.5

Pearson Correlation 
Coefficient (r)

0.091 ns 
0.175ns 
0.198 ns 0.427 * 
0.196ns 
0.163ns 
0.462 *

b) in Gloeophyllum septarium (n = 21)

Metal

Cu
Zn
Ni
Co
Pb
Mn
As

Mushroom

15.2- 62.8
16.8- 140.0
2.3- 39.7
0.6- 17.8
2.7- 18.6

58.0 - 297.0
0.5- 8.1

Substrate

1.7- 10.3
5.0 - 66.7
1.0- 12.0
0.3- 14.0
2.5- 16.2

20.0- 193.0
0.1 - 7.1

Pearson Correlation 
Coefficient (r)

0.145ns
- 0.039 ns

0.091 ns
- 0.037 ns
-0.152ns

0.346 ns
-0.103ns

ns, p > 0.05 
* , p ^ 0.05

remote sensor when the area was flown by the 
Canada Centre for Remote Sensing (CCRS).

5. Mushrooms appear to concentrate metals, par 
ticularly Cu, at significantly higher levels than are 
present in the humus or woody substrates on 
which they grow. These enrichments appear to 
be less pronounced as the metal levels in the 
substrate increase. Although mushrooms and 
other fungi are not likely to be seen by remote 
sensors, to the extent that lichens are also large 
ly composed of fungal material, these results 
suggest that lichen carpets, if extensive and 
homogeneous enough, might be useful geobotan 
ical remote-sensing indicators.

6. The laboratory study of the plant canopy's metal 
contents and spectral-reflectance responses in 
dicates that the threshold level for detectability is 
around 15 ppm for nickel in white birch and that 
the amount of drought stress imposed on the 
leaves has a profound effect on the spectral 
reflectance (Courtin et al 1986). In the case of 
lichens, the same concentration of copper caus 
ed a breakdown of chlorophyll (Beckett and 
Courtin 1986). The resulting spectral shift is suffi 
ciently marked to offer promise for aerial remote 
sensing where the forest canopy is sufficiently 
open to allow lichen mats to be viewed from 
above.
Two other aspects of these studies have yet to 

be evaluated:

1. The increasing amount of long-range transport of 
air pollutants from industrial activities must be 
considered as part of the burden of metal that is 
received by plant canopies. It is important to 
quantify this contribution if the amount that is 
being taken up through the plant is to be as 
sessed correctly. Sampling of airborne metals by 
means of moss plates (Beckett 1984) is known to 
be very effective. Although the moss plates set 
out at Kilpatrick Lake have yet to be analyzed, it 
is not expected that the airborne-metal contribu 
tions will be great when compared with those 
from local sources.

2. The physiology of plants is strongly affected by 
the microclimate. Radiation is essential for pho 
tosynthesis, temperature affects the rate of all 
chemical reactions within the plant, wind affects 
water loss, and soil moisture affects water and 
nutrient uptake. Very preliminary analyses indi 
cate little temperature variation, throughout the 
entire zone of growth, between the two weather 
stations at Kilpatrick Lake, in spite of the 
elevational difference that had been expected to 
cause cold air drainage. Radiation was discount 
ed as a variable because of the short distance 
between sites. Soil moisture was not quantified 
but qualitative examination during soil sampling 
suggests there is a difference; indeed, the dif 
ference in soil temperature between the stations 
indicates that there may be a soil-moisture dif 
ference between sites. Soil moisture will be mon 
itored regularly in the future to determine what
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TABLE 291.10. ENRICHMENT OF SELECTED METALS IN 
TWO (2) MUSHROOM SPECIES.

a) in Trichaptum abietinus (n =

Metal 

Copper
Zinc
Nickel
Cobalt
Lead
Manganese
Arsenic

79)

Mushroom/Substrate Accumulation
mean ± se median max

5.4 ± 0.5

1.9 ±0.1

2.2 ± 0.2

1.3 ±0.1

2.9 ± 0.5

0.7 ±0.1

3.2 ± 0.3

4.0

1.7

1.7

1.1

1.5

0.6

2.6

27.0

9.2

8.2

6.1

29.5

2.8

15.6

Ratio
min

1.0
1.0
0.4
0.2

0.3

0.1

0.3

b) in Gloeophyllum sepiarium (n = 2^)

Metal

Copper
Zinc
Nickel
Cobalt
Lead
Manganese
Arsenic

Mushroom/Substrate Accumulation Ratio
mean ± se median max min

13.5 ±1.9

4.7 ± 0.8

3.3 ± 0.6

6.4 ±1.0

1.7 ±0.2

3.8 ± 0.4

2.8 ± 0.4

10.0

4.5

1.9

6.8

1.7

3.9

2.5

33.8

17.2

9.0

17.8

4.3

7.9

8.7

4.2

0.4

0.5

0.4

0.4

0.9

0.4

o

differences exist and whether or not the thresh 
old level for drought stress is exceeded.

FUTURE WORK
The lack of any consistent geochemical anomaly in 
the soils of the Kilpatrick Lake site was unexpectedly 
disappointing, particularly in view of the mineraliza 
tion exposed on the site. Unless some new and 
unforeseen relationships become apparent when the 
vegetation analyses are completed and further statis 
tical evaluations have been undertaken, no further 
field work at the site appears warranted. If some new 
relationships are observed a small amount of addi 
tional sampling and analyses will be undertaken for 
purposes of confirmation. In any event, it is expected 
that an evaluation of all the Kilpatrick Lake sample 
data will be completed before the end of 1987. Fur 
ther work related to the site will focus on an evalu 
ation of recently acquired Landsat TM imagery for the 
area in terms of lithologic and land-cover mapping. 
The failure of the CCRS mission to obtain high-reso- 
iution, airborne MEIS imagery for the site makes it 
impossible to meet the original objective of evaluat 
ing this imagery for vegetational stress and it is not 
envisaged that plant spectral anomalies will be de 
tectable in the TM data for this site.

This being the case, future research efforts will 
be focussed on a site in Kelvin Township, approxi 
mately 50 km west of the Town of Gowganda, where 
there is a small but distinct metal anomaly providing

30 H

20 -

10 - h,1 -

2468 
Substrate Cu Concentration (ppm)

10

Figure 291.3a. Relative uptake of copper in Mush 
room (Trichaptum abtetinus) compared to sub 
strate copper concentration.

tn
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Figure 291.3b. Relative uptake of cobalt in mush 
room (Trichaptum abletinus) compared to sub 
strate cobalt concentration.

good geochemical data made available through the 
work of Closs and Sado (1982) at the Ontario Geo 
logical Survey, and where both MEIS and TM data are 
available on which preliminary work has been carried 
out by Singhroy et al. (1985) at the Ontario Centre for 
Remote Sensing. The Kelvin Township site offers a 
further advantage in that almost pure stands of a 
single tree species (jack pine, Pinus banksiana), with 
an understorey of lichens, are found growing both on 
and off the anomaly at different elevations, and prob 
ably under different soil-water regimes. As a result, 
this site, unlike the Kilpatrick Lake site, offers the 
potential to make comparisons of spectral reflectance 
with tree-canopy characteristics such as the follow 
ing: metal level, canopy morphology, leaf colour, and 
leaf water content. It should be possible, therefore, to 
determine—at least for a single, common, northern 
species—whether or not a known metal anomaly with 
known soil metal levels can be detected by remote 
sensors via some change in the spectral-reflectance 
characteristics of the vegetation cover.
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WHITE BIRCH (Betula papyrifera Marsh.)
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Figure 291.4. (a)
Spectral reflectance
response of white birch
(control).
(b) Spectral reflectance
response of white birch
(NiSO4).
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Figure 291.5a. Spectral reflectance response of 
control lichen (Cladonia Rangiferina).
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Figure 291.5b. Spectral reflectance response of 
copper-treated lichen (Cladonia Rangiferina).

With the benefit of the experience and back 
ground knowledge gained as a result of the Kilpatrick 
Lake study, future field work on the Kelvin Township 
site will emphasize vegetation sampling for metals 
analysis. No data of this type are currently available. 
In addition, further soil sampling will be undertaken 
over the anomaly to allow for a detailed examination 
of plant-soil metal relations in the area and to allow 
for a comparison with data already obtained from the 
Kilpatrick Lake site.

Airborne MEIS and Landsat TM imagery will be 
evaluated over the upcoming year for signs of 
vegetational stress using a PC-based, PCI/lmavision 
image-processing system, recently purchased by 
CIMMER from PCI Inc. of Toronto.

In addition to the above, laboratory studies of 
metal uptake by plants and their spectral responses 
will be continued. Saplings of both white birch and 
balsam fir, judged to be between three and five 
years old, have already been transplanted to 30 cm 
(12 inches) diameter peat pots for a controlled study 
of metal uptake with time. Six replicates of four metal 
levels plus two controls will be monitored on a 
monthly basis for metal concentration in the foliage. 
At the same time the canopies will be scanned with a 
portable spectral radiometer to determine threshold 
levels of detectability by remote sensors in these 
two, very common, northern tree species. Similar lab 
oratory studies on nonvascular plants will also be 
continued in order to enhance data obtained to date.
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ABSTRACT
The Matheson area is of great interest for gold ex 
ploration because it is underlain by bedrock and 
structures similar to those of the Timmins Gold Camp. 
Exploration in the area, however, is hampered by 
extensive and thick overburden which covers most of 
the bedrock. For this reason, overburden geochemis 
try has become an important exploration method in 
the area. Exploration is further complicated by the 
existence of tills related to multiple glacial events.

The current research is concerned with identify 
ing criteria for recognizing individual till sheets pre 
sent in the area and their characteristics with respect 
to routine overburden exploration programs, primarily 
on the basis of data obtained from Ontario Geological 
Survey (OGS) sonic drillholes. The first year of re 
search has focused on the examination of the multi 
element till geochemistry and the identification of 
regional patterns in these data. Results of this work 
indicate that bedrock composition is a major control 
on till composition. Tills can be divided into two 
groups based on their chemical composition: mafic 
and felsic. Correlation with the stratigraphy reveals 
that the uppermost till (Matheson Till), and occasion 
ally the upper part of the older till sheets, appear to 
consistently have a felsic composition. The older tills, 
and not commonly, the lowermost part of the 
Matheson Till, generally have a mafic composition. 
The composition of the mafic till probably reflects 
that of the local greenstone bedrock, and thus is a 
better sampling medium to use for exploration in the 
Matheson area.

INTRODUCTION ~
The objectives of the current research are to identify 
criteria by which the various till sheets present in the 
Matheson area may be recognized, and to determine 
the stratigraphic relationships of the different till 
sheets using the geochemical, physical, and 
sedimentological characteristics of the tills encoun 
tered in OGS sonic drillholes. Establishing the re 
gional Quaternary stratigraphy will make overburden 
till sampling a more effective method in the search 
for gold deposits in the Matheson area.

Known gold deposits in the Timmins area are 
associated with metasedimentary, metavolcanic, and 
intrusive rocks broadly related to the Destor-Porcu- 
pine Fault zone. The Timmins deposits were discov 
ered primarily as a result of surface prospecting and 
exploration in areas of abundant bedrock outcrop or 
shallow overburden. The geology and structural set 
ting characteristic of the Timmins Gold Camp extends 
eastwards through the Matheson area and into Que 
bec as part of the Abitibi Greenstone Belt 
(MERQ-OGS 1983). Thus, gold mineralization asso 
ciated with these rocks and the Destor-Porcupine and 
Pipestone Fault zones are major exploration targets.

The potential for discovery of economic gold depos 
its in the Matheson area is further improved by the 
presence of the Aquarius, St. Andrew Goldfields, and 
Maude Lake Deposits, and the more recent Canamax 
and Barrick Resources discoveries further to the east. 
Exploration in most of the Matheson area, however, is 
hampered by extensive and thick drift cover. For this 
reason, overburden drilling and till sampling have 
become important exploration methods for evaluating 
the gold mineralization potential of the bedrock in the 
area.

The glacial overburden is composed of sedi 
ments from several glacial events related to different 
ice transport directions. For exploration purposes, it is 
essential to know which till sheet is being sampled, 
and its corresponding ice transport direction, in order 
to trace overburden anomalies to their bedrock 
source. The Quaternary stratigraphy and ice transport 
directions in the Matheson area, however, are poorly 
documented or understood. This is a result of:
1. the lack of natural exposures showing sediments 

older than the youngest till sheet
2. the rare preservation of older till(s) below the 

youngest till sheet
3. the nature of reverse circulation drilling, the most 

common overburden drilling technique used in 
exploration, which makes detailed identification 
of distinct stratigraphic units difficult or impos 
sible
In 1983, the Ontario Geological Survey began a 

five-year, multidisciplinary geoscience project (BRIM) 
aimed at stimulating mineral exploration in a 40 town 
ship area centred on Matheson and extending east 
ward to the Quebec border (Figure 294.1). Reconnais 
sance scale overburden drilling and till sampling, one 
component of the BRIM project, is being carried out in 
order to document the regional Quaternary stratig 
raphy and provide a database of till geochemistry 
(Baker e f a/. 1985). The rotasonic or, more commonly, 
sonic drilling method was chosen for this component 
because sonic drilling yields relatively undisturbed 
core samples which provide more detailed stratig 
raphic information than reverse circulation drilling 
methods. This allows for a more accurate identifica 
tion of the Quaternary stratigraphy. Also, sonic core 
samples are better suited to core library storage.

The stratigraphy most commonly encountered in 
the sonic drillholes is lacustrine clay underlain by till, 
which in turn is underlain by bedrock. Locally, how 
ever, what appears to be one, and possibly two, older 
tills have been encountered. In most cases, the mul 
tiple till units are separated by glaciolacustrine clay 
or sand. Field work in the area has confirmed that 
the uppermost till, commonly referred to as the 
Matheson Till (informal name), was deposited by the 
most recent glacial advance, which was towards 1600 
to 1700 (Baker e f a/. 1980; Vagners 1984; Richard ef
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Figure 294.1. Location of the study area in nor 
theastern Ontario.

at. 1980; Vagners 1984; Richard et a/. 1985). An 
earlier ice advance crossed the area in a 2400 direc 
tion (Steele era/. 1986).

Data from selected BRIM sonic drillholes, com 
bined with existing knowledge of the general regional 
Quaternary stratigraphy available, are being investi 
gated in order to provide a more detailed understand 
ing of the Quaternary geology, and thus increase the 
effectiveness of overburden exploration programs in 
the area. The results presented in this paper focus on 
the preliminary delineation of till sheets on the basis 
of multi-element geochemical patterns in the BRIM till 
samples. A description of the methods employed, as 
well as the results obtained, are presented. These 
results represent the first year of the investigation.

Unsorted and unlithified sediment is referred to 
in this paper as till. Strictly speaking, till is a genetic 
term and is reserved for unsorted materials which are 
known to have been deposited directly from a gla 
cier. Since materials encountered in drillholes can 
seldom be related directly to glacial processes, the 
term "diamicton', which is purely descriptive, would 
be more correct. However, the term "till" is retained 
here to be consistent with popular use of the term in 
exploration, and to avoid the introduction of another 
term which may add confusion to the discussion.

QUATERNARY STRATIGRAPHY
A general Quaternary stratigraphy for the Matheson 
area is known from previous overburden drilling and 
Quaternary mapping in the area. The uppermost and 
most abundant till is the "Matheson Till" (an informal 
name), deposited by the most recent glacial advance 
which was towards 160C to 1700 (Baker ef a/. 1985). 
This till is overlain by the thick and extensive 
glaciolacustrine clay and silt deposits of Lakes Bar 
low and Ojibway. The existence of scattered occur 
rences of an older till below the Matheson Till is 
indicated from the BRIM sonic drilling, previous ex 

ploration overburden drilling, and the Quaternary 
stratigraphy exposed in an open pit at Maude Lake. 
The older till is often separated from the Matheson 
Till by glaciolacustrine sediments. However, in other 
places the presence of this till is suspected solely on 
the basis of distinctive "geochemical discontinuities". 
In a few sonic drillholes this till is separated from an 
underlying third till unit by glaciolacustrine sedi 
ments.

The Maude Lake pit is a man-made excavation 
dug through more than 1 5 m of overburden in order 
to expose the bedrock surface of a gold deposit. It is 
significant because it is the only stratigraphic section 
in the area exposing sediments older than the 
Matheson Till, and because it provides a unique op 
portunity for comparison with the stratigraphy of the 
sonic drillholes. The stratigraphy exposed in the pit 
walls, summarized from OGS (1986), consists of var 
ved clay and silt grading downward into ice-proximal 
sandy varves. These in turn grade into a 
glaciolacustrine-fluvial sandy unit containing numer 
ous debris flows. This sandy unit commonly lies on 
bedrock. The majority of the bedrock surface ex 
posed on the pit floor has been striated by the most 
recent glacial advance (1600). A separate till unit 
below this sandy unit is exposed only in bedrock 
depressions. Rare crosscutting striations on the pit 
floor suggest an ice transport direction of 2400 for 
this till. Measurements of pebble orientations com 
pleted as part of the current investigation confirm the 
ice transport direction of approximately 2400 for this 
older till.

The regional stratigraphic framework discussed 
above has been identified from stratigraphic informa 
tion recovered from overburden drilling in the area 
and the Maude Lake pit. Problems with interpretation 
of the limited stratigraphic information include:
1.

2.

3.

Stratigraphic contacts identified on the basis of 
discontinuities in the stratigraphy and till geo 
chemistry do not always correspond. In some 
cases, till geochemistry is similar above and be- 
low what appears to be a major stratigraphic 
contact. In other cases, significant 
"discontinuities" in the till geochemistry occur in 
what seems to be a single, continuous till unit.
Intervening sediments between tills may repre 
sent intervals between glacial events or intervals 
within a single glacial event. In some cases it is 
difficult or impossible to confidently determine 
the stratigraphic significance of these sediments.
There is a lack of absolute or relative age deter 
minations for the Quaternary sediments in the 
Matheson area. Absolute age determinations aid 
in the establishment of timing of depositional 
events. Relative age determinations are useful in 
the correlation of drillholes.

4. Ice transport directions for the Matheson Till are 
well established; however, the knowledge of ice 
transport directions for tills below the Matheson 
Till is limited to crosscutting bedrock striations 
and the pebble fabric from the Maude Lake pit.
Data from BRIM sonic drillholes and the Maude 

Lake pit are being examined in detail in an attempt to 
address some of the problems identified above, and
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Figure 294.2. Location of the 24 selected drillholes and the Maude Lake pit in the study area.

thus provide a more useful stratigraphic framework 
for use in exploration.

DATA
Twenty-four BRIM sonic drillholes from the 1984 and 
1985 drilling programs were selected for the inves 
tigation (Figure 294.2). Drillholes were selected on 
the basis of the following criteria:
1. wide and even geographic coverage of the study 

area
2. presence of vertically extensive sequences of 

glacial till
3. presence of possibly more than one till unit, 

based on stratigraphy and geochemistry
Wide geographic coverage is necessary for es 

tablishing a regional Quaternary stratigraphy, as local 
stratigraphy would be of only limited use in explora 
tion in other parts of the BRIM area. The presence of 
vertically extensive sequences of till is important in 
order to maximize the number of till samples per 
hole. Holes containing multiple tills are required in 
order to establish the differences between till sheets.

Data provided by the Ontario Geological Survey 
(OGS) for this research project include: drill logs, 
multi-element geochemical data, mineralogical data 
and textural data for 277 till samples from the 24 
drillholes, and five till samples from the Maude Lake 
pit. The drill logs are based on observations of the 
physical characteristics of the sediments made by 
personnel of the Ontario Geological Survey (OGS) 
(including M.B. Mcclenaghan), and contain such pa 
rameters as texture, sorting, stratification, clast con 
tent, colour, compaction, bed contacts, and bed thick 
ness. The multi-element geochemical data includes 
analyses of three different fractions:
1. non-magnetic heavy minerals (H fraction), herein 

referred to as heavy mineral fraction
2. *c:0.063 mm fraction (G fraction), herein referred 

to as fine fraction

3. < 1.7 mm fraction ground to *c0.063 mm (T frac 
tion), herein referred to as total fraction
The use of the non-magnetic heavy mineral frac 

tion in gold exploration is well established. The 
*C0.063 mm fraction, or fine fraction, was analyzed by 
OGS to evaluate the usefulness of the finer fraction 
of the till for gold exploration in the Matheson area 
(Steele et al. 1986). Analysis of the *C1.7 mm fraction 
was carried out to assess the usefulness of a total till 
sample. The three fractions were analysed for a suite 
of trace elements. In addition, major oxides were 
determined for the total fraction samples. Details of 
elements determined, and analytical methods used 
by OGS, are provided in Table 294.1. The mineralog 
ical data include identification of the major mineral 
components of a representative fraction of the non 
magnetic heavy mineral concentrate. Textural data 
include grain size analyses of the -c 1.7 mm part of 
the till samples.

DATA EXAMINATION
Before examining these data in detail, the till samples 
from the 24 drillholes and the Maude Lake pit were 
classified as belonging to one of three possible till 
units on the basis of observed stratigraphy and, in 
some cases, obvious geochemical discontinuities: a) 
an uppermost till unit (Matheson Till); b) a "middle" 
till unit; or c) a "lower" till unit. Further, the till 
samples were rated on the basis of the degree of 
confidence placed on the till classification.

Focus of the research to date has been aimed at 
identifying stratigraphic units on the basis of the 
multi-element geochemical data. These geochemical 
data were first examined to evaluate the usefulness 
to the current research of each element analyzed in 
all three fractions. Elements were eliminated from a 
fraction in the initial BRIM data set if: a) not deter 
mined in both survey years (1984 and 1985); b) 
concentrations determined were at or below the lower 
detection limit for most of the samples; or c) analyt 
ical methods were not comparable between 1984 and
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TABLE 294.1. ANALYTICAL METHODS FOR TRACE ELEMENTS AND MAJOR OXIDES (analytical methods
summarized from Bloom 1 987).
Fraction

HEAVY

FINE and
TOTAL

MAJOR
OXIDES

AA
COMB IR
COUL
DCP
FA-DCP
GFAA
INAA
XRF
XRF-G

Element

Au,As,Sb,Co,U,W
Ag,Cu,ZP.,Ni
Sr.Ti.Zr
Te
Mo
Cr
Pb

As.Sb.Co.U.W
Ag,Cu,Pb,Zn,Ni
Ti.Zr.Sr
Au
Te
Mo
Cr

SiO2,AI2O3,MgO,
CaO,Na2O,K2O,
TiO2,P2O6
MnO
Fe2O3
CO2
S
LOI

Atomic absorption spectroscopy

Analytical Method

INAA
DCP
XRF-G
GFAA
INAA 198 4, DCP 1985
INAA 1984.XRF-G 1985
DCP 1984, AA 1985

INAA
DCP
XRF-G
FA-DCP
GFAA 1984
INAA 1984,DCp 1985
INAA 1984.XRF-G 1985

XRF

XRF 1985
COUL 1984.COMB IR 1985
XRF 1984.COMB IR 1985
IGNITION 1985

Elements Included In
Research
Au,As,Sb,Co,U,W
Cu,Zn,Ni
Ti,Zr

As.Co.U
Cu,Zn,Ni
Ti.Zr
Au

SiO2,AI2O3,MgO,
CaO.NajA K^,
Ti02,P206
MnO

Combustion in Leco induction furnace and measurement by infrared
Coulometry
Direct current plasma
Fire assay preparation of a silver bead and direct current plasma spectroscopy finish
Graphite furnace atomic absorption
Instrumental neutron activation
X-ray fluorescence spectroscopy: fused disk
X-ray fluorescence spectroscopy: pressed disk

1985. A list of the elements included in the research 
is provided in Table 294.1.

ELEMENT ASSOCIATIONS
Before attempting to discriminate individual till sheets 
on the basis of geochemical composition, the major 
controls of the geochemical composition must be 
considered. Element associations, as indicated from 
correlation coefficients, provide a means of recogniz 
ing the major control. Correlation coefficients for ele 
ments in each of the three fractions were computed 
and are summarized in Figure 294.3.

A group of strong, interrelated correlations are 
evident in both the fine and total till fractions (Figure 
294.3a and 294.3b). Positive correlation coefficients 
of greater than 0.5 exist between Cu, Zn, Ni, Co, and 
Ti. These are negatively correlated with Zr in the fine 
fraction. These trace element associations are similar 
to element associations typically found in a series of 
volcanic rocks; that is, elements associated with min 
erals found in mafic volcanic rocks are positively 
correlated among themselves and negatively corre 
lated with elements which commonly occur in felsic 
rocks. This feature is further demonstrated in Figure 
294.3d, where correlations between the major oxides

in the total fraction are shown. Silica is positively 
correlated with Na20 and negatively correlated with 
MgO, CaO and TiO2. The heavy mineral fraction dis 
plays much weaker element associations which are 
somewhat different from correlations in the fine and 
total fractions (Figure 294.3c). The positive inter-ele 
ment associations between As, Sb, Ni, Cu, and Co 
are probably related to mafic heavy minerals and 
sulphide minerals. The slightly stronger correlation 
between U and Zr is most likely related to minerals 
associated with felsic rocks.

Based on correlations between elements, a major 
control over the chemical composition of the till ap 
pears to be the position of the source rocks within an 
igneous differentiation sequence. This implies that if 
the source areas of different till sheets or till units 
within a single till sheet have contrasting chemical 
compositions in this respect, these should be re 
flected by sharp contrasts in the chemical composi 
tion of the tills derived from the different bedrock 
sources. If the tills are derived from similar bedrock 
types, any chemical differences between till sheets 
will probably be much more difficult to identify.
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GEOCHEMICAL DISCRIMINATION OF TILLS
Initial examination of the geochemical data for in 
dividual drillholes has identified sharp "geochemical 
discontinuities" corresponding to identified Quater 
nary stratigraphic contacts. An example of this fea 
ture is shown in Figure 294.4 where Cr values in 
drillhole 85-17 are plotted. Based on the observed 
stratigraphy, this hole is considered to have more 
than one till unit. Each till unit is separated by either 
clay and silt or sand. It can be seen that the highest 
Cr values for all fractions correspond to the "middle" 
till unit. The interpreted stratigraphic boundaries be 
tween individual till units delineated on the basis of 
the observed stratigraphy and corresponding Cr dis 
tribution pattern are shown in Figure 294.4.

Dramatic changes in till geochemistry where pre 
sent, make identification of contacts between till units 
relatively easy, as demonstrated in Figure 294.4. 
However, dramatic changes, including those shown 
for Cr in drillhole 85-17, are not universally applica 
ble across the BRIM area. In many cases, different 
elements are responsible for defining discontinuities 
in each hole.

SINGLE ELEMENT DISTRIBUTIONS
Single element abundances were plotted in order to 
determine if they significantly vary in the different till 
units definitely identified in the drillholes. A diagram 
matic representation of summary statistical values for 
the single element distributions is provided in Figure 
294.5. The trace element data for the fine and total 
fractions have quite similar mean and range of con 
centration values, with the fine fraction data gen 
erally being slightly higher. For this reason, only the 
fine till fraction data have been included in Figure 
294.5. The "middle" and "lower" till units were 
grouped together due to the small number of samples 
in each category. Due to space limitations, only the 
elements that visually display good separation in 
mean concentration values and range of concentra 
tion values between the Matheson Till, "middle" till, 
and "lower" till for the fine and heavy mineral trace 
elements and total till major oxides, are shown in 
Figure 294.5. Gold is also shown for the fine and 
heavy mineral fractions because of its significance to 
exploration. The trace elements plotted in Figure 
294.5 demonstrate that there is an obvious difference 
between mean and range of concentration values for 
the Matheson Till and the two lower tills. Both the 
"middle" and "lower" tills have quite similar mean 
and range of concentration values. In the heavy min 
eral fraction, Au values are higher and Ti and Zr 
values are lower for "middle" and "lower" tills when 
compared to the lower tills. Copper, nickel and gold 
values are all higher in the "middle" and "lower" tills 
for the fine till fraction. The major oxide data indicate 
that the "middle" and "lower" tills have lower Si02 
values and higher TiO2 and MgO values than the 
Matheson Till. The trace element data and major 
oxide data indicate that the "middle" and "lower" tills 
are quite similar geochemical^ and are enriched in 
elements associated with mafic rocks. The Matheson 
Till is enriched with elements associated with felsic 
rocks. Gold values are higher in the more mafic 
"middle" and "lower" tills.

Based on the patterns shown in Figure 294.5, a 
distinct chemical difference between the Matheson 
Till and the "middle" and "lower" tills is readily 
apparent. The Matheson Till contains significantly 
higher proportions of elements associated with felsic 
rocks, whereas the "middle" and "lower" tills contain 
higher proportions of elements associated with mafic 
rocks. Many elements show a similar discrimination 
between different till units, but no single element is 
obviously superior to the others. In addition, different 
elements appear to be the best discriminator for the 
different fractions. For these reasons, it was consid 
ered that a mutti-variate statistical technique would 
be the best method of determining, quantitatively, the 
"best" combination of elements for discriminating be 
tween till sheets.

The multi-variate statistical technique 
"discriminant analysis" is well suited to this purpose. 
Discriminant analysis is designed to assist with prob 
lems of classification. It involves three steps which 
are carried out sequentially. First, "training groups" of 
samples are selected which are known to represent 
specific end members in the classification scheme. 
Discriminant analysis calculations are then performed 
on these training groups in order to arrive at a dis 
criminant function, which consists of a constant and 
a coefficient for each of the variables in the analysis. 
The discriminant function can then be applied to 
those samples whose classification is uncertain in 
order to identify which group they belong to. In a 
simple two category classification, a sample is clas 
sified as belonging to one of the training groups if its 
discriminant score is positive and to the other group 
if it is negative. Details and examples of discriminant 
analysis are found in Klovan et al. (1967) and Davis 
(1973).

In this investigation, training groups include only 
those till samples from confidently identified stratig 
raphy. Initially, three training groups were identified 
from the known till samples; Matheson Till, "middle" 
till, and "lower" till. However, the "middle" and 
"lower" till samples were subsequently combined into 
one training group because of a limited number of 
samples in these two categories (14 and 18 respec 
tively) and their geochemical similarity, as demon 
strated in Figure 294.5. Of the original 282 till sam 
ples, 177 were included in the training groups.

Discriminant analysis was performed using the 
O'GAS program DISCRM (Lavin and Nichol 1981). The 
till trace element and major oxide data were treated 
as four separate data sets:
1. trace elements in the fine till fraction
2. trace elements in the total till fraction
3. trace elements in the heavy mineral till fraction
4. major oxides in the total till fraction

The DISCRM program performs the analysis in a 
step-wise manner; that is, variables are added to the 
discriminating function one at a time in order of 
decreasing discriminating power. Results of the four 
most important elements for each of the four data 
sets are shown in Table 294.2. As shown in the table, 
the first element entered into the equation results in 
approximately 907o of the training group samples 
being correctly classified into their respective groups.
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Figure 294.4. Quaternary stratigraphy and corresponding Cr values (ppm) in the heavy mineral, fine and
total till fractions for drillhole 85-17 (graphic log from OGS 1986). 
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TABLE 294.2. SUMMARY STATISTICS FOR DISCRIMINANT ANALYSIS OF HEAVY MINERAL, 
TOTAL TRACE ELEMENTS AND MAJOR OXIDE DATA.

Fraction

Heavy

Fine

Total

Major

Variables
In Analysis

Au*,As*,Sb*. 
Cu'.Zn'.Ni*. 
Co'.WJi, 
Zr.U

Au*,As*,Cu*. 
Zn*,Ni*,Co*, 
Ti'.Zr.U

Au*,As*,Cu*. 
Zn*,Ni*,Co*. 
Ti'.Zr.U

Si02,MgO*. 
Na2O,K2O, 
Ti02*,MnO*. 
PjOg.CaO,
AljOg

FINE AND

DISCRIMINANT ANALYSIS

Step

1 
2 
3 
4

1 
2 
3 
4

1 
2
3
4

1 
2
3
4

Variable 
Added
Ni 
Cr 
Co 
Au

Cu 
Zn 
Zr 
Ti

Cu 
As 
Zr 
Ti

SiO2 
MnO 
P?05 
MgO

•X, Classified 
Correctly

89.3 
89.3 
89.8 
91.0

91.0 
90.5 
91.0 
91.6

91.0 
91.0 
91.6 
91.6

84.8 
91.5 
92.6 
93.8

F-Value"

72 
51 
41 
34

138 
76 
56 
44

210 
108 
74 
55

120 
92 
77 
59

Degrees of 
Freedom

1,176 
2,175 
3,174 
4,173

1,176 
2,175 
3,174 
4,173

1,176 
2.175 
3,174 
4.173

1,176 
2.175 
3,174 
4,173

' indicates log transformed 
** F-VALUE is a statistical measure of significance of the discrimination. Greater F-values generally indicate 
a statistically more significant discrimination. Actual significance can be read from standard statistical 
tables.

TABLE 294.3. DISCRIMINANT SCORE EQUATIONS AND CORRESPONDING THRESHOLDS FOR THE HEAVY 
MINERAL, FINE AND TOTAL TRACE ELEMENT AND MAJOR OXIDE DATA.

Discriminant Function

Heavy DS = 17.30- 10.10 (Ni L) 
fraction
Fine DS = 1 7.26 - 1 1 .60 (CuL) 
fraction
Total DS = 21.08 - 16.32 (CuL) 
fraction
Major DS = 56.77 - 0.58 (SiO2) - 14.29 (MnOL) 
oxides

Threshold Defined by * Classified 
Discriminant Analysis Correctly

Ni = 54 ppm 89.3

Cu = 31 ppm 91.0

Cu = 20 ppm 91.0

91.5

DS Discriminant score 
L indicates log transformed

Variables added subsequently add very little discrimi 
nation. This implies that the multi-element approach 
does not enhance discrimination significantly, making 
the simpler, single element approach preferable. Dis 
criminant analysis has, however, drawn attention to 
which variable is the best discriminator on a regional 
scale and its optimum threshold value for a given 
fraction. The threshold is determined by evaluating 
the discriminant function where the discriminant 
score is equal to zero. The selected functions and 
threshold values for the four data sets are shown in 
Table 294.3. Note that in the case of the major 
oxides, the second variable (MnO) added sufficient 
discriminating power to warrant inclusion into the 
equation.

The sign of the coefficient for each element, as 
shown in Table 294.3, indicates whether values for 
that element are typically higher or lower in the 
Matheson Till. For the heavy mineral, fine, and total 
fraction trace elements, the coefficients for Cu and Ni 
are negative, indicating lower values in the Matheson 
Till group relative to the lower till groups. The reverse 
is true for Si02, which displays a positive coefficient, 
indicating greater values of SiO2 in the Matheson Till. 
Thus, using the individual trace elements and the 
discriminant function for the major oxides, it is possi 
ble to classify all till samples, including those pre 
viously, unclassified, into two groups: those with a 
more mafic composition, as indicated by lower SiO2 
and higher Cu, Ni, and MnO values, and those with a
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Figure 294.6. Location of the six selected drill 
holes in the study area.

more felsic composition, as indicated by a higher 
SiO2 and lower Cu, Ni, and MnO values.

The critical trace elements for each fraction, as 
identified by discriminant analysis, and the discrimi 
nant score for the total till major oxides were plotted 
for each drillhole in order to evaluate the stratig 
raphic significance of the feisic-mafic classification. 
In particular, the stratigraphic position of misclas- 
sified training group samples and the classifications 
of previously unclassified samples were noted. 
Space limitations preclude the inclusion of all 96 
profiles here; however, the results can be summa 
rized as follows. In general, the groupings correspond 
with observed stratigraphic breaks. In 23 of the 24 
drillholes, the Matheson Till exhibits a more felsic 
composition, and the "middle" and "lower" tills have 
more mafic compositions. Till samples from two holes 
thought to contain two or three separate tills on the 
basis of observed geochemical discontinuities in var 
ious elements were all classified as being felsic in 
composition, indicating that the entire sequence is 
geochemically similar to Matheson Till. This may in 
dicate that the geochemical discontinuities are not 
significant on a regional scale. All four data sets 
produced similar patterns of groupings. The fine and 
total data groupings are almost identical. Detailed 
examination of the groupings indicates some relevant 
features:
1. In some holes with a significant vertical se 

quence of Matheson Till, the lowermost till sam 
ple, resting on bedrock, has a mafic composition. 
This lowermost sample, however, is commonly 
separated from the overlying till sequence by a 
sand or gravel unit.

2. The upper part of some middle and lower tills 
displays a more felsic composition than the 
lowermost parts.

3. For some till samples, the fine and total fraction 
Cu values indicate a mafic composition, while Ni 
values in the heavy mineral fraction indicate a 
felsic composition.
These exceptions are difficult to explain with the 

current information and require more detailed atten 
tion.

In summary, single trace element distributions 
and a two element discriminant function for the major 
oxides are efficient methods for the classification of 
till samples into felsic and mafic groupings. The re 
sults indicate that the Matheson Till has a more felsic 
composition than the older tills. The results must be 
interpreted in conjunction with stratigraphy in order to 
further define the relationships between the 
Matheson, "middle", and "lower" tills. Several 
"unexplained" or conflicting sample groupings re 
quire further examination.

GEOCHEMICAL CLASSIFICATION OF TILL 
UNITS OVER A RESTRICTED AREA——————
The discrepancies and misclassifications resulting 
from single element/discriminant score classification 
could be interpreted as representing systematic lat 
eral or local variation in the geochemistry of the till 
sheets. Perhaps no single classification rule can be 
applied consistently over the entire area. Alternative 
ly, the general classification rule holds over the en 
tire area and local aberrations and oddities cause the 
classification function to break down at isolated loca 
tions. To test these possibilities, a subset of till sam 
ples from closely spaced drillholes was selected and 
subjected to an "unguided" multi-variate statistical 
clustering technique.

Six drillholes in relatively close proximity 
(represented by 64 till samples) were selected 
(Figure 294.6). The relatively close spacing of these 
drillholes allowed for detailed correlation between 
holes to be made on the basis of observed stratig 
raphy. These correlations were then compared to the 
classification by the cluster analysis. Both hierarchi 
cal cluster analysis and K-means cluster analysis 
were applied to the data set using the computer 
programs of SYSTAT (Wilkinson 1986).

Hierarchical cluster analysis is a multi-variate 
procedure for detecting natural groupings in a data 
set (Wilkinson 1986). Sample pairs are organized by 
the program according to their relative similarity, so 
that samples with the highest mutual similarity are 
grouped together (Davis 1973). Groups or clusters are 
associated with other groups until all the samples 
have been included in the classification scheme. The 
final result is a dendrogram; a graphic display of the 
hierarchical groupings of samples. Dendrograms for 
the major oxides and for the three fractions of trace 
element data were generated for each hole allowing 
identification of sample groupings which conflicted 
with the original stratigraphic interpretation. An exam 
ple of a dendrogram for trace elements in the fine 
fraction for drillhole 84-28 is shown in Figure 294.7. 
Three separate till sheets separated by
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glaciolacustrine silt and clay have been identified in 
drillhole 84-28. The uppermost till (Matheson) ex 
tends from depths of 18 to 25 m, the "middle" till 
from 35.5 to 36.5 m, and the "lower" till from 39.5 to 
60.5 m. Hierarchical cluster analysis has produced 
two large clusters of till samples based on the rela 
tive geochemical similarity of till samples from this 
drillhole. The upper cluster on the dendrogram con 
sists of till samples from the Matheson and "middle" 
till units (samples 01 to 07). The lower cluster con 
tains till samples from the lowermost till unit in the 
drillhole (samples 08 to 20). The clusters produced 
correspond, in general, with interpreted stratigraphy. 
The one sample representing the "middle" till sheet 
(07) has been grouped with the Matheson Till sam 
ples, indicating they have quite similar geochemistry 
when compared with the "lower" till samples.

K-means clustering is somewhat different from 
hierarchical clustering, in that it classifies samples 
into a specified number of groups. It is a splitting 
technique used to group samples such that between- 
group variation is as large as possible relative to 
within-group variation (Wilkinson 1986). In addition, 
and perhaps more importantly, it can be used to 
determine which elements are responsible for the 
clustering. K-means clustering was carried out using 
two groups.

The sample groupings based on cluster analysis 
for all till samples in the restricted area generally 
correspond to the observed stratigraphy, and are 
very similar to the results of discriminant analysis. 
Using hierarchical clustering techniques, all 64 till 
samples were clustered into two groups. The larger 
cluster of samples corresponds to Matheson Till and 
the smaller cluster corresponds to the "middle" and 
"lower" tills. K-means cluster analysis split the till 
samples into two groups almost identical to the two 
hierarchical clusters. K-means clustering also indi 
cated that the elements responsible for the clustering 
are the same as those identified as significant in the 
discriminant analysis. The upper, or Matheson, till 
generally has a more felsic composition, while the 
two lower tills are generally more mafic in composi 
tion. The distribution of mafic and felsic tills for the 
six drillholes identified by cluster analysis is shown 
in Figure 294.8. Exceptions to the general trend are 
seen in the "lower" tills of drillholes 84-26 and 84-27, 
and the "middle" till of drillhole 84-28 (Figure 294.8). 
Cluster analysis indicates the composition of the 
"middle" till in drillhole 84-28 and the "lower" till in 
holes 84-26 and 84-27 are most similar to the 
Matheson Till. The till samples of drillhole 84-24 have 
exclusively a mafic composition. These same pat 
terns were also identified by the single element dis 
criminations discussed above.

Both hierarchical and K-means cluster analysis 
are useful in separating the till samples into two 
groups on the basis of felsic/mafic composition. 
These results correspond to and corroborate the dis 
criminant analysis results, but do not significantly 
reduce the classification error noted, even when ap 
plied over a restricted area. This implies that the 
misclassified samples are simple aberrations to the 
general trend and should be recognized as such.

DISCUSSION
A combination of different statistical techniques ap 
plied to these data consistently indicate that geo 
chemical composition of the till is dominated by vari 
ations which are similar to those found in a series of 
mafic to felsic volcanic rocks. When a till sample 
contains higher values of a mafic element such as 
Cu, Ni, Co, and so on, most other mafic elements are 
also higher in that sample. Conversely, till samples 
with higher concentrations of SiO2 , indicating a more 
felsic composition, generally have much lower values 
of mafic trace elements. This pattern is sufficiently 
consistent to allow reliable classification of samples 
as mafic or felsic based on values of a single indica 
tive element.

The major variations in till composition appear to 
be strongly related to stratigraphic position. Till sam 
ples highest in the Quaternary stratigraphic section, 
and thus believed to be representative of the 
Matheson Till, are dominantly more felsic in composi 
tion. Samples that are closer to bedrock and normally 
separated from Matheson Till by interglacial sedi 
ments are dominantly more mafic in composition. 
Matheson Till has a relatively consistent felsic com 
position across the entire BRIM area, implying a con 
sistent source area.

The BRIM area is underlain by primarily mafic to 
intermediate volcanic rocks and derived sedimentary 
rocks of the Abitibi Greenstone Belt (MERQ-OGS 
1983). Thus, in the BRIM area, tills of local derivation 
are expected to have a strong mafic composition. 
However, the Matheson Till has a relatively consis 
tent felsic composition. This may be related to a 
combination of the following:
1. The masking (protection) of the local mafic vol 

canic and sedimentary greenstone rocks by older 
tills and glaciolacustrine sediments, preventing 
extensive incorporation of the local mafic rocks 
into the Matheson Till.

2. A different ice transport direction, and thus dif 
ferent source rocks for the Matheson Till, as 
compared to the older tills.

3. The dynamics and thermal conditions of the ice 
sheet depositing the Matheson Till may have 
prevented incorporation of much local mafic bed 
rock over the BRIM area.
Problems remaining with these interpretations 

are:
1. A strongly mafic till sample occurs on bedrock at 

the base of some vertically continuous sections 
of otherwise felsic (Matheson) till.

2. The composition of the upper part of some 
"middle" and "lower" tills appears to be similar 
to the Matheson Till. The question arises as to 
whether this uppermost, felsic part represents a 
separate glacial event from the mafic, lower part, 
or merely a different facies from the same event.
The differences in geochemistry between stratig 

raphic units in the BRIM area are much easier to 
recognize than to explain. The complexities and lat 
eral (and temporal) variation in a glacial system, 
particularly over such a wide area, make a simple 
explanation unlikely. Proving the validity of a particu-
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lar explanation for the geochemical differences will planations have been presented above. These
probably not be possible. Notwithstanding these un- models are not intended to be comprehensive an-
certainties, a few (of many possible) simplistic ex- swers to the questions raised by the geochemical
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differences between or within glacial stratigraphic 
units, but are a possible framework on which to base 
future work and to promote discussion. Future work is 
designed to shed light on the reasons for the empiri 
cal chemical differences in the stratigraphy, with a 
view to using chemical differences to assist in iden 
tifying till sheets in routine exploration programs.

CONCLUSIONS AND IMPLICATIONS FOR 
EXPLORATION——-———————————
To date, the research carried out has focused on the 
examination of the multi-element till geochemistry on 
a regional scale. Multi-variate statistical techniques 
have helped to draw attention to regional patterns. 
Some preliminary conclusions can be drawn from this 
work:
1. Trace element data for the fine and total frac 

tions are almost identical. This is not surprising 
since 40 to 600Xo of the "C1.7 mm part of the till 
samples is composed of silt and clay. Continued 
inclusion of both fractions in the research may 
prove redundant, at which time one fraction may 
be eliminated.

2. The predominant control of the till geochemistry 
is major rock type variation in the source rocks.

3. Selected single elements, discriminant functions, 
and cluster analysis are equally effective tech 
niques for dividing the tills into two major, 
geochemically distinct groups: those with a felsic 
geochemistry and those with a mafic geochemis 
try.

4. In general, the till geochemistry is related to 
stratigraphic position. The uppermost till in almost 
all drillholes is more felsic. "Middle" and "lower" 
tills are more mafic.

5. Differences between felsic and mafic till com 
position may be related to different bedrock 
source areas or relative position in the ice during 
transport.

6. Significant geochemical discontinuities usually 
occur at stratigraphic boundaries between till 
sheets, however, some geochemical discontinuit 
ies also occur within a till sheet.
The following points are of immediate importance 

for mineral exploration:
1. A regional approach to the interpretation of geo 

chemical discontinuities is necessary in order to 
correctly interpret the Quaternary stratigraphy.

2. A simple determination of Cu in the fine-grained 
part of till samples should be helpful in determin-
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ing till stratigraphy. The same appears to apply 
for Ni concentrations in the heavy mineral frac 
tion.

3. Gold values are significantly higher in the mafic 
till as compared to the felsic till.

4. The tills which have a mafic geochemistry are a 
better sampling medium because of their position 
at the base of the stratigraphic section and, more 
importantly, their local bedrock source. Gold min 
eralization is associated with mafic bedrock 
types in the Abitibi Greenstone Belt.

FUTURE WORK
Future work is intended to clarify the genetic reasons 
for the empirical chemical differences between tills 
identified thus far. A better understanding of the 
relationships between the stratigraphy and geochem 
istry of the Quaternary sediments will significantly 
improve overburden exploration techniques in the 
Matheson area. Future work is summarized below:
1. Examination of the >'\.7 mm pebble-size fraction 

from till samples will be carried on in order to 
determine the proportions of various bedrock 
lithologies present. This fraction may give an 
indication of provenance of the individual till 
sheets. Special attention will be paid to propor 
tions of felsic or mafic rock lithologies.

2. Investigation of the geochemical signatures of 
the individual till units will continue, including the 
examination of the relationships between multi 
element geochemical data, mineralogical data, 
weight data, pebble counts, and sonic drillhole 
bedrock geochemical data.

3. Oriented drill core collected from selected loca 
tions during the 1987 OGS drill program will be 
examined to determine the presence and orienta 
tion of micro-fabrics in the hope of establishing 
paleo ice transport directions for the "middle" 
and "lower" till units in the Matheson area.

4. Microscopic and scanning electron microscopic 
(SEM) examination of sedimentological features 
of the tills will be performed in order to establish 
till facies not identified by the preliminary logging 
of the drill core. This will aid in the interpretation 
of the observed geochemical patterns.
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ABSTRACT
Detailed mapping on the Tisdale volcanic sequences 
at Timmins has confirmed the justification for the 
traditional subdivision of the Tisdale Group into four 
formations, the Northern, Central, Vipond, and Gold 
Centre. In general, the four formations are distinctive 
and can be mapped as separate entities, but in de 
tail, they show considerable variation along strike 
and are not internally consistent.

The "99 Flow", which separates the amyg 
daloidal flows of the Central Formation from the 
variolitic flows of the Vipond Formation, and the V10b 
flow top breccia which marks the top of the Vipond 
Formation (and the base of the Gold Centre Forma 
tion), are especially valuable as aids to stratigraphic 
correlation. The "99 Flow", mapped at the Paymaster 
and Dome Mines, appears to be equivalent to the 
massive V8c subunit which crops out elsewhere at 
Timmins.

The Gold Centre Formation is a monotonous se 
quence of uniform flows with zones of pillow breccia 
and poorly defined pillows. It crops out around the 
rim of the Porcupine Syncline and is not associated 
with any significant zones of alteration or mineraliza 
tion apart from in the Dome area.

Early mafic dikes have been found cutting the 
Vipond sequence at the Paymaster Mine, and these 
dikes are themselves deformed by the late Archean 
regional cleavage and linear stretch fabric which 
affects the whole of the Timmins area.

Heterolithic breccia dikes on the Coniaurum 
Property have been shown to be composite, and 
other such dikes have been recognized at several 
localities in association with porphyry intrusions.

INTRODUCTION ~
Despite 75 years of mining and geological studies in 
the Porcupine Camp, the relationship of gold deposits 
to the geological environment in which they occur is 
still poorly understood. Recent underground and sur 
face mapping, together with compilations of existing 
data on the Mclntyre-Hollinger gold system at Tim 
mins (Mason and Melnik 1968, Mason e f a/. 1986) 
have emphasized the need for a comprehensive 
study of the stratigraphy, structure, and metamor 
phism of the Porcupine Camp. Mason ef a/. (1986) 
have described the detailed stratigraphy at the Mcin 
tyre Mine, based on the earlier work by Griffis (1960), 
and their work forms the starting point for this study.

The current project involves field-based studies 
in the Porcupine Camp. Intensive mapping will be 
completed in Tisdale Township and the northern por 
tion of Deloro Township (Figure 298A.1). The original 
proposal for this project was to map the whole of the 
Timmins Camp, including the mines to the east of the 
Burrows-Benedict Fault. Because of the current On 
tario Geological Survey mapping program at Timmins, 
it has been decided to restrict this study to the area

west of the fault and north of the Destor-Porcupine 
Fault, and to concentrate efforts toward more detailed 
investigation of mineralized areas around the Dome 
Mine and the old Aunor-Delnite Mines. Mapping is 
being carried out at a scale of 1 inch to 500 feet 
(1:6000) with more detailed mapping in selected ar 
eas. Mapping of a newly stripped area on the Delnite 
Property in northern Deloro Township was completed 
at a scale of 1 inch to 20 feet (1:240) (Brisbin ef a/, 
this volume). Compilation and underground mapping 
at Dome Mines was also begun in the 1986 field 
season.

During the 1986 field season, the bulk of surface 
mapping was completed in southwest Tisdale Town 
ship in an area extending east from the Hollinger 
Mine to Gold Centre, north to the Coniaurum Property 
and south toward the Paymaster Property. A prelimi 
nary objective of the study was to establish the style 
of vertical and lateral lithofacies changes within the 
mafic volcanic flows of the Tisdale Group. The dis 
tribution of strain and hydrothermal alteration, and 
possible relationships with porphyries and/or min 
eralization will be investigated during the 1987 field 
season.

LITHOLOGY AND STRATIGRAPHY ~
Since 1899, when W.A. Parks first surveyed the Tim 
mins area and reported that the area had gold poten 
tial, and following the discovery of gold in 1909, 
numerous geologists from the Ontario Department of 
Mines, the Ontario Geological Survey, and the mining 
companies at Timmins have reported on the geology 
of the Timmins area. The early workers (Hore 1913; 
Whitman 1915; Robinson 1923; Burrows 1911, 1912, 
1915, 1925) recognized the major formations and 
lithotypes, and subdivided the sequence at Timmins 
into the Keewatin and Timiskaming Series, which 
were in turn intruded by Algoman felsic porphyries 
and Matachewan basic dikes. The Keewatin se 
quence is chiefly composed of volcanic units, with 
minor interflow sedimentary units, and is separated 
from the dominantly sedimentary Timiskaming se 
quence by an unconformity (Burrows 1915, 1925).

Burrows (1925) first reported that the Keewatin 
sequence had been folded prior to erosion and depo 
sition of the Timiskaming sedimentary sequence. 
Graton and McKinstry (1933) and Hurst (1936) were 
the first to make a clear separation of sedimentary 
units in the Keewatin sequence from those of the 
later Timiskaming sedimentary sequence.

Graton and McKinstry (1932, 1933) were the first 
to correlate the various mine sequences at Timmins. 
They subdivided the volcanic sequence into four 
units, using a massive "dacitic" flow which had been 
numbered the "99 flow" by mine geologists, and two 
variolitic pillowed basaltic flow units as consistent 
marker horizons through the area. The 99 flow owes 
its value as a marker unit as much to the fact that it
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Figure 298A. 1. Map showing simplified geology and location of gold mines in the Porcupine Mining Camp.

separates two distinctly different volcanic sequences 
above and below it, as it does to its own continuity.

Thus the 99 flow was interpreted as the basal 
unit of a sequence of pillowed, massive, and brec 
ciated basaltic flows characterized by thick units of 
variolitic pillow basalts, named the "Vipond Series". 
Above the Vipond Series, a group of basaltic flows 
with well-defined flow top breccias was named the 
"Gold Centre Series". Below the 99 flow, a distinctive 
sequence of pillowed amygdaloidal basalts, massive 
units similar to the 99 flow, and brecciated flows was 
named the "Central Series". The Central Series was 
recognized as being important as it contains most of 
the productive gold veins at the Hollinger and Mcin 
tyre Mines. At the base of the sequence, and con 
fined to the core of a major anticlinal structure to the 
north of the Pearl Lake porphyry and the main work 
ings on Hollinger and Mcintyre, the "Northern Series" 
consists of a sequence of massive and pillowed 
amygdaloidal basaltic flow units and related brec 
cias.

The hydrothermal alteration associated with the 
mineralized zones in the Timmins camp has led to 
the description of some flows as "andesitic" and 
"dacitic" when in fact they are altered magnesian 
and iron-rich tholeiitic basalts (Pyke 1982). The mas 
sive leucoxene-bearing "dacites", which occur in all 
formations of the Tisdale Group, and are typified by

the "99 flow", appear to be iron tholeiites (Pyke 
1982).

Hurst (1935) and Langford (1941) separated the 
basal part of the Central Series, which consists of 
prominent and stratigraphically useful breccia units at 
the Mcintyre Mine (the "95" and "55" flows), into the 
Mcintyre Series, but this subdivision was abandoned 
by later workers. However, these units are so specific 
to the Central Tisdale Anticline, and to the Mcintyre in 
particular, that it is not surprising that Hurst and 
Langford thought they should be separated. Graton 
and McKinstry (1933) recognized that the reliable 
marker horizons were restricted to the 99 flow and 
the variolitic flows in the Vipond Series. The 95C 
("chickenfeed") unit (in the Central Series), was also 
used as a valuable and consistent marker horizon at 
the Mcintyre and Hollinger Mines, together with the 
55 flow unit above it.

Jones (1948) adopted the use of "Formation" in 
place of "Series", and Dunbar (1948) named the 
entire sequence the Tisdale Group. Using a variolitic 
flow (V8), a brecciated variolitic lava ("chickenfeed" 
V10b), and the massive 99 flow in the Vipond Series 
as key markers, Furse (1954) made the first detailed 
field-based subdivision of the Keewatin sequence for 
the Pearl Lake section of the Porcupine (Timmins) 
gold camp, and this is still in common use in the area 
(Ferguson 1968). Ferguson (1968) further separated
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a sequence of felsic pyroclastic rocks, which rest 
unconformably on formations of the Tisdale Group, 
as the "Krist Fragmental" Series.

Pyke (1975, 1981, 1982) redefined the stratig 
raphy in the Timmins area and subdivided the Tis 
dale Group into three formations; a Lower Volcanic 
Formation below the 99 flow unit, a Middle Volcanic 
Formation equivalent to the old Vipond and Gold 
Centre Series, and an Upper Volcanic Formation 
equivalent to the Krist fragmental sequence. Pyke's 
work was the first to introduce chemical classification 
of the volcanic rocks into the stratigraphic frame 
work. The Lower Volcanic Formation includes a 
komatiitic sequence at the base and its upper limits 
are based on the recognition of the uppermost mag 
nesian tholeiites in the sequence. The Middle Vol 
canic Formation is characterized by iron-rich tholeiitic 
units, and its base was taken as the first readily 
recognizable iron tholeiite in the lower part of the 
Tisdale Group (the 99 flow), although there are 
prominent iron tholeiite flows in the Central and 
Northern Series below the 99 flow. Thus, the bound 
ary between the Lower and Upper Volcanic Forma 
tions occurs in the middle of the old mines sequence 
at the base of the Vipond Formation. However, the 
Northern and Central Formations (Series) have more 
in common with the Vipond and Gold Centre Series 
as defined by Graton and McKinstry (1933) than they 
do with the basal komatiitic sequence.

The stratigraphy at the Mcintyre Mine (Robinson 
1923; Hurst 1936; Langford 1941; Furse 1948) was 
established by careful mapping of the tops and bot 
toms of individual flow and interflow sedimentary 
units. Lithological and structural differences were 
noted, massive flows were distinguished from pil 
lowed and brecciated flows, amygdaloidal pillowed 
flows were distinguished from variolitic pillowed 
flows, and the continuity of certain units was estab 
lished. Brecciated flows at the base of the Central 
Formation (the "Mcintyre Series" of Hurst (1936) and 
Langford (1941)) provide good marker units to the 
north of the Pearl Lake porphyry.

Following a major re-appraisal of the geology 
and the potential for further ore at the Mcintyre Mine, 
Griffis (1962; and in Ferguson (1968)) established 
the most detailed subdivision of the stratigraphy of 
the Tisdale Group yet published. Mason et al. (1986) 
presented a modified version of Griffis' (1960) 
stratigraphy for the Mcintyre Mine. Griffis (1962) re 
ported on the convenience of adopting the use of the 
terms "uniform lava" and "structured lava" as a 
means of distinguishing massive flow units from 
those flows which exhibit pillows, flow textures, and 
other primary structures. Instead of the emphasis on 
flow contacts and related features as a means of 
establishing stratigraphy, major compilations were 
prepared at 1:100 scale using only "uniform" versus 
"structured" as a principal means of correlation.

Unfortunately, as the earlier geologists had dis 
covered, massive units grade into structured units 
along strike and vice versa, so that correlations of 
massive or structured units from underground expo 
sures and borehole information is generally inac 
curate and quite misleading. The geological inter 
pretation at the Mcintyre Mine changed from a simple

south-facing sequence of volcanic units disrupted by 
the Pearl Lake porphyry intrusion (1923 to 1954) to a 
complexly folded and abnormally thickened volcanic 
sequence; Ferguson's (1968) compilation of mine 
plans and his map of Tisdale Township reflect this.

In the present study, the Tisdale Group stratig 
raphy, summarized by Ferguson (1968), is retained 
as a framework for more detailed study of 
lithostratigraphic facies variations. Prior to this study 
no attempts to trace detailed stratigraphy away from 
the Mcintyre Mine had been made. Surface mapping 
in the 1986 field season confirmed the continuity of 
the Gold Centre, Vipond, and upper Central Forma 
tions over much of Tisdale and northern Deloro 
Townships. Many individual flow units within each of 
the above formations do not display the same con 
tinuity. Facies variations within the volcanic flow 
units occur both vertically and laterally. In particular, 
the detailed stratigraphy established by Mason et al. 
(1986) at the Mcintyre Mine, cannot be traced in its 
entirety even to the adjoining Coniaurum and Hollin 
ger Properties.

As noted above, the lateral gradation of uniform 
flows into pillowed and/or brecciated flows precludes 
the correlation of flows based upon the distinction of 
uniform versus flow-structured. Instead, the emphasis 
has been placed on the use of flow contacts to map 
flow units. In addition, the deformation of primary 
pillow shapes during the development of regional 
flattening and stretch fabrics renders the use of pil 
low features as indicators of stratigraphic facings 
questionable. Flow tops, and the vertical gradation 
from uniform, to pillowed, to brecciated and/or 
hyaloclastite-textured units within individual flows are 
considered more reliable indications of facing.

Figures 298A.2 and 298A.3 illustrate the stratig 
raphy of the Tisdale Group as exposed in four sepa 
rate areas of southern Tisdale Township. The Con 
iaurum, Gold Centre, and the Paymaster and Dome 
sections are representative of Tisdale Group stratig 
raphy on the north limb, the closure and the south 
limb of the Porcupine Syncline respectively. The Cen 
tral, Vipond, and Gold Centre Formations are de 
scribed below.

CENTRAL FORMATION
On the Coniaurum Property, a section from the top of 
the 55 flow to the top of the C15 is intermittently 
exposed (Figure 298A.2). The Central Formation con 
sists of amygdaloidal pillowed flows (C 13, C15) and 
pillow breccias (55, C15) with an intercalated uniform 
flow (C 14). The C14 unit is typically fine grained, 
aphanitic, and nonamygdaloidal, and it contains local 
areas of poorly developed pillows. Pillowed units 
(C13, C15) are typified by pillows less than 100 by 
50 cm in plan view. The pillows have narrow sel 
vages, 1 to 3 mm wide and are typically densely 
amygdaloidal with amygdules ±1 mm in diameter. 
Inter-pillow areas may contain hyaloclastite, breccia 
fragments, or small pillows less than 15cm across. 
Pillows may also be tightly packed without significant 
inter-pillow material. In addition to its presence be 
tween pillows, pillow breccia comprises the only ex 
posure of the 55 flow and occurs as lateral facies 
equivalents to pillowed flows in the C15 at the top of
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the Central Formation. Fragments in both cases are 
irregular in shape, commonly 1 to 10cm across in 
plan view and often have selvages.

The thick sequence of pillow breccias between 
the 55 flow and the C13 amygdaloidal flow recog 
nized by Mason et al. (1986) south of the Pearl Lake 
Porphyry on the Mcintyre Property, does not appear 
to extend onto the Coniaurum Property. The C12 
variolitic pillow lava present at the Mcintyre Mine 
(Mason et al. 1986) has not been recognized on the 
Coniaurum Property, and may be only locally devel 
oped at the Mcintyre Mine.

South of the Paymaster Porcupine shaft (see Fig 
ure 298A.1), the C13, C14 and C15 units are ex 
posed. Here they are similar to exposures on the 
Coniaurum Property. Pillows are less than 150 by 
50 cm in plan view and amygdules are sparsely to 
densely packed and are ±1 mm in diameter. Sel 
vages on the pillows are less than 10 mm wide. The 
C14 unit is uniform, fine-grained, and locally has a 
poorly developed breccia along its upper contact. Tan 
coloured leucoxene crystals 0.3 mm in size are pre 
sent in the C14 and C15 units.

VIPOND FORMATION
The Vipond Formation consists of a package of 
variolitic pillow lavas, pillow and hyaloclastite brec 
cias, and uniform lavas which includes the "99 Flow" 
the V8 and V10 flow units. The base of the Vipond 
Formation is the "99 Flow* which, as exposed 
throughout most of the map area, is a uniform fine 
grained flow with locally prominent leucoxene cry 
stals. Although the 99 Flow averages 25 m thick at 
the Mcintyre Mine (Griffis 1960) and up to 120m 
thick on the Hollinger Property (Ferguson 1968), it 
thins to only 5 m near the Bishop shaft on the Con 
iaurum Property (Figure 298A.2).

In the Dome-Paymaster sections (Figure 298A.3), 
a uniform massive flow within the V8 has been taken 
as the "99 Flow* (Ferguson 1968), and by compari 
son with the sequence in the Central Tisdale an 
ticline, this massive flow should be the V8c subunit 
of the V8 flow unit. At the Paymaster Mine, the C15 
amygdaloidal pillow lava is overlain by a 20 m thick 
aphanitic unit which contains amygdules but which 
lacks well-formed pillows, and at Dome, the C15 unit 
is overlain by a uniform massive flow, in turn overlain 
by the "Lower Spherulitic Flow" (which would cor 
respond to the V8b subunit elsewhere).

The authors would prefer to maintain the relative 
stratigraphic position of the "99 Flow" throughout the 
map area, as it separates the amygdaloidal flows of 
the Central Formation from the variolitic flows of the 
Vipond Formation.

Griffis (1960) subdivided the V8, as exposed at 
the Mcintyre Mine, into six subunits labelled A to F 
from base to top. At the Mcintyre Mine, the poorly 
pillowed, nonvariolitic V8a unit at the base of the V8 
is distinguished from the well pillowed, variolitic V8b 
which forms such a striking marker unit. The V8a 
cannot be distinguished on the adjacent Coniaurum 
and Hollinger Properties (Spiedel 1987) nor does it 
appear to be present in the Vipond-Gold Centre and 
Paymaster-Dome areas.

The V8c is a uniform, fine-grained, massive sub 
unit and is about 25 m thick. It has been mapped on 
the Coniaurum, Hollinger, and Vipond Properties, and 
on the Dome and Paymaster Properties to the south- 
east. An amygdaloidal, polygonite-structured zone up 
to 15 m thick, is present-at the top of the V8c on the 
Paymaster Property (Figure 298A.3) and the top part 
of the V8c at the Mcintyre Mine is characterized by 
polygonite structures.

Above the uniform V8c unit, another thick pack 
age of variolitic pillow lavas (V8d and V8e subunits) 
can be distinguished. Again, the separation by Griffis 
(1960) of V8d (20 to 60m of variolitic pillow lava) 
from V8e (10 to 120m of "giant* variolitic pillow 
lava), cannot be maintained away from the Mcintyre 
Mine (Figures 298A.2 and 298A.3). Some thin, uni 
form lava intervals were mapped on the Coniaurum 
Property in the variolitic pillow lavas overlying the 
V8c, but their continuity along strike appears to be 
limited to a few tens of metres.

The uppermost subunit of the V8 flow unit, the 
V8f, is usually a poorly pillowed unit characterized by 
hyaloclastite breccias and it ranges in thickness from 
O to 30 m at Mcintyre. The V8f can be traced intermit 
tently on the Vipond and Hollinger Properties, south 
and southwest of the Mcintyre Mine (Spiedel 1987). 
On the Coniaurum Property, the top of the V8 is 
nonvariolitic and is characterized by poorly devel 
oped pillows. A distinct subunit at the top of the V8 
was not identified on the Vipond-Gold Centre section 
(Figure 298A.2). A unit similar to the V8f, up to 10m 
thick, is locally present on the Paymaster property 
(Figure 298A.3).

At the Dome Property, the V8 flow unit consists 
of "Lower Spherulitic Flow, 99 Flow, Broken 
Spherulitic Flow, Key Flow" and "Spherulitic Flow" 
(from base to top). With the exception of the 99 Flow 
(which the authors would correlate as V8c) and, 
locally, the bases of the Key Flow and Spherulitic 
Flow, these subunits are dominated by variolitic, thick 
selvage pillow flows. Although the overall character 
of the V8 at Dome Mines is similar to that at the 
Mcintyre Mine, in detail the subunits within the V8 
cannot be correlated between these two sections.

Thus, the V8 flow unit is an internally complex 
and variable entity which nevertheless forms a con 
sistent stratigraphic unit as a whole.

The V9 interflow sedimentary unit is not exposed 
in the map area, although it is well developed in the 
Hollinger and Mcintyre Mines. It has not been recog 
nized at Dome Mines.

Overlying the V9, (or the V8 where the V9 is 
absent), the V10 flow unit, forms the upper portion of 
the Vipond Formation. It is composed dominantly of 
hyaloclastite breccias with varying degrees of pillow 
preservation, and lesser amounts of variolitic pillow 
lava (identical in appearance to the same lithology 
within the V8) and uniform lava. Griffis (1960) sub 
divided the V10 into four subunits at the Mcintyre 
Mine, (V10a-d from base to top). A uniform, very 
fine-grained lava (V10a), is present throughout the 
map area. There is local development of poorly de 
fined pillows and breccia in the upper portion of the 
VIOa.
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Another uniform lava, the V10c, is similar in ap 
pearance to the V10a but it separates the V10b and 
V10c hyaloclastite breccia subunits and may be lo 
cally absent. Where the V10c is absent the V10b and 
V10d subunits cannot be separately distinguished.

Both the V10b and V10d are characterized by 
hyaloclastite breccia ("chickenfeed") within and in 
terstitial to variolitic pillows. The broken varioles ap 
pear as white "porcellanic shards" (Griffis 1960), and 
these units are most striking in appearance when the 
groundmass is chloritic and dark green in colour. In 
some cases, pillows have been well preserved, in 
others they have been destroyed by the brecciation 
process.

Flow-top breccias have been used as stratig 
raphic guides by many previous workers at Timmins. 
So far, the authors have found that the most promi 
nent, well developed, and consistent in situ flow top 
breccia occurs at the top of the Vipond Formation 
(V10d subunit). This flow top has been cracked and 
penetrated by seawater to a much greater depth (up 
to 5 m) than any other flow top so far encountered. 
The authors distinguish here between in situ brec 
ciation of a flow top resulting from cooling and pene 
tration of seawater, and a pillow-breccia rubble for 
med by autobrecciation of a moving flow.

At the Dome Mine, two units within the upper 
Vipond sequence have strikingly "flow-textured" up 
per portions and uniform basal portions. They overlie 
the well-formed variolitic pillow flows of the V8 and 
underlie the uniform, pillowed and flow brecciated 
flows of the Gold Centre Formation. The lower of the 
two units known as the "Andesite Flow", has a uni 
form base correlated with the V10a unit. The upper 
portion of this flow is correlated with the V10b and it 
varies from a sequence with a uniform base and 
hyaloclastitic/variolitic top to one with up to three 
such transitions (Figure 298A.3). The "Dacite Flow" 
overlies the "Andesite Flow" and has a uniform basal 
portion which is correlated with the V10c. The upper 
hyaloclastite portion of the Dacite Flow has a distinc 
tive so-called "ropey flow top" and is correlated with 
the V10d. The ropey flow top has the same texture as 
the V10d flow top, which is so distinctive in surface 
exposures throughout southern Tisdale Township and 
is also used as a marker for underground mapping at 
the Dome Mine.

GOLD CENTRE FORMATION
The Gold Centre Formation consists of the uppermost 
portion of the mafic volcanic flows of the Tisdale 
Group exposed in the study area. It is exposed ar 
ound the closure of the Porcupine Syncline (Figure 
298A.1) and is overlain by the Krist Fragmental For 
mation and wackes and argillites of the Porcupine 
Group. Despite an apparent thickness of 800 m ex 
posed in the Coniaurum and Gold Centre areas 
(Figure 298A.2) this unit has not been previously 
described in any detail. The Gold Centre Formation is 
significantly lacking in both hydrothermal alteration 
and mineralization, which may account for its geo 
logical neglect.

A section along the main powerline, southeast 
from the Bishop shaft on the Coniaurum Property, 
exposes 300 m of uniform lava which overlies the

V10d subunit. This section is generally and char 
acteristically uniform and medium grained, although it 
has a 40 m thick pillowed interval near its base, and 
a curious 10 m thick "orbicular" flow (megavarioles 
up to 15cm in diameter with no signs of pillow 
development) near its top. The rock has a "grainy", 
possibly hyalo-tuffaceous texture, characterized by 
the slight positive weathering of white grains which 
are unevenly disseminated throughout a green 
chloritic groundmass, and disseminated tan coloured 
leucoxene crystals. The top of this thick uniform 
subunit is marked by a hyaloclastite flow-top breccia 
similar to that at the top of the Vipond Formation 
(V10d) and mapped as such by Ferguson (1968). The 
uppermost 400 m of the Gold Centre Formation ex 
posed along this section is characterized by uniform 
lavas intercalated with pillowed flows (with narrow 
selvages) and thin zones of flow breccia.

In the Gold Centre area to the south, pillowed 
flow and flow breccia units are more common within 
the Gold Centre Formation, comprising roughly 50 
percent of the exposed section, and the gradation 
from a uniform base up through a pillowed interval to 
a flow top rubble (breccia) within a single flow is 
better exposed in this area. Within any flow, the 
uniform, pillowed, or breccia interval may be absent. 
In addition, each of the three textures may be locally 
developed in intervals dominated by a different tex 
ture (e.g. local development of pillows in the uniform 
basal portions of the flow). In particular, the pillowed 
and breccia textures are often intimately associated, 
with breccia fragments and hyaloclastite often filling 
interpillow areas in pillowed portions of flows.

At Dome Mines, the Gold Centre Formation is 
subdivided into the APL, 6N, 7N, 8N, 9N, and 10N 
flows. These flows are typically uniform-textured with 
mixed flow breccia and hyaloclastite tops (see Figure 
298A.3). The flow breccias, which are characteristic 
of the upper portions of flow within the Gold Centre 
Formation are autobreccia rubbles developed by the 
brecciation of a cooled crust on a moving lava flow. 
Pillowed intervals appear to be of relatively minor 
importance in the Gold Centre Formation as exposed 
at Dome Mines, with the only significant development 
occurring in the upper portion of the "APL" near the 
base of the formation (see Figure 298A.3).

The lack of alteration and mineralization in the 
Gold Centre Formation supports Roberts' (1981) ob 
servation that the main centres of gold mineralization 
in this part of the Porcupine Camp are preferentially 
related to the central Tisdale Anticline and South 
Tisdale Anticline.

EARLY MAFIC DIKES
Pre-fabric mafic dikes were discovered in outcrops 
on the Paymaster Property in 1986 and these remain 
to be mapped in detail during the 1987 field season. 
As far as can be ascertained, these dikes are the 
first reported Archean mafic dikes at Timmins 
(assuming that the fabric is late Archean), and the 
authors presently assume that they were related to 
the Tisdale volcanism.
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HETEROLITHIC BRECCIAS
Piroscho (1985) and Mason and Melnik (1986) have 
drawn attention to the development of heterolithic 
breccias at the Coniaurum and Mcintyre Properties in 
association with porphyry intrusions. The north tren 
ding breccia dike which was discovered by Piroscho 
on the Coniaurum Property (Figure 298A.2) is in fact 
a composite dike with at least two generations of 
breccia in it. Heterolithic breccias have also been 
discovered in several localities on the Hollinger Prop 
erty and at the Buffalo-Ankerite Property, and they 
are suspected at the Dome Mine.
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Grant 298B Geology of the North Zone of the Delnite 
Mine at Timmins, Ontario
D.I. Brisbin, F. Speidel and R. Mason
Department of Geological Sciences, Queens University, Kingston.

ABSTRACT OUTLINE OF GEOLOGY
Newly exposed outcrops of the northern ore zone at 
the Delnite Mine show four separate mineralized 
quartz-carbonate vein systems in an altered basaltic 
unit within a sequence of Lower Tisdale mafic and 
ultramafic volcanic rocks. The basaltic unit strikes 
west, dips about 60CN, and is flanked by highly 
altered and sheared talc-chlorite-ankerite schists. 
Two small lenses of quartz porphyry intrude the ba 
saltic unit. All lithological units are carbonatized and 
the mineralized basaltic unit is sericitized and pyritiz- 
ed, especially adjacent to mineralized vein structures.

The mineralized structures and hydrothermal al 
teration are cut by planar fabrics related to late 
cleavage, linear stretch fabric, and shear zone devel 
opment. The cleavages are defined by recrystallized 
sericite and chlorite, and the veins are folded, 
boudinaged, and recrystallized. Shear zones parallel 
or subparallel to strike reflect local zones of more 
intense cleavage development. West-northwest-tren 
ding shear zones displace lithological contacts and 
mineralized structures with a consistent right lateral 
sense of movement.

INTRODUCTION ~
The Delnite Mine is located in northwestern Deloro 
Township (Figure 298B.1). Production by Delnite 
Mines Limited from 1937 to 1964 amounted to 
920 404 ounces of gold and 73 423 ounces of silver 
from 3847364 tons of ore (Ferguson et al. 1971, 
p.61-62). In 1964, the property was sold to Aunor 
Gold Mines Limited. Delnite shafts numbers 2 and 3 
were used by Aunor to access the downplunge ex 
tension of the Aunor orebody. Production statistics 
from the Delnite Property (Aunor Gold Mines Limited 
in the 1960s and Pamour Porcupine Mines Limited in 
the 1970s) are not published.

During the Summer of 1986, Pamour Porcupine 
Mines Limited stripped an oval-shaped area roughly 
135 m long by 80 m wide on the North Zone (Figure 
298B.2) of the Delnite Property, approximately 225 m 
south of No. 2 shaft. Test-hole drilling of the stripped 
area with an airtract drill was in progress at the end 
of the field season. If drill results are favourable, a 
small open pit will be developed on the North Zone. 
The stripping afforded the opportunity to examine a 
well exposed vein system at a past-producing mine in 
a portion of the Porcupine Camp where surface expo 
sure is scarce. The geology of the mine was de 
scribed briefly by Taylor (1948) and the property 
included in a preliminary map by Ferguson (1959) 
and a compilation map by Pyke (1982). The authors 
mapped the stripped area at a scale of 1 inch to 20 
feet (1:240) as part of the work under Ontario Geosci 
ence Research Fund Grant 298 (Mason and Brisbin, 
this volume). In addition, available outcrops on the 
Aunor and Delnite Properties were mapped at a scale 
of 1 inch to 500 feet (1:6000).

The map area (Figure 298B.2) is situated on the 
southern flank of the Kayorum Syncline, approximate 
ly 750 m north of the "Destor-Porcupine Fault". The 
Aunor and Delnite Properties are underlain by an 
intercalcated sequence of mafic and ultramafic flows, 
which strike OSO0 and dip 60C N. Taylor (1948) de 
scribed this sequence at the Delnite Mine as green 
stones, tuffs, carbonatized andesites, and talc-chlo- 
rite schists, all of Keewatin age.

Ferguson (1959) and Pyke (1982) assign the 
mafic-ultramafic sequence to the lower portion of the 
Tisdale Group. Ferguson's (1959) preliminary map 
indicates the mafic flows to be typically amyg 
daloidal and pillowed. Recent mapping by the authors 
on the Delnite, and adjacent Aunor, Properties con 
firms Ferguson's descriptions. The amygdaloidal, pil 
lowed flows are typified by narrow K5 mm) selvages 
and amygdules averaging 1 mm in diameter. Thus, 
they are lithologically identical to, and in a similar 
stratigraphic position to, the Mg-tholeiitic flows of the 
Central Formation (lower Tisdale Group) exposed in 
Tisdale Township to the north.

Ultramafic lithologies are poorly exposed in the 
map area, except in the stripped area on the Delnite 
Property. Where observed, they occur as uniform, 
medium-grained, highly carbonatized units, or as 
moderately to strongly schistose talc-chlorite-carbon- 
ate schists. No primary textures were observed. One 
unit noted by Ferguson (1959) crops out just east of 
the Delnite No. 2 shaft, and near Skynner Lake west 
of the study area. This unit weathers brown with a 
distinctive grainy and locally fragmental appearance. 
Gunnison and Mullen (1986) describe the outcrops 
near Skynner Lake as being basaltic komatiites. The 
relative abundance of ultramafic lithologies in the 
lower part of the Tisdale Group in the Aunor-Delnite 
area contrasts with the lack of these lithologies in the 
Central Formation on the Hollinger, Mcintyre, and 
Coniaurum Properties of southwestern Tisdale Town 
ship (Mason and Brisbin, this volume).

Taylor (1948) identified two generations of felsic 
sills, namely quartz porphyries and "old intrusives", 
but the basis used to differentiate the two sets of 
intrusions was not described. Quartz porphyries are 
only exposed in the stripped area of the Delnite 
Property.

A pervasive west-trending schistosity is weakly 
to strongly developed in all lithologies and dips about 
60C N. Pillows and varioles of the V8, well exposed on 
a hydro line just north of the Aunor access road 
(Figure 298B.2) show a stretch lineation plunging 
gently to the west, which conforms to the western 
plunge of the ore bodies at Aunor and Delnite. The 
narrow pillow selvages and small amygdules char 
acteristic of pillowed mafic flows in the study area 
are obscured in more strongly schistose intervals.

The gold-bearing veins at the Aunor and Delnite 
Properties are hosted in carbonatized mafic flows
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Figure 298B.1. Map showing the position of the Delnite Mine in the Porcupine Mining Camp.

(Taylor 1948; Buffman 1948). On the Delnite Property, 
two zones of quartz-carbonate-ankerite veins were 
mined, hosted in two mafic flow units described as 
"highly carbonated andesites" by Taylor (1948). The 
northernmost of the above two flow units also hosts 
the Aunor orebody. Buffman (1948) described the ore 
host at Aunor as "pillowed, fine-grained andesite" 
with "irregular bands of medium, even-grained, car 
bonated andesite". Lesser amounts of ore are hosted 
by quartz porphyries at Aunor and Delnite, and diorite 
at Aunor (Buffman 1948; Taylor 1948). The 
"andesites" are in fact highly altered iron tholeiites.

GEOLOGY OF THE NORTHERN ZONE, DELNITE MINE 
Lithology
Seven lithological units are exposed in the area 
stripped on the north ore zone at Delnite. From north 
to south, they are: north basalt, "carbonate rock", 
talc-chlorite-ankerite schist, "carbonate rock", central 
basalt, porphyry, and talc-chlorite-ankerite schist (see 
Figure 298B.3). These units are described below.

Only one exposure of the "north basalt unit" is 
present in the map area, and it crops out on the 
northern side of the stripped area on which the old 
Delnite Property mine vault is located. It is a massive 
to very weakly schistose unit which is medium grey 
in colour, aphanitic, moderately carbonatized, and 
weakly chloritic. Trace amounts of fine-grained, dis 

seminated pyrite are present. Over most of the out 
crop, the flow appears massive but, locally, thin cur 
vilinear fractures are present and may be remnant 
pillow selvages. There is no veining associated with 
this unit and only weak alteration with trace amounts 
of pyrite.

There are two intervals of massive "carbonate 
rock" exposed in the northern half of the stripped 
area, separated by the central talc-chlorite-ankerite 
schists. In addition there is a lense of "carbonate 
rock" on the southern side of the central basalt unit. 
In general, "carbonate rock" is only weakly strained, 
is highly carbonatized, and contains only localized 
and minor fine-grained pyrite. It is buff to grey in 
colour and massive to weakly schistose (with inten 
sity of schistosity increasing adjacent to contacts 
with the talc-chlorite-ankerite schist). "Carbonate 
rock" can be differentiated from carbonatized basalt 
by its coarser grain size and thicker ±2 cm brown 
weathering rind. Locally, a spotted texture occurs due 
to the presence of disseminated black anhedral tour 
maline!;?) crystals. A similar texture was observed in 
the southern "schist" where fine black tourmaline 
needles were positively identified. In addition to car 
bonate, lesser amounts of fuchsite, sericite, and chlo 
rite are locally present in variable amounts.

The carbonate rock is host to abundant creamy 
white quartz-carbonate veins which are variable in
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Figure 298B.2. Map showing the surface geology of the Delnite and Aunor Properties.

orientation and are barren of sulphide mineralization. 
They are commonly less than 5 cm thick and usually 
comprise 10 to 250Xo of the rock (locally up to 4507o). 
These veins appear to be unrelated to veining in the 
central basalt, with which pyrite, gold, and chal 
copyrite mineralization is associated (see below). The 
carbonate rock is similar in many respects to the 
'carbonate rock* on the Dome Mines Property and 
may represent carbonated ultramafic rock. J. Houle 
(Geologist, Pamour Porcupine Mines Limited, personal 
communication, 1986) has reported spinifex textures 
in these rocks underground at Delnite.

Two zones of talc-chlorite-ankerite schist are ex 
posed in the extreme south, and between the two 
"carbonate rock* units. These "schists* are moderate 
to high strain zones, generally with no sulphide min 
eralization, and they may contain up to 250Xo creamy- 
white quartz-carbonate veins (^cm thick). These 
minor veins, which have been extensively deformed, 
are devoid of any sulphide content. The central 
schist unit shows changes in the attitude of schistos 
ity across its width which conform to the expected 
geometry of fabrics in a shear zone. The schist is 
blue-grey in colour with iron-rich patches character 
ized by rusty weathering, and they are composed of 
chlorite, ankerite, and talc with localized quartz-car 
bonate veins. The southern schist unit is poorly ex 
posed over a 3 m width in a trench on the southern 
side of the stripped area. It is green in colour and 
locally contains up to 57o acicular crystals of black

tourmaline and up to Q.5% disseminated pyrite grains 
(O mm in size).

The "central basalt" unit is host to all mineralized 
zones where veining is associated with wall rock 
pyritization and alteration. The abundance of veining, 
intensity of alteration, and concentration of pyrite are 
variable but interrelated. Preliminary sampling by 
W. Fink (Geologist, Pamour Porcupine Mines Limited, 
personal communication, 1986) indicated that only 
zones of veining with coincident pyritization of wall 
rocks contain significant gold values. Fabric is gen 
erally weakly developed, except in discrete shear 
zones, where schistosity is moderately to strongly 
developed. The mineralized basalt unit as a whole is 
greenish grey in colour, aphanitic and moderately 
carbonatized, weakly chloritized, and sericitized. Py 
rite content is generally less than 50Xo.

Four systems of veining occur within the central 
basalt and the basalt adjacent to vein structures is 
strongly carbonatized, weakly to strongly silicified, 
and weakly to moderately sericitized (± fuchsite). 
Pyrite generally comprises 1 to 50Xo of the rock 
(average of 2 to 30Xo) but is locally concentrated up to 
10 to 200Xo in wall rock adjacent to veins. The min 
eralized zones are generally only weakly schisted but 
may locally become moderately schistose.

Small (up to 20 cm in diameter) pillows with 
narrow selvages, and poorly defined pillow breccia 
texture, were observed near the western end of the 
pit. A breccia texture is also present in the host
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basalts of the test pit vein where exposed on the 
northern face of the vent raise outcrop.

Two slivers of "porphyry" are present in the map 
area and these are located on the northeast of the 
vent fan and in the extreme southwestern corner of 
the pit. The porphyry is typically yellowish-green to 
buff, moderately sericitized and carbonated, with 
about 1007o of 1 to 2 mm sized quartz eyes. The 
outcrop beside the vent fan is highly fractured and 
cut by numerous thin K0.5 cm) white to grey quartz- 
carbonate veins. Fine-grained pyrite is concentrated 
(1 to 307o) along fractures.

Structure
Lithological contacts (S0) are not well exposed in the 
study area but appear to strike west-southwest and 
dip steeply to the north. Examination of underground 
plans and sections confirms these apparent relation 
ships. Schistosity (Si) is developed subparallel to 
lithological contacts, and average 2707600N. Vari 
ability in attitude of S, is due to the development of a 
crenulation cleavage (S2) and disruption of litholog 
ical contacts, schistosity, and mineralized zones by 
crosscutting faults and shear zones. Both the 
schistosity and crenulation cleavage are defined by 
alignment of the alteration minerals sericite and chlo 
rite. Spatial and temporal relationships between 
crenulation cleavages and shear zones are not clear 
but the shear zones appear to represent zones of 
more intensely developed schistosity, and the 
schistosity is crenulated. Discrete shear zones occur 
as strike-parallel features in moderately to strongly 
schistose talc-chlorite-ankerite schists. The walls of 
these shear zones strike 250C to 2700 and dip 50C to 
700N. Another strike-parallel shear zone occurs along 
the northern margin of the "ankerite vein" in the 
southern portion of the map area. Four crosscutting 
shear zones strike west-northwest and dip steeply 
east-northeast. They show a consistent right-hand 
offset, displacing both lithological contacts and min 
eralized structures. The dragfolding and right-hand 
offset of the "test pit" vein along a west-northwest 
striking shear zone is clearly shown in Figure 298B.3. 
Boud in aged blocks of quartz and altered/pyritized 
wall rock were observed within the shear zone be 
tween the two offset limbs of the vein.

Velning and Mineralization
The four zones of quartz-carbonate veining and asso 
ciated mineralization in the central basalt include, 
from north to south:
1. a discontinuous zone of stockwork veining which 

is present along the central basal t/" carbonate 
rock" contact. This zone is best developed in the 
western end of the pit where it is 4 to 9 m wide. 
To the east of the most westerly shear zone, the 
zone is narrow and discontinuous

2. the "test pit" vein zone which is present from the 
eastern end of the pit to near the western end, 
where it appears to terminate against the vein 
described above. It is offset along strike by four 
right-handed shear zones but can be followed 
via a distinctive 20 to 45 cm thick blue quartz 
vein. Immediately adjacent to the blue quartz

vein is a zone of highly altered basalt, 1 to 1.5 m 
wide, which is composed of carbonate, sericite, 
fuchsite, quartz, and 3 07o pyrite. Northwest of the 
above zone is a 60 cm wide unit of highly 
silicified and quartz-veined rock with lesser fuch 
site, sericite, carbonate, and 307o fine-grained py 
rite

3. a white quartz-carbonate vein, 3 to 3.5 m wide, 
which outcrops over a strike length of 4.5 m, 
immediately east of the vent fan (Figure 298.3). 
The vein breaks up into veinlets to the northeast 
where it appears to terminate against a 
northwest-striking shear zone. Basalts on the 
hanging wall (north) side contain about 15 to 
25 07o irregular white quartz-carbonate veinlets up 
to 2 cm thick and 3 07o pyrite cubes up to 3 mm in 
size. Footwall basalts only contain 0.5 07o pyrite 
and about 507o quartz-carbonate veinlets.

4. a zone of stockwork quartz-carbonate veining, 6 
to 12 m wide, which cuts massive, moderately 
carbonatized basalts northeast of the raise col 
lared in the southwestern part of the pit (Figure 
298B.3) This zone, known as the "ankerite vein" 
at the Delnite Property, crops out from the raise 
to a northwest-striking shear zone northeast of 
the raise. The basalts contain to 307o pyrite and 
trace chalcopyrite over a width of 30 to 60 cm 
adjacent to a shear zone on the northern side of 
the vein zone, and gold values are confined to 
this zone. Basalts to the south of the "ankerite 
vein" do not contain significant sulphide or gold 
mineralization (W. Fink, personal communication, 
1986) although they contain numerous veins. To 
the east, across the northwest striking shear 
zone mentioned above, the continuity of the 
"ankerite vein" is uncertain.
The quartz-carbonate veining, alteration, and min 

eralization have been superimposed on both volcanic 
lithologies and quartz porphyries and thus they post 
date these lithologies. Zones of coincident veining, 
alteration, and mineralization (including gold) are 
confined to a central altered basalt unit and two 
lenses of porphyry hosted within it. This unit is more 
competent relative to adjacent talc-chlorite-ankerite 
schists and massive carbonatized rocks, and thus 
would have been more susceptible to fracturing. Both 
schistosity and a locally developed crenulation 
cleavage are defined by alignment of alteration min 
erals in wall rock basalt. In addition, four west-north 
west striking, east-northeast dipping shear zones 
crosscut and offset lithological contacts and veins. 
Thus the formation of all of the planar fabrics here 
appears to postdate hydrothermal alteration and min 
eralization.
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ABSTRACT
Silver vein deposits in the Thunder Bay area occur in 
two northeasterly trending zones, known as the Is 
land Belt and the Mainland Belt. Deposits within these 
belts form a spectrum of deposits ranging from bar 
ren quartz-calcite veins with minor base metals, to 
silver and base-metal sulphide±barite, to five-ele 
ment (Ag-Ni-Co-As-Bi) veins. A survey of fluid inclu 
sions and sulphur isotopes was made from repre 
sentative deposits. Fluid inclusion homogenization 
temperatures indicate that the veins formed over 
wide ranges of temperatures ranging from maxima of 
3500 to 4500C to minima less than 100CC. Tempera 
tures did not, however, differentiate the deposits. 
Salinities vary widely from 2 to 30 equivalent weight 
percent NaCI, and boiling occurred sporadically. Sul 
phur isotopic studies of sulphide minerals and barite 
revealed a range of compositions and suggest that 
equilibrium within deposits was not generally ob 
tained. Source sulphur was likely distinctly lighter 
than sedimentary sulphide minerals of the Rove 
shale, a hypothesized source of sulphur. The results 
indicate that the deposits could not be the result of 
mobilization of solutions due to heating by 
Keweenawan hypabyssal intrusions, but that a more 
general source within the Proterozoic basin must be 
called upon.

INTRODUCTION
The silver vein deposits in the Thunder Bay area of 
northwestern Ontario are a diverse group, varying in 
both composition of the ores and geographic loca 
tion. The first mine north of Lake Superior was the 
Prince Mine in 1846, originally developed for its cop 
per (Ingall 1888). The discovery of the Silver Islet 
Mine, in operation from 1869 to 1884, and briefly 
from 1921 to 1922, led to the development of large- 
scale mining activities on the mainland, where mines 
were continuously in operation from 1882 to 1911 
(Sergiades 1968). Total production from the camp is 
estimated at 4 701 000 ounces Ag (Sergiades 1968), 
dwarfed by much greater production from the Cobalt- 
Gowganda camp (500 000 000 ounces Ag; Owsiacki 
1984), but in its day, the Thunder Bay silver camp 
was a major producer of silver of international signifi 
cance.

Since the close of continuous mining operations 
in 1911, there have been recurrent attempts to renew 
activities, mostly in existing mines. Except for a small 
amount of silver production during partial dewatering 
of the Silver Islet Mine in 1921-1922, none of these 
attempts has, until recently, resulted in either new 
discoveries or additional production from older prop 
erties. However, in 1981, QC Explorations Limited 
dredged material from the Silver Islet workings. Re- 
evaluation of silver grades in stockpiled ore has led 
to a significant improvement in grade estimates, re 
sulting in recent silver production from the camp 
(G.C. Patterson, Resident Geologist, Ontario Ministry

of Northern Development and Mines, Thunder Bay, 
personal communication, 1984).

GEOLOGICAL BACKGROUND
GENERAL FEATURES
The silver vein deposits are described in numerous 
publications and reports from the period of active 
mining; however, few of these provide much in the 
way of technical data. The literature of this early 
period is contained in a comprehensive bibliography 
compiled by Tanton (1931), whose work marks the 
beginning of the application of modern science to the 
problem of the origin of the deposits.

The deposits were first subdivided into five 
groups based on their geographic position by Ingall 
(1888). Four groups—the Coast Group, Port Arthur 
Group, Rabbit Mountain Group, and Silver Mountain- 
yielded significant silver from their various mines 
(Bowen 1911), while the Whitefish Lake Group con 
sisted only of minor prospects. The linear arrange 
ment of deposits within the Coast Group on the one 
hand and the remaining groups on the other was 
appreciated by Bowen (1911), who designated them 
the "grey argillite belt* and the "black slate belt", 
respectively. The designations are neither clear nor 
accurate, as the sedimentary host rocks are the 
Aphebian Rove Formation shales in most cases, and 
the belts were renamed the Island Belt and the Main 
land Belt, respectively, by Oja (1967). The Island Belt 
deposits occur in an arcuate zone of offshore islands 
and adjacent mainland areas in Lake Superior, ex 
tending from near the U.S. Border at the mouth of the 
Pigeon River northeasterly to the end of the Sibley 
Peninsula. The Mainland Belt, occurring mostly in 
clusters comprising the four groups of Ingall (1888), 
lie in a parallel zone 30 km to the west extending 
from Whitefish Lake to Silver Harbour at Thunder 
Bay. The Dorion lead-zinc-barite veins, lying north 
east of the northern end of the Mainland Belt, have 
been included in discussions of the silver veins by 
some workers (for example, Tanton 1931; Stanton 
and Russell 1959), but have been convincingly dif 
ferentiated from them by Franklin and Mitchell 
(1977). These deposits are hosted entirely within the 
Sibley Group sedimentary rocks or within Archean 
basement inferred to have been covered by them, 
and show no spatial relationship with igneous intru 
sions. Most significantly, they do not carry more than 
traces of silver.

The Thunder Bay silver veins, as delineated 
above, are mostly hosted in Rove Formation shales, 
locally intruded by Keweenawan diabase sills (the 
Logan sills), diabase dikes (the Pigeon River dikes), 
and gabbro dikes (the Pine River-Mount Mollie gab 
bro; Geul 1970, 1973). Veins may occur predomi 
nantly within dikes (for example at Silver Islet), in the 
Island Belt, but seldom maintain width nor tenor with 
in diabase sills in the Mainland Belt (Ingall 1888; 
Tanton 1931). Only the Port Arthur Group deposits are
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hosted in the underlying Gunflint Formation, and ex 
tend as deeply as the Archean basement, while the 
3A Mine vein is hosted entirely in the Archean base 
ment. Two showings in the northerly end of the Island 
Belt, Edward Island and Porphyry Island, are hosted 
entirely in the Keweenawan Osler volcanic rocks.

More recent work has come from Guillet (1963), 
who reported on barite occurrences in the Island Belt, 
Geul (1970, 1973), whose descriptions of townships 
include portions of the Island Belt, and Franklin 
(1970), who completed a study on metallogenesis in 
the Thunder Bay area concentrating on deposits in 
the Mainland Belt. More recently, Franklin et al. 
(1986) have provided some data on fluid inclusion 
and lead isotope studies, as well as a modern over 
view of the region.

THE PROBLEM OF THE "FIVE-ELEMENT VEINS"
There is a spectrum of silver vein deposits in the 
Thunder Bay area, culminating in the fully developed 
suite of Ni-Co-arsenide minerals found at Silver Islet. 
The Silver Islet ores are of the five-element type 
(Halls and Stumpfl 1972), one of the most enigmatic 
of all deposit types, which has defied genetic cate 
gorization on a world-wide basis.

The Thunder Bay veins likewise suffer the lack 
of an accepted genetic mechanism. Certain aspects 
of the geological setting, however, serve to make the 
Thunder Bay veins more amenable to study. These 
include the following:
1. Igneous activity since the Archean is limited to 

Keweenawan hypabyssal intrusions.
2. The timing of ore deposition is well constrained 

to the Keweenawan by geological relationships.
3. Structural control of ore deposition is strong, with 

most Mainland Belt veins occupying northeasterly 
trending fault structures, while Island Belt veins 
occupy northwesterly trending fractures that cut 
diabase and gabbro dikes.

4. The sedimentary host rocks in the area are limit 
ed to the Gunflint and Rove Formations, both 
Aphebian units distinctly earlier than igneous. 
Most of the deposits of the area are actually 
within Rove Formation shales, and only a few of 
the deep vein systems penetrate as deeply as 
the underlying Gunflint Formation. Only two of 
the productive veins penetrate the Archean base 
ment, and, in fact, most are remote from it.

5. All of the Proterozoic rocks of the area are un- 
metamorphosed and undeformed except for joint 
ing and tensional faulting. The units are essen 
tially flat-lying with regional dips generally less 
than 50.
These factors limit possible sources of the vein- 

forming fluids. Fractionation of a fluid from a granitic 
source is precluded, and the small size and clear 
lack of hydrothermal activity eliminate the hypabys 
sal mafic intrusions. The clear spatial association 
with these intrusions, and shallow depth of the vein 
systems militate against derivation from a mafic 
source at depth.

The previously proposed hypothesis that seems 
most applicable to the Thunder Bay veins is the

theory of distillation of vein components from metal- 
rich source rocks by heated solutions (Franklin 1970; 
Boyle and Dass 1971). The heat source would pre 
sumably be the Keweenawan sills and dikes, based 
on the close association of ores and the intrusions. 
Smyk (1984) further showed the existence of two 
types of deposits in the Island Belt, an Ag-Co-Ni-Bi- 
As type (for example. Spar Island, Silver Islet) and a 
base metal sulphide-barite type with variable silver 
content (for example, Pie Island, Prince Mine). In a 
comparison of the Island Belt with the Mainland Belt, 
he found that the latter are mineralogically simple for 
the most part and lack barite in most cases.

The temporal and spatial association of the de 
posits suggests that they were formed by the same 
mechanism. In attempting to account for the spectrum 
of mineral assemblages observed, however, differing 
temperatures of deposition might be considered as a 
possible source. The five-element type veins are as 
sociated with gabbro dikes, a distinctly deeper and 
hotter source than the shallow and thin diabase sills 
associated with simpler vein mineralogies. Theoreti 
cal support for temperature-dependence appears in 
the work of Susak and Crerar (1985) who demon 
strated a strong temperature-dependence for complex 
formation in various metals.

This hypothesis was then tested by a detailed 
survey of fluid inclusion homogenization tempera 
tures, as well as freezing studies. Sulphur isotopic 
data were also obtained in order to attempt to assess 
temperatures and sources of sulphur in the ores. 
Sphalerite compositions were also determined in or 
der to calculate conditions of sulphur fugacity.

METHODOLOGY ~
Fluid inclusion studies were conducted using a 
Chaixmeca heating freezing stage (range from 1500 
to 6000C), which was calibrated for the temperature 
range spanned in this study. Due to uncertainties 
regarding its magnitude, and clear evidence of hydro 
static conditions in some inclusions as seen by boil 
ing, homogenization temperatures were not corrected 
for pressure.

Sulphur isotopic analyses were done by standard 
techniques by Geochron Laboratories Division, 
Kreuger Enterprises Incorporated, Cambridge, Mas 
sachusetts.

Microprobe analyses of sphalerite were conduct 
ed on an ETEC microprobe with an energy-dispersive 
analytical package at the University of Toronto. A 
beam current of 105 nA and potential of 20 kV were 
employed. Data were reduced by the computer pro 
gram PESTRIP, a University of Toronto version of 
Statham's (1976) procedure. Synthetic sphalerite 
standards containing 5 and 25 mole percent FeS, 
natural chalcopyrite, and synthetic Ag^S, MnS, and 
CdS were used for calibration.

RESULTS ~
The silver veins of the Thunder Bay area have long 
been known to occur in geographic groupings (Figure 
300.1 a), which are useful in considering the char 
acteristics. The deposits occur mainly in two linear 
zones (Figure 300.1 b), known as the Mainland Belt
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Figure 300.1. (a) Locations of groups of silver 
vein deposits in the Thunder Bay area accord 
ing to Ingall (1888), with dots representing 98 
localities described by Tanton (1931). 
(b) The two belts of silver veins according to 
Oja (1967)and Bowen(1911,parentheses).

and the Island Belt (Oja 1967). The deposits within 
the Mainland Belt are broadly similar, with base-metal 
and silver mineralization, while those in the Island 
Belt show some diversity, ranging from fully devel 
oped five-element assemblages at Silver Islet to sim 
ple sulphide and silver assemblages elsewhere.

The mines studied here are shown in Figure 
300.2. These were selected on the basis that they 
were generally producers or had especially good 
access and exposure. All groups from both belts are 
represented with the exception of the Whitefish Lake 
Group (Figure 300.1 a), which has no producers and 
was judged to be of less significance. Active collec 
tion with the aim of determining the position of sam 
ples within the paragenetic sequence at a particular 
mine was undertaken. In addition, material collected 
in previous studies emanating from Lakehead Univer 
sity was used, as well as some material borrowed 
from the Thunder Bay District office of the Ontario 
Geological Survey, and the Royal Ontario Museum.

The paragenetic sequence of mineralization is 
highly significant for the interpretation of the results 
of fluid inclusion heating/freezing studies. The para 
genetic sequences for the studied mines are de 
scribed in detail by Jennings (1987), but can be 
roughly summarized by reference to Figure 300.3. 
The Mainland Belt veins, exemplified in Figures

300.3b, c, and d are characterized by early deposi 
tion of quartz, calcite, and green fluorite followed by 
a period of fracturing. Later quartz, calcite, and pur 
ple fluorite are then superceded by sulphide min 
eralization and native silver. The period of fracturing 
is not evident, however,'in the Port Arthur Group of 
the Mainland Belt nor in the Island Belt deposits. 
Barite is generally absent in the Mainland Belt depos 
its; however, exceptions occur in the Port Arthur 
Group, Silver Mountain and one of the veins of the 
Porcupine Mine.

The paragenetic sequence in the Island Belt dif 
fers from that of the Mainland Belt in that assem 
blages vary from simple base metal sulphide * 
barite-i-minor silver to fully developed five-element 
assemblages at Silver Islet. The sequence at Spar 
Island (Figure 300.3a) is given here, as the vein is 
well exposed, and the most complete and reliable 
interpretation of its paragenesis is possible. Two 
periods of sulphide and silver deposition are noted, 
in conjunction with three phases of barite deposition, 
giving rise to a symmetrically zoned vein. In addition 
to the minerals noted in Figure 300.3a, Jennings 
(1987) noted the occurrence of minor safflorite late in 
the paragenesis, establishing links to the five-ele 
ment type deposit.

FLUID INCLUSION STUDIES
Fluid inclusion freezing studies were carried out prior 
to heating studies in order to avoid stretching of the 
inclusions. The data show equivalent weight percent 
NaCI in solution ranging from 30.3 to 2.1. The very 
low salinities of some inclusions suggest that me 
teoric water has, to some extent, mixed with saline 
brines, yielding the observed range of salinities. 
Salinities appear to vary considerably in all deposits, 
although data are inadequate in some cases.

The fluid inclusion heating data are more exten 
sive and show great variability. Inclusions homogen 
izing to both liquid and vapour in the same specimen 
occur sporadically, indicating that the fluid phase 
was not boiling continuously throughout ore deposi 
tion. This observation, combined with the absence of 
evidence of boiling in several deposits, suggests that 
veins were sporadically, at best, subjected to hydro 
static rather than lithostatic pressures.

The inclusions yield wide ranges of homogeniza 
tion temperatures within individual deposits and even 
within single hand specimens. Clearly, position within 
the paragenetic sequence is of utmost importance in 
interpreting data of this sort, and detailed consider 
ation of this factor has been made by Jennings 
(1987). However, for purposes of summarizing the 
results, it is useful to consider separately the tem 
peratures obtained from inclusions in calcite, quartz, 
fluorite, and sphalerite.

Figure 300.4 illustrates fluid inclusion homogeni 
zation and decrepitation temperatures from calcite 
from all deposits. A peak at 100CC and small peaks 
at 300C and 400CC are present with considerable 
scatter at higher temperatures. Homogenization to 
vapour, indicating boiling, occurs at high and low 
temperatures, suggesting opening and closing of 
veins to the surface during precipitation of vein min 
erals.
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INDEX TO MINES

1 Silver Islet
2 Silver Mountain
3 Porcupine, Badger. 

	Keystone, West Beaver. 
	Silver Creek

4 Beaver. Beaver Junior
5 Rabbit Mountain
6 Shunioh
7 Thunder Bay
8 Silver Harbour (Beck)
9 Three A

10 Edward Island
l l Spar Island
12 Jarvis Island
13 Victoria Island
14 Prince

• 2

20 km 
j

Figure 300.2. Mines 
selected for study of 
fluid inclusions and 
sulphur isotopes.

The heating data from quartz and fluorite are 
illustrated in Figure 300.5. Peaks occur at 1000, 2500, 
and 3500C In quartz and at the similar temperatures 
of 1250, 3250, and 4250C in fluorite. Only in sphalerite 
(Figure 300.6) is the distribution of homogenization 
temperatures rather tight with all within the range 80C 
to 1200C.

The detailed consideration of the position of the 
fluid inclusion-containing sample in its paragenetic 
sequence reveals a distinctive pattern in all of the 
Mainland Belt deposits except for the Port Arthur 
Group. This pattern, illustrated schematically in Figure 
300.7. Early calcite, quartz, and green fluorite, ac 
companied by minor base-metal sulphides at most, 
were followed by a marked decline in temperature. A 
fracturing episode was healed in a renewed episode 
of high-temperature deposition of calcite, quartz, and 
green and purple fluorite accompanied by base-metal 
sulphides and argentite/native silver as the tempera 
ture decreased. The late, vug-filling phase is also 
accompanied by precipitation of base-metal sul 
phides and argentite. Sphalerite, thus, was generally 
precipitated at low temperature phases of the para 
genetic history.

The paragenetic sequence in relation to tempera 
ture at Spar Island is shown in Figure 300.8. Ore 
deposition occurred both early and late in the se 
quence, both periods occurring at relatively low tem 
peratures. No distinct fracturing event is evident, and 
sulphide mineralization was also deposited in the 
final vug-filling phases. This schematic sequence ap 
plies generally to all of the deposits of the Island Belt 
and the Port Arthur Group of the Mainland Belt.

No trend is apparent in paired freezing point 
depression versus homogenization temperature data. 
In various examples in the literature, linear trends are 
used as evidence of mixing (for example, a cool, low- 
salinity fluid mixing with a hot, high-salinity fluid). 
However, such a linear trend would emerge only in 
the case of a simple, single-stage mixing process. As 
noted previously, the wide range of salinities deter 

mined is strongly suggestive of mixing of fluids, but 
the process must have been considerably more com 
plex than single-stage mixing of two fluids.

SULPHUR ISOTOPIC STUDIES
Sulphide minerals and barite were analyzed for sul 
phur isotopic content in order to determine such 
things as the source of sulphur in vein sulphide 
mineralization, the stage in isotopic equilibrium of the 
sulphide mineralization, and, if possible, the tempera 
ture of precipitation of sulphide minerals by means of 
isotopic partitioning. Sphalerite proved to be the most 
widespread and abundant sulphide mineral, and it 
was sought as the primary mineral for analysis. In 
mine cases, galena was in close contact with 
sphalerite and was also analyzed, potentially yielding 
information on isotopic partitioning. In two cases 
galena-pyrite pairs were analyzed.

The results of these analyses (Table 300.1) yield 
a fairly tight clustering of sulphur isotopic composi 
tions. Barite from the Island Belt has 634S between 
+S.3 and +6.5%o, with similar values from Silver 
Mountain and Silver Harbour. Sample SM30, however, 
has 63i^* SO.S'&o, but inspection of the sample re 
vealed signs of supergene dissolution of calcite. 
Such supergene processes seem also to have af 
fected the isotopic composition of the barite.

Sulphur isotopic-composition of galena from the 
Island Belt is tightly grouped between +S.6 and
* 4.1*^0. Sphalerite is slightly more variable with S^S 
ranging from *4.2 to *10.9^o. Sphalerite sample 
SI-05 yielded a much more positive 634S; however, 
examination of a polished surface revealed the pres 
ence of secondary marcasite in the sphalerite. Again, 
supergene processes seem to have affected the 
specimen.

Sulphur isotopic compositions within the Main 
land Belt are much more variable, particularly at 
Rabbit Mountain. The observed range of -1.2 to
* 9.9*500 in sphalerite includes all other values for
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Figure 300.3. Paragenetic sequences at represen 
tative mines in the Mainland and Island Belts. 
Diagrams are modified after the following: Spar 
Island (Smyk 1984); Rabbit Mountain Mines 
(Mosely 1977); Big Harry Vein, Beaver Jr. Mine 
(Cole 197 8); Little Pig Vein, West Beaver Mines 
(Manunula 1979).
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Figure 300.4. Fluid inclusion homogenization and 
decrepitation temperatures in calcite from all 
mines.
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Figure 300.5. Fluid inclusion homogenization and 
decrepitation temperatures in quartz and 
fluorite from all mines.

Mainland Belt deposits. Galenas vary from -9.30̂ o at 
Rabbit Mountain to *3.B0b at the Keystone Mine. Two 
analyses of pyrite give * 4.3*^0 at Silver Mountain and 

at the Shuniah Mine.
The wide variation in sulphur isotopic composi 

tion in a single mineral, even from a single mine, 
suggests a lack of isotopic equilibrium among the 
various mineral phases. Use of a formulae given by 
Ohmoto and Rye (1979) permits the calculation of 
temperatures based on partitioning of 634S in the 
pairs sphalerite-galena and pyrite-galena. Although 
the sphalerite-galena pairs EA6, TB3, SM600, SI4, and 
M9170 yield temperatures compatible with fluid inclu 
sion data in the range of SO0 to 2000C, the lack of 
equilibrium in each of these deposits prevents the 
drawing of much significance for these results.

Pinckney and Rafter (1972) showed that a plot of 
Ina^A(sphalerite-galena) versus the 634S of the in 
dividual phases, where a is the distribution coeffi 
cient and A is the difference in 634S, will give an

indication of the isotopic composition of the sulphur 
source, provided that the pairs are in isotopic equilib 
rium and that the system is closed with respect to 
sulphur. That the five pairs listed above yielded rea 
sonable temperatures can be taken as evidence that 
these pairs, at least, are in equilibrium. Although they 
come from five different mines, they may be pro 
ducts of a single source of sulphur (that is, a closed 
system). The plot of S34^ versus A in Figure 300.9 
implies a sulphur source composition of 634^ 
H-4.7%0.

The implied source composition is close to val 
ues typically obtained for magmatic sulphur, rather 
than the sedimentary sulphide mineralization of the 
Aphebian black shales of the Rove Formation, as had 
been anticipated. Unpublished data from 15 samples 
from four- localities give a mean 634Ss *17.7±4.4*^o 
ranging from -f 12.1 to *25.3*o (EN. Cameron, Re 
search Officer, Geological Survey of Canada, Ottawa, 
personal communication, 1986), all distinctly heavier
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Figure 300.6. Fluid inclusion homogenization tem 
peratures in sphalerite.

than any of the vein sulphide mineralization. Two 
pyrite samples from the Rove Formation near Gunflint 
Lake in Cook County, Minnesota, analyzed in this 
study, have fl^Ss+l&S and *15.2^o. The Gunflint 
Formation also contains sulphide mineralization,

TYPICAL MAINLAND VEIN

O 400 -

30O -

200 -

IOO -

PRE -
FRACTURE

lPOST -
FRACTURE

TIME

Figure 300.7. Schematic temperature versus time 
diagram for a typical Mainland Belt vein.
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Figure 300.8. Schematic temperature versus time 
diagram Aor the Spar Island vein.
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Figure 300.9. Plot of sulphur isotopic composition 
of sphalerite-galena pairs versus /na~ 
A( sphalerite-galena) for five selected samples.

which, in the Kakabeka Falls area, yields a mean 
63^*3.5±1.3^ (s.d., n=22) according to Cameron 
(1983). R.J. Shegelski (Geologist, Esso Minerals 
Canada, Timmins, personal communication, 1986) 
found a mean 634S^4-8.9±2.1^0 for 26 samples from 
various localities, which ranged from -4.1 to *15.704,.

The source value of *4.7*3oo is therefore within 
the range of values for sedimentary sulphide min 
eralization in the Gunflint Formation. However, all of 
the deposits, with the exception of those in the Port 
Arthur Group, are remote from Gunflint rocks. The 
source sulphur is possibly of magmatic origin al 
though some fractionation is required in order to 
obtain most of the values present in the silver veins. 
Episodes of boiling would liberate SO2, which pref 
erentially fractionates 32S. The residual fluid would

235



GRANT 300

TABLE 300.

Sample

EA 15
EA 32
EA 39
EA 41
SI 4
SI 5
SI 7
SI 17
SI A 
SI A
M 91 70
BLC 1
BLC 3
BLC 5
BLC 7
RM 1
RM 3
RM 6
RM 8
SM30
SM 51
SM501
SM514
SM600
EA 1
EA 6
EA 50
EA 52
EA 56
EA 61
EA 95
EA 98
EA101
SH 11
TB 3

1. SULPHUR ISOTOPIC ANALYSES.

Location

Victoria Island
Jarvis Island
Spar Island
Spar Island
Silver Islet
Silver Islet
Silver Islet
Silver Islet
Silver Islet 
Silver Islet
Edward Island
Big Harry
Big Harry
Big Harry
Big Harry
Rabbit Mountain
Rabbit Mountain
Rabbit Mountain
Rabbit Mountain
Silver Mountain
Silver Mountain
Silver Mountain
Silver Mountain
Silver Mountain
Keystone
Keystone
Keystone
West Beaver
Keystone
Porcupine
Silver Harbour
Silver Harbour
3A
Shuniah
Thunder Bay

Sphalerite

+ 10.0
+2S.6
+ 4.2
* 9.8
* 9.71 
-t- 9.9 J
+ 10.9
* 4.7
-H 6.3
-l- 7.1
4- 6.3
- 1.2
+ 3.5
4- 9.9
4- 9.3

+ 6.4

+ 9.2
4- 5.7
•f 6.8
4- 6.7
4-12.2
4- 3.5
-l- 6.7
4- 3.4

4- 2.2

4- 7.6

634S Mineral
Galena Pyrite

4-3.6

+ 4.1

duplicate
+3.S

-9.3

+3.0 4-4.3
-t- 3.6

-0.4

-0.7

-1.7 +0.7
+2.2

Barite
4- 8.3
4- 7.7
+ 8.3
+ 6.5

+30.9

+ 7.0
+ 8.7

* 6.6

then be enriched in 34S, possibly giving rise to the 
heavier sulphur isotopic values observed.

The composition of the source sulphur is open to 
some question, particularly as to whether the system 
was actually closed to sulphur. Analysis of additional 
sphalerite-galena pairs from the same mines should 
help to resolve questions of isotopic equilibrium and 
sulphur source.

A portion of the mineralogical study undertaken 
was the analysis of sphalerite from the various de 
posits (Table 300.2). The iron-content of sphalerite 
will permit the calculation of activity of sulphur when 
combined with independent information from fluid 
inclusion studies on the temperature of deposition. All 
sphalerites analyzed have iron-contents ranging from 
2.47 to 0.02 weight percent, although most yielded 
values of less than 1 weight percent. Minor element 
content is also low, except for Cd, which is fairly 
high at the Keystone Mine and very high at the native 
As and Bi deposits of Edward Island. Calculated aS2 
(activity of S2) at fluid inclusion homogenization tem 
peratures indicates a range of 852 from 10'13 to 1021 . 
Comparison with sulphurization curves given by Bar 
ton and Skinner (1979) indicates that ore deposition

occurred in a region of a log 832 versus 1/T diagram 
about the argentite-native silver sulphurization curve 
and close, as well, to the realgar-native arsenic 
curve. Thus, the presence of argentite or native silver 
was controlled by small fluctuations in 852- The pres 
ence of native arsenic at Silver Islet and Edward 
Island is partly a function of a relatively low aS2 in 
these deposits, but, as realgar is not found else 
where, a much higher availability of arsenic must 
also have been a factor.

DISCUSSION
The foregoing results seem to have devastated the 
original hypothesis of the temperature dependence of 
the mineral assemblage. The fluid inclusion homog 
enization results show no systematic differences in 
temperatures in adequately sampled deposits ranging 
from barren (for example Little Pig Vein) to simple 
(for example, Keystone) to five-element type (for ex 
ample, Silver Islet). All seem to have reached peak 
temperatures in the 3500 to 450CC range. As well, the 
two thermal peaks separated by a period of fractur 
ing, observed in most of the Mainland Belt deposits,
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TABLE 300.2. MICROPROBE ANALYSES OF SPHALERITE COMPOSITION

Sample2
MAINLAND BELT

Lime Pig Vein

LP25
LP25

Big Harry Vein

BLC4
BLC4
BLC5
BLC5
BLC5

Rabbit Mountain

RM 1
RM 1

Badger

BAD1
BAD1
BAD1
BAD4
BAD4
EA68
EA68

West Beaver

EA52
EA52
EA52
EA52
EA52
EA53
EA53
EA53
EA53
EA53

Zn

66.70
66.64

66.84
67.05
67.94
68.15
67.47

66.38
67.44

64.95
66.22
67.03
63.60
64.57
66.51
64.69

66.19
65.72
65.52
67.07
66.61
63.25
63.49
64.36
65.55
64.79

Fe Cd Cu Ag

0.33 -
0.44 -

0.40 -
0.26 ~
0.25 0.35
0.37 ~
0.97 -

0.53 -
0.18 0.51

0.48 -
1.12 0.31
0.34 0.36
2.09 -
2.26 -
0.28 -
0.68 -

0.90 -
0.21 -
0.37 -
0.23 -
0.27 -
0.31 -
0.14 -
0.27 -
0.60 0.25
1.10 -

S

32.23
31.83

31.62
31.88
33.16
32.96
33.17

31.95
31.84

30.41
32.01
31.88
31.60
32.22
32.20
32.62

33.30
33.38
33.38
33.63
33.90
32.10
32.31
32.18
32.65
32.60

Total

99.26
98.91

98.86
99.21

101.72
101.48
101.60

98.86
99.97

95.84
99.66
99.61
97.29
99.05
98.99
97.99

100.39
99.31

100.27
100.93
100.78
95.66
95.94
96.81
99.05
98.49

FeS1

0.57
0.77

0.69
0.46
0.43
0.63
1.66

0.92
0.31

0.86
1.94
0.56
3.70
3.94
0.49
1.22

1.57
0.38
0.65
0.40
0.47
0.58
0.26
0.49
1.05
1.95

1 mol "/o FeS in sphalerite
2 detectability limits - FerO.01 wt.%; Cd:0.02 wt.%; Ag:0.03 wt.%; Cu:0.02 wt.%; Mn:0.01 wt.%.
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TABLE 300.2. (cont'd.)
Sample
Silver Creek

EA10
EA10

Porcupine

EA67
EA67

Keystone

EA1
EA1
EA1
EA 1
EA 1
EA 1
EA1
EA2
EA2
EA2
EA6
EA6
EA6
EA6
EA56
EA56
EA56
EA57
EA57
EA57

Silver Mountain

SM51
SM51
SM51

ISLAND BELT

Silver islet

SI17
SI17
SI17
SI17
SI17B
SI-B

Zn

65.79
65.60

63.73
65.12

63.00
66.62
66.32
66.31
66.78
65.27
66.77
64.35
63.82
67.68
65.75
65.33
65.55
64.28
65.64
66.76
67.14
67.03
66.63
67.94

65.95
67.06
66.79

66.21
64.03
65.57
64.90
64.36
64.81

Fe Cd

0.34
0.27

2.16
1.57

0.39
0.42
0.39
0.28
0.22
0.32 0.59
0.37
0.32
0.23
0.25
0.47
0.59
0.12 0.33
0.35
0.13 1.50
0.13 0.79
0.24 0.62
0.28

0.34
0.19

0.13 0.32
0.26
0.40

0.47
2.33
0.45
0.39
1.77
0.36

Cu Ag S

32.37
32.49

32.04
32.71

32.74
33.48
33.66
33.78
33.59
31.55
32.44
31.81
31.13
31.86
32.44
32.50
31.60
31.75
32.37
32.70
28.15
32.31
32.39
28.09

32.19
32.20
32.22

32.82
32.98
32.95
33.01
31.94
31.87

Total

98.50
98.36

97.93
99.40

96.13
100.52
100.37
100.37
100.59
97.73
99.58
96.48
95.18
99.79
98.67
98.42
97.60
96.38
99.64

100.38
96.15
99.62
99.36
96.22

98.59
99.52
99.41

99.50
99.34
98.97
98.30
98.07
97.04

FeS1

0.60
0.48

3.82
2.74

0.72
0.73
0.65
0.49
0.38
0.56
0.64
0.58
0.42
0.43
0.83
1.04
0.21
0.64
0.23
0.22
0.41
0.48
0.00
0.33

0.21
0.46
0.70

0.82
4.08
0.78
0.70
3.12
0.64
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TABLE 300.2. (cont'd.)
Sample
Silver Islet (cont'd.)
SI-B
SI-A
SI-A
SI-A
SI-A
SI-A
SI-A
SI-A
SI19
SI19
SI22
SI22
SI22
M 12460
M 12460
M 12460

Prince Location

PR10
PR10
PR10
PR 2
PR 2
PR 3
PR 3

Edward Island

9170A3
9170A3
9170A3
9170A3
9170B
9170B
9170B

Zn

63.81
66.52
63.44
64.84
66.03
66.67
63.90
61.38
60.63
63.90
64.75
65.80
66.56
66.93
64.61
65.55

66.45
66.43
67.04
63.58
65.48
64.14
65.82

62.03
65.91
65.66
64.03
67.42
66.98
66.73

Fe

0.52
0.48
0.86
0.41
0.73
1.18
0.33
1.65
1.99
1.76
0.27

—
0.29
1.82
1.85
2.47

0.33
0.29
0.50
1.17
0.63
0.22
1.43

—
0.38

~
—

0.16
0.18
0.30

Cd

m^
—
~
~
—
~
—
—
—
—
—
—
—
~
-~
~

—
—
—
~
~
—
—

2.09
0.87
3.44
4.37
0.52
0.56
0.73

Cu Ag

~ —.
— —
— —
~ -,
— —
~ —

—
— —

0.36
0.42

— -,
— ~
~ ~
— —
~ —
— —

.. -.
0.33

— —
— —
— —
~ —
— —

— —
— —
— —
~ —
— ~
— —
~ —

S

32.45
33.07
32.27
31.97
33.37
31.35
31.94
31.74
31.99
32.43
31.93
32.08
32.52
32.37
31.91
33.10

32.19
31.99
32.56
31.80
31.82
31.30
32.20

31.92
32.32
32.19
32.12
32.81
32.74
32.97

Total

96.78
100.07
96.57
97.22

100.13
99.20
96.17
94.77
94.97
98.51
96.95
97.88
99.37

101.51
98.37

101.12

98.97
99.04

100.10
96.55
97.93
95.66
99.45

96.04
99.49

101.29
100.52
100.91
100.46
100.73

FeS1

0.94
0.83
1.56
0.73
1.26
1.88
0.60
3.05
3.68
3.10
0.48
0.00
0.51
3.09
3.24
4.22

0.58
0.51
0.87
2.10
1.15
0.40
2.48

0.00
0.66
0.00
0.00
0.26
0.31
0.52

seem to preclude a cooling, single-stage heat source 
(that is, dikes or sills, as the mobilizer for hydrother 
mal solutions).

The sulphur isotopic data gathered to date sug 
gest a rather more complex source of sulphur in the 
deposits than the Rove Shales alone. While more 
data are required, the lead isotopic data from Frank 
lin et al. (1986) also suggest that local influences 
have modified leads derived from diverse sources.

Both of the above considerations imply that the 
ore-depositing solutions were derived from a much 
greater area than that immediately adjacent to 
Keweenawan intrusions. However, the Keweenawan 
intrusions clearly have played some role in localizing 
deposition of the ore. G.C. Patterson (Resident Geolo 
gist, Ministry of Northern Development and Mines, 
Thunder Bay, personal communication, 1986) has 
commented on the association of graphitic carbon 
with the ores and suggested that nucleation of min 
erals, particularly native silver, is related to 
"activation* of carbon in the contact aureoles of the 
intrusions. Similarly, carbon dispersed in sedimentary

rocks could be recrystallized into a more chemically 
active form by the heat of the intrusions. The carbon 
may then have served as a reductant at the site of 
deposition.

The ore-bearing solution is still without an ob 
vious source in the above scenarios. The high tem 
peratures determined require heating well beyond 
that generated in a sedimentary basin under normal 
conditions. A conjecture at this point is that heating 
may be associated with high heat-flow associated 
with the Keweenawan rifting event. The ore-bearing 
solutions could then have circulated in the basement 
as well as the Proterozoic basin, deriving their com 
positions from diverse source rocks, but with impor 
tant contributions from shaley sedimentary rocks.

CONCLUSIONS AND FUTURE OBJECTIVES
The results of the present year's work have led to 
the following conclusions:
1. The spectrum of deposit types in the Thunder 

Bay area is unrelated to differences in tempera-
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ture at the site of deposition. Two thermal peaks 
in the Mainland Belt deposits, separated by a 
period of fracturing, indicate that a single cooling 
heat source could not be the heat engine driving 
circulation of hydrothermal solutions.

2. Sulphur isotopic data from various deposits and 
within single deposits show a considerable 
range. The source of the sulphur does not appear 
to correspond to sedimentary sulphide mineral 
ization in the Rove shales, but to a more complex 
source.

3. Salinities of fluid inclusions show great variation, 
suggesting the mixing of meteoric and connate 
water, perhaps with limited effects due to boiling 
of the ore-depositing solutions.

FUTURE OBJECTIVES
Further work on the origin of sulphur in the veins 
seems to be of value. To this end, additional data, 
particularly for sphalerite-galena pairs, will be sought. 
As well, studies of carbon and oxygen isotopes in 
calcite and quartz will further help to characterize the 
origin of the solutions.

Knowledge of behaviour of the vein systems as 
a function of depth is also necessary in order to 
further constrain genetic mechanisms. Drill core from 
the Shuniah and Porcupine Mines has been obtained 
for this purpose, and samples from various levels of 
the Rabbit Mountain Mine has also been collected.

Finally, the De ad horse Creek Veins (Patterson et 
ai 1984, 1985; Franklin et al. 1986), located much 
farther to the east, are believed to be related to the 
Thunder Bay veins. New discoveries in the Terrace 
Bay area (B.R. Schnieders, Staff Geologist, Ministry of 
Northern Development and Mines, Thunder Bay, per 
sonal communication, 1986) may also be of this type. 
With recent dramatic improvement in silver prices, 
study of this area may yield practical as well as 
scientific benefits.
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