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FOREW ORD

The Ontario Geological Survey of the Ministry of Northern Development and Mines 
has, since 1980, mounted a substantial program to provide new, primarily field-based, 
descriptive data on the geological environment of  Archean lode gold deposits. The early results 
of this program were reported in 1984 in Open Hie Report 5524 - An Integrated Model for 
the Origin of Archean Lode Gold Deposits, which was intended to promote discussion.

Subsequent work in this gold program has greatly increased the data base upon which 
the 1984 genetic model was developed. These new data have confirmed the principal premises 
of the early genetic model - that most, if not all, Archean gold deposits are fundamentally 
similar, and have resulted from a single set of genetic processes. The different characteristics of 
individual deposits result from the interaction of a simple set of fundamental variables upon a 
similarly simple set of inherent characteristics.

Part I of this paper presents this expanded base of descriptive data on Ontario's 
Archean lode gold deposits and an interpretation of that data. Part II of the report addresses 
the more theoretical problems of the origin of the gold and how it was transported to present 
sites of mineralization. In total, the data presented and the models derived from them offer 
significant new insight into how to explore for gold deposits in Ontario's Precambrian Shield.

V.G. Milne 
Director
Ontario Geological Survey 
2 May 1988





IN TR O D U C TIO N

In the four years since the publication of a preliminary version of this report 
(Colvine et al. 1984), extensive new descriptive data on Archean lode gold deposits have been 
generated; research into the genesis of gold deposits has also increased. In the past, the 
empirical, descriptive data on these deposits have proven of more practical use in exploration. 
For these data to be successfully applied in exploration, gold deposits must comply with 
consistent geological - metallogenetic controls; if they do not, then a geologically chaotic 
situation exists, in which data from any one deposit may be pertinent only to that deposit. 
Thus the practical and theoretical aspects are to a certain extent interdependent. An attempt 
is made in this report to deal principally with information pertinent to the depositional 
environment in Part I, and with more fundamental aspects of gold genesis in Part II.

Part I expands on the premise discussed in Colvine et al. (1984) that most, if 
not all, Archean lode gold deposits are fundamentally similar. Based on this premise, data 
from many individual deposits and mining camps are drawn together into a composite 
depositional model. The model attempts to explain the variability in many of the inherent 
characteristics of gold deposits by the interaction of a defined set of fundamental geological 
variables.

Inherent characteristics common to most gold deposits are their occurrence 
within regional scale linear composite shear systems, their apparently similar late Archean age 
over large areas of the Shield, and their spatial association with a late Archean suite of felsic 
intrusions. Form and distribution of gold mineralization and associated wallrock alteration, 
however, show a high degree of variability from one deposit to another.

The principal fundamental variables addressed are lithologies which host 
mineralization, and ambient metamorphic environment and hydrothermal fluid pressures during 
mineralization. On a local scale, variability in inherent characteristics can commonly be 
attributed principally to variability in host lithologies. On a larger scale, the variability in the 
inherent characteristics within a single gold system, or between systems, can be explained 
principally as a function of depth of burial beneath the paleosurface during mineralization. 
Metamorphic grade of the host rocks is an indicator of depth of burial, although pressure - 
temperature conditions may change during the life of a mineralizing system. This results in a 
vertical zonation of gold deposits, which is discussed extensively in Part I of the report. The 
effects of the mineralizing fluid itself may locally disrupt this overall systematic pattern.

Empirical evidence is presented throughout Part I for the consistent relative 
timing of mineralization and its absolute age is addressed directly. Similarly, evidence for the 
consistent composition of the fluid is presented indirectly from alteration studies and directly 
from fluid inclusion and isotope geochemistry data. The cause of gold precipitation to form 
mineable concentrations has not been definitely established, but several lines of evidence are 
discussed which help establish which processes may have been more important.

Colvine et at. (1984) presented evidence which was considered to be 
inconsistent with a model which invokes syngenetic concentration during volcanism and 
sedimentation, subsequently reconcentrated by structural, magmatic and metamorphic processes. 
This report does not address alternative models directly, but presents additional evidence that 
the observed characteristics of gold deposits can be explained as the product of a single 
mineralizing event, unrelated to volcanism and sedimentation. The test of this model is its 
internal consistency in demonstrating the interrelationships of the various geological processes 
which operated during mineralization.



Part II of the report discusses the more fundamental problems of where gold 
came from and how it was transported into its depositional sites. Evidence is presented in 
Part I that final transport was in hydrothermal fluid. The volumes of fluid indicated are too 
great to have been derived locally, the fluids and the gold must, therefore, have been derived 
from a source external to and deeper than the depositional sites. Part II, therefore, examines 
crustal scale processes which were temporally related to the gold mineralizing event.

Geochronological evidence is now adequate to demonstrate that the deformation 
zones which host gold deposits developed during a Shield-wide tectonic compression which 
occurred during a major magmatic event of batholith emplacement and a metamorphic event 
which affected the upper and lower crust. How these crustal processes may have interrelated 
to produce solution, transportation and deposition of gold is discussed, but it is clear that there 
is not yet a single definitive solution to this complex geological problem. What is clear, 
however, is that gold concentration is the product, or more correctly the byproduct, of a 
fundamental stage in the Earth’s evolution which is manifested as final cratonization of the 
Archean crust.
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1. TH E G EO LO G ICAL SETTIN G  O F G O LD  

IN  TH E SU PE R IO R  PR O VINCE

1.1. INTRODUCTION

A knowledge of the regional geological set
ting of Ontario’s Archean lode gold deposits is pre
requisite to any discussion of how these deposits 
may have formed. Deposit-scale lithological associa
tions of gold provide critical empirical observations 
which are essential to construction of the descriptive 
model that is developed in Fart 1 of this volume. 
This chapter, then, first presents summaries of the 
distribution of gold in the Superior Province, and of 
the geology of the Superior Province. These are 
followed by a summary of the lithological associa
tions of gold, and the implications of those associa
tions.

12. DISTRIBUTION OF GOLD 
DEPOSITS IN  THE SUPERIOR 
PROVINCE

The Superior Province (Figure 1.1) is the 
largest exposed Archean craton in the world, and 
has accounted for more gold production than any 
other Archean craton, with more than 150 million 
ounces (4500 tonnes) produced to date. The loca
tions of the principal gold camps in the Superior 
Province are shown on Figure 1.1. Table 1.1 lists 
the 25 largest deposits known to date: each of 
these has produced, or is known to contain, more 
than 1 million ounces (30 tonnes) of gold.

Figure 1.1. Generalized geology o f the Superior Province, showing subprovinces and the locations o f m ajor gold  
camps. G old cam ps shown include: 1 - Timmins/Porcupine, 2 - Kirkland Lake, 3 - Hemlo, 4  - R ed Lake,
5 - Larder Lake, 6 - Val d'Or, and 7 - Matartic. M ap m odified from  Card and Ciesielski (1986).



MINE 
GOLD

MILLIONS OF TROY OUNCES)

1. H o llinger, Porcupine 1 9 .4
2 . Dom e, Porcupine 1 0 .8
3. M c In ty re , Porcupine 10.6
4. K e rr Addison, L a rd e r L ake 10.1
6. Page Williams, Hemlo 9.1
6. L ake  S hore, K irk land Lake 8 .5
7 . Golden G iant, Hemlo 6 .7
8 . C am pbell Red L ake , Red Lake 5 .5
9. W rig h t-H a rg re a v e s , K irk land  L ake 4 .8

10. Lam aque, V al d 'O r 4 ,7
11. T e c k -H u g h e s , K irkland Lake 3 .7
12. Sigm a, V al d 'O r 3 .3
13. David Bell, Hemlo 3 .0
14. Pam our (n o .1 ), Porcupine 2 .9
15. E as t M alartlc , V a l d 'O r 2 .9
16. M ac as sa , Kirkland L ake 2 .6
17. Aunor ( n o .3 ), Porcupine 2 .5
18. M adsen, R ed L ake 2 .4
19. D ickenson, R ed Lake 2 .3
20 . M a la rtlc  Goldfields, V a l d 'O r 1.7
21 . S ylvan ite , K irkland L ake 1.7
2 2 . Hallnor (no.2 ) , Porcupine 1.6
2 3 . Preston, Porcupine 1.5
24 . Cam flo, V al d 'O r 1.5
25 . D etour L ake  Mine, D etour Lake 1.5

Table 1.1. G old content (production an d /or reserves) o f the 25 largest gold m ines in the Superior Province.

As illustrated by Table 1.1, the Abitibi belt 
is clearly the most prolific gold-producing greenstone 
terrane in the Superior Province: the Timmins 
(Porcupine) camp alone has contributed in excess of 
51 million ounces (1530 tonnes) of gold, far greater 
than production from the Kalgoorlie camp in West
ern Australia, or from the Homestake deposits in 
South Dakota. The recently discovered deposits at 
Hemlo contain proven reserves in excess of 18.8 
million ounces: these reserves, which will undoubt
edly increase as development continues, have already 
placed Hemlo within the top 5 gold camps of the 
Superior Province.

One prominent characteristic of all signifi
cant gold deposits in the Superior Province is their 
occurrence within or immediately adjacent to green
stone belts (Figure 1.1). They are not, however, 
preferentially hosted by a specific greenstone lithol
ogy or lithological assemblage, but occur within all 
greenstone lithologies. This is in marked contrast 
to the economically significant, volcanogenic massive 
sulphide deposits, which show a strong correlation 
with felsic pyroclastic rocks that are geochemically 
and geochronologically distinct.

A  second, equally prominent, characteristic 
of the gold deposits is their occurrence within major 
tectonic zones which comprise linear composite 
shear systems (Figure 1.2). These shear systems, or 
deformation zones, are commonly of regional extent, 
exhibit systematic orientations and sense of shear, 
and may truncate all Archean lithologies. The 
deformation zones and their relationship to gold 
deposits are discussed in detail in the next chapter 
of this.

1.3 . GENERAL GEOLOGY OF THE 
SUPERIOR PROVINCE

Card and Ciesielski (1986) divided the Supe
rior Province into four major subprovince types 
(Figure 13): volcano-plutonic, plutonic, metasedi- 
mentary, and high grade gneiss. The boundaries of 
these subprovinces are either major dextral, tran
scurrent, east-striking faults (e.g. the Quetico Fault), 
or zones of structural and metamorphic transition 
(e.g. the boundary between the Winnipeg River and 
Wabigoon subprovinces).

The greenstone belts which host the gold 
deposits occur as east-northeasterly-trending, ribbon



Figure 1 2 .  M a jo r  fa u lts  o f  the Superior Province, with m a jo r  g o ld  ca m p s su perim posed . S ee  Figure 1.1 fo r  
explanation o f  g o ld  cam ps. M ap  m o d ified  fro m  C ard a n d  C iesielski (1986).

or amoeboidal domains in the volcano-plutonic ter- 
ranes (Figure 1.1). These belts have accounted for 
the majority of the wealth of metallic mineral pro
duction of the Superior Province. Wood and Wal
lace (1986) and Ayres e t al. (1985) present compre
hensive descriptions of the characteristics of the 
greenstone terranes of the Canadian Shield. The 
greenstone belts, which in general have been well 
preserved, typically consist predominantly of mafic to 
ultramafic and felsic metavolcanics, interlayered with 
clastic and chemical metasediments. In several of 
the belts, a volcanic cyclicity occurs on both minor 
and major scales (Thurston 1986). Locally, the vol
cano-sedimentary sequences are unconformably 
overlam by linear belts of shallow water to subaerial 
metasediments and alkalic volcanics, which have 
historically been called Timiskaming-type" (Cook 
and Moorhouse 1969).

The supracrustal rocks have been intruded 
by syn-volcanic plutons, and are bordered by massive 
to foliated granitoid rocks and gneisses. In addition 
to these older intrusions, late Archean, saturated

and undersaturated felsic to mafic igneous rocks 
were intruded into the greenstone belts.

The metamorphic grade of the present ero- 
sional level of most greenstone terranes ranges from 
sub-greenschist to greenschist facies in the centre, to 
lower amphibolite facies at the margins, where the 
belts grade into gneissic terrains or are intruded by 
external granitoid batholiths. Amphibolite facies 
contact metamorphic aureoles occur around intru
sions into the greenstones (cf. Jolly 1978,1980).

The greenstone terranes have been subjected 
to internal folding and tilting, so that most strata 
are now subvertical. Strata most commonly face 
away from the marginal and internal granitoid bod
ies and form large synclinoria (eg. the Blake River 
Synclinorium in the Abitibi greenstone belt). Most 
workers have attributed this tilting to diapiric ascent 
of batholithic complexes (eg. Schwerdtner e t al. 
1979). However, strain aureoles are normally lim
ited to discrete zones surrounding the batholiths, 
and large areas of greenstone terranes remain 
remarkably unaffected by the strain that can be



Figure 1-3. D istribu tion  o f  m a jo r  subprovinces in the Superior P rovince. D iagram  after C ard  a n d  C iesielski (1986).

directly attributed to the emplacement of the large 
batholiths (Stott 1985). In the light of this evi
dence, and newly recognized stratigraphic repetitions 
and reversals in younging directions, other models, 
such as rifting and wrench faulting (Ludden e t al. 
1986), thrusting (Williams 1987, McGill and Shrady 
1986), and/or listric normal faulting (Hodgson 
1983b, Gibson e t al. 1986), must be considered as 
possible mechanisms of tilting of the strata.

Structural and stratigraphic continuity are 
locally completely disrupted by late shearing, associ
ated with the major deformation zones, as discussed 
in Chapter 2, Part I of this volume.

1.4. GEOCHRONOLOGY OF THE 
SUPERIOR PROVINCE

More high precision U-Pb zircon and titan- 
ite geochronology has been carried out on samples 
from the Superior Province than on any other 
Archean craton. These data, combined with high 
quality, detailed mapping, provide a comprehensive 
geocbronological framework for the Superior 
Province. This absolute time framework is essential 
to understanding how the Superior Province devel
oped. It is also an essential time frame with which 
the timing of gold mineralization, discussed in 
Chapter 5, Part I, must be compatible.



to 2730 Ma., and a minor episode at 2830 Ma. 
(Corfu and Andrews 1987).

The greenstone terranes of the southeastern 
Superior Province contain younger volcanic rocks 
(2750 to 2700 Ma.) than those of the northwestern 
terranes, with the exception of one felsic volcanic 
unit at Hemlo which returned an age of 2772 Ma. 
(Corfu and Muir 1988). Samples from the south
eastern terranes also indicate short time intervals 
between volcanic episodes; for example, in the 
T immins area, three distinct felsic volcanic episodes 
occurred at 2727,2714 and 2700 Ma. (Marmont and 
Corfu 1988).

Volcanism in the Wabigoon Subprovince is 
generally similar in age to that of the southeastern 
greenstone terranes (2755 to 2700 Ma., Davis and 
Edwards 1986), but some greenstones in the Wabi
goon (eg. the Lumby Lake area) are as old as 2999 
to 2990 Ma. (Davis and Jackson 1985).

Figure 1.4. Sample locations fo r U-Pb zircon and titanite geochronology in greenstone terranes o f  the Superior 
Province. A ll determinations with the exception o f Mortensen (1987) were carried out at the Jack Satterly 
Laboratory, Royal Ontario Museum, Toronto.

Figure 1.4 shows the locations of samples 
dated, and Table 1.2 lists the range of volcanic and 
plutonic ages obtained from greenstone belts in the 
Superior Province where U-Pb zircon geochronology 
has been completed. The data are considered in 
the following discussion in the context of three 
major chronographic zones: the northwestern Supe
rior Province, the Wabigoon Subprovince, and the 
southeastern Superior Province. This discussion 
summarizes the Arche an igneous activity in the 
Shield, and is extrapolated from all the published 
U-Pb zircon and titanite ages in Ontario (Figure 
1.5).

The greenstone terranes of the northwestern 
Superior Province contain the oldest volcanic rocks 
dated in the Province (3013 ± 10 Ma.). Volcanic 
episodes were separated by long intervals of no 
magmatic activity. For example, three distinct felsic 
volcanic episodes occurred in the Red Lake belt: 
two major episodes, at 3000 to 2900 Ma. and 2760



AREA
RANGE OF AGES

VOLCANIC PLUTONIC

SOUTHEASTERN GREENSTONE TERRANES

1. Tim mins 2 7 3 0  -  2 6 9 8 2691 -  2 6 7 3

2 . Kirkland Lake 2 7 4 7  -  2701

3. Detour Laka -  Chibougamau 2 8 0 2  - 2 7 2 2  -  2 6 9 7

4 . Gamitagama 2713 - 2 6 6 6  -

5. Batchawana 2 7 3 0  -  2701 2 6 7 8  -  2 6 6 8

6 . Hemlo 2 7 7 2  -  2 6 9 5 2 6 9 0  -  2 6 7 0

7. Shebandowan 2 7 3 3  -  2 6 8 9 2 6 0 4  -

WABIGOON GREENSTONE TERRANE

8 . Lumby Laka 2 9 9 9  -  2 9 9 0 2 9 2 9  -

9 . Kakagi 2731 - 2 7 0 9  -  2 6 9 9

10. Savant -  Crow  Lakes 2 7 5 5  -  2 7 0 3 2 6 9 5  -

11. Sturgeon Laka 2 7 3 3  -  2717

12. Manitou Laka 2 7 5 5  -  2 7 0 3 2 6 9 5  -

NORTHW ESTERN GREENSTONE TERRANES

13. Red Laka 2 9 8 9  -  2 7 4 4 2719 -  2 7 0 0

14. Favourable Lake 2910 - 2 7 3 2  -  2710

15. North S p irit Laka 3 0 2 3  - 2 7 4 4  -

16. Uchi -  Confederation Lakes 2 9 5 9  -  2 7 3 8

Table 1 2 . Summary o f  U-Pb zircon and titanite geochronological determinations fo r volcanic and plutonic rocks 
from greenstone terranes o f  the Superior Province. A ll determinations, with the exception o f  Mortensen (1987), 
were carried out in the Jack Satterty Laboratory, Royal Ontario Museum, Toronto. Sources o f  data include: 
Timmins - Marmont and Corfu (1988), Frarey and Krogh (1986); Kirkland Lake - Marmont and Corfu (1988); 
Detour Lake - Chibougamau - Marmont and Corfu (1988), Mortensen (1987); Gamitagama - Krogh and Turek 
(1981); Batchawana - Corfu and Grunsky (1987); Hemlo - Corfu and Muir (1988); Shebandowan - Corfu 
and Stott (1986); Lumby Lake - Davis and Jackson (1985); Kakagi - Davis and Edwards (1986); Savant - 
Crow Lakes - Davis et al. (1981); Sturgeon Lake - Davis and TroweU (1982); Manitou Lake - Davis et al. 
(1981); R ed  Lake - Corfu and Andrews (1987); Favourable Lake - Corfu et al. (1981); North Spirit Lake - 
Corfu and W ood (1986); Uchi - Confederation Lakes - Nunes and Thurston (1980).

Across the Superior Province, many intru
sions have yielded ages similar to their volcanic 
counterparts. In addition, a number of younger 
intrusions which cut the supracrustal package have 
been dated; in most cases, field relationships indi
cate that the supracrustal rocks have been folded 
and/or tilted prior to the emplacement of these 
intrusions. These intrusions are the youngest host 
lithology to gold mineralization (see Chapters 4 and 
5). In the northwestern greenstone terranes, they

have ages between 2720 and 2700 Ma. (Corfu and 
Andrews 1987), and in the southeastern terranes, 
they range in age between 2690 and 2665 Ma. 
(Corfu and Stott 1986, Corfu and Grunsky 1987, 
Marmont and Corfu 1988).

In the Timmins area, these intrusions com
prise two suites (Marmont and Corfu 1988): a 
quartz-bearing suite (usually quartz porphyries) 
which dates between 2691 and 2688 Ma., and a sil-



Figure 1.5. S u m m ary o f  geochronologfcal da ta  fo r  A rchean  vo lcan ism  a n d  p lu to n ism  in the S u perior Province. 
See Table 1.2 fo r  a d d itio n a l inform ation.

ica-undersaturated suite (monzonite, syenite, lampro
phyre?) which dates between 2678 and 2673 Ma. 
The significance of these intrusions to gold mineral
ization is discussed in detail in Chapter 4, Part I of 
this volume.

In summary, the geochronological data 
indicate that the latest volcanic activity occurred at 
different times in the greenstone belts across the 
Superior Province (Figure 1.5). This final volcanic 
activity is older in the northwestern terranes (2740 
to 2720 Ma.) than in the southeastern terranes 
(approximately 2700 Ma., ignoring the one anoma
lously old sample from the Hemlo area). The sec
ular variation reflected in the age of the late 
Archean plutons also implies that cratonization of 
the Superior Province occurred earlier in the north
western terranes than the southeastern terranes.

At present, U-Pb geochronology of the high 
grade metamorphic terranes is restricted to but a 
few parts of the Superior Province (Percival and 
Krogh 1983, Krogh et al. 1988, Corfu 1987). Corfu

(1987) demonstrated that titanites (used to obtain 
metamorphic and metasomatic ages) from the vol
canic units dated by zircons (used to obtain forma- 
tional ages) yield identical or slightly younger ages 
than are obtained from the zircons. This suggests 
that the greenstone terranes had a rapid cooling 
history and were not disturbed after cratonization. 
Corfu (1987) also showed that both zircons and 
titanites from granulite terranes in the Superior 
Province yield multiple ages, which suggests a pro
tracted thermal and magmatic history. This aspect 
of late Archean tectonism is fully discussed in Part
II.

1.5. LITHOLOGICAL ASSOCIATIONS OF 
GOLD DEPOSITS

All Archean rock types within the green
stone belts of the Superior Province are known to 
host gold mineralization. The metamorphic grade of 
these rocks ranges from sub-greenschist to middle 
amphibolite facies. As well, individual gold deposits



Figure 1.6. Generalized geology and ore zones o f  the 15th. level at the Campbell Red Lake and Dickenson (A.W. 
White) Mines, Red Lake. Diagram after Lavigne and Crocket (1983).

Figure 1.7. Generalized gological cross-section o f  the D om e Mine, Timmins. Diagram modified after Girdwood et 
al. (1983).

can be contained in a number of lithologies. The 
Campbell Red Lake and Dickenson (A.W. White) 
Mines in the Red Lake camp (Figure 1.6), and the 
Dome Mine in the Timmins camp (Figure 1.7) are 
good examples of this heterogeneity of host litholo
gies in a single deposit. In these mines, host rocks 
include ultramafic, mafic and felsic metavolcanics, 
clastic metasediments, and mafic to felsic intrusions.

Previous models for the generation of lode 
gold deposits have suggested that particular litholo
gies in greenstone belts are preferred hosts to min
eralization. One test of this hypothesis is a com
parison of the frequency of occurrence of gold min
eralization in a lithology, at a gold camp or deposit 
scale, with the frequency of occurrence of that 
lithology in a greenstone belt. The results of this



comparison for the Abitibi greenstone belt, done by 
Colvine et al. (1984), are shown on Figure 1.8. The 
data permit several observations to be made about 
the occurrence of gold mineralization, and also clar
ify some often quoted concepts about gold deposits:

(1) Mafic and ultramafic volcanic and 
intrusive rocks have been suggested as pre
ferred host rocks to gold. While these 
lithologies are widespread within greenstone 
belts, their frequency of occurrence as hosts 
to mineralization is less than their belt-wide 
occurrence.

(2) Clastic metasediments host mineraliza
tion in a frequency approximately propor
tional to their belt-wide occurrence.

(3) Felsic metavolcanic rocks have a some
what higher incidence in the mlneralizaed 
areas than within greenstone belts as a 
whole. This may be an artifact of lithologi
cal identification: in some deposits, felsic 
intrusive units have been identified as felsic

metavolcanic rocks, due to destruction of 
intrusive contacts by deformation, (eg. the 
Pearl Lake Porphyry in the McIntyre Mine, 
Davis and Luhta 1978). In other areas, 
highly silicified and/or feldspathized mafic 
metavolcanic rocks have been misidentified 
as felsic metavolcanic rocks (eg. the Ross 
Mine, Troop 1986).
(4) Chemical metasediments such as 
banded iron formations are only a minor 
proportion of greenstones. The observation 
in many greenstone terranes that these 
lithologies, when present, constitute a 
favourable chemical and structural host to 
mineralization is supported by the data on 
Figure 1.8. However, they do not represent 
a major ore host. Hodgson (1983a) demon
strated that, in fact, banded iron formations 
are more frequently associated with eco
nomically poorer deposits.

(5) The post-volcanic felsic plutons within 
the Abitibi belt are minor in volume in 
comparison with syn-volcanic felsic intru-

Figure 1.8. Relative abundances o f  greenstone lithologies present: (1) in the A bitibi greenstone belt, (2) 
associated with gold mineralization a t a property scale, and (3) hosting gold mineralization at an orebody scale. 
Diagram after Colvine et al. (1984).



Figure 1.9. G en era lized  geology o f  the Young D a v id so n  M ine, M atachew an. D iagram  after S incla ir (1982).

Figure 1.10. Generalized geological cross-section 
through the No. 1 Shaft o f the M acassa Mine, 
Kirkland Lake. Diagram after Chariewood (1964).

sions, constituting less than 4% of the belt. 
However, these post-volcanic intrusions are 
very common in mineralized areas, consti
tuting more than 25% of host rocks to min
eralization. In several deposits, gold miner

alization is either completely (eg. the 
Young-Davidson Mine at Matachewan) or 
predominantly (eg. the Macassa Mine at 
Kirkland Lake) hosted by felsic to inter
mediate, silica-saturated to undersaturated 
intrusions which cut the folded and tilted 
supracrustal package. In the Young-David
son Mine (Figure 1.9), trachytic syenite 
intruded at the contact between mafic 
metavolcanic rocks and clastic metasediments 
is the only host to mineralization (Sinclair 
1982). In the Macassa Mine (Figure 1.10), 
a suite of mafic to felsic syenites intrudes 
the supracrustal rocks, which include 
Timiskaming-type sediments and volcanics, 
and is host to most of the gold mineraliza
tion. The role of felsic magmas in the 
development of Archean gold deposits is 
discussed in more detail in Chapter 4, Part 
I and in Part II of this volume.

1.6. SUMMARY

For the most part, this chapter has pre
sented field observations about Archean lode gold 
deposits. These field data were supplemented by 
precise geochronology, which establishes an absolute 
time frame in which to discuss both the evolution of 
the greenstone terranes which host the gold 
deposits, and the probable time of gold mineraliza
tion. Collectively, the field and geochronological 
data are consistent with the formation of the gold 
deposits after the intrusion of late tectonic plutons 
into the folded and tilted supracrustal sequences of 
the greenstone belts.



In most geological and mineral deposits 
studies, cross-cutting relationships similar to the ones 
documented in the preceding sections would be 
accepted as conclusive evidence of a sequence of 
events. A simplistic analogy would be the inter
pretation of the age of a dike swarm cutting across 
folded rocks. However, gold deposition may not 
have been so simple a process, and a more thor
ough examination of the Archean gold deposits may 
be necessary to develop a comprehensive under
standing of how they formed.

In the remaining chapters of Part I of this 
volume, the hypothesis that gold was the product of 
a major mineralizing event in the Archean is exam
ined in the context of its structural setting, associ
ated wall rock alteration and relationship to meta
morphism, and association with felsic magmatism. 
These data, complemented with geochronology and 
studies to characterize gold-bearing fluids, are used 
to construct a depositional model for Archean lode 
gold deposits, correlated in time across large areas 
of the Superior Province.





2. STRUCTURAL SETTING

2.1. INTRODUCTION

It has long been known that Archean lode 
gold deposits occur in deformed rocks (cf. Hurst 
1935, Gunning and Ambrose 1937, Newhouse 1940). 
At the largest scale, gold deposits are clearly associ
ated with shear systems, herein called deformation 
zones. These deformation zones are mappable fea
tures on a regional scale. As shown on Figure 1.2, 
all of the major gold camps in the Superior 
Province of Canada, including Rice Lake, Red Lake, 
Beardmore - Geraldton, Hemlo, Wawa, Timmins, 
Kirkland Lake, Val d’Or - Malartic, Casa Berardi 
and Duparquet, are associated with deformation 
zones which are of regional extent. It seems prob
able, given this strong correlation, that the deforma
tion zones played an important, if not fundamental, 
role in the formation of the gold deposits.

Within certain portions of the regional 
deformation zones, smaller scale structures can be 
shown to have played a direct role in localizing gold 
deposits. Deposits as a whole, and individual ore- 
bodies and ore shoots at a smaller scale, commonly 
fill specific structural features, such as fractures, 
shear surfaces, extension cracks, fold hinges and 
intersections of planar structures. These deposi- 
tional sites within deformation zones typify sites that 
were dilatant and permeable during deformation. 
Their occurrence and orientation, which often seem 
random upon cursory inspection, can generally be 
explained by strain analysis at different scales in the 
deformation zones.

In addition, there is evidence, from a com
posite analysis of the different gold deposits, that 
these structural sites of gold deposition change in 
form with depth. Therefore, the geometry of gold 
deposits at all scales changes in style with depth of 
formation. This implies a vertical zonation to the 
geometry of gold deposits that provides an element 
of predictability, fundamental to an applied model 
for Archean gold deposits.

This chapter addresses the structural con
trols of gold mineralization, by relating the mineral
ization to successively smaller structures. The 
regional deformation zones are first described, and 
their development is discussed. The structural con
trols of both gold deposits and ore veins and shoots 
are then described in light of field observations in 
gold deposits across Ontario, and a model proposed.

Finally, from all of this evidence, the geom
etry of gold deposits in these deformation zones is

shown to be predictable if a model of vertical 
zonation which represents depth of burial beneath 
the paleosurface during mineralization is applied

22 DEFORMATION ZONES

The deformation zones or shear zones 
associated with Archean lode gold deposits are 
zones of anomalously high strain. Not only can 
these zones be recognized at the Shield scale 
(Figure 1.2), but they can be clearly delineated 
within and adjacent to individual greenstone belts 
(Figures 2.1, 2.2,2.3). They transect and deform all 
Archean lithologies and hence are not restricted to 
certain units. Nevertheless, these zones form dis
crete, linear, mappable units of deformed rock up to 
several kilometres in width, and up to hundreds of 
kilometres in length.

These linear units of deformed rock occur 
in generally predictable orientations in the Canadian 
Shield (Figure 1.2) and are located in certain pre
ferred settings, as noted in Section 2.2.1 below. 
The deformation zones record a history dominated 
by progressive simple shear, as reflected by the pro
nounced asymmetry in the local structures. These 
enclosed structures and the boundary relationships of 
deformation zones provide some basic field charac
teristics, which are summarized in Section 2.2.2.

2.2.1. REGIONAL SETTING OF DEFORMATION 
ZONES

The regional - scale deformation zones tran
sect the boundaries of individual greenstone belts or 
form the boundary between granite - greenstone and 
metasediment - dominated domains (Figure 1.2). In 
many cases, it is impossible to correlate lithologies 
and structures across such zones, and movement 
across them is uncertain, For example, Bau (1979) 
suggested a right lateral offset of over 120 km along 
the Quetico Fault, which forms the boundary 
between the Quetico and Wabigoon Subprovinces.

A compilation of the regional - scale 
deformation zones in the Superior Province (Figure 
1.2) indicates consistencies in both orientation and 
displacement sense: northeasterly - trending zones 
show left - handed and commonly reverse sense of 
displacement; southeasterly - to easterly - trending 
zones are right - handed. Recent work suggests 
that some of the easterly - trending zones also 
record vertical displacement (Smith and Thomas 
1986, Sanborn 1986, Williams 1986, 1987). Overall, 
the orientation and kinematics of these deformation



Figure 2.1. D istribution  o f  g o ld  deposits  within h ighly a ltered deform ation  zo n e s  in the R e d  L a k e  a rea  (after  
A n d rew s 1986).

Figure 2 2 .  D istribu tion  o f  g o ld  m ineraliza tion  within the G oudreau  L a k e  D eform ation  Z o n e  in the W aw a area  
(after H eather a n d  A ria s 1987).



zones reflect a regional north - northwesterly 
directed compression.

These consistent orientations provide an 
element of predictability. In addition, the faults and 
shear zones preferentially, and thus predictably, form 
along east - west-trending subprovince boundaries, 
northwest-trending greenstone - granite contacts (eg. 
in Uchi Subprovince - Stott and Wallace 1984) and 
within linear greenstone belts that trend both north
east and northwest (eg. Pipestone - Cameron Lake 
Fault - Wabigoon Subprovince and the Casa Berardi 
zone in the northern Abitibi belt of Quebec).

Deformation zones also form in response to 
the ascent and emplacement of both major granitoid 
batholiths that are external to greenstone belts, and 
smaller plutons that occur within greenstone belts. 
These zones are discussed briefly by Stott and Smith 
(1988), who recognized that gold - bearing structures 
in the Lake of the Woods and Pickle Lake areas 
were developed in deformation zones that had been 
created or reactivated by the emplacement of plu
tons. Recent work in the Uchi and Wabigoon Sub
provinces (Andrews e t a l  1986, Smith 1987) indi
cates that significant deposits, such as those in Red 
Lake, are hosted in regional deformation zones, but

that ore zones are controlled by structures indicative 
of vertical movement related to the emplacement of 
adjacent batholiths, rather than by structures result
ing from tianscurrent displacement.

Thus, two regional settings are evident for 
deformation zones that are associated with gold 
deposits. One results from large scale crustal 
movement or shortening; the other results from 
emplacement of plutons and batholiths. In general, 
zones which resulted from the first process have 
greater strike length and host most of the significant 
gold deposits.

2 2 2  FIELD CHARACTERISTICS OF 
DEFORMATION ZONES

Deformation zones constitute mappable units 
on the basis of the criteria summarized below, 
which are diagrammatically shown on Figure 2.4.

1) Lithostratigraphic units are characteristically 
transposed into parallelism with deformation zones. 
Lithologies may be rotated (A), folded (B), dis
located (C), truncated (D), thinned (E), thick
ened (F), repeated (G), or transposed (H) (see 
Figure 2.4) within or along the margins of deforma-

Flgure 23. Distribution of gold mineralization within the Barton Bay JJthotectonic Zone in the Geraldton area 
(after M acdonald 1984).



3) Deformation zones contain a variety of fault 
rocks, such as gouge, mylonites and phyllonites 
(Figure 2.5), and foliated rocks, including chlorite 
and sericite schists.

4) Deformation zones frequently consist of many 
individual sheared zones that are rarely linear and 
continuous, but which anastomose, bifurcate, or are 
discontinuous in both vertical and horizontal dimen
sions.

5) Schistosity is subparallel to the trend of a 
deformation zone where strain is most intense and 
may be oblique to it along its margins, depending

Plate 2.1. (a) Slightly d e fo rm ed  conglom erate; c lasts o f  vo lcan ic a n d  sed im en tary  m a teria l are elongate, w hile  
granitic c lasts are not. F rom  W awa, O ntario.

(b ) H ighly d efo rm ed  conglom erate; c lasts o f  vo lcan ic m a teria l are highly elongate, quartz veins a n d  slightly  
elongate  granitic c lasts are ro ta ted  a n d  transposed. F rom  W awa, O ntario.

(c) In tensely d e fo rm ed  conglom erate; m ylon itic  layering is cu t by a  secondary cleavage a n d  d e fo rm ed  by  kink  
bands. G ranitic  c lasts are broken a n d  offset. F rom  W awa, O ntario.

(d )  P rogressive deform ation  o f  coarse  gra ined  basa lt fro m  w eakly fo lia te d  m a teria l a t top, to  ta lc-ch lorite  sch ist a t 
base. F rom  S h o a l L a k e  D eform ation  Z on e, O ntario.

tion zones. On an outcrop scale, and in some 
instances on a mine scale, deformation zones are 
parallel to bedding and are only evident as anoma
lous reversals in facing direction (I; Figure 2.4).

2) Deformation zones are commonly discordant to 
lithological boundaries on a regional scale and 
therefore contain deformed equivalents of various 
rock types that typify greenstone - granite terranes. 
Within deformation zones, strain intensity is highly 
variable; lozenge - shaped lithons and enclaves of 
less deformed rock are common (J; Figure 2.4), 
and a particular protolith can often be traced into 
its mylonitized equivalent (Plate 2.1).



Figure 2.4. A  sch em atic  b lock  d i a t o m  indicating large-scale fea tures o f  deform ation  zones. L etters refer to  
structural fea tures d e ta iled  in Section  2.2.2.

on the orientation of the slip direction. Planar fab
rics, which may be superimposed on one another, 
may represent tem porally discrete or contem poran
eous deformation events (conjugate foliations, kink 
bands, C - S structures and shear bands (Plate 2.2). 
Conjugate cleavages and S fabrics are most common 
in the least strained, while C and C’ fabrics (Berths

e t a l . 1979) are common in the most intensely 
strained rocks. Stretching and mineral lineations 
grew along, or rotated to, a direction subparallel to 
the slip direction. Intersection lineations, such as 
between C and C’ fabrics, tended to form approxi
mately orthogonal to the slip direction.



Figure 2.5. Rock types found within deformation zones, indicating their relationships to qualitative strain and  
recovery rates.

6) Progressively deforming zones may contain 
schistosities which are themselves folded (Plate 2.2f). 
The axial orientations of these folds are variable, 
but with increasing strain they tend towards paral
lelism with the slip direction. In some cases, sheath 
folds are formed (Cobbold and Quinquis 1980, 
Hudleston 1986).

7) Many deformation zones are characterized by 
structures indicative of both ductile and brittle 
deformation, as documented for the Cochenour 
Gullrock Lake Deformation Zone at Red Lake 
(Andrews et al. 1986) and for the Goudreau Lake 
Deformation Zone in the Wawa greenstone belt 
(Arias and Heather 1987). Brittle and ductile 
deformation may be coeval, or may have occurred 
at different times and thereby superimposed one on 
the other (cf. Ramsay 1980).

8) Deformation zones generally contain highly 
altered rocks. Carbonate and hydrous minerals, as 
well as quartz and quartz - carbonate veins, are 
indicative of relatively low P-T conditions. 
Aluminosilicate and garnet alteration assemblages 
are present at higher P - T conditions (see Chapter

3 for a detailed discussion of alteration associated 
with gold deposits). Vein systems in deformation 
zones are usually complex, or crack - seal type 
(Ramsay and Huber 1983).

9) Alluvial - fluvial sequences of immature sedi
mentary and intercalated volcanic rocks, often 
referred to as Timiskaming - type", are commonly 
associated with regional deformation zones (e.g. 
Corfu and Stott 1986), unconformably overlying 
older terrancs.

10) Syn-to late tectonic, intermediate to felsic, 
silica-saturated and -undersaturated dikes and stocks 
have commonly intruded the deformation zones. 
Lamprophyre dike swarms are also common 
(Wyman and Kerrich 1986, 1987); these rocks are 
weakly to strongly affected by shear deformation, 
but typically behave more competently than their 
host rocks.



Plate 2 2 . (a ) S h ea r  zo n e  in  gabbro; ro ta tion  o f  (S )  fa b r ic  tow ards (C ) in  centre o f  zone . F ro m  B ig  D u c k  L a ke , 
O ntario.

(b) W ell d eve lo p ed  crenulation  fa b r ic  (C ’) d isco rd a n t to  m ylo n itic  (C ) fabric . F rom  B arton  B a y  L ith o te c to n ic  
Z o n e , O ntario.

(c) K in k  b a nds in u ltram ylonite  fr o m  C row duck L a ke -W itch  B a y  S h ea r  Z o n e , O ntario.
(d ) K in k  b a n d s  in  u ltram ylon ite  a t W awa, O ntario.
(e) C onjugate  fo lia tio n  (shear b a n d s) in  C row duck  L a ke -W itch  B a y  S h ea r  Z o n e , O ntario.
(f) In tra fo lia l f o ld  deve loped  in  m y lo n itized  gabbro; C ’ fa b r ic  cu ts the fo ld .



2 .2 .3 .  TIMING AND DEPTH VARIATIONS OF 
DEFORMATION ZONES

2.2 .3 .1. Timing

Previous structural studies and modelling of 
Archean greenstone belts have emphasized the role 
of gravitational subsidence in the tectonic evolution 
of Archean crust (eg. West 1980, Dixon and Sum
mers 1983). However, workers in the Superior 
Province recognize that the Archean deformation 
history is characterized by a period of vertical 
motion tectonics and a period of horizontal motion 
tectonics (Schwerdtner et al. 1979). Recently, Stott 
(1986) and Sanborn (1986) have demonstrated that 
the stage of horizontal motion tectonics affected 
wide segments of Archean crust. The question 
recently being pursued by these workers is whether 
the horizontal compression that is so widely 
recorded is a singular event or a series of progres
sive events.

Recent U-Pb zircon geochronological work 
at the Royal Ontario Museum demonstrates that the 
north-northwesterly directed compression is a 
sequence of separate late stage shortening events 
that are progressively younger in age towards the 
southern part of the Superior Province (Stott et al. 
1987, Corfu and Stott 1986, Davis et al. 1986, Corfu 
1988). The regional scale fault zones and shear 
zones are culminating stages in this southward

progressive history of crustal shortening. Accord
ingly, it is concluded that the gold deposits hosted 
within these late stage deformation zones are an 
integral part of a culminating stage in Archean 
crustal evolution.

2.2 .3 .2 .  Depth Variation

Studies of deformation mechanisms and the 
physical properties of rocks and minerals suggest 
that deformation zones should change their character 
with depth in the crust. Field study of deformation 
zones whose present surface exposure allows recog
nition of an original depth profile have been dis
cussed by Ramsay (1980), Sibson (1977, 1983), and 
Xu et al. (1987), among others. The anticipated 
changes are illustrated schematically by Figure 2.6.

At shallow depths (upper crust, sub- to 
lower greenschist facies), deformation zones are nar
row, discrete faults that commonly contain lozenges 
of undeformed rock (lithons) separated by zones of 
gouge and breccia. At intermediate depths (middle 
and upper crustal levels, greenschist to lower 
amphibolite fades), shearing becomes increasingly 
ductile. As a result, the deformation zone anasto
moses and widens, and brittle structures become less 
common. At great depth, occurrence of lithons 
diminishes, deformation zones become continuous, 
and brittle deformation occurs only under conditions 
of rapid changes in pore fluid pressure or strain

Figure 2.6. Deformation regimes as a function o f  depth (modified from Simpson 1986, Sibson 1977, 1983).



rate. At these great depths, deformation zones may 
become shallow - dipping, taking advantage of hori
zontal anisotropies (Coward 1984),

The presence of a pore fluid in a deforming 
shear zone will have a considerable effect on the 
deformation style, and will modify the relative Gelds 
illustrated on Figure 2.6.

Brittle deformation may be induced or pro
moted by high fluid pressures (Price 1966), or by 
the interaction of fluid with particular lithologies. 
Introduction of CO2, with or without H2O, affects 
mineral stabilities and, hence, rock ductility: Geld 
evidence indicates that dolomite - rich and/or silid- 
Ged rocks are relatively resistant to shear, and 
behave in a brittle manner in comparison to unal
tered rocks.

Paradoxically, ductile deformation can also 
be promoted by high fluid pressure, which lowers 
the temperature at which grain boundary diffusion 
occurs, induces pressure solution and hydrolytic 
weakening, aids in strain - induced recrystallization 
and neomineralizition, and promotes retrogression 
and alteration.

Since deformation zones are exposed at dif
ferent erosional levels throughout the Superior 
Province, variation in the character of shear zones 
with depth can be related to corresponding observa
tions of systematic variation of small scale struc
tures, which are discussed in the next section.

23. CONTROL AND DISTRIBUTION OF 
GOLD MINERALIZATION

Gold mineralization is hosted in small scale 
structures within the larger deformation zones. 
These structures are highly permeable zones, pre
ferred sites for mineralization. As described in the 
preceding section, a change from brittle to ductile 
deformation occurs with increasing depth in a 
deformation zone, as ambient temperature and pres
sure increase: this change in deformation style is 
reflected in the form of gold - bearing structures. 
Evidence presented elsewhere in this volume (see 
Chapters 1 and 3, Part I) also shows that the gold 
is associated with large volumes of fluid that have 
altered the host rocks: this fluid, through its influ
ence on the ductile - brittle behaviour of the rocks, 
will also affect the form and distribution of gold - 
bearing structures.

This section examines the distribution and

styles of gold mineralization from camp to vein 
scale, and links the observed variation to structural 
controls.

23.1. DISTRIBUTION OF GOLD CAMPS

At the largest scale, areas of enhanced 
permeability along deformation zones may contain a 
number of significant deposits which together form a 
gold camp (eg. Timmins, Kirkland Lake, Red Lake).

Colvine et al. (1984) suggested that some 
gold camps are located in portions of deformation 
zones which have undergone increased extension 
during wrench faulting. Pull - apart basins devel
oped during wrench tectonics, such as the Bocono 
Fault Zone in Venezuela (Schubert 1980, Figure 
2.7), are frequently developed on a similar scale to 
that covered by a typical Ontario gold camp. In 
the Timmins camp, Timiskaming - type sediments 
are similar in lithology and scale to the sediment Gil 
of typical pull - apart basins. In some instances, 
enhanced permeability in dilational areas is a pre
ferred locus of mineralization, relative to the com- 
pressional portions of a transcurrent shear system 
(Sibson 1987). This may explain the localization of 
gold camps along regional scale deformation zones.

BOCONO FAULT ZONE 
VENEZUELA

Figure 2.7. G eological sketch m ap o f the Bocono 
Fault Zone, Venezuela. Note scale and shape o f  
alluvial basins and their positioning relative to 
fau lt bends (after Schubert 1980).

2 3 2 . DISTRIBUTION OF GOLD DEPOSITS

Gold deposits are composed of one or more 
ore zones, whose shapes, orientations and distribu
tion can be related to small scale structures within 
deformation zones. Ore zones are lenticular, tabu
lar or irregularly shaped bodies composed of veins, 
breccia zones, and/or stockwork systems. They are



generally hosted by structures which transect stratig
raphy , but some of these structures are localized 
along specific strata. Ore zones tend to plunge 
subparallel to the stretching lineation related to the 
shearing, as at Red Lake (Andrews et al. 1986), or 
parallel to an intersection lineation, as at Star Lake 
in Saskatchewan (Poulsen et at. 1986),

Across the Superior Province, the ore zones 
of the lode gold deposits are localized by:

(1) zones o f  anomalously high strain within 
a deformation zone. Examples include the 
mines of the Red Lake and Hemlo camps 
and the Detour Lake and Macassa Mines in 
Ontario, and the Sigma Mine at Val d’Or 
in Quebec. Both brittle (fracture and 
breccia vein systems) and ductile 
(replacement vein systems) deformation 
styles are recorded in these deposits, per
haps reflective of the depth in the crust at 
which they formed.

Figure 2B. Schematic representation o f ore zone 
control by bedding controlled splays at the 
Cameron Lake deposit (after Melting 1986).

Figure 2 9. Conjugate shear system s; dilatant zones 
possibly developed as a  result o f shear zone 
rotation (after Boyle 1979).

(3) a preferred lithology, where a strong 
com petency contrast exists between adjacent 
rock types. Structurally more competent 
lithologies can be preferentially mineralized. 
Examples include ore zones in the Macassa 
and Sigma Mines and the Duport deposit 
on Lake of the Woods, in which feisic 
intrusive rocks contain more mineralization 
than surrounding, less competent lithologies. 
The competency difference may be a result 
of original lithological differences, as in the 
examples cited above, or may result from 
alteration processes. The latter control is 
displayed in the Dome Mine at Timmins 
(Hutchinson and Burlington 1984, Roberts 
1987) and the Cochenour-Willans Mine at 
Red Lake (Sanborn-Barrie 1987), where 
metasomatic ankerite - rich units were more 
competent than enclosing lithologies and 
deformed in a brittle manner.

(2) pre-existing structural anisotropies. An 
excellent example of this control of 
mineralization is the Cameron Lake deposit 
near Kcnora (Melling et al. 1986), in which 
the ore zone occurs where sympathetic, 
bedding-controlled splays to a shear zone 
intersect that shear (Figure 2.8). The 
plunge of the ore zone parallels the lin
eation formed by the intersection of the 
shears. Ore zones at the Con Mine, Yel
lowknife (Figure 2.9), are controlled by the 
intersection of two shear zones (Boyle 
1979).

(4) fo ld  lim bs and fo ld  noses. Folding of 
sequences of rocks of contrasting thicknesses 
and competencies has long been known to 
create permeable zones that may host min
eralization. Other folding - related surfaces 
(eg. between layers in fold limbs, or an 
axial planar cleavage) may also be preferred 
sites for mineralization, "Saddle ree f gold 
deposits in fold noses have long been



Figure 2.10. Sta tabound ore occurs along fo ld  nose; 
quartz-pyrrhotite veinlet mineralization is axial 
planar (after Hall and Rigg 1986).

known. Examples of this control of miner
alization in Ontario include ore zones at 
Geraldton (Colvine et al. 1984) and the 
Musselwhite deposit at Opapimiskan Lake 
(Hall and Rigg 1986), where gold is hosted 
in fold noses and foliation - parallel veins 
(Figure 2.10).

Thus specific sites or structural features 
within and along deformation zones may be more 
favourable for gold concentration.

2 3 3 . DISTRIBUTION OF ORE VEINS

Many of the lode gold deposits contain an 
apparently complex assemblage of gold - bearing 
veins. However, the types of veins, their orienta
tions, and the temporal relationships that they dis
play can be explained in terms of the deformation 
processes under which they formed.

Gold - bearing veins include replacement, 
extension, and breccia and fracture types. In most

S T R U C T U R E  T Y P E V EIN  T Y P E N O TES

Shear Fracture Central shear vain Dilation of C shear

Oblique shear vein Dilation of P shear

Extension Fracture Large extension veins in 
domains between shears
En-echelon gash vein arrays May form in initial stage of 

shear zone development.
Ladder vein arrays In competent unit in 

ductile matrix

Extension + Shear 
Fracture

'Leather jacket* veins Shear veins with envelope 
of gash extension veins

'Centipede* veins Extension-oblique shear 
vein combination.

Fold-Related Zones Saddle reef Kinematically equivalent to 
vein-type zone at shear 
intersection

Leg reef Shear vein in bedding on 
fold limb.

Neck Shear vein in limb thrust 
crossing bedding

Spur Extension vein normal to 
axial plane cleavage.

Table 2.1. Classification o f  shear related structurally controlled mineralized zones (after Hodgson, in press).



C R IT E R IA  F O R  
C L A S S IF IC A T IO N

M A JO R  C L A S S E S  
S u b c la s s e s  

S u b - s u b c la s s e s

S P E C IA L  T Y P E S P R O B A B L E  G E N E R A T IN G  
P R O C E S S E S

Mineral or Rock- 
type Distribution

Vein-parallel layering 
Crustiform layering 

Single vein-wall crust 
Multiple stacked crusts

Phantom veinlets

Open space fill

Open space fill of late cracks

Lamination 
Sheeted veinlet zone 
Book texture 
Ribbon texture

Crinkly banding

Crack-seal
Decreasing width of scepta 

Pressure solution

Vein-normal layering 
Ladder veinlets 

Breccia
Massive matrix 
Crustiform matrix 

Massive

Open space fill 
Shattering followed by 
open space fill

Various

Mineral
Orientation

Fibrous 
Syntaxial 
Antitaxial 
Stretch crystal 

Foliated 
Cockade 
Massive

Crack -seal and continuous 
mineral overgrowth

Mylonitization 
Open space fill 
Various

Ratio of
Introduced/Original 
Rock Minerals

Disseminated 

Streaky disseminated

Increasing extent of 
replacement of original rock

Pervasive replacement 
(Replacement vein)

Ghost breccia 
Ghost banding

Replacement of wall rock 
inclusions in open space fill.

Table I X  Textures o f  vein type mineralization (after Hodgson, in press).

cases, veins transect lithological contacts, and are 
not restricted to a specific rock type. However, 
veins may be statabound where they are controlled 
by the competency or chemistry of a particular unit. 
Such is the case at Geraldton, where veins occur 
largely in layers of iron formation (Macdonald 
1984a).

In the following sections, the characteristics 
of each of these three types of gold - bearing veb 
structure are described and related to deformation 
processes. Much of the information in these discus
sions, summarized in Tables 2.1 and 2.2 and 
depicted in Figure 2.11, has been abstracted from a 
detailed review of gold - bearing veins by Hodgson 
(in press).
233.1. Replacement Veins

Hodgson (in press) classifies replacement 
veins as disseminated, streaky disseminated, and per
vasive, based on increasing replacement of the origi
nal rock (Table 2.2). In general, replacement veins 
are highly silicified and sulphidized zones which

contain remnants of narrow, foliation - parallel 
quartz veinlets, quartz lenses, and quartz pods (Plate 
2.3a - d). In many cases, additional deformation 
has caused transposition, folding or boudinage of 
earlier vein material (Plate 2.3e).

Replacement veins occur in ductile deforma
tion zones and are parallel to foliation. They are 
generally restricted to zones of simple shear, where 
increased permeability results from the development 
of C or C’ cleavages (Berthé et al. 1979, White et 
al. 1980, Ponce de Leon and Choukroune 1980).

Gold can be deposited in significant con
centrations in this setting, either within the vein or 
associated with pervasive silicification, sulphidation 
and carbonatization of the protolith along the vein 
margins. Examples of deposits containing replace
ment veins include the Dickenson (A.W. White) 
Mine at Red Lake (Andrews et al. 1986), the 
Upper Canada (Roberts 1987) and Detour Lake 
(Marmont 1986) Mines, and b  the Duport deposit 
(Smith 1986).



Plate 23. (a ) Pervasive rep lacem en t ore (D ickenson  (A . W. W hite) M ine, R e d  L ake).
(b ) S treaky d issem in a ted  m ineralization  (D uport deposit).
(c) F olia tion-parallel quartz veining in rep lacem en t ore (D uport deposit).
(d ) T ransposed  a n d  bou d in aged  quartz vein in replacem ent ore (D uport deposit).
(e) F o ld ed  quartz veins in rep lacem en t ore (H em lo).
(f) R eplacem en t-type  m ineraliza tion  extending o u t in to  fractured  a n d  defo rm ed  p illo w  basa lt (D ickenson  M ine).



2 3 3 2 .  Extension Veins

Extension veins include tension and shear 
varieties. Most of these veins are composite, or 
display crack - seal textures, with laminated or 
crustiform layering parallel to the vein walls (Table 
2.2, Plate 2.4). These textures indicate that the 
veins formed as open space fillings, under oscillat
ing, high fluid pressures (Sibson et al. 1975).

Figure 2.11. Extension vein settings (after Hodgson, 
in press).

Tension veins may develop under either 
pure or simple shear. They propagate parallel with, 
and dilate perpendicular to, the local direction of 
maximum principal stress (Figure 2.12). Initial min
eral growth is orthogonal to the vein walls, but sub
sequent deformation may reopen, brecciate, rotate 
and fold the veins. Progressive deformation may 
cause new veins to develop across older, deforming 
ones. These veins commonly occur in en echelon 
sets, such as ladder veins which develop in more 
competent units. Some may have formed in the 
early stages of deformation, but most occur in rela
tively undeformed rock along the margins of defor
mation zones, in lithons of relatively undeformed 
rock within deformation zones, or between deforma
tion zones (eg. Sigma Mine; Robert and Brown 
1986).

Shear veins develop during brittle and brittle 
- ductile deformation under simple shear. The most 
common shear veins are Riedel shear fractures 
(Tchalenko and Ambraseys 1970). Experimental 
studies (Gamond 1985) indicate that R-type Riedel 
shears (Figure 2.13) are the most dilatant and 
therefore should most commonly host mineralization; 
however, Hodgson (in press) notes that most 
deposits are hosted by en echelon, oblique shear (P) 
and central shear (D) veins. Dilatancy may develop 
within Riedel and flexural shears during movement

along irregular fault planes (Newhouse 1940), due to 
fluid overpressuring, or along the intersection of two 
shears. Continued deformation may rotate, reopen, 
brecciate, or mylonitize shear veins.

Gold mineralization is hosted in Riedel 
shear fractures in many deposits: examples include 
the Campbell Red Lake and Dickenson (A.W. 
White) Mines (Andrews et al. 1986) and the 
Cochenour-Willans Mine (Sanborn and Schwerdtner 
1986) at Red Lake, the Sigma Mine at Val d’Or 
(Robert et a l  1983), and the Duport deposit on 
Lake of the Woods (Smith 1986).

Figure 2.12. Initial development and progressive 
deformation o f  tension veins (after Kerrich and 
Allison 1978).

2 3 3 3 .  Breccia and Fracture Veins

Breccia and fracture - filling veins typically 
occur in the brittle - ductile domain if extremely 
high fluid pressures prevail. Breccias form because 
of frictional slip along displacement surfaces parallel 
with the shear zone boundary, by fracturing at fault 
jogs (Sibson 1987), or as a result of extremely high 
fluid pressures. It is the latter type that is gener
ally associated with the gold deposits.



Plate 2,4. (a ) Crack a n d  sea l shear vein with abu n dan t ribbons o f  b io tite  indicating successive vein f ills  (D u port 
deposit).

(b ) C rack a n d  sea l tensional vein; bands o f  tourm aline indicate  successive vein infill (S igm a M ine).

Breccia veins typically comprise fragments of 
altered rock within multiple generations of matrix 
material. Breccia veins typically overprint earlier 
replacement or extension veins, but locally may be 
foliated, folded, or fractured during subsequent 
deformation. Gold occurs in the breccia fragments 
and matrix, and in the wall rocks adjacent to the 
vein. Fracture - filling veins are generally planar, 
and occur in regular patterns.

Examples of deposits containing breccia 
veins include the Macassa Mine at Kirkland Lake 
(Watson and Kerrich 1983) and the Duport deposit 
at Lake of the Woods (Smith 1986). Fracture - 
filling veins were mined at the Canadian Arrow 
and Murphy - Garrison Mines near Timmins 
(Cherry 1983).

Although it is a relatively simple task to 
classify individual gold - bearing veins in a deposit 
as one of replacement, extension, breccia or fracture 
types, it is far more difficult to unravel the 
complexity of vein types that typically occur in any 
one deposit. This complexity results from the inter
play of many factors, among them the different 
lithologies in the deposit, the interaction of fluids 
with the rocks, and variations in deformation during 
the time that mineralization occurred.

2.4. VERTICAL ZONATION OF GOLD 
DEPOSITS

The ore zones and vein systems that make 
up gold deposits display systematic vertical and lat
eral changes in mineralization style. These varia
tions reflect a change in deformation style from

brittle to brittle - ductile. For example, breccia 
veins occur principally within zones of brittle defor
mation and replacement veins typify ductile - 
dominated zones of deformation. Because gold 
deposits are both smaller than the deformation 
zones in which they occur and of limited vertical 
extent, systematic changes in the style of deforma
tion are generally not evident within any one 
deposit. Whilst most deposits contain a variety of 
vein types, each deposit typically displays a limited 
number of dominant mineralization styles, which are 
consistent with the ambient pressures and tempera
tures under which that deposit formed.

Figure 2.13. D evelo p m en t o f  R iede l sh ear fractures  
in a  system  o f  brittle sim p le  shear (after  
Tchalenko 1970).

The changes anticipated in deformation 
zones with depth were discussed in Section 2.2.3 
and illustrated in Figure 2.6 of this chapter. Figure



Figure 2.14. Schem atic  representation o f  an id ea l ore zone. The figure illustrates: (a ) rep lacem en t veins, (b ) 
bou d in aged  veins, (c) sa d d le  ree f veins, (d )  R ie d e l sh ear veins, (e) "break  ore" veins, (f) undeform ed, a n d  
(g) defo rm ed  tension  veins, (i) breccia  veins, (j) perva sive  silicification. Vein system s are in terpreted  to  w iden  
a n d  beco m e  increasingly com plex  with elevation . T his figure d o e s  n o t address the effect o f  structural an iso trop ies  
or p erm u ta tion s such as changing strain rates, f lu id  activity o r  P  - T  variations.



2.14 illustrates idealized variations in mineralization 
that will occur with these changes in deformation 
style. This diagram is a composite, compiled from 
evidence summarized below:

(1) Most deposits hosted in greenschist 
facies rocks contain ore in shear or tension veins, 
or the deposits contain mainly extension, breccia and 
fracture - filling veins, as for example at Macassa 
and Canadian Arrow. In each case, the veins are 
products of brittle deformation. In addition, some 
deposits (eg. the Ross Mine near T im m ins (Troop 
1986)) display brittle deformation that becomes 
wider and more complex towards the surface. 
However, other deposits in greenschist terranes are 
hosted in ductile shear zones (e.g. Yellowknife) and 
contain ore shoots that are replacement veins.

(2) Deposits hosted in higher grade (upper 
greenschist to lower amphibolite) terranes have tex
tures and vein types indicative of brittle - ductile 
deformation. Although no case has yet been docu
mented of a deposit in rocks that have been sub
jected only to ductile deformation, all deposits in 
amphibolite facies terranes occur in rocks in which 
ductile deformation dominates over brittle (eg. Mus- 
selwhite (Hall and Rigg 1986), Hemlo (Hugon 
1986, Kuhns et al. 1986), Dickenson (Andrews et 
al. 1986), Detour Lake (Marmont 1986), and 
Lupin (Kerswill 1986, Lhotka and Nesbitt 1987)). 
Most of these deposits are associated with schistose 
rocks and contain replacement vein systems, many 
of which have been folded and boudinaged. Shear 
veins are common, but probably reflect increased 
fluid pressures during deformation. Brittle struc
tures in these deposits, such as fractures and brec
cias, generally reflect high fluid pressures, and occur 
in areas of competency contrast between adjacent 
lithologies, or develop later as ambient temperatures 
decrease.

(3) Some deposits display mineralization 
styles indicative of a transition in deformation style, 
or of a transition between different pressure - 
temperature regimes. For example, mineralization 
in the Campbell Red Lake and Dickenson (A.W. 
White) Mines at Red Lake exhibits vertical and lat
eral transitions from brittle - ductile to more brittle 
deformation with decreasing metamorphic grade, and 
decreasing depth. At the Duport deposit on Lake 
of the Woods, a change from brittle - ductile to 
brittle vein systems reflects a decrease in ambient 
temperature.

(4) The dominant deformation style in high 
grade terranes is ductile; deformation in these ter
ranes does not appear to have produced dilatancies. 
Consequently, very few gold deposits occur in these 
terranes; those few are mainly in areas in which 
both chemical traps and strong competency contrasts 
exist. One example may be the Musselwhite deposit 
at Opapimiskan Lake (Hall and Rigg 1986), which 
occurs in rocks interpreted to have been deformed 
at temperatures of 530° to 550°C and pressures of 
more than 3 kb (corresponding to a depth of more 
than 9 km in the crust).

Figure 2.14 illustrates the changes expected 
in deformation and mineralization styles with 
increasing depth in a single, idealized deposit, 
drawing from all of the evidence presented above. 
In the upper levels of this idealized deposit, veins 
would be hosted by brittle structures such as faults, 
tensile and shear fractures. The upper levels would 
also be characterized by the occurrence of hydraulic 
breccias, with accompanying pervasive alteration. At 
intermediate levels, veins would be hosted by both 
brittle and ductile structures, including discrete ten
don and shear veins and local brecciation, but also 
local replacement veins. Finally, at the lowest levels 
in the deposit, mineralization would occur in 
replacement and shear veins within schists. Miner
alization would only occur at great depths where 
significant structural or chemical anisotropies gener
ated permeability.

2.5. SUMMARY

Archean lode gold deposits in the Superior 
Province occur in deformation zones formed in a 
regime of dominantly simple shear. The character
istics of the shear zones are consistent with their 
formation through the variable effects of north - 
northwesterly - directed compression. These zones 
either transect or form the boundaries of greenstone 
belts, so they occurred as a major, late Archean 
tectonic event.

Gold deposits are hosted in smaller scale 
structures within the deformation zones. Although 
ore bodies and, at a smaller scale, ore veins often 
seem randomly oriented, it is possible to explain 
their distributions and orientations in terms of the 
simple shear processes under which they were 
developed. Accordingly, these structures, just as the 
deformation zones in which they occur, reflect the 
depth of burial beneath the paleosurface during 
deformation. With this in mind, strain analysis can



be applied to help predict the shapes of orebodies 
and the styles of mineralization at any given loca
tion.



3. SYSTEM ATICS O F R O C K  ALTERATIO N

3.1. INTRODUCTION

Intense and extensive alteration is a highly 
visible characteristic of most Archean lode gold 
deposits. Alteration characteristics of these deposits 
vary widely, in contrast with the consistent alteration 
patterns associated with Archean volcanogenic mas
sive sulphide deposits (eg. Franklin et al. 1981). An 
appreciation of the processes responsible for alter
ation in gold-bearing hydrothermal systems, and of 
the patterns produced by these processes, has both 
practical and theoretical value. Two important 
questions are addressed in this research:

(1) Can patterns of alteration be used in explo
ration to target gold mineralization within more 
extensive chemical or mineralogical anomalies?

(2) What can the observed alteration patterns tell 
us about the chemical and physical conditions pre
vailing during ore formation?

In this chapter, observations on alteration 
associated with many Archean lode gold deposits, 
primarily in the Superior Province, are discussed in 
the context of processes that might be responsible 
for them. In this way, it is possible to present a 
model to explain the observed variability in the 
alteration.

3.1.1. ALTERATION PROCESSES

Alteration may be defined as a change in 
mineralogy, chemistry or texture of rocks to more 
stable conditions in response to fluxes in fluid tem
perature, pressure and composition (Rose and Burt 
1979). As such, hydrothermal alteration may be 
considered as a type of metamorphism, in which 
fluid movement, resulting largely from thermal and 
hydrostatic pressure gradients, is the most important 
medium for the transport of matter (Bickle and 
MacKenzie 1987, Helgeson and Lichtner 1987). As 
they approach equilibrium, the compositions of fluid 
and rock are buffered by each other (Greenwood 
1975, Rose and Burt 1979). H ie final rock compo
sition depends largely upon the degree of fluid:rock 
interaction. Metasomatism, a form of alteration, is 
the replacement of one mineral by another of dif
ferent composition through the in situ addition 
and/or removal of components resulting from a 
directed interaction of hydrothermal fluid with rock. 
One good example of metasomatism is the hydration 
or carbouatization of rocks, ie. the addition of H2O 
and CO2 (Rumble 1982).

Hydrothermal fluids of magmatic or meta- 
morphic origin are by definition H20-rich, although 
dissolved CO2 may be present in significant amounts 
(Wyllie 1979, Ferry 1987). Irrespective of the com
position or source of these fluids, their interaction 
with rock can produce profound alteration effects. 
This alteration is manifest principally by partial to 
complete mineral breakdowns, often accompanied by 
the addition or removal of matter in ionic solutions. 
Acidic fluids, for example, can effectively cause the 
breakdown of minerals (Anderson and Burnham 
1983), as in the hydrolysis of alkali feldspar to 
seriate.

Figure 3.1. Diagrammatic representation o f  the 
interdependency between alteration and deformation 
and the driving processes involved (m odified after 
Norton 1984).

Interdependent variables governing the gen
eration of permeability and the rate and focussing 
of fluid flow and mass transfer in both metamorphic 
(W alther and Orville 1982, Etheridge et aL 1983, 
1984, Thompson 1987) and magmatic environments 
(Norton and Knapp 1977, Norton and Knight 1977, 
Norton 1978, 1984) are summarized in Figure 3.1. 
The generation of pathways for fluid access during 
deformation, discussed in Chapter 2 of this report, 
is fundamental to alteration, as it controls both the 
rate and volume of fluid transport, and, hence, con
trols the amount of fluid passing through the site of



alteration. This secondary permeability is an 
important control on the dimensions and intensity of 
alteration in hydrothermal environments (Cox et al. 
1986).

3.2. INHERENT CHARACTERISTICS OF 
ALTERATION

This section addresses the gross characteris
tics of alteration in gold deposits. While not all of 
these occur in every deposit, they are frequent 
enough to form a core of common observations. A 
discussion of processes follows in the subsequent 
section.

32.1. REGIONAL DISTRIBUTION

Zones of extensive rock alteration are 
sporadic within the deformation zones which host 
the Arche an lode gold deposits. Examples of 
deformation zones within which regional alteration 
occurs include the Destor - Porcupine and Kirkland 
Lake - Larder Lake breaks in the Abitibi belt (Bain 
1933, Fyon and Crocket 1982, Hodgson 1983a, 
Hodgson 1986, Whittaker 1986a, b), the Mishibishu 
Lake (Heather 1986) and Goudreau - Lochalsh 
(Heather and Arias 1987) deformation zones in the 
Wawa belt, the Pipestone - Cameron Lake defor
mation zone (Buck 1986, Melling et al. 1986) in the 
western Wabigoon belt, zones b  the Uchi - Con
federation Lakes area (Fyon and Lane 1985, Fyon 
and O’Donnell 1986), and deformation zones b  the 
Red Lake area (Durocher 1983, Andrews et a l  
1986) of the Uchi belt.

Carbonatization (manifest as replacement by 
magnesite, ankerite - dolomite and calcite), restricted 
to these regional deformation zones, is the most 
prombent and common gold-related alteration on 
both regional and mine scales. Mineral assemblages 
indicative of sulphidation, silicification, oxidation, and 
potassic metasomatism are also characteristic, but 
tend to be more locally associated with gold. This 
carbonate alteration is distinct b  its mberalogy and 
areal restriction from “sea floor” diagenesis and low 
grade metamorphism, which are dominated by cal
cite, epidote, actinolite and zeolites (Vallance 1965, 
1974, Cann 1969, Dimroth and Lichtblau 1979). 
The latter m beral assemblages may be attributed 
largely to the hydrolysis of plagioclase and pyroxenes 
(eg. Dimroth and Licthblau 1979, Jolly 1980, Geli- 
nas et al. 1982, Gelinas and Trudel 1983, Dimroth 
et a l  1983, Walsh 1984, Barley and Groves 1987).

Deformation and alteration associated with 
gold mineralization can persist b to  at least the 
marginal phases of the large granitoid complexes 
and external gneissic terranes. Examples occur at 
the Renabie Mine near Wawa (Callan and Spooner 
1987, Studemeister and Kilias 1987), the Flavrian 
and Bourlamaque batholiths near Noranda (Darling 
et al. 1986), and the btem al granitic stocks b  the 
Red Lake area (Andrews et al. 1986).

3 2 2 . LOCAL SPATIAL AND TEMPORAL 
RELATIONSHIPS TO GOLD

All Archean lode gold deposits have some 
wall rock alteration; b  most cases, the intensity of 
this alteration bcreases with proximity to mineral- 
ized structures (Hodgson 1983a, 1986). The 
alteration zones generally are subparallel to 
stratigraphy, and are cross-cut only by post-ore 
structures. Some lithologies are more susceptible 
than others to a particular type of alteration, and 
the expression of alteration can therefore be highly 
variable in different lithologies.

The occurrence of alteration minerals both 
in mineralized veins and in the wall rocks to m ber
alization suggests a close temporal relationship 
between the alteration process and gold introduction. 
This relationship is well-documented for the Tim
mins and the Kirkland Lake areas (B ab 1933, Hurst 
1935, Fryer et al. 1979, Robert and Brown 1984, 
1986, Hodgson 1986, Piroshco and Hodgson 1988). 
This temporal relationship is less clear b  rocks of 
higher metamorphic grade (eg. Hemlo, Kuhns et al. 
1986; Opapimiskan Lake, Hall and Rigg 1986; Big 
Bell, Australia, Chown et al. 1984, Phillips and De 
Nooy 1988), and b  rock compositions other than 
mafic to ultramafic (eg. sediments at Pamour No.l, 
Timmins, Walsh et al. 1986, and Casa Berardi, 
Quebec, Pattison ef al. 1986). The significance of 
possible links between alteration and mberalization 
is discussed b  Chapter 7, Part I and b  Part II of 
this report.

Zonation of alteration minerals b  carbonate 
and phyllosilicate alteration assemblages is consistent 
b  some deposits (Heather, 1986, Smith and Kesler
1985, Robert and Brown 1986, Melling et al. 1986, 
McInnes et al. 1986, Phillips 1986, Piroshco and 
Hodgson 1988, Kishida and Kerrich 1987, Neall and 
Phillips 1987). In other instances, however, only 
minor evidence of mberal zonation is evident 
(Macdonald 1984b, Hall and Rigg 1986, Hamilton 
and Hodgson 1986, Marmont 1986, Pattison et al.
1986, Workman 1986). In some deposits, particu-



larly those at Timmins (Fryer et al. 1979, Fyon et 
al. 1983a, Burrows and Spooner 1986, Troop 1986) 
and Red Lake (Andrews and Hugon 1985), more 
complex relationships between alteration and gold 
may be related to an episodic series of alteration 
events, of which gold introduction is but one com
ponent.

Across deformational gradients, a change is 
observed from fracture-controlled halos of alteration 
in regimes of predominantly brittle deformation, to 
more pervasive, schistosity-controlled alteration in 
ductile regimes (Canadian Arrow Mine, Cherry 1983; 
Red Lake, Lavigne and Crocket 1983; Ross Mine, 
Troop 1986). Fluid flow and style of alteration are 
greatly affected by the style of deformation 
(Macdonald 1983, Phillips et aL 1984, Colvine et al. 
1984); thus, just as ore structures vary with depth 
(see Chapter 2), so does alteration.

3.2 .3 . MINERALOGY OF ALTERATION

Minerals common to gold-related alteration 
zones, in approximate order of frequency of occur
rence, include:

(1) Carbonates: Ferroan dolomite and 
ankerite, with subordinate caldte, are perva
sive in many gold-bearing environments. 
Typically, caldte is more common in less 
altered rocks further from gold mineraliza
tion, although these rocks still contain Fe- 
and Mg-rich carbonates (Timmins, Davies et 
al. 1982; Kalgoorlie, Phillips and Brown 
1987). Caldte gives way to ankerite and/or 
ferroan dolomite exdusively in the more 
highly altered wall rocks immediately 
adjacent to mineralized vein systems 
(Timmins, Fyon and Crocket 1982, Piroshco 
and Hodgson 1988; Mishibishu Lake, 
Heather 1986). Because the terms ankerite, 
dolomite and ferroan dolomite have been 
variably used, descriptions of carbonate 
spedes must be carefully assessed to deter
mine which are actually present.

(2) Potassic phyllosilicates: Seriate 
(Hollinger, Smith and Kesler 1985; Sigma, 
Robert and Brown 1986) and biotite (Red 
Lake, Andrews and Hugon 1985; Detour 
Lake, Marmont 1986) are common.

(3) A lkali feldspar. Albite (Sigma, Robert 
and Brown 1984; Ross Mine, Troop 1986) 
or potash feldspar (Kirkland Lake, Thomson

et al. 1948; Matachewan, Sinclair 1982; 
Hemlo, Kuhns et al. 1986) is present in 
some deposits.

(4) Chlorite: Chlorite is locally an impor
tant alteration mineral, particularly in 
basalts, and is often associated with caldte 
or dolomite (Hollinger Mine, Mason and 
Melnik 1986; Ross Mine, Troop 1986; Kam- 
balda, Neall and Phillips 1987).

(5) Iron sulphides: Pyrite is virtually ubiq
uitous (Colvine et al. 1984). Pyrrhotite is 
the predominant sulphide in some deposits, 
and arsenopyrite occurs locally (Opapimiskan 
Lake, Hall and Rigg 1986; Kolar Gold 
Field, India, Hamilton and Hodgson 1986; 
St. Andrew Goldfields, Malczak 1986; Lupin, 
Bullis 1987).

(6) Quartz: Silidfication, as an increase in 
modal quartz in the altered rock or as 
quartz veining and flooding is particularly 
common, and is often directly associated 
with ore and deformation (Duport deposit, 
Smith 1986; Ross Mine, Troop 1986; Holt- 
McDermott Mine, Workman 1986).

(7) Chloritoid, staurolite, cordierite, antho- 
phyllite, garnet and alum inosilicates are 
reported in deposits located in rocks of 
generally higher metamorphic grade (eg  
Red Lake, Mathieson and Hodgson 1984; 
Casa Berardi, Pattison et al. 1986; Duport 
deposit, Smith 1986).

(8) Diopside-hedenbergite has been reported 
in several mines (Kolar Gold Held, Hamil
ton and Hodgson 1986; Lupin Mine, Lhotka 
and Nesbitt 1987).

Other alteration minerals, which may be 
locally abundant, include anhydrite and hem atite 
(McIntyre Mine, Burrows and Spooner 1986; Ross 
Mine, Troop 1986), Ti-bearing minerals (Sigma Mine, 
Robert and Brown 1984; Kambalda, Clark et aL
1986) , tourmaline (Matchewan, Sinclair 1982; Sigma 
Mine, Robert and Brown 1984; Timmins camp, van 
Hees et al. 1986), and scheelite (Hollinger Mine, 
Wood e t al. 1986; Lupin Mine, Lhotka and Nesbitt
1987) , plus a variety of Mo, As, Sb and base metal 
sulphides and sulphosalts.



Alteration often results in marked colour 
changes. Carbonate minerals (in particular ankerite 
and ferroan dolomite) and sericite impart a waxy 
yellow-green colour to the altered rock on fresh 
surfaces, but oxidized surface exposures weather to a 
rusty orange colour. Ankerite - chlorite assemblages 
are greenish-grey on fresh surfaces (Ross Mine, 
Troop 1986), but also weather rusty brown. Micas 
containing Cr, Ba, V, and Fe often occur in associ
ation with carbonate, and impart a distinctive emer
ald green colouration to the rock (Kerr Addison 
Mine, Tihor and Crocket 1976). Biotite and 
hematite cause a medium brownish to reddish hue 
in altered rocks (Detour Lake Mine, Marmont 
1986). Hematization of feldspars, which imparts a 
brick red colour, is common in altered granitoids 
and porphyries (Kirkland Lake camp, Kerrich and 
Watson 1984; Canadian Arrow Mine, Cherry 1983; 
Mishibishu Lake area, Heather 1986).

3.2.4. MINERALOGY OF GOLD

Gold concentration may itself be considered 
a product of the alteration process. Minerals of a 
suite of elements, including B, W, Sb, Te, Mo and 
As, commonly accompany gold, along with the alter
ation minerals described in the preceding section. 
Unfortunately, documentation of the occurrence of 
gold and its associated mineral suite has received 
far less research attention than other aspects of wall 
rock alteration.

The most distinctive occurrence of gold is in 
quartz veins. In some deposits, this is the principal 
location of ore, although gold also occurs in the 
altered wall rocks (eg. the Sigma Mine, Robert and 
Brown 1986). In many other deposits, however, this 
occurrence in veins represents only a small percent
age of ore: at the Hollinger Mine, for example, 
more than 80% of gold ore was associated with 
alteration sulphides in the wall rocks to quartz veins 
(Graton et al. 1933). Plate 3.1 illustrates some of 
the immediate associations of gold in deposits across 
Ontario, as examples of the variability of its occur
rence.

Although studies indicate that the gold:silver 
ratios of gold in the Archean deposits in Ontario 
average approximately 10:1, there has been no sys
tematic investigation of how this ratio varies within 
a deposit, or between deposits. There are indica
tions of zonation in gold:silver ratios peripheral to 
the McIntyre and Hollinger Mines at Timmins, with 
gold:silver decreasing away from the deposit.

Similarly, the suite of B, W, Sb, Te, Mo 
and As minerals that are apparently directly associ
ated with gold has not been investigated systemati
cally in recent years. Kerrich and Hodder (1982) 
presented a summary of data for these minerals, 
and Hodgson (1983a) documented their occurrences 
in specific deposits in the Abitibi greenstone belt in 
Ontario. While Hodgson (1983a) considered the 
presence of these associated minerals to be a char
acteristic of larger gold deposits in the Abitibi, he 
could not determine any pattern for their presence 
or absence. The exception to this irregularity in 
occurrence may be the tellurides, which may be 
more common in deposits associated with late felsic 
intrusions, particularly those of an alkaline affinity.

The absence of systematic studies of these 
mineralogical associations of gold is an obvious defi
ciency in the documentation of gold deposits. Much 
of the problem in attempting correlations of this 
type is the lack of precise, detailed mineralogical 
studies completed within mine environments. With
out an adequate data base, it is impossible to eval
uate if such mineral associations are of fundamental 
significance to understanding how Archean lode gold 
deposits formed.

3.2.5. GEOCHEMISTRY OF ALTERATION

Most gold deposits record massive introduc
tions ofC O 2, K2O, S, and H2O, in addition to Au 
(Kerrich 1983, Groves and Phillips 1987). Increases 
in As, Sb, W, Mo, B, Ag, Li, Ba, Rb and Cr occur, 
but do not appear to be consistent for all deposits. 
Local Cu, Zn, and Pb enrichment is described in 
m any deposits (Burrows and Spooner 1986, Mar
mont 1986, Melting et al. 1986, Walsh et al. 1986). 
The reduction of iron (increased Fe2 + /Fe2+ ratios) 
outward from vein structures is indicated in several 
deposits (Kerrich et a l  1978, Fryer et al. 1979). 
Elements such as Al, Ti, Sc, V, Zr, Nb, Ni, Cr and 
REE do not appear to be consistently immobile 
during gold-related alteration (Fryer et al. 1979, 
Kerrich and Fryer 1979, Hynes 1980, Kerrich 1983, 
Phillips and Groves 1984, Kerrich and Watson 1984, 
Ludden et al. 1984, A nglin and F ranklin  1986, 
Phillips 1986, Robert and Brown 1986).

Although these element introductions are 
common (Fyon and Crocket 1982, Guha et al. 1982, 
Perrault et al. 1984, Smith and Kesler 1985, Kuhns 
1986, Ramos et al. 1987), they have not resulted in 
readily recognizable alteration haloes around gold 
deposits. This may in part be attributed to pro- 
tollth heterogeneity: original compositions greatly



Plate 3.1. M ineralogical a n d  textural characteristics o f  gold. The w idth  o f  p la te s  a, e  a n d  f  is approx im ate ly  1.06  
m m ; the w idth  o f  p la te s  b, c  a n d  d  is approxim ately 2 .00  m m .

A . G o ld  a sso c ia ted  with pyrrhotite  (p o ) a n d  stibn ite  (Sb). F rom  the D ickenson  (A .W . W hite)  M ine, R e d  L ake.
B. G o ld  intergrown with fibrou s am ph ibole . F rom  the D icken son  (A .W . W hite) M ine, R e d  L ake.
C. G o ld  a n d  arsenopyrite (A spy) h o s ted  b y  pyrrhotite (po ). F rom  the D ickenson  (A .W . W hite) M ine, R e d  
L ake.

D. Gold occurring interstitial to pyrite (py). From the Campbell Red Lake Mine, Red Lake-
E . G o ld  a n d  ga lena  (ga) in a  fracture inarsenopyrite (A spy). F rom  the M agnacon M ine.
F. C uspate gold , cutting hornblende (H b). F rom  the D eto u r L a k e  M ine.



influence the absolute abundances of elements in 
altered rocks, such that normalization is required to 
produce meaningful results from geochemical studies. 
Comparative studies of element abundances between 
altered and unaltered rocks require an understanding 
of mineral paragenesis, partition coefficients, and the 
activities of the components in the fluid.

32.6. DIFFERENCES FROM ALTERATION IN 
MASSIVE SULPHIDES

ronments were different, include:

(1) Carbonatization, which is the most 
characteristic alteration in Archean gold 
deposits, is not common in volcanogenic 
massive sulphide deposits (Franklin e t a l  
1981), with the notable exceptions of the 
Mattabi (Sturgeon Lake) deposit (Franklin et 
al. 1981) and the South Bay Mine (Urabe 
and Scott 1983).

Alteration associated with Archean gold 
deposits displays differences from that associated 
with volcanogenic massive sulphide deposits. These 
differences, which offer evidence that the composi
tions of the hydrothermal fluids of these two envi-

(2) Sericite and green mica replace chlorite 
and talc as the dominant phyllosiiicates with 
increasing gold-related alteration; this is 
opposite to the pattern around massive sul
phides (Riverin and Hodgson 1980).



(3) Alteration related to gold mineralization 
reflects introduction of K and CO2 and 
removal of Ca and Na; alteration around 
massive sulphide deposits results from the 
introduction of Fe and Mg and the removal 
of Ca, Na and K.

(4) Silicification is a characteristic alteration 
imposed on footwall rocks associated with 
massive sulphide deposits (eg. Noranda, 
Quebec, Hall 1982, Gibson e t al. 1983, 
Lesher e t a l  1986; Matagami, MacGeehan 
and MacLean 1980, MacLean and Kranidio- 
tis 1987). Andesitic basalts, which have 
been rendered "rhyolitic" in both composition 
and appearance by this silicification, may 
have been altered over a relatively long 
period of hydrothermal fluid flow. While 
this degree of silicification may also have 
occurred in gold-related alteration, it is cer
tainly not as characteristic.

Post-alteration metamorphism of alteration 
assemblages can produce equally diagnostic minerals. 
For example, metamorphism in the footwall alter
ation zones of massive sulphide deposits at Noranda 
resulted in a cordierite - anthophyllite (dalmationite) 
assemblage (Spence and De Rosen-Spence 1975,
Hall 1982). Similarly, staurolite, kyanite and gahnite 
occur at Noranda and other metamorphosed massive 
sulphide deposits (Snow Lake, Hutcheon 1977;
Geco, Friesen e t al. 1982). Amphibolite grade min
erals in gold-related alteration zones at Red Lake 
include biotite, garnet, andalusite, staurolite, chlori- 
toid, anthophyllite, kyanite and cordierite (Mathieson 
and Hodgson 1984). The relative timing of meta
morphism and gold-related alteration is addressed in 
Chapter 5, Part I and in Part II of this report.

Plate 3.2. M ineralogical a n d  textural fea tures o f  alteration in kom atiitic  a n d  basa ltic  volcan ic rocks. S ca le  p ro v id e d  
by on e centim etre bar.

A . R e lic t spinifex texture p reserved  by "green carbonate" fuchsite  (C r-m ica) a n d  ankerite - m agnesite  assem blage  
in a ltered a n d  m inera lized  kom atiite . F rom  the K err A d d iso n  M ine.

B. G reen fu ch site  (Fch) - carbonate (C b ) assem blage exhibiting b a n d ed  appearance, after a  p ro b a b le  k o m atiitic  
pro to lith . F rom  the A qu ariu s M ine, T im m ins.

C. In tense silicification a n d  fu ch site  alteration in m inera lized  kom atiite , exhibiting su bsequen t hydrofracturing a n d  
silica  flood in g . F rom  the D u port deposit, L a k e  o f  the W oods.

D . Variable sericitization  (light grey areas) a n d  carbonatization  (m ed iu m  grey) o f  a  d efo rm ed  variolitic basalt. 
F rom  the H ollinger M ine, T im m ins.

E. M icrobrecciated, quartz veined, a n d  pervasive ly  sericitized  a n d  carbonatized  basalt. F rom  the R o ss  M ine, 
T im m ins.

F. A lte red  basalt, d o m in a ted  b y  chlorite, albite, an d ferro a n  dolom ite , exhibiting m u ltip le  fracturing a n d  veining. 
M inera lized  crack-seal vein ( Q V - A u )  h as n o  visib le  alteration halo . F rom  the R o ss  M ine.

G. Fractured, biotitized (Bt) basalt with intense silicification and feldspathization (KF) around mineralized 
quartz vein (Q V ). From  D etou r L ake  M ine.

H. B reccia ted  m ulti-stage, go ld-bearing  quartz - carbonate vein (Q V -A u ) en c lo sed  by  b io titic  a lteration  selvage  
(B t) in pervasive ly  altered chlorite - b io tite  sch ist (C hl-B t). F rom  E a st Sou th  C  ore zone, D icken son  (A.W . 
W hite) M ine, R e d  Lake.



PART I, DEPOSITIONAL MODEL

3.3. FUNDAMENTAL VARIABLES 
AFFECTING ALTERATION

The preceding section has reviewed the 
variability in alteration associated with Archean lode 
gold deposits. In this section, gold-related alteration 
is shown to be systematic when explained in terms 
of three fundamental variables: host rock lithology, 
rock permeability, and the timing and conditions of 
metamorphism.

33.1. HOST ROCK LITHOLOGY

As outlined in Chapter 1, Part I, all green
stone lithologies host gold mineralization. In this 
section, the control of lithologies on alteration is 
discussed in terms of 5 groups: mafic intrusive and 
extrusive rocks, komatiites, banded iron formation, 
peiitic sedimentary rocks and felsic intrusive rocks.

33.1.1. Mafic Intrusive and Extrusive Rocks

The alteration of basaltic rocks is inextric
ably linked to deformation: each influences both

the style and distribution of the other. For exam
ple, early pervasive fracturing and fluid flow along 
grain boundaries and microfractures may result in 
the development of a calcite + ankerite + chlorite 
alteration vein assemblage. Brittle fracturing and 
veining in this variably competent assemblage may 
then lead to the development of ankerite - seriate 
assemblages. Alteration halos to veins may extend 
for some distance from the most intense veining, 
and may be superimposed on or supersede an ear
lier, more widespread vein-related alteration (Robert 
and Brown 1986, Neall and Phillips 1987, Piroscho 
and Hodgson 1988).

Pervasive, rather than vein- or fracture- 
related, alteration may occur in areas peripheral to 
and within the zone of gold concentration and gen
erally within highly strained rocks (Fyon et at. 1982). 
Selective alterations of deformed volcanic textures 
such as pillow selvages, varioles, and hyalodastites 
are common, as observed at the Hollinger Mine 
(Plate 3.2c, also Mason and Melnik 1986), the St. 
Andrew Goldfields deposit (Malczak 1986) and the 
Ross Mine (Troop 1986) in the Timmins - Kirkland 
Lake area.



Many gold-mineralized and altered basalts 
are enriched in quartz, either in discrete veins, or 
disseminated in the wall rocks adjacent to the veins. 
This increase in modal quartz is not necessarily a 
result of Si02 enrichment, since SiO2 may remain 
constant or even be depleted during alteration, as a 
result of desilicification reactions (Table 3.1, Reac
tions 2 to 8). Auriferous fluids may transport large 
quantities of silica, but some quartz is almost cer
tainly of local derivation. This argument is consis
tent with the crack-seal nature of many quartz veins 
in gold deposits (McKinstry and Ohle 1949), in 
which silica deposition may occur over an extended 
history of mineral reaction and vein formation.

A schematic representation of progressive 
mineral changes in basaltic rocks from unaltered to 
highly altered, indicative of increasing interaction 
with fluid, is shown in Figure 3 2 . The fields of 
this and other, similar diagrams in this chapter have 
been positioned to reflect the common mineral 
associations in altered, gold-bearing rocks; they do

not represent rigourous determinations of mineral 
phase equilibira. Many of the possible reactions 
which could generate the assemblages on Figure 3 2  
are given in Table 3.1. These reactions have been 
written to be consistent with observed geochemical 
mass balances for altered, gold-bearing basalts: K, 
H2O, CO2 and S have been added, and Na may 
have been removed. Paths of increasing alteration 
intensity and increasing metamorphic grade on the 
diagram indicate possible sequential changes in 
alteration mineral assemblages.

Zonation in gold-related alteration mineral 
assemblages is best shown in basalts by the juxtapo
sition of a chlorite - calcite assemblage with seriate 
- ferroan dolomite wall rock adjacent to veins (see 
Table 3.1, Reactions 3,8). Na2O is stripped from 
areas of highest fluid:rock ratio, eventually resulting 
in the breakdown of plagiodase feldspar (Table 
3.1, Reactions 1,2,3). Sulphide-rich mineralized 
wall rocks and the breakdown of Fe-silicates in 
areas of mineralization indicate that sulphidation is

Table 3.1. Som e possible alteration and metamorphic mineral reactions in m afic rocks during gold introduction.



Figure 3.2. Schematic representation o f  the fields o f  occurrence o f  important minerals in progressively altered and  
metamorphosed basaltic rocks in gold-bearing systems. Note that neither metamorphism nor alteration intensity is 
scaled; only relative increase in grade or fluidtrock ratio is indicated.

an important process in the alteration (Table 3.1, 
Reaction 12). For example, the Mg/Fe + Mg ratio 
of chlorite increases with proximity to sulphide min
eralization at the Hunt Mine, Kambalda (Neall and 
Phillips 1987).

Hydrolysis of feldspars is responsible for the 
peraluminous composition of altered basalts (Table 
3.1, Reactions 1,2). Phyllosilicate minerals such as 
chlorite, sericite and biotite stabilize from these 
compositions at low pressure - temperature condi
tions, and garnet, staurolite, cordierite and antho- 
phyllite stabilize at higher metamorphic grades 
(Figure 3.2, Table 3.1, Reactions 2 to 6,8 to 10,
12). However, metamorphic mineral stability fields 
within the basaltic system are not completely 
defined, largely as a result of solid solutions in the 
minerals (Harte and Graham 1975, Laird 1980, 
Apted and Liou 1983, Maruyama et al. 1983). In 
some gold deposits, textural evidence suggests that 
the stability ranges of some greenschist minerals 
have been extended to amphibolite grade tempera
tures (Andrews et al. 1986, Clark et al. 1986).

3.3 .12. Komatiitic Volcanic Rocks

Komatiitic volcanic sequences are geologi
cally and petrologjcally well constrained in many 
areas, including the Abitibi belt (Arndt 1986, Arndt 
et al. 1977, Arndt and Nesbitt 1982, Ludden and 
Gelinas 1982). Many of the "talc - chlorite - car
bonate schists" commonly referred to in the older 
literature on Archean gold deposits are altered 
komatiites. One of the better examples of gold 
hosted largely within komatiite is the Kerr Addison 
Mine at Larder Lake (Kishida and Kerrich 1987). 
Ultramafic rocks are also important ore hosts at the 
Detour Lake Mine (Marmont 1986), and the Camp
bell Red Lake and Dickenson (A.W. White) Mines 
in Red Lake (MacGeehan and Hodgson 1982, 
Andrews and Hugon 1985).

The mineral assemblage typical of unaltered 
komatiites (olivine + clinopyroxene + lesser 
orthopyroxene + calcic plagioclase) is moderately 
well preserved in the Abitibi belt (Arndt et a l  1977, 
Canil 1987). These compositions are vulnerable to 
serpentinization (Wicks and Whittaker 1977, Purvis 
1984) and carbonatization (Beswick 1983, Arndt and 
Jenner 1986) in hydrothermal environments, and also 
to deformation.



Figure 33. Schematic representation o f  the fields o f occurrence o f  important minerals in progressively altered and 
metamorphosed ultramafic and komatiitic rocks in gold-bearing systems. Scaling is the same as in Figure 3.2.

The mineralogy of altered komatiites is gen
erally simple and can be directly related to the 
dilution of a specific protolith composition during 
reaction with hydrothermal fluid. Schematic mineral 
stabilities in komatiites as a function of fluid:rock 
ratio and metamorphic grade are portrayed in Fig
ure 33. Characteristic to gold-related alteration in 
ultramafic rocks are "green carbonate' assemblages 
of green mica + ankerite-dolomite (Table 33, 
Reactions 3,4,5; see also Malczak 1986, Kishida 
and Kerrich 1987), as well as tremolite, talc, biodte, 
and anthophyllite (Table 3.2, Reactions L, 2, 6). 
Relict spinifex texture may be pseudomorphed by 
green mica in highly carbonatized komatiites, indi
cating only minor wall rock volume change during 
alteration (Plate 3.2a, b). Potassic metasomatism 
results in the formation of hydrothermal biotite at 
higher metamorphic grades, producing brownish 
halos about mineralization (Andrews and Hugon 
1985, Smith 1986).

The phyllosilicate-rich mineralogy developed 
in altered komatiites favours a generally strong duc
tile response during deformation (Plate 33b), and 
mineralization is often localized in the contacts 
between ultramafic schists and the more brittlely 
deformed basalts (Andrews and Hugon 1985, Mar- 
mont 1986). An exception to this ductile behaviour

is the Duport deposit (Smith 1986), where brittle 
hydrofracturing and silica flooding followed silicifica- 
tion, rather than carbonatization, in mineralized 
fuchsitic komatiite (Plate 3.2c). Highly deformed 
and mineralized "flows' are common in komatiite- 
hosted gold deposits (Kishida and Kerrich 1987).

Geochemical studies of alteration in komati
ites may produce inconsistent and misleading results 
(Kerrich 1983). This can primarily be related to 
the chemical effect that crystal fractionation and 
flow differentiation have on the chemistry of 
individual komatiitic flows (Arndt and Jenner 1986), 
onto which later hydrothermal alteration may be 
superimposed. Normalization to separate the chemi
cal variation due to crystal fractionation from that 
related to gold alteration is particularly pertinent to 
quantifying alteration in komatiites (Beswick 1983, 
Kishida and Kerrich 1987).

33.13. Banded Iron Formations

The association of banded iron formations 
(BIF) with gold ore is common, and has provided 
some impetus for the syngenetic, exhalative origin 
for Archean gold deposits (Fripp 1976, Fryer et al. 
1979), as most BIFs are commonly believed to have 
formed by chemical sedimentation (Gross 1980).



Table 3 2 . Som e possible alteration and metamorphic mineral reactions in ultram afic rocks during gold  
introduction.

Gold mineralization is often localized within one 
horizon of BIF. However, many studies have 
demonstrated that a high degree of systematic 
structural control exists in BIF-hosted lode gold ores 
(Lavigne and Crocket 1983, Macdonald 1983a, 
Phillips et al. 1984, Groves et al. 1987) and that 
sulphidation reactions are critical to controlling the 
gold and sulphide content of the BIF (Fyon et al. 
1983, Macdonald 1984a, Phillips et  al. 1984, Mac
donald and Fyon 1986).

Both the alteration and metamorphism of 
iron formation under varying pressure - temperature 
- fluid conditions are well constrained by field and 
experimental studies of mineral assemblages (Floran 
and Papike 1978, Klein 1978, Frost 1979, Gole and 
Klein 1981, Klein and Gole 1981, Haase 1982).
Thus, BIF offers a good opportunity to compare 
mineral assemblages related to progressive metamor
phism with those caused by gold-related alteration. 
The schematic stability fields of these minerals are 
shown on Figure 3.4.

The silicate mineralogy of B IFs shown on 
Figure 3.4 can be subdivided into three broad 
groups: primary, metamorphic and hydrothermal. 
Primary (or diagenetic) iron silicates such as 
greenalite and minnesotaite (which would be con
verted to grunerite under prograde metamorphism, 
Table 33, Reactions 1,3) are altered to stilpnome- 
lane and dolomite adjacent to veins in the chert - 
pyrite BIF at the Agnico Eagle Mine, Quebec 
(Wyman et al. 1986). Thus, in some cases, minerals 
such as stilpnomelane (Table 33, Reaction 2), which 
have previously been identified as prograde meta
morphic minerals in gold deposits, may have formed 
as a direct result of interaction between BIF and a 
gold-bearing fluid.

The alteration of specific BIF layers to a 
more peraluminous and potassic composition has 
resulted in the formation of biotite and garnet 
(Table 33 , Reaction 8) at Opapimiskan Lake (Hall 
and Rigg 1986), of muscovite and garnet at the 
Bousquet deposit (Valliant and Barnett 1982), and 
of stilpnomelane and hornblende (Table 3.3, Reac-



Table 33 . Som e possible alteration and metamorphic mineral reactions in oxide-silicate iron form ation during gold  
introduction.

tion 2,7) at the Lupin Mine (Bullis 1967, Lhotka 
and Nesbitt 1987). Pervasive iron carbonatization of 
silicate laminae within an oxide facies BIF occurs at 
the MacLeod-Cockshutt Mine in Geraldton 
(Macdonald 1983a), but carbonate replacement is 
not commonly observed in gold-altered BIF.

Sulphidation in BIF (Table 3.3, Reactions 4 
to 7) occurs principally as discrete halos to and 
within fractures, or as 'roll fronts" along specific 
compositional layers. Sulphidation results in one or 
more of pyrite, pyrrhotite, and arsenopyrite replacing 
iron oxides (Plate 33a, b, c; also Fyon et al. 1983,



Plate 33. M ineralogy a n d  textures o f  alteration in b a n d ed  iron form a tion s. O n e cen tim eter sca le  b a r  show n.
A . H a lo  o f  silicification  (S i) a n d  pyritiza tion  (Py) abou t a  m a ssive  quartz vein (Q V ) in b a n d ed  m agnetite (M gt) 

iron fo rm a tion . F rom  C arshaw  deposit, T im m ins.
B. E xtensive silicification  (S i) a n d  pyritiza tion  (P y) re la ted  to  quartz veining in m agnetite  (M gt) iron fo rm a tio n . 

N o te  the fracture-con tro lled  encroachm en t o f  pyrite  perpen d iu la r to  the rep lacem en t bands. F rom  C arshaw  
deposit, T im m ins.

C. C om plete  su lph ida tion  h a lo  o f  pyrite  (Py) around a  quartz vein (Q V ) in b a n d ed  m agnetite  - h em a tite  (M gt- 
H em ) iron fo rm a tion . F rom  the S o lo m o n ’s  P illars deposit, G eraldton .

D . B a n d s o f  su lph ida tion  by  pyrrhotite  (P o ) in a silica te  (grunerite) iron fo rm a tion , with su p erim p o sed  growth  
o f  arsenopyrite during fracturing (?). F rom  L upin  M ine, N orthw est Territories.

E . P ervasive carbonatization  o f  sed im en tary in terbeds in b a n d ed  m agnetite iron fo rm a tion . A lte re d  in terbeds  
w eather a  rusty co lou r du e to  ankerite content. F rom  H a rd  R o c k  M ine, G eraldton .

F. H ighly silicified, fe ld sp a th ized  (Q z-K F ) a n d  b io titized  (B t) b a sa lt which c o u ld  b e  m isid en tified  a s  a  b a n d e d  
chert iron form ation . C om pare  with 2E . N o te  the alteration h a lo s  to  cross-cutting fractures. F rom  th e  D e to u r  
L a k e  M ine.



Figure 3.4. Schematic representation of the fields o f  occurrence o f  important minerals in progressively altered and 
metamorphosed silicate-oxide facies iron formation in gold-bearing systems. Scaling is the same as in Figure 3.2.

Wyman et al. 1986, Bullis 1987). At the Lupin 
Mine, Lhotka and Nesbitt (1987) demonstrate a 
systematic decrease in the Fe/Fe+M g ratio of 
amphiboles and an increase in total sulphide content 
within the mineralized B1F, indicating that sulphida
tion is an important process in controlling both 
mineral assemblage and composition (Table 3.3, 
Reactions 6, 7).

33.1.4. Pelitlc Sedimentary Rocks

Few Archean deposits are entirely hosted 
within clastic sedimentary rocks, but many do con
tain them, as at Hemlo (Muir 1983, Burket al.
1986), Geraldton (Macdonald 1983a), Timmins 
(Walsh et al. 1986), and Contwoyto Lake (Kerswill 
1986).

Pelitic sedimentary rocks commonly respond 
to shear in a ductile fashion, and hydrothermal 
Quids may be preferentially focussed through adja
cent, more competent rocks such as basalts or BIF, 
which are also geochemically more favourable for 
sulphidation and mineralization. Well-developed vein

systems are observed to terminate abruptly against 
argillaceous units, illustrating the effects of lithologic 
competency contrasts during deformation and Quid 
migration (Downes et al. 1984, Pattison et al. 1986). 
Thus, the physical characteristics of some sedi
mentary rocks may deter Quid Qow and these rocks 
would be less favourable for gold-related alteration 
and mineralization.

Particularly common in gold-related alter
ation of sedimentary rocks is the formation of micas 
and K-feldspar, representative of introduction of 
K2O. This was demonstrated for the Pamour No. 1 
Mine at Timmins by Lickley et al. (1987), who 
devised a method of norm alizing the composition of 
mineralized sediments by separating the arenaceous 
(feldspar-rich) and argillaceous (mica-rich) compo
nents along a m ixi n g  curve, and thereby quantifying 
significant K2O anomalies in mineralized sedi
mentary wall rocks.

Other studies (Macdonald 1983a) have iden
tified elevated carbonate and sulphide mineral con
tents in sedimentary rocks within some gold 
deposits, but these extend only a few metres from 
alteration-related veins.



33.1.5. Granitoids and Felsic Rocks

Felsic rocks behave competently during 
deformation, and therefore commonly host fracture- 
related mineralization and alteration (Plate 3.4e, f). 
Excellent examples of restricted fracture-halo alter
ation in granitoids occur at the Canadian Arrow 
Mine in the Kirkland Lake area (Cherry 1983, Plate 
3.4f), at the Kirkland Lake mines (Thomson et al 
1948, Kerrich and Watson 1984), and at the 
Lamaque Mine in Quebec (Perrault et al. 1984). 
Ductile shearing is also observed in porphyries, in 
which cases pervasive carbonatization and serializa
tion are concomitant with fabric development (Plate 
3.4a, b; also Davies and Luhta 1977, Burrows and 
Spooner 1986, Callan and Spooner 1987).

The characteristic minerals of granitoids and 
felsic volcanic rocks have wide stability ranges, in 
marked contrast to those of basalts or ultramafic 
rocks. M ineral assemblages in progressively altered 
granitoids are schematically illustrated in Figure 33; 
two applicable mineral reactions appear in Table 3.4 
and others are in Tables 3.1 to 3.3.

Albite is a common alteration mineral in 
felsic rocks. Its formation is probably controlled by 
the hydrolytic breakdown of alkali feldspar to albite

plus sericite (Table 3.4; Reaction 1, Plate 3.4c, d). 
Albite and sericite (plus calcite and chlorite) may 
form from the breakdown of plagiodase and mag
matic biotite (Plate 3.4h; Table 3.4, Reaction 2); 
one example of this may be in tonalites at the 
Renabie Mine (Studemeister and Kilias 1987), 
These reactions produce large quantities of silica, 
reflected by the quartz-rich groundmass of altered 
porphyries and the common multi-stage quartz 
veining (Plate 3.4g; Cherry 1983). Secondary 
hematite-impregnated orthoclase overprinting primary 
igneous feldspars has been identified in altered 
syenites of the Kirkland Lake - Matachewan area 
(Sinclair 1982, Kerrich and Watson 1984).

The spatial relationship of oxidized minerals 
such as anhydrite and hematite (eg. Timmins, Ross 
Mine, Plate 3.4c, d; Matachewan, and Kirkland 
Lake) with porphyry intrusions reflects the strong 
oxidizing effects produced during their emplacement 
and crystallization (Cameron and H attori 1987). 
Burrows and Spooner (1986) present some evidence 
to suggest that the anhydrite pre-dates the gold at 
the McIntyre Mine, Timmins, but the relative timing 
of intrusion, alteration and gold introduction has not 
been established unequivocally.

Figure 3.5. Schem atic representation o f  the fields o f  occurrence o f im portant minerals in progressively altered and  
m etam orphosed silica-saturated and -undersaturated granitoid rocks in gold-bearing system s. Scaling is the sam e 
as in Figure 3 .1



Table 3.4. Som e possible alteration and metamorphic mineral reactions in granitoid rocks during gold introduction.

3 .3 .2 .  P E R M E A B IL IT Y  A N D  T H E  F L U ID  :R O C K  
RATIO

Rock permeability is fundamental to alter
ation: the hydrothermal fluid must pass through the 
rock to alter i t  As discussed in Chapter 2, local 
deformation is the principal mechanism of generat
ing enhanced permeability in alteration zones.

Permeability effects the rate and extent of 
fluid flow, and hence the degree of interaction 
between minerals and fluids. Brittle deformation 
typically generates faults, fractures and other open 
spaces through which the fluid passes. Mineraliza
tion related to these structures occurs as discrete 
veins or lodes, with alteration typically being more 
intense adjacent to the mineralized structures. Such 
open spaces are not common in rocks undergoing 
ductile deformation. In such cases, the fluid may 
be transported through the rock along closely spaced 
surfaces such as schistosities. The mineralization 
and alteration associated with this type of deforma
tion are often disseminated through the rock. 
Complexities to this apparently simple pattern arise 
from changes that occur during deformation, alter
ation and mineralization processes. For example, as 
discussed in previous sections of this chapter, and in 
Chapter 2, early alteration of some lithologies may 
change their deformation style from ductile to brit
tle, or vice versa. This can result in the superposi
tion of one mineralization and alteration style upon 
another.

The fluid:rock ratio represents an estimate 
of the volume of fluid that has passed through a 
given volume of rock. The alteration effects of a 
unit volume of fluid passing through discrete frac

tures might be expected to differ from the effects of 
the same volume of fluid passing through rocks 
along closely spaced planar structures, as described 
above. In general, however, the systematic changes 
in mineralogy outlined in the preceding section 
should proceed further as the volume of fluid pas
sing through the rocks increases. Thus, the total 
volume of fluid affecting the alteration also has a 
fundamental control on the resulting mineralogy.

3 3 3 . THE ROLE OF METAMORPHISM

Evidence is presented elsewhere in this 
report to support the premise that gold was intro
duced across the Superior Province at near peak 
metamorphic pressure - temperature conditions in 
the greenstone terranes. As well, metamorphic 
dehydration has been proposed as the major process 
responsible for generation of gold-mineralizing fluids 
(Graves and Phillips 1987, Groves et a l 1987). 
Both suggestions require that the possible relation
ship between metamorphism and alteration be 
examined.

3 3 3 1  Pressure - Temperature Conditions and 
Alteration

Most Archean gold deposits occur in ter
ranes which have a mineralogy indicative of peak 
metamorphism at either greens chist or amphibolite 
grade conditions. The mineral assemblages in 
pelitk sediments and mafic volcanics, and mineral 
geothermometers and geobarometers, provide the 
best constraints on the pressure - tem perature - 
fluid conditions of metamorphism. The characteristic 
alteration mineral assemblages of gold deposits in



different metamorphic domains also vary systemati
cally, as illustrated in Figures 3.2 through 3.5.

Deposits hosted in greenschist grade rocks 
exhibit fracture-controlled, carbonate- and phyllo- 
silicate-dominated alteration, associated with areas of 
most intense quartz veining. Examples of this style 
of alteration include the Hollinger and McIntyre 
(Keys 1940, Jones 1948, Mason and Melnik 1986), 
and Dome Mines (Holmes 1968, Fryer e t al. 1979, 
Roberts 1987) in Timmins, the Kirkland Lake 
deposits (Thomson e t al. 1948, Kerrich and Watson 
1984), the Dickenson (A.W. White) Mine in Red 
Lake (Andrews and Hugon 1985), and the Golden 
Mile in Kalgoorlie (Boulter e t al. 1987).

Conversely, alteration assemblages in 
deposits within amphibolite grade rocks are less 
hydrous, carbonate-poor and sulphide-rich. Alter
ation in these deposits is characteristically associated 
with a combination of vein and disseminated, 
replacement-type mineralization which often is local
ized at lithologic contacts. Some of the better 
examples include the amphibolite grade mineraliza
tion at the Campbell Red Lake and Dickenson 
(A.W. White) Mines in Red Lake (Andrews and 
Hugon 1985), the Musselwhite deposit at 
Opapimiskan Lake (Hall and Rigg 1986), and the 
Kolar Gold Fields of India (Hamilton and Hodgson 
1986).

Supracrustal sequences around the Hemlo 
(Muir 1983, 1986) and Big Bell (Chown e t al. 1984)



Plate 3.4. Texture a n d  m ineralogy o f  alteration in granitoid intrusives a n d  porphyries. O ne cen tim eter sca le  bar  
p rov ided .

A . S h eared  a n d  se r ia lized  in trusive porphyry. C roll L ake  Stock, G eraldton.
B . H ighly schistose, siliceous a n d  sericitic quartz-saturated intrusive porphyry. P earl L ake  Porphyry, M cIntyre  

M ine, T im m ins.
C. A lb itize d  (w hite crystals), m ild ly  sericitized  a n d  carbonatized  syenite in tm sive  rock  with anhydrite (A nhy)  
fracture infillings. F eldspar is im pregnated  with f in e  hem atite. F rom  R o ss  M ine.

D . H ighly carbon a tized  a n d  sericitized  syenite porphyry adjacen t to  m ineraliza tion  a n d  con tact with basalts. 
H em atite  a n d  anhydrite occur together a s  fracture infillings; ep ido te  is a lso  presen t in so m e  fractures. F rom  
R o ss  M ine.

E . Fracture con tro l o f  alteration h a lo s in m ed iu m  grained siliceous quartz porphyry. D eto u r L a k e  M ine.
F. Fracture con trol o f  alteration in a  very f in e  grained a n d  silic ified  intrusive porphyry. D eto u r L a k e  M ine.
G. T rondhjem ite cu t by  tw o  se ts o f  quartz veins, the latter o f  which exhibits h em a tite  - su lph ide  alteration  
halos. S im ila r  alteration occurs in fractures subparallel to  the la ter quartz veins. C anadian  A rro w  M ine, 
Tim m ins.

H. F eldspar porphyry cu t by quartz - ankerite vein (Q V ) with h a lo  o f  silicification  a n d  carbonatiza tion  extending  
fro m  vein. Pyrite a n d  green m ica, after m afic  m inerals, occur in the zo n e  o f  bleaching. F rom  H a rd  R o ck  
M ine, G eraldton.

deposits are metamorphosed to a higher grade than 
those associated with any other known deposits. 
These deposits exhibit a generally disseminated, foli
ation-parallel mineralization (Chown e t al. 1984, 
Burk e t al. 1986, Kuhns e t al. 1986, Phillips and De 
Nooy 1988).

The general lack of carbonatization and the 
high degree of recrystallization in deposits within 
amphibolite grade terranes produces an appearance 
greatly different from that of alteration in green- 
schist grade rocks; hence, the identification of gold- 
related alteration in these terranes can be difficult. 
Metamorphic decarbonation of altered rocks around 
amphibolite grade gold deposits, as has been pro
posed by Groves and Phillips (1987), seems unlikely 
since the observed mineral assemblages are not nec
essarily consistent with decarbonation. Calc-silicate 
minerals, which are the common products of decar
bonation of impure limestones (eg. diopside, 
enstatite, tremolite, wollastonite, grossular and epi
dote) should be present if decarbonation occurred, 
but are generally absent from gold deposits hosted

in amphibolite grade rocks. Exceptions are the 
occurrence of a hedenbergite - grossular - epidote 
assemblage surrounding veins at the Lupin Mine 
(Lhotka and Nesbitt 1987), and a diopsidic alteration 
at the Kolar Gold Fields (Hamilton and Hodgson 
1986). Scapolite, a mineral commonly found in high 
grade calcareous rocks, has been identified at 
Hemlo (T.L. Muir, Geologist, Ontario Geological 
Survey, personal communication, 1988).

33.3.2. Timing of Metamorphism

Evidence from many deposits suggests a 
close temporal relationship between peak metamor
phism, deformation, alteration, and the introduction 
of gold (see Chapters 1, 2 and 5, Part I). The 
best evidence that mineralization did not occur sig
nificantly before peak metamorphism comes from 
the overprinting by "retrograde" mineral assemblages 
in zones of most intense alteration, deformation and 
gold deposition. These assemblages, which are con
sistent with greenschist facies pressure - temperature 
conditions, may indeed have resulted from true ret-



regression (ie. they replaced pre-existing peak 
metamorphic m inera ls  as metamorphism waned 
(Winkler 1974)). An alternative explanation is that 
they formed at pressure - temperature conditions 
above their accepted field of stability. This hypo
thesis is discussed in the following section.

Examples of deposits where these apparently 
lower grade "retrograde" assemblages coincide with 
mineralization in higher metamorphic grade rocks 
include the mines at Red Lake (Andrews et al. 
1986) and Detour Lake (Marmont 1986) and the 
Duport deposit (Smith 1986) in Ontario, and the 
Victory Mine at Kambalda (Clark e t al, 1986). Sig
nificantly, in these examples, alteration is not neces
sarily limited to the zone of lower metamorphic 
grade mineral assemblages. At the Campbell Red 
Lake and Dickenson (A.W. White) Mines in Red 
Lake, which occur in amphibolite grade rocks, a 
predominantly muscovite + chlorite + biotite (ie. 
greenschist) assemblage occurs in altered basaltic 
wall rocks adjacent to gold mineralization. Peri
pheral to this assemblage is an apparent amphibolite 
grade assemblage of cordierite + staurohte + 
chloritoid + andalusite (Mathieson and Hodgson 
1984, Andrews and Hugon 1985). The latter 
assemblage, while consistent with the regional 
amphibolite grade, is not the expected assemblage in 
basalts. Therefore, these rocks must have been 
hydrothennally altered. This juxtaposition of alter
ation and metamorphic assemblages points to the 
close temporal relationship of peak metamorphism 
and gold-related alteration. This relationship is dis
cussed elsewhere in this report.

3.3 .3 .3 . M ineral Assemblages, Fluid Composition 
and Fluid Flux

The mineral reactions that occur during 
progressive metamorphism are responses to heat 
flux, pressure - volume transitions, and interactions 
of rocks and fluids which are not in equilbrium 
(Ferry 1983a, b, c, 1986, Wood and Graham 1986).
It has been demonstrated that, under some condi
tions, these reactions can to a large extent control 
both the temperature of metamorphism and the 
composition of metamorphic fluids (Ferry 1983c). 
However, in zones of high fluid flux, the tempera
ture and composition of the fluid can control which 
reactions occur and, therefore, the mineral assem
blages in these zones may not necessarily reflect the 
ambient pressures and temperatures of regional 
metamorphism.

One example of the control of fluid compo
sition on mineral assemblages is the Victory Mine, 
Kambalda. Clark et al. (1986) suggested that high 
XCO2 in the fluid phase controlled carbonation 
reactions in the Victory Mine area, resulting in 
assemblages characteristic of lower metamorphic 
grade than the regional assemblage. In shear zones 
along with the Quids were channeled, the lack of 
mineral assemblages containing both reactants and 
products of the carbonation reactions indicates that 
the fluid was not significantly buffered by the min
eral assemblages of the surrounding rock.

The Ti-bearing minerals - ilmenite, sphene 
and rutile - are particularly sensitive to composi
tional gradients (Hunt and Kerrick 1977). A zonal 
distribution of sphene and rutile is observed at the 
Victory Mine, where rutile occurs in association with 
zones of most intense alteration and gold mineral
ization (d a rk  et al. 1986). Similar relationships in 
Ti-bearing minerals have been observed in Canadian 
deposits (eg. Sigma Mine, Robert e t aL 1983; Ross 
Mine, Detour Lake Mine and Duport deposit, 
Troop et a l 1988). Other minerals in which zona- 
tion adjacent to mineralization has been documented 
are Ca - Fe - Mg - Al silicates (Brown 1975, Laird 
1980, Moody e t al. 1983) and carbonates (Ferry 
1983a, b ,c).

In contrast to assemblages which are con
trolled by fluid composition, studies of massive sul
phide deposits have shown that sulphide and oxide 
mineral assemblages can buffer f O2 and fS 2 dur
ing metamorphism (Nesbitt and Kelly 1980, Nesbitt 
1982,1986, Bryndzia and Scott 1987a). These sug
gested controls of mineral compositions and stabili
ties are corroborated by experimental results of sul
phidation and oxidation in amphiboles (Popp et al. 
1977a, b), biotites (Tso et al  1979), and chlorites 
(Walshe 1986, Bryndzia and Scott 1987b). These 
conditions, however, may not relate to gold-associ
ated alteration, which is characterized by higher 
fiuid:rock ratios and smaller proportions of sulphide.

Studies of the m inera l assemblages associ
ated with m in eralizatio n  are required to understand 
the nature of alteration reactions and to assess the 
relative control of fluid composition on mineral 
assemblages, or vice versa. Once these conditions 
are constrained, the relationship of mineral reaction 
surfaces to structure and mineralization may provide 
information on chemical gradients associated with 
alteration fluids.



3.4 SUMMARY

Alteration associated with Archean lode gold 
deposits displays consistent characteristics, which vary 
with the setting of the deposit. These characteris
tics include:

(1) a regional component: Alteration is 
associated with linear zones of intense 
deformation or crustal discontinuities which 
contain gold mineralization, and which may 
transgress greenstone - granitoid boundaries. 
Alteration occurs sporadically within these 
deformation zones.

(2) a late cross-cutting relationship: Alter
ation affects all Archean lithologies and all 
but the latest structural features.

(3) a variation in style: Alteration style 
varies with the style and degree of defor
mation and with metamorphic grade.

(4) a characteristic suite o f  minerals, 
including a regional and local association  
with carbonates: Carbonates occur both in 
wall rock alteration and in veins. Other 
characteristic minerals include potassic phyl- 
losilicates, alkali feldspars, chlorite, Fe sul
phides and quartz.

(5) a progressive dilution o f original bulk 
chemistry: Alteration is accomplished by 
stripping of CaO and Na20 , relative 
enrichment of Al2O3, and addition of K20 , 
CO2, H2O, S, Au, and other incompatible 
elements.

The heterogeneity observed in alteration 
from deposit to deposit can be systematically 
explained in terms of three fundamental variables:

(1) the bulk com position o f the rock 
through which altering fluids pass: Host 
rock lithologies limit the possible min- 
eralrfluid reactions, and hence the resulting 
mineral assemblages. The effects of this 
control are diminished where very large vol
umes of fluid react with the rock.

(3) the P  - T  - flu id  conditions o f m eta
morphism: The ambient conditions of 
metamorphism influence. the minerals thar 
form during the alteration.

Several questions remain to be addressed in 
refining the systematics of gold-related alteration. 
Chemical relationships of alteration are complicated 
by the heterogeneous geochemical and mechanical 
responses of host rocks during alteration. Further 
research into methods of normalization of whole 
rock compositions is considered pivotal in solving 
this problem.

Gold-related alteration assemblages have not 
been utilized effectively to provide information about 
the physical and chemical conditions of ore forma
tion. To date, most data about these conditions 
have come from studies of stable isotopes and fluid 
inclusions (see Chapter 6, Part 1 of this report). 
One method of addressing this problem is to docu
ment the textural relations and compositional varia
tions in alteration phases developed about gold- 
bearing structures. Such an approach has been 
taken at the Hunt Mine, Kambalda (Neall and 
Phillips 1987), where a thermodynamic model has 
been developed from compositional zoning in equi
librium silicate - sulphide - oxide assemblages in 
compositionally uniform basalts to describe f O2, 
f S2, and fluid composition during gold deposition.

(2) the prim ary or deformation-enhanced 
perm eability o f the host rocks: Permeability 
controls, in part, the extent to which a 
hydrothermal fluid may react with a het
erogenous assemblage of lithologies.





4. A SSO C IA TIO N  W ITH FELSIC  IN T R U SIO N S

4.1. INTRODUCTION

A close spatial association with granitic 
intrusive rocks is often cited in descriptions of 
Archean lode gold deposits, and has formed a part 
of many exploration strategies in the search for 
more deposits. This spatial association was dis
cussed in Chapter 1 of this volume, where it was 
noted that post-volcanic, intra-belt plutons constitute 
more than 25% of host rocks to gold mineralization 
in the Abitibi greenstone belt, although they form 
less than 4% of the surface exposure of the belt. 
This chapter presents a more comprehensive 
description of the petrology and ages of these intru
sions.

The anomalous spatial association between 
these syn- to late tectonic, felsic to intermediate 
plutons and gold deposits is illustrated on Figure
4.1. This association is in marked contrast to that 
displayed by the syn-volcanic, dioritic to trond- 
hjemitic plutons which correspond in both age and 
composition with volcanic rocks in the greenstone 
belts (Paradis et al. 1988): they are not anom
alously abundant in gold-mineralized areas. As well 
as displaying a spatial association with gold deposits, 
the syn- to late-tectonic plutons seem to occur more 
frequently in the deformation zones that host gold 
mineralization (Chapter 5). However, as discussed 
below, compositional variability and equivocal 
intrusive relationships often make this suite difficult 
to define without supplementary geochemical data.

4.2. PETROLOGICAL 
CHARACTERISTICS

Establishing the petrogenesis and relative 
tuning of these intrusions is not always easy. Pet
rographic data, necessary for a comprehensive 
petrological characterization, are sparse. The limited 
data available indicate a wide range of silica-satu
rated compositions, from trondhjemite to granodior- 
ite to quartz monzonite, and occurrences of both 
equigranular and porphyritic textures. Porphyritic 
varieties contain quartz or quartz and feldspar 
phenocrysts. Many of the intrusions have been suf
ficiently altered (see Chapter 3) that identification of 
their original chemistry is not possible. However, 
trace element and REE geochemical signatures of 
some are sufficiently diagnostic that they can be 
classified as granodioritic to quartz monzonitic (eg. 
porphyries in the Timmins camp, Burrows and 
Spooner 1986).

In addition to the quartz-bearing plutons, a 
suite of silica-undersaturated intrusions hosts gold 
mineralization in the Timmins and Matheson areas 
of the Abitibi Subprovince. The undersaturated 
plutons, like the saturated, are sometimes intruded 
into deformation zones, but are smaller and less 
deformed than the latter. For example, a set of 
albitite (pebble) dikes, which host gold mineraliza
tion, cuts the quartz porphyries in the McIntyre and 
Hollinger Mines at Timmins. Burrows and Spooner 
(1986) have proposed that the shear-induced, prolate 
fabric of the porphyries is much more pronounced 
than that of the albitite dikes. Similarly, monzonitic 
intrusions in the Matheson area are only deformed 
along discrete high strain zones, and have for the 
most part retained pristine intrusive textures. Thus, 
these undersaturated plutons were emplaced during 
the later stages of the deformation.

The undersaturated intrusions have been 
intensely altered, as are all rocks in gold mineral
ized areas. However, rock geochemistry and rem
nant intrusive textures of several plutons suggest 
compositions ranging from syenite (Young - David
son Mine (Sinclair 1982), Macassa Mine (Watson 
and Kerrich 1983)) to monzonite (Murphy - Garri
son and Canadian Arrow Mines (Cherry 1983)) and 
lamprophyres (McIntyre and Hollinger Mines 
(Burrows and Spooner 1986)).

Preliminary observations suggest that some 
of the gold-related intrusions in the Abitibi belt may 
have evolved under relatively oxidizing conditions, as 
manifest by the presence of oxidized biotite and 
hornblende and the occurrence of sulphate minerals 
and hematite as minor phases away from zones of 
obvious alteration (eg. Cameron and Carrigan 1987). 
Precipitated sulphide minerals in gold ores within or 
spatially associated with these intrusions also have 
distinctive sulphur isotopic values (Schwarcz and 
Rees 1985, Cameron and Hattori 1987). While the 
premise that some gold-related intrusions may have 
evolved under relatively oxidizing conditions is 
intriguing, the data are too few to assess how 
widespread the oxidized magmas were. No equiva
lent data are available for synvolcanic intrusion, or 
for intrusions in areas away from gold mineraliza
tion.



Figure 4.1. U /Pb zircon geochronology o f post-volcanic, syn- to  late tectonic, felsic to  interm ediate intrusions at: 
(a) Timmins, (b)H em lo, (c) Shebandowan, and (d) R ed Lake.

4.3 . AGE OF INTRUSION

The intrusive contact relationships of many 
of the gold-associated plutons have been obliterated 
by shearing (eg. the McIntyre Mine in Timmins, 
Mason and Melnik 1986): in fact, many have 
recorded much of the shearing, and are highly 
schistose. This deformation makes establishing the 
time of their intrusion relative to volcanism, and 
folding and tilting of the surrounding strata difficult. 
Precise radiometric age determinations offer a 
method of determining the absolute ages of the 
intrusions, and hence interpreting their tectono- 
mamgmatic setting.

U-Pb zircon geochronology of gold-associ
ated quartz-bearing plutons from gold camps in the 
Superior Province indicates a very tight cluster of 
ages. Marmont and Corfu (1988) obtained ages 
from 2691 to 2688 Ma. from plutons in the Tim
mins area (Figure 4.1a). Corfu and M uir (1988) 
bracketed the age of felsic intrusion, both within 
and adjacent to the ore zones at Hemlo (Figure 
4.1b), between 2690 and 2670 Ma. Corfu and Stott 
(1987) reported ages of 2696 to 2686 Ma. for intru
sions in the Shebandowan area in northwestern 
Ontario (Figure 4.1c). All of these plutons, which 
are located in the southeastern terranes of the 
Superior Province (see Chapter 1), were intruded in 
the period 2690 to 2670 Ma. This post-dates the



cessation of calc-alkaline volcanism in these green
stone belts by 10 to 30 Ma. In the Red Lake 
camp (Figure 4.1d), within the older northwestern 
terrane of the Superior Province, similar felsic intru
sions returned ages of 2720 to 2700 Ma. (Corfu and 
Andrews 1987), which post-dates volcanism by a 
minimum of 20 to 40 Ma.

The quartz-bearing intrusions may be the 
youngest host rock for mineralization in a gold 
deposit. Colvine et al. (1984) and Mason and Mel
nik (1986) suggested that because of their strong 
spatial and temporal association with gold, the intru
sions may have a genetic link with gold. However, 
recent geochronological work by Marmont and 
Corfu (1988) has locally refined the syn- to late- 
tectonic timing of the plutonism, and indicated that 
introduction of gold was distinctly later than the 
crystallization of at least the quartz-saturated suite 
of intrusions.

To date, very few of the undersaturated 
intrusions have been dated by the U-Pb zircon 
method. An albitite dike from the McIntyre Mine 
at Timmins returned an age of 2673 +6/-2 Ma., 
and a monzonite from the Murphy - Garrison Mine 
near Matheson returned an age of 2678 ± 2 Ma. 
(Marmont and Corfu 1988). These ages correspond 
to a sphene age of 2674 ± 2 Ma. obtained from a 
lamprophyre dike in the Adams (iron) Mine near 
Kirkland Lake (Wyman and Kerrich 1987). Thus, 
in the Timmins and Kirkland Lake areas, the under
saturated plutons, which are the youngest Archean 
intrusions, post-date volcanism by at least 25 Ma., 
and post-date intrusion of the quartz-bearing plutons 
by 15 Ma.

In the Hemlo area, a number of intrusions 
that occur in the ore zones have returned ages of 
2690 to 2670 Ma. However, the intense deforma
tion and alteration of these rocks prevents distin
guishing between quartz-phyric and feldspar-phyric 
intrusive suites.

4.4. SUMMARY

Gold deposits in the Superior Province have 
a dose spatial association with syn- to late-tectonic 
felsic intrusions. Although these intrusions are typi
cally altered and deformed, it has been possible to 
identify two suites: an earlier, syn-tectonic suite of 
quartz-bearing plutons, and a later, late-tectonic 
suite of silica- undersaturated plutons. These intru
sive suites are remarkably similar in absolute ages, 
as determined by U-Pb zircon geochronology. 
These precise age determinations have also estab
lished a chronological distinction between the two 
intrusive suites in the Timmins - Kirkland Lake area 
of the Abitibi belt, where the older, quartz-bearing 
plutons have ages of 2691 to 2688 Ma., and the 
undersaturated plutons have ages of 2678 to 2673 
Ma.

Colvine et al. (1984) suggested that the 
older, quartz-bearing intrusions might be a source of 
gold-mineralizing fluids. While this is still possible, 
the role of the silica-undersaturated intrusions, as a 
source of fluids or as a manifestation of the gold- 
mineralizing process, must also be considered. 
Understanding the true role of these intrusive suites 
in the gold deposits still awaits the acquisition and 
interpretation of adequate petrological and petro
chemical databases, which will permit more accurate 
classification and petrogenetic interpretations. How
ever, despite these difficulties, the dose spatial asso
ciation of mineralization with a temporally distinct 
suite of intrusions remains an important empirical 
characteristic of Archean lode gold deposits. The 
genetic implications of this association are discussed 
in Part II of this volume.





5. TIM IN G  O F M INERALIZATIO N

5.1. INTRODUCTION

Determining when mineralization occurred, 
relative to the protracted evolution of the greenstone 
belts which host the lode gold deposits, is critical to 
understanding their genesis. Empirical evidence 
pertinent to this relative age of mineralization has 
been included in the broader discussions of the pre
ceding chapters. This evidence is briefly recapitu
lated in the following section, as a preface to a dis
cussion of the results of geochronological studies of 
the absolute age of the gold mineralization.

5.2. RELATIVE AGE OF 
MINERALIZATION

Relative age brackets for the maximum and 
minimum ages of gold mineralization across the 
Superior Province can be defined from geological 
relationships observed in the field. These observa
tions include relationships between gold mineraliza
tion and:

(1) host rocks (see Chapter 1): Gold min
eralization can be hosted by any lithology in 
a greenstone belt, and occasionally occurs in 
gneissic terranes outside greenstone belts. 
The oldest unequivocably post-ore units are 
Early Proterozoic mafic dikes. However, 
since gold occurs in all lithologies (and all 
ages of lithologies) in the greenstone belts, 
its lithological associations do not discrimi
nate between two extreme cases: that the 
gold could have been introduced at any time 
over a protracted period (Hutchinson 1987), 
or that it was introduced after the formation 
of its youngest host (Colvine et at. 1984). 
This discrimination is only possible after 
consideration of evidence provided by studies 
of structures and alteration associated with 
the gold deposits.

(2) deformation (see Chapter 2): The 
deformation zones that host gold mineral
ization are of regional and Shield-wide 
extent, and display consistent orientations 
and sense of shear. The ubiquitous and 
systematic association of the mineralization 
with these discrete tectonic structures is 
compelling evidence that gold concentration 
was related to the major, latest Archean 
tectonic event that formed them.
Strain analyses of gold deposits have 
demonstrated that the present sites of min
eralization represent zones of dilatancy pro

duced by shear deformation. Structural 
studies also indicate that the shear fabric is 
superimposed upon fabrics produced by 
folding or tilting. The youngest greenstone 
lithologies that host gold deposits (the 
Timiskaming-type sediments, volcanics and 
associated intrusions) record only the second 
(shear) fabric. Thus, mineralization was 
synchronous with, or post-dated, shearing.

These deformation-related characteristics do 
not by themselves eliminate the possibility 
that reconcentration of earlier deposited gold 
occurred during this tectonism to form the 
present structurally-sited deposits. However, 
evidence derived from studies of the alter
ation associated with the gold deposits does 
provide additional constraints on timing.

(3) alteration (see Chapter 3): Gold 
deposits are typically surrounded by a large 
volume of altered rock. This alteration 
could only be effected by the passage of a 
large volume of fluid through the rock: this 
volume of fluid could not be locally derived. 
Zoned alteration patterns around both indi
vidual ore shoots and entire deposits indi
cate that the present site of mineralization 
is essentially its original depositional site, 
and argue strongly against remobilization of 
earlier gold deposits during deformation.

(4) metamorphism  (see Chapter 3): Alter
ation zones around metamorphosed mineral 
deposits contain mineral assemblages diag
nostic of the metamorphism. Good exam
ples of this metamorphic overprinting are 
found in the anthophyllite + cordierite 
assemblage around many Archean vol- 
canogenic massive sulphide deposits 
(Franklin et al. 1981, see also Chapter 3 of 
this report). The alteration zones around 
Archean lode gold deposits, however, show 
no evidence of any metamorphic overprint. 
Instead, the alteration mineral assemblages 
vary with the regional metamorphic grade. 
Furthermore, the alteration assemblages of 
deposits hosted in amphibolite facies rocks 
contain minerals which are stable at lower 
than estimated peak metamorphic tempera
tures: this is manifest as retrogression of 
metamorphic minerals by alteration minerals. 
Both lines of evidence, therefore, indicate 
that the hydrothermal activity of the gold 
mineralizing process occurred during and



somewhat after the attainment of peak 
metamorphic conditions.

(5) felsic intrusions (see Chapters 1 and 4): 
Post-volcanic, syn- to late-tectonic felsic to 
intermediate plutons are anomalously abun
dant hosts to gold mineralization, relative to 
their abundance in greenstone belts. As the 
youngest host lithology to gold, they define 
the maximum relative age of mineralization.

The empirical evidence presented above 
indicates that the gold was introduced in a single 
event that followed the intrusion of syn- to late- 
tectonic felsic plutons into folded and sheared vol
cano-sedimentary sequences in the greenstone belts. 
A more accurate estimate of when the mineraliza
tion occurred in the Archean can be made from 
absolute ages obtained from precise geochronology, 
accepting the premise that mineralization is younger 
than any lithology that hosts it.

5.3. ABSOLUTE AGE OF 
MINERALIZATION

The geochronology of volcanism and pluton
ism in greenstone terranes across the Superior 
Province in Ontario was discussed in Chapter 1, 
Part I of this volume, in order to provide an under
standing of the regional geological setting of the 
gold deposits. Although specific dates are not 
repeated here, those geochronological data show 
that:

(1) The lithological units hosting mineral
ization can encompass the entire range of 
ages obtained from a greenstone belt 
(Figure 13). For example, in the Red Lake 
camp, gold is hosted by rocks that formed 
over a period of 272 Ma. (Corfu and 
Andrews 1987). Similarly, in the Abitibi 
belt, gold is hosted by rocks that formed 
over a period of 80 Ma. (Marmont and 
Corfu 1988).

(2) The maximum age of mineralization 
obtained for the northwestern greenstone 
terranes is 2718 Ma. (Figure 5.1), from the 
Red Lake camp (Corfu and Andrews 1987). 
This post-dates the youngest volcanism in 
the Red Lake camp by approximately 15 
Ma.

(3) In the southeastern greenstone terranes,

the maximum age of mineralization is 2690 
to 2673 Ma. (Figure 5.1), which post-dates 
the youngest volcanism by approximately 10 
to 25 Ma. In the Timmins area, 
geochronology has shown that the late-tec- 
tonic, silica-undersaturated felsic plutons 
post-date the quartz porphyries by 13 to 15 
Ma. Gold, hosted in both types of pluton, 
must be synchronous with or younger than 
the undersaturated suite.

(4) In the Wabigoon Subprovince, the 
range of ages obtained for the youngest, 
post-volcanic, felsic intrusions is 2709 to 
2695 Ma. These dates are older than, or 
equivalent to, the ages of the quartz por
phyries in the Timmins camp (2691 to 2688 
Ma.). More importantly, a suite equivalent 
to the younger (2678 to 2673 Ma.), under- 
saturated intrusions of the Timmins camp 
may not have been recognized.

The difference in the maximum age of the 
introduction of gold in the northwestern and south
eastern greenstone terranes suggests that the same 
mechanisms of mineralization were diachronously 
active in the final stages of cratonization of older 
and younger Archean crusts across the Superior 
Province. This suggestion, and the possible genetic 
link between gold mineralization and the undersatu
rated intrusions, are discussed in Part II of this 
report.

The minim um  age of mineralization has not, 
as yet, been well defined. To date, no lithology 
other than Lower Proterozoic diabase dikes has 
been unequivocably shown to cut mineralization. 
The gap between the crystallization age of the dikes 
and the age of the youngest host lithology is too 
great to provide a meaningful bracket for die dura
tion of mineralization.

A m inim um  age of mineralization has been 
suggested for the Red Lake camp by Andrews e t al. 
(1986). Pre- to syn-deformation intrusions at Red 
Lake date at about 2720 Ma, and late to post
deformation dikes date at 2700 Ma. Andrews e t al. 
(1986) noted that, since gold mineralization at Red 
Lake is spatially and temporally related to the 
deformadon bracketed by these two ages, it too is 
bracketed, and must have occurred between 2720 
and 2700 Ma.

In the Hemlo area, Corfu and Muir (1988) 
report U-Pb ages of 2650 to 2610 Ma. for rutile



and monazite, which are presumed to be part of the 
hydrothermal assemblage and possibly synchronous 
with mineralization.

the cessation of volcanism and the maximum possi
ble age of gold mineralization in the greenstone ter- 
ranes of the northwestern Superior Province are 
distinctly older (by 25 Ma.) than in the southern 
part of the Province. Regardless of these possible 
differences in maximum age of gold mineralization, 
and the difficulty of obtaining an accurate minimum 
age of mineralization, the geochronological data are 
consistent with the interpretations made from studies 
of structure, alteration and metamorphism associated 
with the Archean gold deposits. All of this evi
dence indicates that gold introduction occurred dur
ing the latest Archean, and at essentially the same 
time across extremely large areas of the Superior 
Province.

Figure 5.1. U /Pb geochronological data fo r latest 
volcanics (circles) and syn- to  late tectonic 
plutonic (diam onds) rocks in the northwestern, 
Wabigoon and southeastern greenstone terranes o f  
the Superior Province. See Section 4, Chapter 1, 
Part I  fo r further explanation.

Attempts have been made to determine the 
age of mineralization in the Abitibi belt by dating 
hydrothermal vein minerals that occupy the same 
structures as gold and are considered synchronous 
with it. A few radiometric determinations have 
been made on green micas from the veins and wall 
rocks of the Dome and Hollinger Mines, using the 
40AR/ 39AR method (Masliwec et al. 1986). The 
ages obtained range from 2633 to 2617 Ma. When 
combined with the U-Pb ages discussed earlier, this 
indicates that mineralization at the Hollinger Mine 
occurred between 2673 and 2633 Ma. However, it 
should be emphasized that the 40A r/39Ar method is 
best used to determine cooling histories, rather than 
crystallization ages, of minerals. Thus, establishing 
the age of formation of the hydrothermal mineralogy 
associated with gold mineralization is still under 
examination.

5.4. SUMMARY

Geochronological studies have shown that





6. EVIDENCE FO R  FLU ID  TYPE

6.1. INTRODUCTION

The model developed in the preceding 
chapters involves the introduction of large volumes 
of fluid upward into the depositional environment 
along structurally induced, permeable channel ways, 
The systematic consideration of the effects of the 
interaction between that Quid and rocks in the 
depositional environment is based on the working 
hypothesis that fluids of grossly similar compositions 
were active in most, if not all, gold mineralizing 
systems. While systematic patterns of alteration are 
consistent with the premise that they were the 
products of a universally similar hydrothermal Quid, 
more direct evidence of the nature of the Quid is 
provided by application of Quid inclusion and stable 
isotopic techniques. Some results from typical 
studies are reported in this chapter, with emphasis 
on Canadian and Western Australian Archean gold 
deposits. Rigorous interpretations of these data as 
they pertain to source of the Quids and transporta
tion of gold are deferred to Part II.

6.2. FLUID INCLUSION 
CHARACTERISTICS

An increasing number of studies of Quid 
inclusions in Archean lode gold deposits in the 
Superior Province are available. Such studies have 
been reported for the Doyon (Guha et al. 1982), 
Sigma (Robert and Kelly 1987) and O’Brien 
(Krupka et al. 1977) mines in Quebec; and in 
Ontario for the Timmins-Porcupine (Smith et al. 
1987, Walsh et al. 1986, Wood et al. 1984, 1986) 
and Red Lake (LaKind and Brown 1984, Brown and 
LaKind 1986) camps; the Sioux Lookout - Sturgeon 
Lake (Brown 1985) and Geraldton (Macdonald 
1984b) areas; the Wabigoon Subprovince (Brown 
1986), and the Renabie Mine near Wawa 
(Studemeister and Kilias 1987), Some of the results 
from these studies are summarized in Table 6.1. 
As a general cautionary note, few studies demon
strate that gold occurs either in an inclusion, or 
along a Quid inclusion-filled fracture plane (eg. 
Robert and Kelly 1987). Therefore, it is not always 
possible to state conclusively which fluid inclusion 
population attended transport and precipitation of 
gold. Further, in many deposits, Quid paragenesis is 
not certain, because cross-cutting relationships 
between inclusion populations are not observed.

The Quid interpreted to have been trapped 
during the precipitation of gold was of low salinity 
(< 6 wt %  NaCl equivalent), aqueous, but CO2- 
bearing, with a moderate to high CO2 density (0.7-

> 1.0 g/cm3). Homogenization temperatures for the 
Quid inclusion data range between 400° and 200°C, 
and cluster around 350°C. Because the homoge
nization temperatures provide only a minimum tem
perature, the actual trapping temperature may have 
been higher. Calculated and estimated trapping 
pressures, determined from isochores for mixed 
H2O-CO2 inclusions, lie in the range of 1.5 to 4.5 
kb (Smith et al. 1984, Brown 1986, Brown and 
Lamb 1986, Robert and Kelly 1987), which corre
sponds to a depth of 4 to 12 km, assuming litho- 
static load. These inclusions may also contain 
minor amounts (<5 volume %) of CH4 (LaKind 
and Brown 1984, Smith et al. 1984, Brown 1985, 
Brown and Lamb 1986, Wood et al. 1986). Vari
able CO2/H 2O ratios in coexisting Quid inclusions 
associated with gold mineralization are observed in 
some deposits (Guha ef al. 1982, Macdonald 1984a, 
Smith et al. 1984, Brown and LaKind 1986, Wood et 
al. 1986, Robert and Kelly 1987). In the Sigma and 
Hollinger Mines, spatial relationships between two 
compositionally different coexisting Quid inclusion 
populations (eg. saline, aqueous Quid with minor 
CO2 vs. low salinity, C02-rich Quid with minor 
H2O and CH4) suggest the two Quids were pro
duced by unmixing of an initially homogeneous H2O 
- CO2 fluid of low to moderate salinity, containing 
approximately 5 to 30 mole percent CO2 (Robert 
and Kelly 1987, Wood et al. 1986). The 
"reconstitution" of the auriferous Quid is based on 
the assumption that the wetting characteristics of the 
saline aqueous and the dilute C02-rich components 
are approximately equal, and that they had equal 
affinity to be trapped within growing quartz.

Fluid inclusion data on Archean vein-type 
gold deposits throughout the world (Roedder 1984, 
English 1981, Ho et al. 1985) are similar to those 
reported for the Superior Province. Thus, Archean 
auriferous Quids appear to be characterized by high 
fluid pressure, low salinity and presence of CO2-

6.3 . LIGHT STABLE ISOTOPE 
CHARACTERISTICS

Described in this section are selected, repre
sentative stable isotopic data for some Archean gold 
deposits. A more rigorous discussion of these data, 
with implications for fluid sources and generative 
process, is presented in Part II of this volume. A 
striking characteristic of these data is the similarity 
between Canadian and Australian Archean gold sys
tems - a testament to the com m on source and 
process involved in their generation.



D E PO SIT  O R  A R E A  
(R eference)

FL U ID  INC LU SIO N  D A TA INTER PR ETA TIO N

R ed  Lake, O n ta rio  
B row n and  LaK ind (1986)

Prim ary, low salinity  H 2O -C O 2; h igher C O 2  density, 
V ariab le  C O 2/ H 2O  ra tios; T h  -  110° to  360°C; 
G O L D  R E L A T E D .

Possible  fluid unm ixing

Secondary  aqueous b rine; = > 350°C .

Secondary low salinity  (<  10 equi. w t %  N aCl), C O 2* 
H 2O ; low  C O 2 density.

M cI ntyre-H ollinger M ine, T im m ins, O n ta rio  
Sm ith  e t  a l  (1984)

Pseudo-secondary  or prim ary  H 2O -C O 2 , -  220° 
to  385°C , 3  to  24 m ole wt %  C O 2, C O 2  liquid 
phase hom ogenization , C O 2  density  ran g e  0.46 to  
0.78 g /c m 2; G O L D  R E L A T E D .

Possible fluid 'uimixiiig; fluids buffered 
by Q F M ; depositions! p ressu re  0 3 5  to  
0 5  bars

Secondary C O 2 -bearing  aqueous inclusions, T h  = 
160° to  215°C .

In g raph ite-bearing  vein, pseudo-secondary  to  
prim ary  C H 4-C O 2-H 2O  inclusions (>  26 m ole %  
C H 4).

Secondary C H 4-rich inclusions.

HoUinger M ine, T im m ins, O n ta rio  
W ood  e t al. (1986)

P rim ary  H 2O C O 2, variab le  ph ase  proportions; 1 to  
4  equi. wt. %  N aC l; 6  m a le  %  C O 2 ; T h = 225° to  
355°C , m ean 277°C ; m inor C H 4 ; C O 2  density  0.65 
g /c m 3.

Phase separa tion

O 'B rien  M ine, C adillac, O uebec  
K rupka e t al. (1977)

Prim ary  H 2O -C O 2  w ith constan t phase  proportions. E arly  fluid hom ogeneous

C oexisting secondary  H 2 O -C O 2 ; T h o f bo th  types = 
210° to  380°C

L ate  hete rogeneous fluid

Sigm a M ine, V al d’O r, Q uebec  
R o b ert and  Kelly (1987)

Secondary  H 2O -C O 2  inclusions w ith < 10 equi. wt. 
%  N aCl, 15 to  30 m ole %  CO 2 ; T h  =  2 8 5 °  to  
395°C ;

C oexisting H 2 O -rich  inclusions, 25 to  34 equ i. wt. %  
N aC l, T], =  6 0 °  to  295°C  a n d  C O 2 -rich  inclusions 
in healed  frac tu res.

F lu id  mwiiging in le rm k tcn tly

Y ilgam  Block, W este rn  A ustralia  
H o  e l aL (1987)

P rim ary  H 2O -C O 2  w ith bo th  constan t a n d  variab le  
phase  p ro p o rtio n s  (20  to  30 m o le  %  C O 2) ,  < 2  equi. 
w t. %  N aCl, T h =  2 0 0 ° to 3 9 0 ° C .

Coexisting prim ary  H 2O -rich  a n d  CO 2-rich  in  la te  
vugs.

E arly  fluid, som e m univing 

L a te  fluid, he te rogeneous

Table 6.1. Summary o f  flu id  inclusion data fo r Archean gold deposits in the A bitib i Subprovince o f Canada and  
the Yilgam Block, Western Australia.

6-3.1. CARBON ISOTOPES

Hydrothermal carbonate minerals in veins 
and wall rocks of auriferous systems are a conspicu
ous component of the gold-associated gangue miner
alogy, which precipitated from the C (^-bearing, 
hydrothermal fluid. From the carbon isotopic com
positions of the carbonates, it may be possible to 
constrain the source of hydrothermal carbon, and 
perhaps identify possible precipitation mechanisms 
related to changes in pH, redox conditions, and 
temperature, because of the dependency of carbon 
isotope fractionation on these parameters. The re
sults of studies of Archcan lode gold deposits by 
Donnelly et al. (1977), Fyon et al. (1960, 1982,

1983a), Golding and Wilson (1983), Golding e t al. 
(1987), Spooner et al. (1985), McNeil and Kerrich 
(1986) and Kerrich et al. (1987) are shown in Fig
ure 6.1. A general chronology of hydrothermal car
bonate introduction, recognized in the greenstone 
belts of the Superior Province, is shown in Figure 
6 2 . This chronology has been derived from many 
studies, including work by Bain (1933), Davies et al. 
(1982), Fyon e t al. (1983a), Andrews et al. (1986), 
Smith (1986), and Melling et al. (1986).

6.3 .1 .1 . Abitibi Subprovince - Superior Province

Calcite was introduced early during diagene
sis and alteration of the volcanic succession in the



Figure 6.1. Partial compilation o f 6 & C  values o f hydrothermal carbonate from  the A bitib i Subprovince and the 
Ytlgam Bloch, Western Australia. Data fo r the A bitibi from  Kerrich e t ai. (1987), W ood et al. (1986), Spooner 
et aL (1985), M cNeil and Kerrich (1986), Fyom (1986), and Fyon e t al. (1983a). D ata fo r  Western A ustralia 
taken from  Lam bert et aL (1984), Golding and Wilson (1983), and G olding et al. (1987).

Abitibi Subprovince, and occurs as a widely dis
persed phase in greenstone lithologies, filling pri
mary porosity (eg, Dimroth and Lichtblau 1979, 
Fyon et al. 1983a, b, Piroshco and Hodgson 1988).

The widespread distribution of the dispersed calcite, 
independent of regional structures, in volcanic rocks 
which have undergone low-temperature, sea water 
alteration (Beaty and Taylor 1979, 1982), suggests



Figure 6 2 . Sequence o f carbonate introduction into volcanic lithologies in the Timmins area, with corresponding 
carbonate mineralogy and carbon isotopic com position.

that the dispersed calcite may have been precipitated 
during the early sea floor diagenetic and alteration 
history of the flows. Dispersed calcite in the Tim
mins area has δ13C values ranging from -3.5 to 0 
per mil, with a mode at -1.7 per mil (Figure 6.1), 
consistent with a sea water source, given that the 
δ13C values of calcite precipitated from Archean 
sea water show no secular change (Schidlowski et al. 
1975, Veizer and Hoefs 1976).

Superimposed upon the early dispersed cal
cite are zones of intense carbonatization. These 
consist of dolomite - ankerite cores and chlorite - 
calcite margins, and may be centred on quartz - 
carbonate veins or shear zones (eg. Burrows 1912, 
1924, Bain 1933, Fyon and Crocket 1982, Burrows 
and Spooner 1986, Wood et al. 1986, Piroshco and 
Hodgson 1988). This pattern of alteration devel
oped in response to progressive fluid/rock interac
tion (eg. Clark e t  al. 1986). The zones of carbona
tization are regionally distributed, and are related to 
late zones of deformation and zones of gold miner
alization (Fyon and Crocket 1982, Davies et al. 
1982). The δ13C values of replacement dolomite - 
ankerite and magnesite (in ultramafic rocks) from 
within or adjacent to quartz veins range from -5 to 
0 per mil, with a mode of -3.5 per mil (Figure 6.1). 
Within discrete zones of carbonatization, the δ13C 
of carbonate in wall rocks varies by about 3 to 5 
per mil across the zone, from about -4 per mil 
adjacent to a quartz vein in the dolomite-ankerite 
facies, to 0 per mil at the perimeter (chlorite +

calcite) of the zone. This variation is attributed to 
Rayleigh fractionation during progressive fluid/rock 
interaction (Fyon et al. 1983a, b, Fyon 1986).

Locally, a younger ankerite-dolomite + 
white mica replacement assemblage is superimposed 
upon the earlier dolomite-ankerite-calcite assem
blages within a zone of carbonatization. This 
younger assemblage developed adjacent to auriferous 
quartz veins (eg. Bain 1933, Wood et al. 1986, 
Piroshco and Hodgson 1988). Both generations of 
ankerite-dolomite carbonate assemblages in the wall 
rock replacement zones are localized by the same 
late structures, which are also the structures into 
which gold was concentrated. The coexistence of 
gold and the two generations of ferroan carbonate, 
within the same late, regional structures, implies that 
the introduction of both CO2 and gold was coeval 
with the late deformation event. The values 
of this gold-related ferroan carbonate appear to be 
similar to that of the pre-gold dolomite-ankerite (- 
3.5 per mil; Spooner et al. 1985, Wood et al. 
1986). Late, barren quartz-caldte veins were 
emplaced followed the main gold-ferroan carbonate 
introduction event (Bain 1933). No carbon isotopic 
data are available for this calcite.

An additional complication exists in the 
T im m ins area. Reaction between the fluid and car
bonaceous sediments may have induced isotopic 
fractionation between reduced and oxidized carbon
bearing fluid species, resulting in the precipitation of 
heavy, 13C-enriched (up to 0 per mil) dolomite-



ankerite (Fyon etaL  in preparation). Therefore, the 
δ13C value of the total dissolved carbon in the 
hydrothermal fluid, before it encountered those 
domains containing carbonaceous sediment, was 
probably lower than the median value of -3.5 per 
m il In fact, vein and replacement carbonates do 
show a general trend to heavier δ13C values, from 
approximately -5 per mil in the outskirts of the 
Timmins district, where carbonaceous sediments are 
rare, to 0 per mil in the core of the Timmins 
camp, where carbonaceous sediments are present 
(Fyon et al. in preparation).

Thus, in the Timmins are, a 5 per mil vari
ation in δ 13C of gold-related and regional carbonate 
is observed at two scales: camp scale (-5 to 0 per 
mil, and deposit scale (-3.5 to 0 per mil). The 
camp scale variation may reflect carbon isotopic 
fractionation between reduced and oxidized carbon 
species (Fyon et al. in preparation), while an addi
tional element of variation on the deposit scale may 
reflect progressive depletion of CO2 from the 
hydrothermal fluid (Rayleigh fractionation), by con
sumption of carbon during the precipitation of the 
dolomite-ankerite and chlorite -1- calci t e  assemblages 
(Fyon 1986). Thus, the lowest value (-5 per mil) 
may be a more accurate representation of the car
bon isotopic value for carbonate which was precipi
tated from the hydrothermal fluids.

Kerrich et at. (1987) provide a large data 
base of carbon isotopic data which are representa
tive of the Abitibi Subprovince. Average δ 13C val
ues for specific areas range from -25  to -8.5 per 
mil, but are broadly consistent with the range of 
data reported from the T im m ins area.

63.1.2 . Yilgarn Block - Western Australia

In the Yilgarn Block, calcite which is inter
preted to have been precipitated during an early, 
sea water alteration event, has a mean δ 13C value 
of -1.4 per mil (median -13 per mil; Golding et aL 
1987), similar to that reported for the Timmins 
area. Carbonate from regional zones of carbonati- 
zation related to major fault zones, has a mean 
δ 13C value of -4.6 per mil (median -4.8 per mil; 
Golding et al. 1987). Carbonates from district scale 
zones of alteration have δ l3C values of -5.1 per mil 
(median -4.9 per mil), which is indistinguishable 
from the regional carbonate (Golding et al. 1887). 
Gold deposit-related alteration shows somewhat 
more variation in δ l3C values, from -7 to -3 per 
mil (Golding et al. 1987, Donnelly et al. 1977).

63.13. Summary

The similarity between the carbon isotope 
data from the Abitibi Subprovince and the Yilgarn 
Block is striking, and implies similar sources for the 
carbon. Under the indicated temperature (300°- 
400°C), redox conditions (Smith et al. 1984, Kerrich 
et al. 1987), and pH conditions (neutral to slightly 
add, where seriate stable), which approximate those 
of the auriferous fluid, the calculated δ13C value 
for the total dissolved carbon in the hydrothermal 
fluid would be approximately that of the predpitated 
carbonate (Ohmoto and Rye 1979). Thus, the total 
dissolved carbon in the hydrothermal fluid would 
have had an approximate δ l3C of -7 to -0 per mil 
(Fyon et al. 1983a, Spooner et al. 1985, Kerrich et 
al. 1987, Cameron and Hattori 1987). Adoption of 
the median value value (-33 per mil) may provide a 
more realistic approximation of the δ13C of the 
CO2 component of the hydrothermal fluid, given the 
isotopic variation induced at the depositional sites, 
which produced -^C-enriched carbonates.

6 3 2 . SULPHUR ISOTOPES

Sulphide minerals (eg. pyrite, pyrrhotite, 
arsenopyrite, etc.) are ubiquitously associated with 
Archean gold systems, although their abundances 
vary within ore shoots in individual gold deposits. 
The sulphur isotopic compositions of these minerals 
provide a means to evaluate possible sources of sul
phur and may reveal clues to depositional mech
anisms, because of the sensitivity of sulphur isotopic 
fractionation to changes in redox conditions, temper
ature, and sulphur concentration in the fluid (Sakai 
1968).

6.3 .2 .2 . Canadian Archean

Sulphur isotopic data for Archean gold 
deposits in Canada (Figure 63) have been reported 
by Wanless et al. (1960), Lavigne (1983 1984), 
Schwarcz and Rees (1985), Spooner et al. (1985), 
and Cameron and Hattori (1987). Many of these 
studies have been reconnaissance in nature, and the 
significance of isotopic variation between different 
sulphide mineral morphologies or generations has 
not been exhaustively addressed.

Two broad groupings of δ34S values are 
apparent: δ34S = 0 to +10 (Yellowknife, Red 
Lake, Belmoral, Owl Creek, Coniaurum, McIntyre- 
Hollinger, Dome, Hard Rock) and δ34S <0 
(Lakeshore, Macassa, Canadian Arrow, Kelore, Ross, 
Young Davidson, Consolidated Matachewan, Hemlo).



Figure 63 . Com pilation o f δ34S  values o f  pyrite and pyrrhotite from  Archean gold deposits. D ata taken from : 
Western Australia - Lam bert et al. (1984); Yellowknife - Wanless et al. (1960); R ed L ake - Lavigne (1983, 
1984); Geraldton (H ard R ock M ine) - Schwarcz and Rees (1985); A bitib i B elt (Belm ond, O w l G eek, 
Comaurum, McIntyre, Dom e, and Canadian Arrow M ines) -  Schwarcz and Rees (1985); A b itib i B elt (Hollinger 
M ine) - Schwarcz and R ees (1985), Spooner e t al. (1985); A bitib i B elt (Lakeshore, M acassa, Kelore, Ross, 
Young-Davidson, C onsolidated M atachewan, and H em lo deposits) - Cameron and H atton (1987).

This division appears more transitional than abrupt 
(Figure 63), and 0 per mil is a convenient, albeit 
arbitrary, discriminant value. The low sulphur val
ues (< 0  per mil) may reflect relatively oxidizing 
hydrothermal fluids, as demonstrated by the pres
ence of sulphate minerals and hematite as gangue 
minerals in the wall rock or within the auriferous 
systems (Cameron and Hattori 1987). Note, how
ever, that sulphate minerals are present within the 
McIntyre mineralized system (Davies and Luhta 
1978), although distinctly negative δ34S values for 
pyrite are not typical of the Hollinger-McIntyre sys
tem. Many deposits display intra-deposit isotopic 
variation, suggestive of either mixing of more than

one sulphur source or major isotopic fractionation. 
Given the evidence for oxidizing conditions seen in 
some deposits, redox change within and between 
deposits, with attendant isotopic fractionation, is 
likely the dominant factor contributing to sulphur 
isotopic variation (Schwarcz and Rees 1985, 
Cameron and H attori 1987).

63 2 2 .  Yilgarn Block - Western Australia

Lambert et al. (1984) present sulphur iso
topic data for the Hunt, Morning Star, Mount 
Charlotte and W atertank Hill deposits. These data 
show a range from +0.7 to +8.0 per mil



(arithmetic mean of +3.0 per mil), which compares 
favourably with the data for that group of Canadian 
deposits whose δ34S values are greater than 0 per 
mil. δ34S values for pyrite from the Golden Mile 
lodes are notably lower, ranging from -9.0 to 0 per 
mil (arithmetic mean of -6 per mil; Lambert et al. 
1984, Cameron and Hattori 1987). These negative 
values are similar to that Canadian population 
whose δ34S values are <0 per mil (Figure 63). 
Sporadic anhydrite occurrences are reported in the 
lodes of the Golden Mile and in the Paringa Basalt 
(reported in Cameron and Hattori 1987), consistent 
with the suggestion that oxidized conditions existed 
during the precipitation of the pyrite.

6.3.2.3 . Summary

The general similarity between types of sul
phur isotope distribution representative of both the 
Superior Province and Western Australia emphasizes 
the probability of a uniform sulphur source, and a 
similarity in factors which contributed to the frac
tionation of sulphur isotopes and the precipitation of 
the sulphide minerals. While the large range in 
δ34S data may suggest diverse sources of sulphur, 
sulphur isotopic partitioning between oxidized and 
reduced sulphur species in the hydrothermal fluid 
could also account for the spread in δ34S values of 
precipitated pyrite (Schwarcz and Rees 1985, 
Cameron and Hattori 1987). A value of 0 per mil 
may best approximate the δ34S of the total dis
solved sulphur in the hydrothermal fluid.

6.3 .3 . OXYGEN ISOTOPIC DATA

Vein quartz is the most abundant con
stituent in most Arche an gold deposits, and its oxy
gen isotopic characterization has been the focus of 
many studies. Oxygen isotope geothermometry is a 
secondary application of this technique; however, 
because mineral triplet data are not illustrated or 
frequently do not support isotopic equilibrium, the 
interpretation and geological significance of these 
calculated temperatures may not be straight-forward. 
In this regard, the broadest temperature constraints 
imposed by the oxygen isotope geothermometry are 
similar to those provided by other techniques (eg. 
fluid inclusion filling temperatures). Interpretations 
of these data and extrapolation to the conditions of 
gold precipitation must be done cautiously, because, 
in many cases, gold is presently situated in fractures 
which cross cut quartz crystals, and therefore may 
not have been coprecipitated with quartz (eg. Ebbutt 
1948, Robert and Kelly 1987).

633.1. Canadian Archean

Oxygen isotopic data for vein quartz in 
Archean gold deposits in Canada have been 
reported by Kerrich and Fryer (1979), Kerrich and 
Hodder (1982), Fyon et al. (1983a), Fyfe and Ker
rich (1984), Kerrich and Watson (1984), Kishida and 
Kerrich (1987), Brown and LaKind (1986), and 
McNeil and Kerrich (1986). Data from these stud
ies are summarized on Figure 6.4. In all the 
Archean deposits, the values of the vein
quartz fall consistently in the range of +10 to +16 
per mil. The δ18O values for vein quartz are, for 
the most part, independent of host rock lithology. 
In addition, δ18O values of vein quartz and imme
diately adjacent quartz in wall rock are the same; 
wall rock quartz has undergone significant positive 
changes relative to "fresh rock", towards equilibrium 
with vein quartz (eg. Kerrich and Fryer 1979, 
McNeil and Kerrich 1986). This indicates that the 
veins and their immediate wall rock environments 
were fluid-dominated, that the fluid represented a 
relatively high 18O reservoir and that the fluid was 
introduced from a source external to the immediate 
depositional site. This suggests that, in the majority 
of cases, high fluid to rock ratios had been estab
lished throughout the mineralized zone. Tempera
tures calculated from mineral pairs (usually a com
bination of vein quartz, chlorite and muscovite) 
range from 320° to 480°C and estimates of fluid 
δ18O, in equilibrium with these phases, mostly fall 
within the range of +5 to +12 per mil (Figure 6.4).

6.3 .3 .3 . Yilgarn Block - Western Australia

Golding and Wilson (1987) present a com
prehensive compendium of oxygen isotopic data for 
deposits in Western Australia (Figure 6.4). The 
striking feature of these data is the range in δ18O 
values for vein quartz (11 to 14 per mil), which 
corresponds with the range of data for Canadian 
Archean gold deposits (Figure 6.4). Also, δ18O 
values of vein quartz are consistent over vertical 
distances of hundred’s of metres. The hydrothermal 
fluid from which the quartz precipitated is inferred 
to have had a δ18O value of +6 to +8 per mil. 
This is somewhat narrower than the calculated range 
for the Canadian Archean gold deposits (+5 to +12 
per mil).



Figure 6A  Partial com pilation o f  δ 18O values fo r  vein quartz in Archean gold deposits. D ata taken from : 
Kerrich and Fryer (1979), Kerrich and H odder (1982), Kerrich and Watson (1984), M cNeil and Kerrich (1986), 
Brown and La K ind (1986), Fyon et al. (1983a), and Fyon (1986).

6 3 3 3 . Summary

The calculated δ18O of the hydrothermal 
fluids from which vein quartz precipitated ranges 
from +5 to +10 per m il The vein system was 
fluid-dominated, and the wall rocks had equilibrated 
thermally with the fluid. Considering the vertical 
and lateral scale of some of the mineralized systems 
(eg. the Kirkland Lake system), the volume of fluid 
must have been large. Thus, the source of the 
fluids was external to the immediate depositional 
site. Temperatures within the mineralized zones

ranged from 300° to 500° C.

6 3 A  HYDROGEN ISOTOPIC DATA

Hydrogen isotopic data for Archean gold 
deposits are fewer than the sulphur, carbon or oxy
gen isotopic data. This partly reflects the difficulty 
in interpreting the data, and assessing the influence 
on silicate δD values of progressive metamorphic 
and hydrothermal fluid activity in and around the 
gold systems.



63.4.1. Abitibi Belt - Superior Province

Kerrich and Watson (1984) and Kerrich 
(1983) reported coincident hydrogen and oxygen 
isotopic data for lode gold deposits in the Macassa 
Mine at Kirkland Lake. These data fall within the 
range of -30 to -70 per mil. Hydrogen isotopic 
data for water extracted from fluid inclusions in 
quartz veins in the Timmins area were reported by 
Fyon et al. (1983a) and Fyon (1986). These data 
show a wide range, from approximately +10 per mil 
to -60 per mil, which may reflect partitioning 
between reduced and oxidized H-bearing fluid 
species due to changing redox conditions, or mixing 
of fluids from different sources (Fyon et al. 1983a).

6.3.4.3 . Yilgarn Block - Western Australia

Golding and Wilson (1987) reported data 
collected from the Princess Royal and Victory 
deposits. Hydrothermal biotite has a δD value of - 
56 per m il The δ D values of water in equilibrium 
with this (hydrothermal) biotite in the Princess 
Royal deposit are -10 to -16 per mil, dependent on 
the deduced conditions of formation (metamorphic 
or hydrothermal). Chlorites from the Victory Mine 
(Kambalda) have a 6d  of -73 per mil (+ / -  10 per 
mil; Golding and Wilson 1987). The calculated 
δD of water in equilibrium with these chlorites is 
approximately -30 per mil at 350°C (Golding and 
Wilson 1987).

6..4. SUMMARY

The striking similarity of fluid constitution 
and oxygen, hydrogen, carbon and sulphur isotopic 
data from Australian and Canadian Archean gold 
deposits supports the premise, based on the system
atic patterns of alteration (see Chapter 3), that a 
compositionally uniform fluid was involved in the 
gold-related alteration and gold precipitation events, 
regardless of deposit location. This implies unifor
mity in the fluid generation process, involving similar 
types of rocks and reservoirs. The fluid was 
derived from a large reservoir, which was external 
to the immediate depositional environment. This 
reservoir appears to have been relatively uniform 
isotopically. Interpretations of these data as they 
pertain to specific aspects of this fluid reservoir, and 
the processes by which the fluids were generated, 
are considered in more detail in Part U. An inter
pretation of these data in terms of potential sources 
is also deferred to Part II (Chapter 1),





7. D EPO SIT IO N A L  M O D EL

7.1. INTRODUCTION

In this report, a depositions! model is dis- 
tinguished from a genetic model in that it repre
sents a synthesis of empirical data drawn from many 
Archean lode gold deposits, with a minimum of 
genetic interpretation. It is unlikely, however, that 
the inherent characteristics of these deposits would 
display systematic inter-relationships unless they were 
the product of a unifying genetic process. The only 
genetic process invoked in Part I is the introduction 
of large volumes of hydrothermal fluid of unique 
composition upwards into the depositional environ
ment, necessitating a source external to the deposi
tional environment. Evidence to support that 
premise was presented in Chaper 6.

Where the fluids and gold came from, and 
how they were transported are not essential compo
nents of a depositional model. Evidence is pre
sented in Part II for a holistic genetic process of at 
least crustal scale. While evidence for such a pro
cess may support it, the depositional model is, for 
all practical purposes, independent of the genetic 
model. Hence, the paper is separated into Parts I 
and  II.

Metallogenetic processes may be diachronous 
and, therefore, evidence of similar timing is not 
essential to a holistic model. Evidence is presented 
in Chapter 5 of Part I and in Part II that gold 
deposition over large areas of the Shield was correl
ative in age. This suggests that, not only were they 
formed by a common genetic process, but also that 
they were formed during a short lived, but major, 
metallogenetic epoch; in such an epoch, the degree 
of systematic inter-relationships of deposit character
istics is highest.

This chapter first discusses the inter-relation
ships of deposit characteristics, based principally on 
data from chapters 1 through 4. However, the 
authors recognize the complexity of gold systems, 
and some of the problems encountered in their 
study are also addressed. Lastly, as this paper is 
intended to be of practical use, some of the impli
cations of the depositional model to exploration are 
discussed.

7.2 . DEPOSITIONAL MODEL

Figure 7.1 presents a composite, idealized, 
Archean lode gold system; it is highly simplified in 
that only selected characteristics can be diagram- 
matically represented. It does not imply that the

complete system developed in any one location, but 
draws upon portions of gold systems which are well 
displayed in specific locations.

The diagram represents an original vertical 
section of the composite gold system. It is implied 
that it also represents the present-day orientations of 
deposits, allowing for some modification of their 
geometries by progressive shearing and, in some 
instances, tilting by rotational uplift. A vertical 
scale is not defined, but it can be inferred from the 
vertical range shown for individual deposits. A 
composite vertical range of greater than 5 km but 
less than 10 km is implied, depending on the ther
mal gradient during mineralization.

The depth of the deposits beneath the pale- 
osurface cannot be defined. Evidence for lower 
confining pressures, in those deposits interpreted to 
represent the highest exposed level of the system, 
indicates that it was influenced by approach to sur
face. A minimum burial depth of 2 to 4 km is 
consistent with geobarometric fluid inclusion data. 
Present-day erosional surfaces expose all levels of 
the system, as indicated by the upper depth range 
of individual deposits.

The principal variable represented in Figure 
7.1 is, therefore, burial depth beneath paleosurace, 
which is indicated by the metamorphic grades of the 
enclosing rocks. Chapter 3 discusses the evidence 
for the temporal association between gold mineral
ization and peak metamorphism. The ambient pres
sure and temperature during mineralization exert the 
strongest overall control on the products of the 
mineralizing process; this is manifest in variable 
styles of mineralization and alteration. At progres
sively higher levels, mineralization changes from 
shear-parallel without prominent veining, through 
systematic, dilatant vein arrays, to pervasive breccia- 
style m ineralization . Alteration assemblages display 
equally prominent variations. Pyrite is the charac
teristic alteration sulphide in most deposits, but 
pyrrhotite predominates in deeper level deposits. 
Ankerite is ubiquitous in most gold camps, but is 
rare to absent in deeper level deposits. Silicate 
assemblages display equivalent systematic variations.

A strong host rock control tends to affect 
the deposit characteristics at a more local scale than 
overall depth zonation. It is impossible to represent 
the many effects of contrasting lithological compe
tency in Figure 7.1. For example, more competent 
lithologies will host discrete vein arrays which may 
pinch out in adjacent, less competent units. As a



Figure 7.1. Idealized composite depositional model for Archean lode gold deposits.
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rule, competent units such as felsic intrusions retain 
a brittle response to deformation to deeper levels in 
the system, whereas less competent units, such as 
altered ultramafics, display a ductile response even 
at higher levels. Many deposit-specific examples of 
these controls have been discussed in the preceding 
chapters.

Alteration is also displayed on Figure 7.1, 
which shows the main alteration mineral phases in 
several lithologies at both upper and lower levels of 
the system. In most deposits, ore is hosted by sev
eral lithologies and it is important to recognize the 
mineralogica1 indications of equal alteration intensity 
in different rock types.

Hydrothermal fluids are an essential compo
nent of the gold system, and their effects can locally 
disrupt the systematic patterns displayed in Figure
7.1. For example, the addition of fluid can promote 
ductile response to shear, whereas fluid overpressure 
can result in local brittle response in a ductile 
regime. Fluid-rock interaction is inherent; carbon- 
atization may increase rock competency whereas 
hydration, which produces phyllosilicates, may reduce 
it. Furthermore, pressure - tem perature - fluid 
conditions in the mineralizing environment may vary 
considerably over time. The overall effects of the 
variability of the fluid in the gold system are, 
therefore, less easy to predict.

7.3 . UNRESOLVED QUESTIONS

The above model attempts to summarize the 
effects of systematic, yet very complex, processes. 
Inevitably there are many aspects of these processes 
whose importance is difficult to establish. Their 
effects may be displayed as apparent exceptions to a 
general rule. Several of these have been identified 
by the authors and, no doubt, the reader will rec
ognize others.

7.3.1. FELSIC INTRUSIONS

The common, but not ubiquitous, association 
between gold deposits and felsic intrusions has long 
been used as a prospecting guide. This spatial cor
relation, combined with the similar absolute age of 
these in trusions in Ontario, was considered highly 
significant by Cohine et al. (1984). However, those 
authors were undecided as to the role of these 
intrusions. They proposed two alternative hypothe
ses: that the intrusions were the source of the 
m ineraliz ing  fluid, or that they represented physical 
and chem ical traps for m ineralization . Evidence

presented in Chapter 5 of this report, and by Mar- 
mont and Corfu (1988), renders the former hypothe
sis of a "porphyry" model less likely in some 
deposits, although it may be valid in others (Smith 
1987, Fyon and O’Donnell 1987). This has resulted 
in a re-assessment of the second alternative.

The favourable physical characteristics of the 
intrusions are more obvious. The intrusions are 
continuous over a large vertical range and retain a 
more brittle response to deformation at deeper lev
els; as such, they may represent the most 
favourable channelway for hydrothermal fluid ascent 
from depth.

Their chemical characteristics, particularly 
their relatively low iron content, ostensibly appear 
less favourable for gold precipitation. Sparse data 
indicate that some may have been highly oxidized at 
the magmatic-hydrothermal stage, as discussed in 
Chapter 4. Pre-existing, oxidized mineral species, 
such as sulphate and hematite, could react with 
later auriferous hydrothermal fluids, resulting in the 
precipitation of gold. Several large deposits are 
spatially associated with sulphate, including the 
Hollinger and McIntyre Mines at Timmins, the 
Kirkland Lake mines, the Hemlo camp, the Giant 
and Con Mines at Yellowknife, and the mines in 
Kalgoorlie, Australia.

The authors are not proposing that coinci
dence of these two processes is an essential compo
nent for gold concentration. Clearly, many gold 
deposits formed where there is no evidence for pre
cursor oxidized assemblages. It is an intriguing 
hypothesis, however, which is consistent with the 
association between intrusions and some large gold 
deposits.

Regardless of their role, these intrusions are 
still an important component of many gold systems. 
Felsic intrusions are not diagrammatically repre
sented on Figure 7.1, but arc included on Figure 7.2 
as an indication of the importance that the authors 
attribute to them. Further research into their geo
chemistry and petrogenesis is essential to better 
establish their role in mineralization, as they are 
now best characterized by geochronology.



Figure 7.2 . Idealized, composite gold system, from  
Figure 7.1, including afelsic intrusion.

7.3 .2 .  METAMORPHISM

As discussed in Chapter 3, alteration took 
place penecontemporaneously with peak metamor
phism. Alteration assemblages on Figure 7.1 reflect 
burial depths of peak metamorphism. At least 
three deposits do not fit this general rule:

(1) The Renco Mine in Zimbabwe is 
hosted by granulite fades rocks of the 
Limpopo Mobile Belt which have been 
overthrust onto the Zimbabwe craton from 
the southeast. Mineralization is hosted by 
brittle - ductile structures, which would not 
form in a granulite environment. Alteration 
assemblages are also consistent with those 
of lower amphibolite fades and clearly ret- 
rograted pre-existing granulite fades assem
blages (Tabeart 1987). It is therefore sug
gested that mineralization took place sub
stantially after attainment of peak metamor
phism. This example opens the possibility 
of mineralization in terranes generally con
sidered too high grade to host gold miner
alization.

(2) At Hemlo there is conflicting evidence 
for the timing of mineralization relative to 
amphibolite grade metamorphism; both pre- 
and post metamorphic origins have been 
proposed (Kuhns et al. 1986, Burk et al. 
1986). The reader is referred to the Hemlo 
section in the Gold ’86 Proceedings Volume 
for comprehensive descriptions of the alter
ation and metamorphic minerals.

The Hemlo ore zones developed within a 
shear system; quartz veining is common, but 
the ore itself has been ductilely sheared. 
Pyrite is the predominant alteration sulphide 
and ankerite is rare. It is proposed that 
these apparently conflicting characteristics, 
some of which are indicative of a green- 
schist environment and others of an amphi
bolite environment, may have resulted from 
rapidly fluctuating thermal gradients during 
mineralization as a result of regional and 
contact metamorphism and fluid introduc
tion.

(3) The Big Bell Mine in Australia is 
hosted by upper amphibolite grade rocks, in 
which partial melting has occurred (Phillips 
1986, Phillips and DcNooy 1988). These 
authors interpreted this deposit to represent 
a highly metamorphosed gold deposit which 
originally formed in a greenschist environ
ment. Absence of ankerite was attributed 
to decarbonation, although the expected 
calc-silicate assemblages are not reported. 
Pyrrhotite, which is the predominant alter
ation sulphide, was attributed to the desul
phidation of pyrite. Retrograde alteration 
assemblages are reported but are not con
sidered to be associated with mineralization 
(Phillips 1986). From the available litera
ture, the described characteristics of the Big 
Bill deposit may also be consistent with 
mineralization after peak metamorphism, 
under ambient lower amphibolite conditions.

733 . THE TOP OF THE SYSTEM

Present-day erosional surfaces expose sec
tions of the latest Archean crust. The least erosion 
is represented by sub-greenschist assemblages, which 
may indicate original burial depths of about 2 km. 
Therefore, the upper level of exposed gold systems 
represents at least that burial depth. Although the 
indicated high fluid flux can best be explained by 
surface discharge, any products of that discharge



would not be protected from erosion without subse
quent infolding, volcanism or sedimentation. The 
question remains, however, whether the highest pre
served level of the gold system have been discov
ered, or recognized.

Breccia zones on Figure 7.1 represent the 
highest identified level of the gold system within 
deposits in the Superior Province, Intuitively, these 
might be expected to change progressively into 
broader and pervasive mineralized and altered zones 
with decreasing confining pressures; boiling of flu
ids may also have occurred, as the paleosurface 
during mineralization is interpreted to have been 
subaereal. One possible example of this portion of 
the system is the Shamva Mine in Zimbabwe. 
Here, the "felsite" ore host constitutes pervasive K- 
feldspar alteration of quartz arenites or felsic vol- 
canics. Pyrite and gold are somewhat irregularly 
distributed. At the deepest exposed level, about 400 
m below surface, breccia-style mineralization, with 
high carbonate contents in the matrix, occurs. 
Alteration has obliterated any pre-existing structures 
and the ore zones are cut only by late faults.

If this interpretation of the Shamva deposit 
is correct, it opens up exciting exploration possibili
ties. The highly altered "felsite" could easily be 
mistaken for felsic volcanics, with a not unusually 
high pyrite content, yet the deposit may represent 
the upper end of a more extensive ore system. 
More than 2 million ounces of gold have been 
recovered from the upper 400 m of the Shamva 
Mine. Pyritic, siliceous-looking units in low meta- 
morphic grade terranes, which actually represent 
albite or K-feldspar alteration, may be high potential 
exploration targets.

7.3.4. ORE MINERALOGY

As discussed in Chapter 3, it became obvi
ous in the preparation of this paper that the avail
able data on ore mineralogy and associated minerals 
were completely inadequate to assess their signifi
cance. While modem technology has rendered this 
research "old fashioned", it may provide critical 
information on ore paragenesis and have practical 
applications. This deficiency will be addressed by 
the authors, and hopefully by other researchers.

7.3 .3 . GOLD PRECIPITATION

How gold was transported in solution, and 
why it precipitated out of solution, remain somewhat 
speculative; there are little new data to help

resolve these questions. This  complexing of gold 
is most commonly proposed as a nethod of trans
porting gold, but there is a lack of experimental 
data at high pressures and temperatures, and a need 
for additional solubility data between 250° and 
500°C (Seward 1984) to confirm this hypothesis. 
Without this information, explanations remain con
jectural.

Gold deposition may be initiated by bulk 
oversaturation due to changes in temperature, pres
sure, Eh and Ph, or by varying activity of complex
ing ligands (Seward 1984). There appears to be no 
unique temperature or pressure of gold precipitation, 
although decreases in both were certainly contribu
tory factors. In the Canadian Archean, evidence for 
gold deposition by Quid boiling has not been docu
mented, although H 2O - CO2 phase separation 
during hydraulic fracturing has been suggested by 
Spooner et al. (1987).

Destabilization of gold transported as a thio 
complex may also result from fluid oxidation. 
Among the reactions which may cause this are sul
phidation of wall rocks, in which iron-bearing oxide 
and silicate minerals are replaced by iron sulphides 
(Macdonald 1984, Phillips and Groves 1984, Roberts 
1987). Sudden oversaturation of gold may occur as 
a consequence of this sulphidation (Romberger 
1986). Similarly, fluid reaction with precursor oxi
dized mineral species such as sulphate, as discussed 
above, presents an attractive alternative for rapid 
oversaturation of gold. However, evidence of spa
tially related oxidized mineral assemblages has been 
documented in only a few deposits, albeit that they 
are large.

Other, more local factors, may have caused 
gold precipitation. The piezoelectric properties of 
the alteration sulphides can cause rapid plating of 
gold onto sulphide minerals of the correct charge 
(Sakharova and Labachera 1978, Bancroft and Jean 
1982, Mironov et ah 1981); this process may occur 
even if the Quid is undersaturated with respect to 
gold. This is consistent with the common occur
rence of gold in alteration sulphides, rather than in 
quartz veins, as is well displayed at the Agnico 
Eagle Mine in Quebec (Barnett et al. 1982, Wyman 
et al. 1986). Similarly, gold is also intimately asso
ciated with carbon in some deposits (e.g. the Owl 
Creek Mine, Timmins). Shearing of carbonaceous 
sediments changes the structure of amorphous car
bon to semi-graphite; the activated semi-graphite 
becomes a reductant and can be plated with gold. 
This is a natural analogue of the carbon-in-pulp



gold recovery process (Springer 1984, Wilson and 
Rucklidge 1986).

It is dear, therefore, that further experi
mental solubility and mineralogical data, which will 
help establish ore paragenesis, are required if the 
processes of gold precipitation are to be better 
understood.

7.4. EXPLORATION IMPLICATIONS

This model is based on data from many 
Archean lode gold deposits in Ontario. If valid, it 
may be used in exploration to predict characteristics 
of gold mineraliztaion in a variety of geological set
tings.

Regionally, delineation of deformation zones 
is important. Within these deformation zones, more 
favourable target areas may be represented by 
extensional (pull-apart) environments, which can be 
identified by the widening of the deformation zones 
and the occurrence of Timiskaming-type sediments. 
At deeper erosional levels, some of the 
characteristics may not be present, or may not be 
prominent. Within the shear systems, both inter
secting shears and fetsic intrusions commonly repre
sent the locus of gold concentration.

Figure 7.1 provides a degree of predictability 
to the expected characteristics of mineralization in 
many environments on a more local scale. For 
example, stratiform, foliation-parallel mineralization 
is more characteristic of areas of higher metamor- 
phic grade, whereas cross-cutting vein and breccia 
mineralization predominates in lower metamorphic 
grade regimes. In heterogeneous lithological assem
blages, mineralization may to be focussed in the 
more competent units.

Alteration patterns can also be predicted on 
the basis of host lithologies and metamorphic envi
ronment. Of particular note is the absence of visu
ally prominent carbonatization in higher metamor
phic environments; the equivalent garnet-alumi
nosilicate assemblage is not so visually prominent 
and may easily be missed.

At the property scale, two characteristics 
may assist exploration of a specific occurrence. 
Firstly, virtually all ore zones are elongate and 
plunging; structural analysis commonly shows that 
ore zones plunge parallel to the stretch lineation, or 
to an intersection lineation. Intersection lineations 
may result from the intersection of two fabrics or

the intersection of a shear fabric and primary strata. 
Secondly, careful documentation of the mineralogy 
and alteration around any specific occurrence may 
also present a guide to ore, in drilling (e.g. Melling 
1986).

Clearly, there are no simple answers to gold 
discovery, particularly as there are no universally 
applicable remote senring techniques for gold. 
There are, however, predictive relationships of 
structural style, metamorphic grade and alteration 
mineralogy among other features. An understanding 
of the systematic inter-relationship of the geological 
characteristics of gold is therefore an important 
factor in enhancing the probability of success in 
exploration.

7.5. SUMMARY

An attempt has been made in Part I of this 
report to explain the variable characteristics of gold 
deposits on the basis of fundamental geological 
principles. The data base is predominantly empiri
cal; additional empirical data which are consistent 
with this model do not constitute proof of the 
model, but do lend additional credence to it. Con
versely, empirical data which are shown to be incon
sistent with the model would put its validity into 
question. Scientific method and time are the test of 
any such hypothesis.

The authors realize that this paper is far 
form complete and that much work remains to be 
done. It was prepared at this stage because of an 
unwillingness to accept that "gold is where you find 
it"; it is hoped that it represents a basis for 
applying systematic geological studies in the impor
tant search for new mines in Ontario.



PART II. A  G ENETIC M O D EL



1. FLU ID  SO U R C ES

1.1. INTRODUCTION

A summary of selected fluid inclusion and 
stable isotopic data for Archean gold deposits in 
Canada and W estern Australia was presented in 
Chapter 6 of Part I. Possible sources of water and 
carbon in the assumed mineralizing fluid can be 
identified by comparing the fluid inclusion and sta
ble isotopic characteristics of the Archean auriferous 
hydrothermal system with well characterized modem 
hydrothermal systems, and other fluid reservoirs 
which existed during the Archean.

1.2 . FLUID INCLUSION CONSTRAINTS

Higher fluid pressures, and the absence of 
evidence documenting the boiling of water, suggest 
that the auriferous fluid evolved under lithostadc 
pressures of 1.5 to 4.5 kb (4 to 12 km; Ho 1987, 
Brown and Lamb 1986, Robert and Kelly, Wood et 
al. 1986, Smith et al. 1984). Fluid generation at a 
greater crustal depth would inhibit boiling; however, 
some Archean gold deposits display vein arrays 
which may be have been generated by high fluid 
pressure under lower lithostatic pressure. However, 
fluid boiling can not be completely rejected without 
further data (eg. Ross Mine, Abitibi belt; Troop 
1986). Thus, although the development of crackle 
breccia-type ore bodies is not as common as dis
crete vein ore bodies, some Archean gold systems 
may have been produced at crustal levels shallower 
than indicated by the fluid inclusion data base now 
available.

1.2 .1 . SALINITY

Although consistently low salinities of Au- 
bearing fluids are not unique to Archean gold 
deposits, direct comparison with other fluid systems 
must be made cautiously, because the role of 
immiscible fluid separation must be considered when 
comparing fluid salinities. Fluid inclusion filling 
temperatures and oxygen isotope geothermometry 
(see Chapter 6, Part I) indicate that gold precip
itated in the temperature range of 350° to 500°C, 
at approximately 2 kb pressure. Under these con
ditions and given the deduced salt composition (1-6 
wt %) of the initial, miscible Archean auriferous 
fluid, unmixing into CO2- and saline H20 -rich com
ponents is predicted (Bowers and Helgeson 1983). 
It is important to interpret the significance of fluid 
inclusion populations in this context. Evidence for 
immiscible separation of a dilute, CO2-rich phase 
and a saline, H20-rich phase containing up to 35 
wt. % NaCl equivalent is observed in several

Archean deposits (eg. Robert and Kelly 1987, Smith 
et al. 1986, Wood et al. 1986, Macdonald 1984, Ho 
1987), and similar, coexisting fluid inclusion popu
lations are reported from other deposits (eg. Brown 
and LaKind 1986). Thus, the salinity of some fluid 
inclusion populations (the saline, aqueous com
ponent) in Archean gold - quartz systems may 
approach that observed in Phanerozoic magmatic 
and meteoric fluids, some of which show evidence 
of boiling (eg. 35 wt % salt b  porphyry Cu; 10 to 
45 wt % salt b  porphyry Sn - W, and >5 wt. %  
salt b  epithermal Au - Ag; Spooner 1981, Heden- 
quist and Henley 1985). Therefore, salinity alone is 
not a particularly distinctive characteristic of 
Archean auriferous fluids.

1.2 .2 .  COMPARISON WITH OTHER ORE 
FLUIDS

The combination of temperature, salinity and 
significant CO2 content distinguishes Archean aur
iferous fluids from those associated with other types 
of numeral deposits. Diagenetic, salbe fluids b  
sedimentary basins are characterized by low temper
atures (80° to 150°C) and moderate to high salin- 
ities, but negligible CO2 contents (Zimmerman and 
Kesler 1981). Fluids associated with volcanogenic 
massive sulphide mineralization have salinities similar 
to of sea water (3.5 wt %  dissolved solids), 
and temperatures b  the range of 200° to 350°C, 
but low CO2 contents (Spooner and Bray 1977). 
Epithermal precious metal deposits are dominated 
by meteoric fluids having low CO2 and low safinity; 
these fluids may or may not have undergone boiling 
(Bodnar et al. 1985, Hedenquist and Henley 1965). 
Magmatic fluids related to mineralization associated 
with high-level granitic and granodioritic intrusive 
rocks (porphyry Cu - Mo, Sn, and W mineral
ization) are commonly ultrasalbe (40-60 wt % NaCl 
equivalent) aqueous brines with variable CO2 con- 
tents and were trapped at high temperatures (400° 
to 700°C; Nash 1976, Kelly and Rye 1979).

1.2 .3 .  FLUID INCLUSION SUMMARY

Archean auriferous fluids are distinguished 
from basinal brbes or high level, Tertiary intrusion- 
related hydrothermal systems by the collective char
acteristics of lower salinity, persistent CO2, absence 
of H2O boiling, higher trapping pressure, and mod
erate temperature. Fluids having these characteris
tics can be produced within low to medium grade 
metamorphic terranes. C02~rich fluids are typical 
of high grade (granulite fades) metamorphic ter
ranes (eg. Crawford 1981,  Touret and Dietvorst



1983). Low salinity, C02-bearing (rich?) magmatic 
fluids can also evolve if CO2 saturation is attained 
in an H2O - C02-bearing silicate magma (eg. Hol
loway 1976). Thus, both metamorphic and mag
matic process can produce fluids which are generally 
similar in composition to those implicated in the 
Archean gold event.

1.3. STABLE ISOTOPIC CONSTRAINTS

The stable isotope data for some Archean 
gold deposits were presented in Chapter 6, Part 1. 
This type of information, used in combination with 
geological and petrographic data, can provide useful 
information on thermal regimes of ore precipitation. 
In addition, permissive sources of the fluids and 
some of the constituent elements involved can be 
constrained by comparison with isotopically well 
characterized fluid reservoirs. In this section, the 
constraints on the sources of the water and carbon 
constituents of the auriferous hydrothermal fluid, 
provided by the stable isotopic data, are assessed.

13.1 OXYGEN AND HYDROGEN ISOTOPIC 
CONSTRAINTS

Calculated δ18O and δD values for the 
water component of the ore fluids lie in the range 
+ 2.5 to +10.0 per mil and 0 to -70 per mil, 
respectively. The data lie in the overlapping fields 
of magmatic and metamorphic fluids (Figure 1.1). 
The additional constraints that the fluid was of 
uniform composition, regardless of deposit location, 
and was derived from a large reservoir of relatively 
uniform isotopic composition, external to the im
mediate depositional site. These facts are equally 
consistent with magmatic or metamorphic sources. 
The large range in δD values (0 to -60 per mil) 
may be evidence that redox conditions of the fluid 
changed at the depositional site, resulting in hydro
gen isotope fractionation between H2O and a 
reduced, H-bearing species (CH4 or H2; Fyon et 
al. 1983a, Fyon 1986).

Meteoric and sea water are important 
sources for hydrothermal fluids in modem regimes. 
Minor amounts of CO2 are recorded in fluids from 
epithermal Au - Ag deposits, which are interpreted 
to have fluid systems dominated by meteoric water 
(e.g. Bodnar 1985). Nesbitt et al. (1986) suggest 
that low salinity, CO2-rich fluids can be generated 
by deep meteoric circulation. However, the oxygen 
and hydrogen isotopic data for Archean gold 
deposits are not consistent with a meteoric fluid, 
unless the fluid had undergone extensive oxygen and 
hydrogen isotopic exchange with the rock so as to

become isotopically indistinguishable from either 
metamorphic or magmatic water.

Thus, the oxygen and hydrogen isotopic data 
are most consistent with either a magmatic or 
metamorphic source, but do not unequivocally dis
criminate between them.

13 2 .  CARBON ISOTOPIC CONSTRAINTS

Under certain circumstances, possible 
sources of carbon in the hydrothermal fluid can be 
inferred from the carbon isotopic value of a precip
itated carbonate mineral However, the δ13C  of 
carbonate minerals depends on the temperature, Eh, 
pH, and both the carbon isotopic value of and con
centration of total dissolved carbon in the parent 
solution (eg. Ohmoto 1972); therefore, estimation 
of the carbon isotopic value of the parent 
hydrothermal solution, based on the composi
tion of a precipitated carbonate, must carried out 
cautiously. The observed δ13C values for carbon 
derived from various reservoirs which have been 
positively identified in or can be reasonably inferred 
to have existed during the late Archean are pre
sented in Figure 1.2. The calculated value for 
the total dissolved carbon in the Archean auriferous 
fluid is approximated by that value for the gold- 
related carbonates (-8 to -3 per mil; see Chapter 
6, Part I).

13.2.1. Magmatic Carbon

The inferred δ13C for the hydrothermal 
carbon (-8 to -3 per mil) falls within the range 
observed for carbon from diamonds, kimberlites and 
carbonatites (-2 to -12 per mil; Koval’skiy and 
Cherskiy 1973, Kobelski et al. 1979, Sheppard and 
Dawson 1973, Deines and Gold 1973), and is con
sistent with a magmatic source for this carbon. The 
median δ l3C value for the Archean replacement 
and gold-related carbonates is about -3.5 per mil 
(see Figure 6.1 in Part I), which lies at the upper 
end of the range for magmatic carbon (Figure 1.2). 
However, some modern geothermal systems release 
CO2 gas, interpreted to be of magmatic origin, 
which has an average of -3 per mil
(summarized by Hoefs 1980). The CO2 in these 
geothermal systems coexists with a few mole percent 
CH4 having negative δD values (eg. -25 per mil; 
summarized in Hoefs 1980). Carbon isotope frac
tionation at 200° to 300°C, during the formation of 
about 5 mole percent CH4, at the expense of CO2 
and H2O in the fluid, shifted the δ13C of the 
residual CO2 from an initial value near -5 per mil, 
to -3 per mil. Such modified magmatic CO2 gas



has a δ13C value which approximates the median 
δ13C  value for Archean carbonates from the 
regional and auriferous deformation zones. Minor 
amounts of CH4 are also present in the Archean 
systems (eg. Wood et al. 1986, Robert and Kelly 
1987), although the δ l3C of this methane is not 
known.

For a typical Archean terrane, four carbonate reser
voirs could yield CO2 gas upon burial and meta
morphism: 1) dispersed calcite; 2) sedimentary 
carbonaceous units; 3) marine carbonate sediments, 
and 4) recycled calcite and dolomite from zones of 
carbonatization.

Thus, by analogy with some modern 
geothermal systems, estimates of the δ 13C of CO2 
in the Archean auriferous system may be too high, 
because of carbon isotope fractionation between oxi
dized and reduced carbon species in solution. 
Given that the gold-related fluids contained only a 
few mole percent CH4 (Wood et al. 1986, Robert 
and Kelly 1987), and assuming that this methane 
formed in the fluid in response to changes in redox 
conditions, then any coupled carbon isotopic shift in 
the coexisting CO2 would also be small, but signif
icant. Thus, the "best" estimate for of the 
total dissolved carbon in the hydrothermal fluid, 
based on the δ13C values of the carbonate minerals 
(-3.5 per mil), serves as an approximate upper limit. 
The actual value was probably smaller.

To assess the of the total dissolved 
carbon in the gold-related hydrothermal fluid, Fyon 
(1986) extracted this carbon by decrepitation and 
oxidized the gas with CuO. The δ 13C of this total 
dissolved carbon in fluid inclusions from the Car- 
shaw/Malga (Gail Resources Ltd.) iron formation- 
hosted gold deposit near Timmins is about -7 per 
mil. This value is identical to that of oxidized 
magmatic carbon (eg. Pineau et a l 1976). Thus, 
the 0f the gold-related hydrothermal fluid may 
be closer to the accepted magmatic composition (-5 
to -7 per mil) than is suggested in the literature.

1322. Metamorphic Carbon

CO2 gas with δ 13C values similar to the 
Archean gold-related carbonates can be produced by 
several metamorphic processes when carbon- and 
carbonate-bearing rocks undergo burial and beating:

1) decarbonatization:

3 dolomite + 4 quartz + H2O = talc +
3 calcite + 3CO2

2) hydrolysis: 2C + 2H2O = CO2 + CH4

3) oxidation: C + O2 = CO2

4) dissolution: CaCO3 + 2H + = H2CO3 +
Ca2+

Figure 1.1. δ13O vs.. δD  isotopic flu id  classification 
diagram, showing the empirical fields fo r  magrnatic 
and m etam orphic fluids, and the m eteoric water 
line. The fields fo r  data from  Archean gold  
deposits are indicated.

Decarbonatization and Dissolution

When carbonate minerals undergo partial 
decarbonatization, the CO2 gas produced has a 
δ13C value which is 3 to 5 per mil heavier than 
the original carbonate (Shieh and Taylor 1969, 
Deines and Gold 1969, Sheppard and Schwarcz 
1970, Schidlowski et al. 1979). Decarbonatization of 
marine carbonate (dispersed calcite and Archean 
carbonate sediments; δ l3C values ranging from +3 
to -3 per mil, mean 0 per mil, see Figure 6.1 in 
Part I) would have yielded CO2 gas having a 
value of 0 to +5 per mil, higher than the value 
calculated for the hydrothermal fluids. Dissolution 
of carbonate sediments may also yield C02-bearing 
fluids having a δ 13C comparable to that of the 
protolith (+3 to -4 per mil). Assuming complete 
dissolution, these sediments would yield a CO2- 
bearing fluid having a δ13C averaging 0 per mil.



The relatively small volume of Archean 
sedimentary carbonate material restricts the genera
tion of large volumes of CO2-bearing hydrothermal 
fluid, Furthermore, carbonate sediments are more 
common in Archean platformal sequences, which are 
not abundant in terranes such as the Abitibi belt. 
Thus, the distribution of gold mineralization is 
clearly not dependent upon the presence of carbon
ate sediments. Therefore, while isotopically permis
sive, dissolution of marine carbonate is not consid
ered to be a dominant mechanism in the generation 
of the gold-related fluid.

Decarbonatization or dissolution of the fer- 
roan carbonate present in the intense carbonate- 
altered zones could yield CC>2 having a rang
ing from -5 to +3 per mil, based on the observed 
range of δ13C for the replacement carbonate (-8 to 
0 per mil; Figure 6.1 of Part I). Assuming a 
median value of approximately -4 per mil, the δ13C 
of CO2 gas produced this way would be too high, 
with respect to that deduced for the hydrothermal 
fluid. Also, despite variations in metamorphic 
grade, Golding et al. (1987) found no evidence for 
coupled 13C and 18O depletion in the carbon iso
topic data from Western Australia, suggesting that 
little or no CO2 was derived by decarbonatization 
from this potential source. Hence, any metamorphic 
CO2 contribution to the ore fluids, by recycling car
bon from the regional zones of carbonatization, 
must have been derived by dissolution, which would 
yield produced CO2 that is isotopically similar to 
the original carbonate.

Hydrolysis and Oxidation

Reduced carbon exists in Archean green
stone belts as carbonaceous sediments, and this 
material may have been a source of hydrothermal 
carbon through hydrolysis and oxidation at high 
temperature metamorphic conditions. Ohmoto and 
Rye (1979) suggest that the resultant CO2 would 
probably have δ 13C values less than -10 per mil. 
Thus, it is unlikely that this material contributed 
much CO2 to the auriferous hydrothermal fluid.

1.3.2.3. Isotopic Provinciality

Golding et al. (1987), Perring et al. (1987), 
Kerrich (1986) and Kerrich et al. (1987) emphasize 
the "pronounced provinciality" of carbon isotopic 
data and suggest that this favours the generation of 
CO2 by metamorphic (greenstone belt - scale), 
rather than magmatic (mantle - scale) processes. 
However, the summary of the carbon isotopic data 
for mantle-derived carbon (Figure 13, Part II)

illustrates that the δ 13C values for mantle-derived 
CO2 are not uniform (+0.2 to -33 per mil, at the 
extremes), although δ 13C of -5 to -7 per mil may 
be regarded as a reasonable approximation of the 
carbon isotopic value of magmatic CO2 (eg. Pineau 
et al. 1976). However, this "provinciality" is typical 
of carbonatite carbon isotopic data (eg. Deines and 
Gold 1973). Furthermore, it is difficult to assess 
the degree to which the "provinciality” in the 
Archean data reflects differences in isotopic comp
osition of the source, isotope fractionation between 
oxidized and reduced carbon species during fluid 
evolution from source up to and at the depositional 
site, or isotopic fractionation during progressive 
fluid/rock interaction at the depositional site (eg. 
see Chapter 6, Part I). Thus, while a component 
of the C-isotopic "provinciality" may reflect 
"greenstone belt - scale" processes, such as inter
action of fluids with wall rock, carbon isotopic 
"provinciality" may be a general characteristic of the 
mantle (Deines and Gold 1973), and therefore, can 
not be used as evidence for or against magmatic or 
metamorphic sources.

Figure 13. δ13C  values o f  terrestrial carbon m aterial 
and sources. D ata sources: Reduced carbon in 
igneous rock - H oefs (1973), Fuex and Baker 
(1973), Pineau et aL (1976), Craig (1973); 
D iam onds - K oval’skiy and Cherskiy (1973), 
K obelski et al. (1979); Carbonatites -  Sheppard 
and Dawson (1973), Deines and G old (1973); 
Kim berlites - K obelski e t al. (1979); CO2 gas in 
vesicles - Pineau et al., (1976), M oore et al. 
(1977); R educed C  in organic m aterial - 
Schwartz (1969), O hm oto and Rye (1979); 
Sedim entary carbonate - Veizer and H oefs (1976), 
Schidlowski et al. (1975); Pure CO2 in granulites 
- H oefs (1975); CO2 and H 2O in granulites 
(possibly retrograde) - H oefs (1975); CO2 in 
m antle nodules - H oefs (1975); M odem  
atm osphere - Keeling (1958).



13.2.4. Summary o f Carbon Isotopic Interpretation

The deduced δ13C for the CO2 from which 
the Archcan, gold-related hydrothermal carbonates 
precipitated (-8 to -3 per mil) is most consistent 
with a magmatic reservoir (Burrows et al. 1986, 
Spooner et al. 1985, Fyon et al. 1983a), although a 
metamorphic origin, specifically dissolution of car
bonate related to regional zones of carbonatization 
and regional faults (Perring et al. 1987), can not be 
ruled out on the basis of carbon isotopic data. 
However, field evidence and geochronological data 
demonstrate that all of this carbonate in the Sup
erior Province was introduced coevally with the con
centration of gold, into late regional structures, fol
lowing at least one regional metamorphic and 
deformation event in the greenstone belts. Thus, 
the relative timing of alteration imposes serious con
straints on this source of carbon, notwithstanding 
the compatible carbon isotopic values.

In the Timmins camp, the fluid may have 
experienced minor changes in redox conditions at 
the depositional site, which resulted in the precipi
tation of l3C-enriched carbonate (see Chapter 6, 
Part I). The extent to which the fluids in other 
gold camps underwent sim ilar changes in redox con
ditions at the depositional site is not known, but 
redox changes may account for at least some of the 
carbon isotopic "provinciality". In addition, redox 
changes may have contributed to the precipitation of 
gold (Chapter 5, Part II).

133. SULPHUR ISOTOPIC CONSTRAINTS

Like carbon, it is difficult to unambiguously 
characterize the sulphur isotopic values of all pot
ential terrestrial sulphur reservoirs, because small 
changes in temperature, pH, and f O2 can induce 
profound changes in the sulphur isotopic values of 
indigenous or derived sulphur-bearing species (Sakai 
1968, Ohmoto and Rye 1979). Significant fraction
ations can potentially occur at the fluid/sulphur 
source, during fluid migration and transport, and at 
the site of precipitation during rock fluid interaction.

Given the specific environment of Archean 
gold mineralization, the most likely sources of sul
phur, in terms of size and availability of reservoirs, 
include direct derivation from magmatic fluids and 
leaching of primary and secondary sulphide minerals 
from igneous rocks. Sedimentary marine sulphate 
and sea water sulphate are less plausible source 
reservoirs, given the rarity of unequivocal Archean 
marine sulphate deposits, which would be so small 
as to be insignificant in the present context. Fur

thermore, sea water sulphate deposits are character
istic of the Archean platform al sequences. Gold 
deposits are much more widely distributed, and do 
not show a spatial correlation with either the evap- 
oritic sediments or the terranes in which these 
sediments occur. Regardless, the δ34S values of 
Archean sulphate deposits cluster near 0 per mil, 
indistinguishable from magmatic sulphur (Lambert et 
al. 1978) This leads to the inference that derivation 
of sulphur in Archean gold systems involved partici
pation of either magmatic fluids and/or metamor
phic dehydration/degassing of the underlying rock 
column.

133.1. General Isotopic Considerations

The following general points are relevant to 
the interpretation of the δ34S data; 1) fluids hav
ing variable SO2/H 2S ratios would precipitate sul
phides having a variable δ34S (Qhmoto and Rye 
1979); 2) sulphide minerals precipitated from a
fluid whose dissolved sulphur was dominated by 
reduced species, without significant oxidation at the 
site of precipitation, would exhibit δ34S values 
slightly more positive than that of the fluid and 
would have a small isotopic variation (Ohmoto and 
Rye 1979); 3) Fe-sulphide minerals generated from 
oxidized fluids, or from fluids undergoing significant 
oxidation at the precipitation site, would exhibit 
δ34S values considerably more negative than that of 
the fluid; 4) sulphide minerals precipitated from a 
fluid that acquired its sulphur by leaching pre-exist
ing sulphur-bearing minerals should have a small 
isotopic variation, but could have a δ34S value 
higher (up to 5 per mil) than that of the leached, 
pre-existing mineral (Grinenko and Grinenko (1972).

1.3 .3 .3 . Interpretation of Data

The extreme variation in δ34S values for 
gold-related pyrite, which allows the subdivision of 
data into two broad groups (Figure 63) is perhaps 
the most distinctive feature of the sulphur isotopic 
data. Oxidized fluids are implicated in those 
deposits having negative δ34S values for pyrite 
(Schwarcz and Rees 1985, Cameron and Hattori 
1987); hence, the δ34S of the total dissolved sul
phur in the fluid should be larger than that of the 
precipitated pyrite (point 3, above). For those 
deposits having pyrite with δ34S values of 0 or 
larger, fluids dominated by reduced sulphur species 
with only limited oxidation accompanying precipita
tion are implicated (Golding and Wilson 1983, 
Spooner et al. 1985); hence, the δ34S of the total 
dissolved sulphur in the fluid should be lower than 
that of the pyrite (point 2, above). Lambert et al.



(1984) attribute the negative values obtained in the 
Golden Mile deposits to significant oxidation of the 
fluids during extensive reaction with rocks at the 
site of deposition. While applicable at an individual 
deposit, it seems that the general application of this 
premise may not be warranted, because the exis
tence of hematite and sulphate minerals in many 
deposits implies oxidizing conditions (Cameron and 
Hattori 1987). The generation and evolution of 
oxidized fluids is examined in more detail in the 
following chapter.

1 3 3 3 . Sulphur Isotopic Summary

Negative δ34S values found in some 
Archean gold deposits can be attributed to physico
chemical conditions of the hydrothermal system, with 
changes in f O2 being most significant (Cameron 
and Hattori 1987). A of about 0 per mil for 
the total dissolved sulphur in the auriferous Quid is 
consistent with, and capable of yielding, the 
observed δ34S values observed in Archean gold 
deposits, given appropriate reducing or oxidizing 
conditions at the depositional site. This isotopic 
composition may be interpreted as suggesting the 
parental fluids contained magmatic sulphur. How
ever, this magmatic sulphur may have entered the 
fluid phase either by dissolution of juvenile sulphide 
minerals by metamorphic fluids, or by direct contri
bution from magmatic sources. Neither process is 
discriminated unequivocally by the sulphur isotopic 
data.

1.4. SUMMARY OF CONSTRAINTS

The collective consideration of the isotopic 
and compositional characteristics of the auriferous 
Quids and some related hydrothermal m inerals iden
tifies two reservoirs and attendant processes which 
could have produced Quids whose composition and 
isotopic characteristics would compare favourably 
with those of the high density, low salinity, CO2- 
bearing fluids observed in Archean lode gold 
deposits: magmatism and metamorphism
(Macdonald 1984, Golding and Wilson 1987, Ho 
1987, Perring et at. 1987, Kerrich et at. 1987, Bur
rows et al . 1986, Burrows and Spooner 1986; Groves 
and Phillips 1987). Neither the Quid inclusion nor 
the stable isotopic data can unequivocally distinguish 
between these two processes or fluids derived from 
them. Both processes are capable of providing 
large volumes of fluid, generated external to the 
depositional site.

In the following chapters, the process by 
which fluids are generated and evolve in both mag
matic and metamorphic regimes are addressed. 
This exercise provides a means to refine the fluid 
generation models, and, thus, allows a more rigorous 
evaluation of their relative roles to the generation of 
the auriferous fluid.



2. M AGM ATIC FLU ID S

2.1. INTRODUCTION

Fluid inclusion and stable isotope character
istics of Archean gold-related fluids suggests devel
opment by either a magmatic or metamorphic pro
cess. Because these techniques do not provide an 
unequivocal distinction, each process is examined in 
more detail, to identify possible fluid evolutionary 
paths. In this chapter, magmatic fluid generation is 
considered.

Classical, magmato-hydrothermal models of 
Archean gold mineralization have been revived (eg. 
Mason and Melnik 1986, Wood et al. 1984, 1986, 
Spooner et al. 1985, Burrows et al. 1986, Macdonald, 
1984), partly because a plutonic association is char
acteristic of the gold depositional environment 
(Chapter 4, Part I), and because fluid inclusion and 
stable isotopic constraints are consistent with a 
magmatic fluid origin (Chapter 1, Part II). How
ever, to critically assess the magmatic origin hypo
thesis, two important features of Archean gold min
eralization and related fluids must be addressed:

(1) Is it possible for a classical model of 
magmatic fluid generation, involving silicate 
magma generation, fluid exsolution, and 
mineral precipitation, to generate fluids 
compatible with those attributed to the 
Archean gold-related fluids?

(2) It has been demonstrated that the 
emplacement of intrusive bodies within and 
adjacent to regionally extensive zones of 
deformation, late in the tectonic history 
(Chapters 2 and 4, Part I), was characteris
tic of Late Archean greenstone belt devel
opment Yet, syn-volcanic plutonism was 
also a prominent characteristic of greenstone 
belt development, manifest as tonalite-trond- 
hjemite intrusions, consanguineous with vol- 
canism (eg. Paradis et al. 1988). Despite 
this long history of plutonism in parts of 
the Superior Province, significant gold min
eralization developed only during late stages 
of tectonism and plutonism, after the ter
mination of calc-alkaline volcanism and con
sanguineous plutonism (Chapter 5, Part I).

If gold introduction is attributed solely to 
magmatic processes, there must have been some
thing "unique" about the process by which the late 
plutons were generated, their source, magma type 
and/or their magmatic fluid evolution. Some of 
these aspects are addressed cursorily in the follow

ing sections, to suggest which may be important and 
which cannot be addressed adequately, because of 
insufficient data. The models of fluid evolution dis
cussed in this chapter are not intended to be com
prehensive. The discussions center on the relevance 
to Archean gold metallogeny. Other comprehensive 
discussions of magmatic fluid evolution are available 
elsewhere (eg. Burnham 1979).

2.2 . MAGMATIC FLUID EXSOLUTION

Magmatic fluids are produced when a sili
cate magma attains vapour saturation and a vapour 
phase exsolves from the silicate melt and crystal 
system. The presence of CO2 is a fundamental 
characteristic of the Archean auriferous, hydrother
mal fluids, but CO2, while being a conspicuous 
component, does not appear to be a dominant con
stituent in Phanerozoic, magmatic, ore-forming fluids. 
For example, porphyry Cu fluids generally contain 
less than 3 mole % CO2, although concentrations 
up to 30 mole % have been reported (Nash 1976). 
Were Archean magmatic fluid essentially identical to 
those of modern intrusions? Do differences exist in 
the constitution of magmatic fluids which can be 
related to differing source conditions? In the fol
lowing sections, the roles of differing source compo
sitions, and CO2 and salt concentrations, on the 
constitution and evolution of magmatic fluids are 
examined.

2.2.1. EFFECT OF CO2 ON VAPOUR 
SATURATION

C02-rich, aqueous magmatic fluids can be 
generated at various crustal levels by "normal" crys
tallization of a tonalite-granite magmas, if the 
magma source area contained both H2O and CO2. 
CO2 solubility in silicate melts is dependent on melt 
composition, temperature and pressure, and is lower 
than that of H2O (Figure 2.1; eg. Bggler 1974, 
Kadik and Eggler 1975, Mysen 1976). Because of 
the low solubility of CO2 in the magma, silicate 
melts need to contain only small amounts of 
volatiles to become CO2-Saturated. Since CO2 sol
ubility in the magma is greater at high pressure and 
temperature (Figure 2.1), melts generated under 
mantle conditions and then emplaced into the crust 
will become saturated with CO2-rich vapour phases 
before H2O saturation is attained (Holloway 1976). 
Therefore, the melt phase will coexist with a vapour 
phase which is richer in CO2 (Figure 2.2; eg. 
Wells 1979). Thus, vapour-saturated melts will 
evolve CO2 (plus minor H2O) vapour continuously 
during ascent from their source region, and will



crystallize at higher temperatures than magmas that 
are H2 O-saturated if the CO2 vapour remains in 
equilibrium with melt and crystals.

Figure 2.1. Solubility o f CO2, H 2O and S  in a  
"felsic" m elt as a function o f temperature and 
pressure. Sulphur data from  Carroll and 
Rutherford (1985), solubility fo r dacite m elt at 
1025°C and fO 2 o f  hematite-magrietite buffer. 
Data fo r CO2 from  H olloway (1976), solubility 
fo r binary CO2 - H 2O  flu ids in albite liquid, 
X C O2(fluid) = 0.75. D ata fo r  H 2O  from  
Burnham and Ohm oto (1980). Diagram from  
Cameron and H atton (1987).

If vapour is progressively distilled during 
near-isothermal ascent, the magma will remain 
molten to lower temperatures. The water content 
of the melt will increase, but the vapour phase in 
equilibrium with melt and crystals will become 
enriched in CO2 until pressure is reduced to about 
5 kb. At about 4 to 7 kb, the CO2:H2O ratio in 
the vapour phase distilled from the magma reaches 
a maximum (eg. Holloway and Lewis 1974, Wells 
1979). A t lower pressure, the CO2:H2O ratio in 
the evolved vapour is decreased (Figure 2.2). If 
primary crystallization of the tonalitic melt takes 
place at pressures greater than 4 to 7 kb, most of 
the H2O dissolved in the melt could be taken up 
by crystallizing silicates, such as biotite and horn
blende (Stem et al. 1975), and the final composition 
of the evolved vapour phase could become very 
CO2-rich.

Thus, for a silicate magma to become

vapour saturated at a higher tem perature early in its 
ascent, and to evolve CO2-rich vapour, it is essential 
that the anatectic source area contain some CO2. 
In the absence of CO2 in the source area, vapour 
saturation may be achieved at a higher crustal level, 
at lower temperatures, and the vapour could be 
dominated by H2O, with only traces of CO2.

22 2 .  EFFECT OF DISSOLVED SALTS

Exsolved magmatic fluids contain NaCl. If 
present in sufficient quantities in an H2O - CO2 
fluid, NaCl will induce the unmixing of the CO2 - 
H2O vapour to yield a C02-rich component and an 
aqueous brine component, even at temperatures in 
excess of 1000°C (Bowers and Helgeson 1983, 
Trommsdorff and Skippen 1986). Fluid unmixing 
would further enrich the CO2 content of the 
vapour, which, having a density different from that 
of the saline component (Trommsdorff and Skippen 
1986), could infiltrate the country rocks, away from 
the silicate melt and the companion saline aqueous 
fluid. The coexistence of saline, aqueous fluid 
inclusions with CO2-rich, low salinity fluid inclusions, 
observed in many gold deposits, has been attributed 
to fluid unmixing in the depositional site (eg. 
Robert and Kelly 1987, Wood et al. 1986). How
ever, fluid unmixing could take place at crustal 
depths and temperatures significantly below that of 
the gold depositional site, dependent on the initial 
CO2 and dissolved salt content.

Thus, the combined effect of dissolved salt 
and CO2 could produce a complicated magmatic 
fluid evolution. A  spectrum of fluid compositions 
could result, dependent on the depth at which 
exsolution took place, the degree to which the 
exsolved fluid remained in equilibrium with the sili
cate magma, and whether the fluid underwent 
immiscible separation. In many late zones of 
deformation, carbonate occurs in two distinct assoc
iations - nearly pure dolomite - ankerite veins, with 
little of no quartz, and as an accessory mineral in 
quartz-dominated veins. The presence of two modes 
of carbonate occurrence within the same structural 
setting, but at different times (see Chapters 3 and 
6, Part I), implies that the attendant CO2-bearing 
fluids may have followed quite different evolutionary 
paths, compatible with the general principals dis
cussed above.



Figure 2 2 . Estimated P  - X (C O2)  diagram showing 
phase relations and compositions o f  tonalitic liquid 
and vapour phase coexisting with crystals at an 
approximate temperature o f  950°C. Data base 
from Eggler (1974), Eggler and Burnham (1973), 
Kadik and Eggler (1975), Hill and Boettcher 
(1970) and Millholen et al. (1971). Diagram 
from Wells (1979).

belonging to the TTG suite were also emplaced 
during the late plutonic event; however, intrusive 
complexes having varying degrees of silica saturation 
are restricted to the late plutonic event, based on 
the present field, petrological and geochronological 
data bases. Thus, differences in magma type and, 
therefore, source and genetic process are implied by 
the compositional diversity of magmas in the late 
plutonic group, relative to the "syn-volcanic" plutonic 
group. This may indicate direct mantle involvement 
during the late plutonic event (eg. Shirey and Han
son 1984).

The conspicuous presence of silica-under- 
saturated magmas in the late plutonic suite, some
times spatially associated with gold, lends support to 
the premise that this magma type may be genet
ically involved in the Archean gold metallogenesis 
(Rock et al. 1987, McNeil and Kerrich 1986, Mar- 
mont and Corfu 1988). Consistent with this premise 
is the apparent elevated concentrations of gold in 
some lamprophyre dikes (Rock et al. 1987) and the 
possible higher degree of oxidation of silica-under- 
saturated magmas in the Abitibi belt (Cameron and 
Carrigan 1987). The data required to characterize 
these factors in all intrusions, regardless of chemical 
affinity, proximity to gold mineralization, and age of 
emplacement, are not available; hence, suggestions 
that silica-undersaturated magmas were genetically 
related to gold remain speculative.

2.3. LATE PLUTON - GOLD 
ASSOCIATION

The spatial and temporal association 
between Archean gold mineralization and plutonic 
rocks was discussed in Chapter 4, Part I. Possible 
differences between plutons which were emplaced 
late in the magmatic history of greenstone belts and 
those which were essentially syn-volcanic are consid
ered in this section, to establish if one or more 
characteristics east which could account for the fre
quent spatial and temporal association between gold 
and the late plutonic group.

2.3 1 .  MAGMA COMPOSITION

A significant difference between the syn-vol- 
canic intrusions and the late intrusions is the com
positional variety represented in the latter (Chapter 
4, Part I). Virtually all of the syn-volcanic, ’felsic" 
intrusions are members of the tonalite - trond- 
hjemite - granite (TTG) suite (eg. Corfu and 
Andrews 1987, Corfu and Stott 1986). Intrusions

Insufficient data are available to exhaustively 
assess differences in magmatic fluid evolution, 
related to differences in magma composition, beyond 
the influence of H2O and CO2 present in the 
source region or the solubility of volatiles (eg. 
Burnham 1979). Based on fluid inclusion studies, 
CO2 can be a common component in the upper 
mantle (eg. Touret and Dietvorst 1983). Magmatic 
fluids evolved from silicate melts (eg. silica-under- 
saturated), generated by partial melting in the pres
ence of CO2, could become CO2-rich (see above).

2 3 2 .  REDOX CONDITIONS

Different oxidation states may exist in felsic 
magmas of different origin. I-type magmas are 
more oxidized than S-type (Ishihara 1975, 1981). 
Examples of extrusive, oxidized volcanic rocks are 
provided by the Taupo rhyolites (Ewart et al. 1971), 
whereas most basaltic rocks (Haggerty 1978) and the 
Yellowstone rhyolites (Christiansen and Blank 1972) 
equilibrated near the quartz - fayalite - magnetite 
(QFM) buffer. While it was argued above that the 
role of source rock in Archean gold metallogenesis



is difficult to evaluate, it is possible that source rock 
had an influence on f O2 of a derivative partial 
melt. The conspicuous presence of silica-undersatu- 
rated intrusions in the late plutonic suite, locally in 
close proximity to gold deposits which show evi
dence of having developed from relatively oxidized 
fluids (Cameron and Hatton 1987), leads to the 
inference that this magmatic suite may have been 
relatively oxidized (Cameron and Carrigan 1987). 
Conversely, intrusions of the TTG suite, which is 
the characteristic magma suite of most of the plu
tonic history of the Archean greenstone belts, were 
generated by 10 to 20 % partial melting of amphi
bolite (eg. Artb and Barker 1972, Arth et al. 1978, 
Barker and Arth 1976), and may have evolved under 
f O2 conditions buffered by the QFM buffer, given 
the basaltic bulk composition of the protolith. 
Thus, by virtue of their differing source rocks, the 
f O2 in the source region for IT G  suite may have 
been lower (less oxidizing) than that where silica- 
undersaturated magmas were generated.

Exsolved vapour in equilibrium with each 
silicate melt type would would assume the f O2 of 
its parental melt, which is buffered mainly by 
Fe2+ /F e3+ ratios. During ascent and cooling, 
magmas and exsolved magmatic fluids in equilibrium 
with crystals and melt would follow temperature - 
f O2 paths parallel to major redox buffers (Mathez 
1984). On separation from the melt, the f O2 of 
exsolved fluids would be buffered internally, perhaps 
by the relative amounts of oxidized (SO2) and 
reduced (H2S) S-bearing compounds. Under rela
tively oxidizing f O2 conditions, SO2 would be the 
dominant S-bearing compound in the magmatic fluid 
and the fluid might cool along a temperature-f O2 
path parallel to the H2S/SO2 curve (Cameron and 
Hattori 1987, Ohmoto and Rye 1979), moving 
towards the hematite - magnetite buffer.

2.3.2.1. Implications for Gold and Sulphur 
Availability

The speculation that some late plutons and 
magmatic fluids may have originated under relatively 
oxidizing conditions has some important implications 
on the availability of gold and sulphur in relatively 
oxidized, hydrothermal fluids. The mechanism of 
solution for SO2 in aluminosilicate, melts is similar 
to that of CO2, although complicated by the at low 
values of f O2 (Haughton et al. 1974). Sulphur is 
more soluble in oxidized silicate melts (Figure 23; 
Carroll and Rutherford 1985). This greater capacity 
to dissolve sulphur would be reflected in the sulphur 
abundance b  an exsolved, magmatic fluid, a feature

confirmed by the S-rich nature of ore deposits asso
ciated with 1-type magmas (Ishihara 1977, 1979). If 
Archean gold-related fluids evolved from oxidized 
magmatic hydrothermal systems, then they should 
also be relatively sulphur-rich. Virtually all Archean 
gold systems are characterized by the ubiquitous 
presence of sulphide minerals, notably pyrite. It is 
possible that gold solubility b  an oxidized silicate 
melt or fluid was favoured by higher oxygen fugac- 
ity, because of its oxidation from A u+ to Au3 + 
(eg. Fyfe and Henley 1973).

Figure 23. Solubility o f  sulphur in silicate melts, as 
a function o f  f O 2  Data from Carroll and 
Rutherford (1985).

2.4. HYDROTHERMAL FLUID 
TEMPERATURE

The inferred trapping temperature for fluids 
related to gold precipitation (200° to 400°C; clus
tered about 300° to 350°C) is much lower than that 
for magmatic fluids related to porphyry Cu - (Mo) 
mberalization (400° to 700°C), and is 200° to 
300°C lower than the granite solidus under condi
tions of excess H2O (eg. Wyllie 1977). This signifi
cant temperature difference can be attributed to 
irreversible, adiabatic expansion of the fluid, which 
can be accompanied by an "instantaneous” drop b  
fluid temperature of as much as 300°C (Westra 
1979, Macdonald 1983). Thus, the temperature dif
ference between the gold-related fluids and the 
vapour excess solidus for a granitic magma is not 
inconsistent with a magmatic model of fluid genera
tion.

2.5. JUVENILE FLUIDS

High density, CO2_rich fluids are commonly 
observed b  upper mantle rocks (Touret 1971); 
therefore, the mantle provides an additional, large



source of CO2*bcaring fluids (Gold and Soter 1980, 
Newton et al, 1980). However, few data are avail
able that provide a reliable characterization of juve
nile fluids, particularly during the Archean. There
fore, it must be assumed that some CO2-bearing 
magmatic fluids could have been provided from the 
mantle, either directly by degassing or by exsolution 
from mantle-derived silicate magmas (Frost and 
Frost 1987).

2.6. SUMMARY

Different magmatic fluid evolutionary paths 
are expected, dependent in part on initial magma 
composition, redox conditions at magma source, and 
the presence of H2O and CO2 at the magma 
source. Magmatic fluids, having a constitution sim
ilar to that of the gold-related fluids, could be pro
duced by classical magmatic exsolution. A spectrum 
of fluid constitutions could result, dependent on the 
depth at which exsolution took place, the degree to 
which the exsolved fluid remained in equilibrium 
with the silicate magma, and whether the fluid 
underwent immiscible separation.

In the Abitibi belt, silica-undersaturated 
intrusions are spatially (eg. Todd 1928, Thomson et 
al, 1948, McNeil and Kerrich 1986) and temporally 
(Marmont and Corfu 1988) associated with gold. 
At least some of these silica-undersaturated intru
sions were relatively oxidized, and appear to have

evolved an oxidized ore-forming fluid (Cameron and 
Carrigan 1987, Cameron and Hattori 1987). Con
versely, the TTG suite may have originated under 
less oxidizing conditions by virtue of having been 
generated by partial melting of amphibolitic source 
rocks. Thus, this magma suite may not have been 
generated under suitably oxidizing conditions to 
develop a S-rich, oxidized silicate magma or mag
matic fluids. However, no thorough characterization 
of magma oxidation state is presently available to 
document the presence and magnitude of redox 
variations within and between Archean magma 
suites. This remains an extremely interesting work
ing hypothesis (Cameron and Carrigan 1987, 
Cameron and Hattori 1987), which will be addressed 
systematically and exhaustively in Ontario.

Different states of magma oxidation may 
have played a significant role in determining the 
ability of a magmatic fluid to extract and carry gold. 
Preliminary data suggest that certain Archean silicate 
magmas and auriferous hydrothermal fluids origi
nated under relatively oxidizing conditions, such that 
SO2 was the dominant S-bearing fluid species 
(Cameron and Hattori 1987). The subsequent 
cooling history of such a fluid, dependent primarily 
on the extent to which the exsolved fluid remained 
coupled and in equilibrium with silicate melt - 
crystal parent, determined if SO2 or H2S dominated 
when the fluid arrived at the depositional site.





3. M ETAM O RPH IC FL U ID S

3.1. INTRODUCTION

Derivation of hydrothermal fluid by prograde 
devolatilization reactions has been proposed as a 
process responsible for the generation of the 
Archean auriferous fluid (Kerrich and Fyfe 1981, 
Groves and Phillips 1987). In this chapter, some 
general characteristics of metamorphic fluids are 
reviewed to assess which, if any, metamorphic pro
cesses could generate a fluid akin to that implicated 
in the gold-forming event. This chapter is, of 
necessity, short, due to inadequate data on the 
topic. This is not intended as an exhaustive review 
of the reactions which generate fluid during pro- 
grade metamorphism, nor are the conditions under 
which metamorphic fluids evolve addressed. Many 
such reviews are available elsewhere (eg. Fyfe et al. 
1978). While an exhaustive characterization of the 
composition of metamorphic fluids as a function of 
metamorphic grade, is not as well documented as 
ore-forming fluids, some generalizations are sum
marized by Crawford (1981) and Touret and 
Dietvorst (1983).

Three characteristics of metamorphic fluids 
relevant to Archean gold metallogeny are:

(1) Fluids generated by dehydration reac
tions up to and including amphibolite 
metamorphic grade are compositionally vari
able, but tend to be H2O-rich.

(2) Ambient fluids present in the zone of 
granulitization and/or anatexis are CO2-rich, 
regardless of host rock composition.

(3) Fluids generated within a lithological 
domain, at a particular metamorphic grade, 
are in equilibrium with that rock assem
blage, but may not be in equilibrium with a 
different rock assemblage under the same 
metamorphic conditions, or the same rock 
assemblage at lower metamorphic conditions.

The relevance of these characteristics to 
gold metallogeny is discussed in the following sec
tions.

3.2. LOW TO MEDIUM METAMORPHIC 
GRADES

In low to medium grade metamorphic ter- 
ranes, metamorphic fluids are dominated by H2O, 
generated by dehydration reactions and/or mobiliza

tion of pore fluids and intergranular fluid films 
(Fyfe et al. 1978) Fluids are generated in pulses, 
the volume of which are related partly to the ther
mal gradient and the bulk composition of the rock 
(Fyfe et al. 1978). Variable amounts of CH4 and 
CO2 may be generated during prograde metamor- 
phism, dependent to some extent on the composition 
of the immediate country rock. Above the stauro- 
lite isograd, ambient metamorphic fluids contain 
some CO2, with abundances of 10 to 60 mole per
cent.

The most significant characteristic of meta
morphic fluids in the upper crust is their composi
tional dependency on the bulk composition of the 
source rock which is undergoing devolatilization 
reactions (eg. CH4-rich fluids in carbonaceous 
sediments or NaCl brines related to evaporites; 
Rich 1979). This suggests that fluid composition is 
strongly dependent upon and buffered by the com
position of the country rock (internal buffering; 
Touret and Dietvorst 1983).

3.3. HIGH METAMORPHIC GRADES

The transition into high grade metamorphic 
rocks, where partial melting may occur, corresponds 
to a major change in ambient metamorphic fluid 
constitution, from H2O-dominant under lower 
metamorphic facies to CO2-dominant in high grade 
terranes (Figure 3.1; Touret 1981, Touret and 
Dietvorst 1983). In granulites, the ambient fluid 
during peak metamorphism consists of high density 
(up to 1.23 g/cm3) CO2, regardless of local host 
rock composition. Other CO2 H2O - CH4 or 
N2 - bearing fluid inclusion populations are present 
and can often be attributed to post-peak metamor
phic retrograde events (Touret 1981, Touret and 
Dietvorst 1983).

The presence of CO2 in rocks of variable 
composition in granulite facies terranes points to an 
external control of the fluid composition (external 
buffering; Touret 1981, Touret and Dietvorst 1983). 
At least two mechanisms have been proposed to 
account for the "external buffering": (1) CO2-rich 
fluid was introduced into the lower crust and 
decreased the activity of H2O (eg. Newton et at. 
1980, Wells 1979), and (2) CO2 was indigenous to 
the lower crust, but its concentration increased 
because H2O was preferentially partitioned into and 
removed by silicate partial melts (eg. Touret and 
Dietvorst 1983). Evidence for both mechanisms will 
be discussed in chapter 4 of Part II.



Figure 3.1. Observed change in metam orphic flu id  
com position, across the transition from  m edium  to  
high m etam orphic grade. CO2-nch flu ids 
dom inate in the high grade m etam orphic terranes, 
regardless o f rock com position. D ata from  Touret 
(1981).

3.4. SALINITY

Salinity of metamorphic Quids is variable, 
but seems to reQect the composition of the local 
rock. At low to medium grade, in terranes where 
carbonate or evaporitic rocks are absent, salinity of 
ambient metamorphic fluids is generally less than 
2.4 wt %  NaCl equivalent, and variation can not be 
correlated with metamorphic grade (Crawford 1981). 
In higher grade metamorphic terranes, the salinity of 
metamorphic fluids is generally low (Crawford 1981).

3.5. RELEVANCE TO ARCHEAN GOLD- 
RELATED FLUIDS

Four salient fluid characteristics of the 
Archean, gold-related hydrothermal systems are:

(1) The fluid was aqueous, of relatively 
uniform composition, and contained CO2 
(Chapter 6, Part I).

(2) The Quid was derived from a source 
external to the immediate depositional site 
(Chapters 1,2 and 3, Part I).

(3) A large volume of Quid was involved 
(Chapter 3, Part I).

(4) Extensive alteration at the depositional 
site indicates that the Quid was not in equi

librium with the rock assemblage at the 
depositional site. By implication, the gold- 
related fluid was not in equilibrium with the 
rock assemblage in the metamorphic domain 
where the gold was precipitated (Chapter 3, 
Parti).

3.5.1. LARGE FLUID RESERVOIR OF UNIFORM 
COMPOSITION

Ambient metamorphic fluids during high 
grade metamorphism (granulitization) are composi- 
tionally uniform, regardless of rock composition. 
Similarly, the composition of gold-related hydrother
mal fluids was also relatively uniform, regardless of 
deposit location or bulk composition of the host 
rock. This may indicate that the control on the 
composition of the gold-related hydrothermal fluid 
may lie in the granulitization of the lower crust. 
Further controls on fluid composition and its assoc
iation with granulitization are shown by the temp
oral similarity between the gold precipitation event 
and lower crustal granulitization. This is demon
strated in Chapter 4, Part n . This is not evidence 
that the gold-related fluids were identical in compo
sition to those ambient in the zone of granulitiza
tion, which are CO2-rich compared to the gold- 
related fluids. However, the zone of granulitization 
provides a very large, compositionally uniform fluid 
reservoir, from which the gold-related fluid may 
have evolved.

3.5.2. DISEQUILIBRIUM

Metamorphic fluids generated by dehydration 
reactions in low to medium grade metamorphic ter
ranes are in equilibrium with and have a composi
tion buffered by mineral assemblages in the rock. 
The stable assemblages in metamorphic rocks are 
universally typical. The localized transformation of 
regionally extensive hydrous assemblages, typical of 
low to medium grade metamorphic terranes, to the 
localized carbonate- and aluminosilicate-rich assem
blages typical of Archean gold systems (Chapter 3, 
Part I) is evidence that the gold-related fluids were 
not in equilibrium with the country rocks when first 
introduced to the depositional site. This implies 
that the gold-related fluid was not generated within 
the metamorphic domain which hosts the gold min
eralization. Given that Archean gold m ine ralization 
is developed in rocks of greenschist and amphibolite 
metamorphic grade, this suggests that the fluid was 
generated under conditions different from those of 
greenschist and amphibolite metamorphic facies. 
High grade metamorphic terranes satisfy this 
requirement. This indicates that, if the gold-related



hydrothermal fluid was of metamorphic origin, it 
originated from a higher grade metamorphic terrane 
- namely, the zone of granulitization.

3.5.3. CCb-BEARING FLUID

The persistent CO2 abundance of the gold- 
related Quid requires a source which contains a 
uniformly distributed supply of carbonate or CO2. 
Dispersed calcite, precipitated during sea water 
alteration of the volcano-sedimentary assemblage 
(Chapter 6, Part I), may provide some CO2 to a 
metamorphic fluid. However, the carbon isotopic 
data are not consistent with this model (Chapter 1, 
Part II). Dissolution of hydrothermal carbonate 
from regionally distributed and fault-related zones of 
carbonatization could also provide CO2 to a meta
morphic fluid, having a δ13C composition similar to 
that of the gold-related fluids. However, the intro
duction of this carbonate was coeval with gold 
introduction. Therefore, the sole metamorphic 
reservoir which contained a large volume of CO2 
and was external to the metamorphic terranes where 
gold is localized was the zone of granulitization.

3.6. METAMORPHIC OR MAGMATIC 
FLUID

On the basis of the compositional uniformity 
of the gold-related hydrothermal fluid, in spite of 
the variety of host rock compositions, the fluid is 
interpreted to have been generated outside the 
domain which contains the gold deposits. Composi
tional uniformity and ubiquitous CO2 content sug
gest that the gold-related Quid was generated by a 
regionally uniform mechanism which produced abun
dant CO2-rich fluid. A granulite facies source is 
considered the most probable metamorphic reservoir 
from which an auriferous fluid may have evolved.

Geochronological support for this working 
hypothesis is presented in the following chapter. 
However, as alluded to above, the CO2-rich nature 
of the ambient fluid in the zone of granulitization 
may reflect magmatic processes, either by introduc
tion of juvenile CO2 or enrichment of CO2 as a 
result of extraction of H2O during partial melting. 
An important conceptual problem is posed: is the 
fluid in the zone of granulitization metamorphic or 
magmatic? This question will be addressed in 
Chapters 4 and 5 of Part II. However, regardless 
of the metamorphic processes, we conclude that 
granulitization may have been involved in the 
Archean gold metallogenic event.





4. ARCH EAN CRATO NIZATIO N  
A N D  G O LD IN TR O D U C T IO N

4.1. INTRODUCTION

Across the Superior Province, a systematic 
and similar, magmatic and tectonic cratonization 
sequence is recorded in all subprovinces. However, 
this sequence of events occurred at different times 
in the various subprovinces (Stott et al. 1987). Two 
well constrained igneous events in the Superior 
Province are the dates of cessation of calc-alkaline 
volcanism and related sedimentation, and the fol
lowing, relatively short period, when late, post-vol
canic, silica-saturated and -undersaturated intrusions 
were emplaced (Figure 4.1, Part II). Anomalous 
concentrations of gold and large volumes of CO2 
were introduced into regionally extensive zones of 
deformation within the Upper crust during that 
period of late plutonism (Chapter 4, Part I).

Examined in this chapter is the late 
Archean magmatic and thermal record of the Supe
rior Province. This is achieved by comparing the 
late magmatic evolution of the upper crust in the 
southern Superior Province (Abitibi - Wawa and 
Wabigoon Subprovinces) with the late thermal his
tory of the lower crust, as represented by the high 
grade (granulite facies) rocks exposed in the 
Kapuskasing Structural Zone and parts of the Win
nipeg River Subprovince. An important result of 
this analysis is the recognition that the introduction 
of gold was but one of a sequence of coeval mag
matic, tectonic and thermal events which collectively 
affected the Archean crust of the Superior Province.

An integrated cratonization and gold metal- 
logenic model is developed using empirical, 
geochronological, and geochemical characteristics of 
Archean terranes in the Superior Province, to 
account for the remarkable contemporaneity between 
magmatic, metamorphic and auriferous hydrothermal 
events.

4.2 . MAGMATIC HISTORY OF THE 
UPPER CRUST - SOUTHERN SUPERIOR 
PROVINCE

U-Pb zircon ages for volcanic and intrusive 
rocks from the Kirkland Lake, Timmins, Wawa, 
Gamitagama, and Hemlo areas and from the Wabi
goon Subprovince are summarized in Figure 4.1. In 
the southern part of the Abitibi - Wawa Sub
province, felsic volcanic rock and contemporaneous 
plutonism had been initiated by 2750, and possibly

as early as 2772 Ma., but had terminated by 2700 
Ma. The emplacement of compositionally diverse 
plutons (between 2699 and 2666 Ma.; Chapter 4, 
Part I) continued following the termination of calc- 
alkaline volcanism (Nunes and Pyke 1980, Nunes 
and Jensen 1980, Krogh and Turek 1982, Turek et 
al. 1982, Percival and Krogh 1983, Corfu and Stott 
1986, Smith et al. 1987, Marmont and Corfu 1988, 
Corfu and Muir 1988). In the Wabigoon Sub
province, volcanism, related sedimentation and con
temporaneous plutonism had been initiated by 2775 
Ma. and terminated at approximately 2700 Ma. 
Post-volcanic plutonism continued locally until 2675 
Ma. (Davis and Edwards 1982 1986, Davis et al. 
1982, Daws et al. 1988, Smith et al. 1988).

42.1. GOLD AND CO2 INTRODUCTION

The introduction of large volumes of CO2 
into the greenstone belts is an inherent characteristic 
of the late Archean gold metallogenic and deforma
tion events. As discussed in Chapter 6 of Part I. a 
large volume of dolomite - ankerite carbonate was 
introduced into late, regionally extensive structures, 
coevally with the gold event. Thus, implications 
regarding the absolute time of gold introduction (see 
Chapters 4 and 5, Part I) also apply to CO2 intro
duction.

A critical aspect of the gold metallogenic 
event in the southern Superior Province is the date 
of gold concentration into regional zones of defor
mation. In the Timmins area, gold was introduced 
after 2673 Ma. (Marmont and Corfu 1988). A 
lower limit on hydrothermal activity within auriferous 
systems is provided by 40a r/ 39a r dates for 
hydrothermal m icas that occur within and immedi
ately adjacent to gold-bearing veins in the Dome 
and Hollinger Mines (2633 Ma. and 2617 Ma. 
respectively, Masliwec et al. 1986). In the Hemlo 
camp, the age of gold mineralization and related 
hydrothermal activity is constrained to the period 
2690 to 2670 Ma. (Corfu and Muir 1988), although 
evidence for younger hydrothermal activity in the 
auriferous zone is provided by 40A r/39Ar dates for 
white micas (maximum age of 2671 Ma.; Masliwec 
et al. 1986) and U-Fb ages of monazite and rutile 
(2650 - 2610 Ma.; Corfu and Muir 1988).



Figure 4.1. Summary o f  geochronological data for parts o f  the southern Superior Province, Ontario. Sources o f  
data: Timmins and Kirkland Lake - Nunes and Pyke (1980), Nunes and Jensen (1980), Marmont and Corfu 
(1988); Kapuskasing Structural Zone and Wawa - Percival and Krogh (1983), Turek et al. (1982), Krogh and 
Turek (1982), Percival and Krogh (1983), Krogh et al. (1986), Smith et al. (1987), Corfu (1987), Krogh et al. 
(1988), Percival et al. (1988); Shebandowan Belt - Corfu and Stott (1986); Hemlo Belt - Corfu and Muir 
(1988); Wabigoon Subprovince - Davis and Edwards (1982, 1986), Davis et al. (1982), Davis et al. (1988); 
Winnipeg River Subprovince - Corfu (1988, in press).

4.3. THERMAL HISTORY OF THE 
LOWER CRUST

A cross section through the upper two-thirds 
of Archean crust beneath the Superior Province is 
provided by the Kapuskasing Structural Zone 
(Percival and Card 1985), and by parts of the Win
nipeg River Subprovince which have attained gran- 
ulite facies metamorphic grade. The temporal 
development of lower crustal metamorphism is pro

vided by U-Pb geochronology of various mineral 
phases, including zircon, monazite, titanite and rutile. 
It is emphasized that ages of these minerals repre
sent the time when the minerals cooled through 
their "blocking temperature". Thus, equilibrium 
mineral assemblages may have been attained at an 
older age than closure.

In the Agawa migmatite terrane, at the 
south end of the Kapuskasing Structural Zone



(KSZ), metamorphism with attendant magmatism 
and migmatization culminated between 2670 and 
2665 Ma. with an episode of partial melting (Corfu
1987, Figure 4.1). This was followed by injection of 
magma, which caused an increase in temperature 
and probably induced further ductile deformation 
and metasomatic reactions with country rocks at 
about 2663 - 2660 Ma. (Corfu 1987). These ther
mal events concluded with the intrusion of granites 
and pegmatites and the initiation of extensive, late 
hydrothermal activity within the lower crust between 
2660 and 2635 Ma. (Corfu 1987).

Ductile deformation and granulite to amphi
bolite facies metamorphism b  the mam part of the 
KSZ (Chapleau terrane) was attained between 2696 
and 2650 Ma. (Perdval and Krogh 1983, Krogh et 
al. 1986, Krogh et al. 1988, Percival et al. 1988). 
The dates obtained from granulite fades rocks 
decrease systematically to deeper levels of the crust; 
this is interpreted to represent slower cooling at 
deeper crustal levels (Perdval and Krogh 1983, 
Krogh et al. 1986, Perdval et al. 1988).

In the Winnipeg River Subprovbce (WRS), 
granulite fades metamorphism, accompanied by local 
magmatism, peaked at about 2680 Ma. (Corfu 1988). 
Areas affected by this high grade metamorphic event 
were subjected to a prolonged period (<2680 Ma.) 
of lower grade, retrograde metamorphism and meta
somatism (Corfu 1988).

43.1. HYDROTHERMAL ACTIVITY IN THE 
LOWER CRUST

Locally w ithb the KSZ and WRS, 
hydrothermal fluids circulated and disrupted the U- 
Pb systems b  various minerals for at least 60 Ma. 
after the granulite fades metamorphism (Corfu 1987, 
Corfu 1988, b  press, Krogh et al. 1988). Evidence 
of this activity bcludes the presence of morphologi
cally distinct, high-U zircon overgrowths on pre
existing, low-U zircon cores (KSZ - Krogh et al.
1988, Corfu 1987), conflicting age and paragenetic 
relationships (KSZ - Corfu 1987; WRS - Corfu 
1988), and irregular titanitc and apatite ages w ithb 
small areas affected by the granulite fades meta
morphism (Corfu 1988). These data are interpreted 
to reflect the influence of hydrothermal fluids, and 
are not consistent with simple coolbg histories 
(Corfu 1988,1987). The late "hydrothermal" zircons 
W e  morphological and chemical characteristics con
sistent with then lower temperature formation m 
fluid-rich environments, containing incompatible ele
ments such as Zr, U and Th (Corfu 1987). Uran-

iferous pegmatites and granodiorite to granitic plu
tons, emplaced between 2660 and 2635 Ma. b  the 
Agawa migmatite terrane (KSZ), and pegmatitic 
in tusions in the southern part of the WRS, may 
have been generated during this late hydrothermal 
episode (Corfu 1987).

4.4. LATE MAGMATIC AND THERMAL 
HISTORIES OF UPPER AND LOWER 
CRUST - A COMPARISON

Compositionally diverse, post-volcanic plutons 
were emplaced b to  the supracrustal rocks of the 
southern Superior Province between 2700 and 2666 
Ma., coeval with the high grade metamorphism and 
attendant partial melting of the lower crust b  the 
KSZ and WRS (2696 - 2630 Ma.; Figure 4.1). 
Gold introduction and related hydrothermal activity 
b  the Timmins and Hemlo camps (<2673 Ma. and 
2690 - 2670 respectively) also took place towards 
the end of or following the late plutonic event, 
contemporaneous with the lower crustal, granulite 
facies metamorphism. Thermally anomalous condi
tions existed in the Timmins and Hemlo auriferous 
systems until 2610 Ma. (white mica, rutile and mon- 
azite dates; Figure 4.1), coeval with the post-peak 
metamorphic thermal history of the lower crust. 
These geochronological data illustrate that the late, 
magmatic and thermal histories of the upper and 
lower crust b  the southern Superior Province were 
temporally equivalent and that the btroduction of 
anomalous concentrations of gold and CO2 b to  the 
upper crust was an integral component of this cou
pled, late magmatic and thermal event.

4.5. CATALYST TO LATE CRUSTAL 
HISTORY

The coeval generation of the late plutons 
and the granulitization of the lower crust may indi- 
cate that both were initiated by, and are manifesta
tions of, a similar event. Many models of granuliti
zation appeal to  an external source of heat or fluid 
to induce granulitization (eg. Bohlen 1987, Touret 
and Dietvorst 1983, Frost and Frost 1987). Thus, it 
is reasonable to speculate that the late granulite 
metamorphism of the lower crust and the emplace
ment of magmas of diverse composition were trig
gered by a process external to the crust. Further
more, it has been suggested that granulitization of 
the lower crust may have played an important role 
b  Archean gold metallogeny (Fyon et al. 1983b, 
1984, Cameron 1988). Consideration of the mech
anisms by which granulitization is effected may pro
vide clues to the existence and nature of the pro-



cess capable of triggering the late magmatic and 
thermal history of the crust.

4.6. GENERAL CHARACTERISTICS OF 
GRANULITES AND MODEL OF 
GRANULITIZATION

While an exhaustive review of the process is 
beyond the scope of this report, granulitization 
appears to require the presence of and result in the 
generation of CO2-rich metamorphic fluids (eg. 
Touret and Dietvorst 1983; Chapter 3, Part II). 
Two conventional interpretations of granulitization 
include: 1) granulites represent a residuum from 
which a felsic melt has been removed (eg. Fyfe 
1973, Pride and Muecke 1980), and 2) granulites 
were produced by reaction between amphibolitic 
rock and CO2-bearing volatiles, which may or may 
not involve localized anatexis (eg. Hamilton et al.
1979, Newton et al . 1980). Many low and medium 
pressure granulite rocks are depleted in certain LIL 
elements, such as K, Rb, Cs, U, Th, Y, heavy rare 
earth elements, and have high Ba/Rb, Ba/Sr, 
Ce/Yb, K/Cs and K/Rb ratios, relative to inferred 
protoliths (eg. Rollinson and Windley 1980b). For 
these chemical characteristics to be attributed to 
partial melting phenomena, the derivative melt must 
be geochemically complementary, and would be 
characterized by low K/Rb, Ba/Rb, and Ba/Sr 
ratios, and would be relatively enriched in Rb, 
because Rb is preferentially depleted from granulites 
with respect to K and Ba (Drury 1973).

Granulite development has also been 
attributed to equilibration between amphibolitic 
protoliths and mantle-derived (external), CO2-bearing 
fluids (eg. Schuiling and Kreulen 1979, Newton et at.
1980, Frost and Frost 1987). This is based on the 
presence of CO2-rich fluid inclusions in metamor
phic minerals (Berglund and Touret 1976, Touret 
1971a, b, 1977, Hoefs and Touret 1975, Touret and 
Dietvorst 1983) and the patchy, vein-like appearance 
of chamockite, observed in the transition zone from 
amphibolite to granulite facies rocks (Janardhan et 
at. 1982).

Thermal characteristics of high metamorphic 
grade gneiss terranes provide some additional con
straints on the granulitization mechanism. The 
thermal history of some granulites requires an anti
clockwise pressure - temperature - time (P-T-t) path 
evolution (Bohlen 1987), during which peak temper
ature is attained before maximum pressure (Bohlen 
1987). This thermal condition can result from the 
introduction (underplating) of magmas at the base

of the crust, the intrusion of magmas into the crust, 
and/or the passage of magmas through the crust 
(Wells 1980), but is not consistent with thermal 
models of continent - continent collision (England 
and Thompson 1984).

Thus, the chemical composition of some low 
to medium pressure granulites and their deduced 
thermal history (anti-clockwise P-T-t path) suggest 
that some granulite terranes may have developed in 
response to the introduction of magma to the base 
of and into existing continental crust, perhaps by the 
process of magma underplating (Bohlen 1987, Frost 
and Frost 1987). The attendant localization of heat 
and volatiles (H2O and CO2) catalyzed the heating, 
dehydration and partial melting of the lower and 
middle crust (Newton et al. 1980, Touret and 
Dietvorst 1983, Frost and Frost 1987).

This is only one possible model of granuliti
zation. Granulites can be generated during the pro
cess of continent - continent collision (Wilks 1988), 
and therefore the generation of granulites does not 
necessarily require the addition of anomalous heat 
from externally derived magmas. However, the evi
dence provided from the interpreted pressure - 
temperature - time paths of some granulites (Bohlen 
1987) is more consistent with the magma under
plating model The underplated magma could be 
generated either by subduction-initiated partial 
melting or other mantle initiated diapirism. This 
aspect of the model is addressed in the following 
chapter.

4.7. CRATONIZATION OF THE 
SOUTHERN SUPERIOR PROVINCE

In this section, the cratonization of the 
Superior Province is tested by determining the 
coherency between the late magmatic and thermal 
histories of the southern Superior Province and 
those predicted by the underplating model.

4.7.1. MANTLE DIFFERENTIATION

A significant differentiation of the primitive 
Earth’s mantle is inferred to have culminated 
between 2800 Ma. and 2500 Ma., during which 
some mantle dom ains became isotopically isolated 
(Bell et at. 1982). The differentiation is interpreted 
to reflect the ascent and partial melting of mantle 
diapirs, which originated in the asthenosphere 
and/or mesosphere (Brooks et al. 1976). Such 
"primitive" mantle material is inferred to exist



beneath part or all of the Superior Province, and 
has acted as a source for volumetrically minor 
amounts of radiogenically distinct, Phanerozoic, car- 
bonatite magma (Bell et al. 1982). Direct mantle 
contribution of magma to the upper crust during the 
late Archean is postulated on the basis of major 
and trace element composition, and radiogenic iso
tope (Sm/Nd) characteristics of some volcanic and 
plutonic rocks in the western part of the Superior 
Province (Shirey and Hanson 1984). Some of these 
igneous rocks have compositions similar to sanukites, 
interpreted to represent direct partial melting of the 
mantle (Shirey and Hanson 1987, Tatsumi and 
Ishizaka 1982, Tatsumi 1982). Thus, mantle 
domains beneath parts the Superior Province may 
have undergone a major partial melting and 
devolatilization event during the Late Archean, 
which culminated with the coupling of mantle and 
the crust at about 2800 - 2500 Ma.

The inferred coupling between mantle and 
crust, and the supply of mantle-derived magma into 
(and underplating ?) the crust, may have been the 
catalyst which granulitized the lower crust. Numeri
cal modeling of the cooling history for the KSZ 
indicates extremely low cooling rates for the gran
u le s , from 800° to 1000°C at the metamorphic 
peak, with initially high heat flow (Percival et al. 
1988), consistent with the underplating model.

4.7.2. LATE CRUSTAL PLUTONISM

Late emplacement of compositionally diverse 
plutons into the upper crust (2700 - 2675 Ma.) was 
coeval with lower crustal granulitization (2690 - 2630 
Ma.), and is consistent with the model prediction 
that granulite facies metamorphism should be 
accompanied by a pulse of plutonism (Bohlen 1987). 
Furthermore, magmas produced during this late 
plutonic event were derived from both crustal and 
mantle sources (eg. Shirey and Hanson 1984). 
Some silicate intrusions may have been derived by 
partial melting of lower crust, in the zone of gran
ulitization. Pegmatites, which intrude along the 
southern boundary of the Wabigoon Subprovince, 
have low K/Rb and Ba/Rb ratios (Figure 4.2), 
which complement the depleted geochemistry of 
granulitized terranes. Although not characterized 
geochemically, uraniferous pegmatites within the 
Agawa migmatite terrane may also have formed by 
a similar process (Corfu 1987). However, plutonic 
complexes with varying degrees of silica-saturation, 
displaying such chemistry, have not been recognized 
in the Superior Province (Figure 4.2). Some intru
sions belonging to the TTG suite could have been

derived from either garnet-bearing amphibolite 
(either underplated, mafic lower crust or greenstone 
belt roots) or gamet-lherzolite (eg. Martin 1987, 
Roliinson and Windley 1980a).

Figure 4 2 . Log-log p lo t o f K /R b  and B a/R b for 
intrusive rocks from  the parts o f the Uchi, 
Wabigoon and A bitibi Subprovinces. F ield A: 
silica-saturated and -undersaturated intrusions. 
Field B: silica-saturated and -undersaturated 
intrusions and pegm atitic rocks from  the Wabigoon 
Subprovince which m ay have been generated by 
partial melting in the zone o f granulitization. 
D ata from  Ontario Geotogjcal Survey, PETRO C K  
data base.

4.8. CRATONIZATION MODEL

One possible model for the cratonization of 
the Shield which accounts for the well constrained 
magmatic and thermal history of the southern part



of the Superior Province is illustrated in Figure 4.3. 
This model is a distillation of the geochronological, 
chemical, and geological features described in Part I.

Juxtaposition of hot, diapiric material against 
a cooler, previously "frozen” underplate of mantle 
material or lower crust would enhance partial melt
ing of both the upper mantle and lower crustal 
block. Partial melting of the ponded diapir and 
incipient partial melting of lower crust generate 
magmas which are emplaced into the upper crust. 
Previously ponded, crystallized basaltic magma, gen
erated during earlier underplating events, provides a 
large volume of material which yields liquids of 
tonalite - trondhjemite composition when partially 
melted. Partial melting within the lower crust, per
haps in the root zone of greenstone belts, could 
also yield liquids of tonalite - trondhjemite composi
tion.

Figure 43. Cartoon illustrating a possible 
cratonization m odel o f  the Arehean crust, which 
accounts for the late plutonism and metamorphism  
o f  the crust and the coeval differentiation o f  the 
upper mantle. Mantle diapirism supplies magma, 
heat and volatiles to the base o f  the crust, which 
induces granulitization and crustal thickening.

If CO2 - H2O vapour persists in the zone 
of melting, it becomes richer in CO2 as the melting 
progresses, as a consequence of the greater solubil
ity of H2O in a silicate melt (eg. Mysen and 
Boettcher 1975). Partial melts generated from 
hydrous peridotite, in equilibrium with H20-rich 
vapour (XH2O > 0.6) are silica-saturated and can 
be andesitic in composition, whereas melts in equi
librium with a CO2-rich vapour are less silica-satu
rated and can become silica-undersaturated if XH2O 
< 0.5 (Mysen and Boettcher 1975). Protracted 
partial melting in the presence of H2O - CO2 
vapour could produce a spectrum of melt composi
tions, initially having silica-saturated, andesitic com
positions, and eventually becoming alkaline  in com
position.

4.8.1. GRANULITIZATION AND AMBIENT 
VAPOUR

Granulitization of the lower crust is 
enhanced by the addition of heat and volatiles 
(principally CO2), liberated from the ponded 
magma. Partial melts generated within the zone of 
granulitization should have a distinctive chemical 
signature (Section 4.73). The CO2 may have been 
introduced into the lower crust from an upper man
tle source (juvenile CO2; Newton et al. 1980) or it 
may have been indigenous to the lower crust, but 
"accumulated" as a consequence of preferential 
removal of H2O in silicate partial melts (Touret 
and Dietvorst 1983). The pervasive distribution of 
this CO2-bearing fluid, on an intergranular scale, 
enhanced the the whole scale mineralogical and 
compositional changes of lower crust during granuli
tization (Glassley 1983).

4.83. COMPOSITIONAL EVOLUTION OF THE 
VAPOUR

Graphite precipitation is a common feature 
of granulite terranes, and is accompanied by the 
oxidation of indigenous sulfide minerals (Glassley 
1983). This reaction liberates sulphur, which 
becomes a component in the ambient "metamorphic" 
fluid. Thus, at some point, a S-bearing (H2S ?) 
hydrothermal fluid could have resided in the zone of 
granulitization. Redox conditions changed late in 
the cooling history of the Scourian granulite complex 
(650° to 550°C), and the f O2 conditions of the 
ambient "metamorphic" fluid became more oxidizing 
(Rollinson 1980).

It is not known whether a similar change in 
ambient redox conditions late in the thermal history



of lower crustal regions is typical of other granulite 
terranes. However, in the Kapuskasing Structural 
Zone and the Winnipeg River Subprovince of the 
Superior Province, metamorphic titanite developed 
after the peak granulite fades metamorphism 
(<2680 Ma.; Corfu 1987, Corfu 1988, in press, 
Krogh et al. 1988). Titanite may be indicative of 
relatively oxidizing conditions (Verhoogen 1962, 
Carmichael and Nicholls 1967, Noyes et al. 1983). 
Thus, the formation of titanite late in the thermal 
history of the granulite terranes in the Superior 
Province is consistent with relatively oxidizing condi
tions in these two Archean lower crustal regions, 
during the waning stages of cooling.

4.9. APPLICATION TO OTHER PARTS 
OF SUPERIOR PROVINCE

This proposed speculative model of cra- 
tonization, involving mantle underplating, lower 
crustal granulitization and late, upper crustal pluton
ism, has been formulated by considering the late 
magmatic and thermal history of the southern Supe
rior Province, However, the model should be appli
cable to all parts of the Superior Province. Its 
general applicability is illustrated by briefly consid
ering data for the Red Lake and Uchi Lake areas.

In these areas of northwestern Ontario, calc- 
alkaline volcanism and contemporaneous plutonism 
had been initiated by 2960 Ma. and terminated at 
2730 Ma. Late plutonism continued until 2699 Ma., 
continuing for about 30 Ma. after the termination of 
calc-alkaline volcanism (Corfu and Andrews 1987, 
Nunes and Thurston 1980). Deformation, alteration 
and gold mineralization are constrained between 
2718 and 2700 Ma. (Corfu and Andrews 1987). A 
20 to 35 Ma. gap exists between "equivalent" mag
matic events in the Red Lake area and those in the 
southern Superior Province (eg. the termination of 
volcanism - 2730 Ma. for Red Lake vs. 2700 Ma. 
for south Archean; period of post-volcanic pluton
ism - 2730 - 2700 Ma. for Red Lake vs. 2700 - 
2666 Ma. for the southern Archean). Similarly, a 
southward younging of equivalent major tectonic 
events is recognized in northwestern Ontario (2705 
Ma. - western Wabigoon Subprovince; 2690 Ma. - 
Sbabandowan belt, western part of the Abitibi - 
Wawa Subprovince; Stott et al. 1987).

The granulitization date of lower crust 
recorded in the KSZ and WS (2690 - 2680 Ma.) 
post-dates the emplacement of post-volcanic intru
sions in the Red Lake camp (2730 - 2700 Ma.), and 
the introduction of gold (2718 - 2700 Ma.), by 10 to

35 Ma. However, amphibolite grade metamorphism 
in the western part of the WRS is dated at about 
2710 Ma. (Corfu 1988), and represents a mid-crust 
metamorphic event coeval with the late magmatic 
sequence in the Red Lake area (Uchi Subprovince) 
and the western Wabigoon Subprovince. However, 
the significance of the age difference between 
amphibolite (2710 Ma.) and granulite (2680 Ma.) in 
the WRS remains unresolved. These geochronologi- 
cal relationships are still consistent with the general 
cratonization model, but imply that lower crustal 
blocks beneath the Red Lake area and the western 
Wabigoon Subprovince had experienced their gran
ulite facies metamorphism and magma underplating 
10 to 35 Ma. (ca. 2715 Ma.) before that in the 
Abitibi - Wawa Subprovince (<2680 Ma.).

4.9.1. SEISMICALLY ANOMALOUS MANTLE

An analysis of seismic anisotropy beneath 
the western part of the Superior Province reveals 
the existence of an anisotropic zone which extends 
to a depth of 200 km beneath Red Lake (Silver 
and Chan 1988). The structural grain of this 
anomalous mantle domain is interpreted to have 
been acquired during the final stages of crustal sta
bilization (Silver and Chan 1988). This observation 
is consistent with diapiric underplating of mantle- 
derived magma at the base of the crust, beneath 
the Superior Province. The interpreted structural 
anisotropy within this zone of seismically anomalous 
mantle is parallel to the structural grain of that part 
of the Superior Province, which suggests that the 
anomalous mantle has remained coupled with the 
crust sbee about 2700 - 2650 Ma. (Silver and Chan 
1988).

Neither the geometry nor the lateral extent 
of this seismically anomalous zone is known. It is 
not known if such an anomalous zone exists beneath 
all terranes of the southern Superior Province; 
however, the presence of a similar, anomalous, 
upper mantle zone beneath the Slave Province, 
although of less intensity (Silver and Chan 1988), 
may imply that this is a general mantle feature 
beneath ancient cratons, emphasizing the important 
and widespread underplating of mantle magma at 
the end of the Archean Eon.

Seismically anomalous mantle could result 
from partial melting and devolatilization. Partial 
melting of mantle material removes volatile compo
nents (H2O and/or CO2) and the low temperature 
melting component. This produces a more refrac
tory residuum (Jordan 1978), having an elevated



solidus and higher viscosity relative to Us volatile- 
bearing precursor (Pollack 1986). If the partial 
melting and devolatilization accompanied the cou
pling event, a subcontinental "keel" may have grown 
by the addition and "freezing" of diapiric magma to 
the base of the crust (underplating). This material 
would be more refractory, have a higher viscosity 
and be seismically anomalous with respect to mantle 
and crustal domains which had not experienced a 
similar history. Thus, the seismically anomalous 
mantle zone beneath the Red Lake area may be a 
consequence of the underplating event.

4.10. SUMMARY

The consistency between the late magmatic 
and thermal events of the upper and lower crust 
(2700 - 2650 Ma.) is a manifestation of the cra- 
tonization of the Superior Province. The introduc
tion of mantle-derived magma into the crust at this 
time suggests that underplating of mantle-initiated 
diapirs may have an important role in the cra- 
tonization event. That anomalous concentrations of 
gold and CO2 were introduced into the supracrustal 
packages during or the later stages of the late 
magmatic and thermal history illustrates that 
Archean gold metallogeny was inextricably linked to 
the late, magmatic and thermal history of the upper 
mantle and crustal systems.

Figure 4.4. Cartoon illustrating the cratonization o f  
"m icro-crotons'’, through an equivalent sequence o f  
igneous and thermal events. "M icro-crotons" are 
then accreted to  produce the Superior Province. 
A t least two events o f gold introduction are 
recorded, although more m ay occur because the 
introduction o f  gold is a consequence o f the 
cratonization process.

Some tcrrancs within the Superior Province 
(eg. parts of the Uchi and the western Wabigoon 
Subprovince) appear to have been cratonized before 
the southern Superior Province. This may indicate 
that the Superior Province shield consists of terranes 
or cratonic islands which experienced similar mag
matic and thermal evolutionary sequences in 
response to mantle diapirism, but at different abso
lute times. Accretion of these terranes would form 
a thermally composite shield (Figure 4.4). Thus, 
rather than a single event during which gold was 
introduced into the Superior Province, at least two 
gold introduction events may have occurred, each 
triggered by the culmination of mantle-derived 
magmatism and its affect on sialic micro-cratons.

The appeal and strength of the mantle- 
derived magma underplating hypothesis is its holistic 
accounting of the late magmatic and thermal history 
of the Superior Province. As a "byproduct" of this 
cratonization process, anomalous concentrations of 
gold, CO2 and other incompatible elements were 
introduced into the supracrustal sequences. Certain 
key empirical characteristics of the auriferous sys
tems are also consistent with the underplating 
model These are considered in the following 
chapter.



5. H O LISTIC  M O D EL O F  
ARCH EAN G O LD M ETALLO GENY

5.1. INTRODUCTION

A genetic model is distinguished from a 
depositional model in that it requires a significant 
degree of interpretation to develop a consistent 
explanation for a set of empirical observations. 
Late Archean crustal development records a history 
of temporally consistent upper and lower crustal 
magmatic, tectonic and thermal events, and argues 
for a cratonization process, during which gold was 
concentrated into specific structural sites within the 
upper crust. The basis of this genetic model, which 
was formulated in Chapter 4 of Part II, is that 
late magmatic and thermal aspects of the crustal 
history are attributed to the introduction of mafic 
magma, possibly of mantle origin, to the base of 
and into the crust. Many critical relationships 
required to constrain a genetic model remain 
ambiguous, particularly the role of mantle and 
crustal processes in influencing the style of late 
Archean tectonism.

5.2 . GENETIC MODEL

Figure 5.1 presents a representation of the 
magmatic, tectonic and thermal state through the 
upper mantle and crust and is similar to Figure 4.3. 
The approximate crustal region where Archean gold 
mineralization is inferred to precipitate is illustrated. 
Figure 7.1 of Part I displays characteristics of this 
area in detail.

Hydrothermal CO2 - H2O fluids are gener
ated by exsolution from silicate magmas in the 
mantle and lower and upper crust. CO2-rich 
vapour may accumulate in the lower crust, by virtue 
of preferred partitioning of the H2O component into 
and removal by a silicate magma. This fluid may 
evolve compositionally, in response to changing 
redox conditions in the zone of granulitization, and 
may pass directly into the upper crustal rocks along 
permeable structural systems. Fluid unmixing in the 
lower crust would add an additional degree of vari
ability to the fluid composition (Chapter 2, Part II). 
Gold is introduced into zones of deformation from 
fluids which accessed a large volume of rock in 
transit to the depositional site. The mode of fluid 
and gold transport is not definite, although a mag
matic origin, in the broadest sense, is consistent 
with the available data. Distinction between mag
matic and metamorphic fluids, particularly as regards 
their relative participation in the generation of the

auriferous fluid, is moot, especially at the crustal 
scale being considered.

5.3 . UNRESOLVED PROBLEMS

Given the interpretative and speculative 
nature of this chapter, it is perhaps presumptuous to 
imply that any aspects of the model are known with 
certainty. However, by considering some key 
aspects of the model, an appreciation for the level 
of uncertainty associated with each component can 
be assessed.

5.3.1. MANTLE - CRUST LINK

Coeval with the crustal events, the mantle 
may have been undergoing a period of diapirism, 
with attendant thermal convection, devolatilization 
and partial melting. Neither the subduction nor 
convection m echanism  of magma generation can be 
unequivocally discriminated at present. However, all 
that is required to maintain consistency within the 
model is that magma, which originated from below 
the continental crust, be supplied to the base of and 
into existing continental crust. Direct mantle contri
bution of magmas to the upper crust is indicated 
(Shirey and Hanson 1984) and underplating of man
tle-derived diapirs may have produced a sub-conti
nental keel. What triggered the mantle diapirism 
remains to be demonstrated, and whether subduction 
or a solely mantle-related process was instrumental 
in delivering magma to the base of the continental 
crust, must be assessed.

5.3 .3 . COMPOSITION OF PARTIAL MELTS

The observed compositional spectrum in late 
plutonic group, from silica-saturated to -undersatu
rated, may reflect an evolving CO2/H 2O ratio of a 
vapour phase in the region of partial melting (eg. 
Mysen and Boettcher 1975). The composition of 
magmatic fluid is dependent on the bulk composi
tion of the parent silicate magma, and this may 
have a bearing on the ability of some fluids to 
extract and transport gold more efficiently than 
others. The composition of vapour ambient during 
partial melting and magma crystallization remains to 
be documented by examination of primary fluid 
inclusions, preserved in the late plutonic bodies, and 
in plutonic mineral chemistry variations.



Figure 5.1. Composite crustal section illustrating the elements o f  an Archean gold genetic model. The indicated 
surface represents an erosion level, as observed presently. It is not intended to illustrate that the the Archean 
auriferous hydrothermal system debouched onto the surface (see discussion in Chapter 7, Part I). The vertical 
scale is not defined. Crustal cratonization culminates with the addition o f  mafic magma to the base o f  and 
into existing lower crust. Crustal thickening is accomplished in part by the addition of diapiric mass to the base 
o f the crust, which grows downward to form a sub-continental keel. Granulitization o f  the lower crust results 
from  the introduction o f magma, heat and volatiles, principally CO2. A  compositional spectrum o f silicate 
magmas, from silica-saturated to -undersaturated, is generated by partial melting o f  upper mantle and lower crust, 
in the presence o f  fluids having varying CO2/ H 2O ratios. Fluids m ay originate by exsolution from silicate 
magmas anywhere between the upper mantle and upper crust, and may evolve compositionally as a result o f  
reaction with rock (granulitization) and immiscible separation. Chemical mass transfer from the mantle, lower 
and middle crust to the upper crust is effected by silicate magma and fluids, which migrate along zones o f  
crustal weakness (regional structures which penetrate at least to the Conrad discontinuity). Gold concentration in 
the upper crust is a consequence o f  this late crustal magmatic, tectonic and thermal history.

5.3 .3 .  ROLE OF MAJOR CRUSTAL 
STRUCTURES

The role of the regional structures in this 
model is not completely understood. Mounting field 
(Hubert et al. 1984), geochemical, and geochrono- 
logical (Davis et al. 1988) evidence supports struc
tural stacking of volcanic and sedimentary packages 
during the tectonic history of the Canadian Shield. 
However, the regional structures may also represent 
boundaries between Subprovinces, across which sig

nificant changes in pressure and temperature condi
tions of adjacent blocks are recorded. Integrated P 
- T studies, seismic reflection profiling, and detailed, 
geologically-directed, geochronological studies will 
address the degree to which these structural zones 
represent thrust planes and/or accretion boundaries. 
In addition, it is critical to establish if the regional 
structures are solely crustal features, or if any could 
represent fossil subduction zones.



If a structure taps the lower crust, or even 
the Conrad Discontinuity, it will serve as a suitable 
conduit along which CO2-bearing fluids and some 
silicate magmas may pass from the mantle or lower 
crust into the upper crustal sequences. As discussed 
in Chapters 1 and 2 of Part I, regionally extensive 
zones of deformation are a characteristic of late 
tectonic development of granitoid - greenstone ter- 
ranes and are the locus of gold mineralization and 
carbonate alteration. The extensive strike length of 
the Destor - Porcupine and Larder Lake fault zones 
in the Abitibi greenstone belt, from the Kapuskasing 
Structural Zone east to the Grenville front, implies 
that these two structures are profound crustal 
structures, which may have penetrated to at least 
the Conrad Discontinuity. Localization of fault- 
related carbonatization and gold deposits indicates 
that the regional zones of deformation played an 
important role in focusing the influx of CO2-rich 
fluids into the upper crust (Chapter 2, Part I).

53.4, DISTRIBUTION AND VOLUME OF CO2

The immense volume of CO2 which was 
fixed in the southern part of the Abitibi belt 
(minimum of 490,900 moles of carbon; Fyon 1986) 
is present in regional and fault-related zones of car
bonatization, localized by major zones of deforma
tion. This volume and localization of carbonate 
implies the production of CO2-bearing fluids was 
related to a process which operated at a scale much 
larger than that represented by the late intrusive 
centers. These factors suggest that sites of localized 
magmatism may be important controls on the devel
opment of gold mineralization on a camp scale (200 
km2), whereas the extensive regional carbonatization 
must reflect a process which operated on a scale 
comparable to the exposed crust. As demonstrated 
in Chapters 2 and 3, Part I, the introduction of 
CO2 and the emplacement of late plutons were 
coeval, and both events are manifestations of the 
process which triggered the cratonization of the 
crust. However, the conditions which led to the 
carbonate introduction chronology, observed in many 
late zones of deformation (Chapter 6, Part I) are 
not understood; they may provide a key to the 
compositional evolution of the fluid and hence have 
a significant bearing on understanding of the gold 
transport mechanism.

533 . ASSOCIATED SILICA-UNDERSATURATED 
INTRUSIONS

Potassic and sodic plutonic complexes, 
showing varying degrees of silica-saturation, are 
often proximal or intimately associated with some 
gold deposits (Chapter 4, Part I) and were 
emplaced late in the plutonic history of greenstone 
belts (Chapters 4 and 5, Part I). The presence of 
late, silica-undersaturated igneous rocks can be 
ascribed to melting of anhydrous mantle peridotite 
in the presence of a CO2-rich vapour (Mysen and 
Boettcher 1975). While a genetic link with gold 
may be speculative, on the basis of geochemical 
(Cameron and Carrigan 1987, Cameron and Hattori 
1987, Rock et al . 1987) and geochronological data 
(Marmont and Corfu 1988), the presence of alkaline 
magmas may simply indicate that the mantle served 
as a source for some intrusions, but did not directly 
contribute to the gold metallogenic event.

53.6. SODIC AND POTASSIC ALTERATION

Sodium and potassium metasomatism of wall 
rock is a common characteristic of Archcan gold 
m ineralization  (Chapter 3, Part I). Albite is 
acommon accessory mineral in and immediately 
adjacent to many Archean, gold-quartz vein systems. 
Potassium feldspar is known to occur in wall rock 
alteration assemblages which have developed in gold 
deposits where felsic rock is abundant (eg. Hemlo; 
Kuhns 1986). Potassium-rich mica (seriate or 
biotite) is present in virtually all gold deposits. The 
introduction of Na and K into the gold systems may 
also be a consequence of mantle-derived, C02-cat- 
alyzed, lower crustal granulitization. Incongruent 
dissolution of feldspars, under conditions appropriate 
for granulite metamorphism, is strongly enhanced  in 
the presence of a fluid having a high CO2/H 2O 
ratio, with the ion solubilities being sodium > 
potassium > > calcium (Glassley 1983). The pres
ence of C02-rich fluid in the lower crust should 
produce Ca- and Al-enriched, and Na-, K-, and Si- 
depleted residues during granulitization, consistent 
with the known geochemistry of granulite terranes 
(Chapter 4, Part II). Some, if not all, of the Na 
and K released during the granulitization of the 
lower crust may become incorporated into siliceous 
partial melts, generated at higher crustal levels.



5.4. GOLD SOURCE

A potentially very large gold reservoir is 
provided by that part of the lower crust undergoing 
granulitization. The only study to address the dis
tribution of gold in granulites (Sighinolfi and Santos 
1976) found that granulites from Bahia State, Brazil, 
contain 0.8 ppb gold (log transformed data excluding 
4 ‘anomalous" data which exceeded 8 ppb). Inclu
sion of the four apparently anomalous samples (8.1, 
16.0, 16.2, 18.4 ppb Au) only raises the log trans
formed mean to 0.9 ppb gold. These data indicate 
that the granulite rocks from the Bahia State are 
depleted in gold by a factor of at least 2 with 
respect to either fresh crustal igneous rocks or their 
lower metamorphic grade equivalent lithologies, an 
observation which cannot be made of any other 
metamorphic rock, on the same scale, using accurate 
analytical data (Crocket 1974, Paul et al. 1977). 
The 0.8 ppb gold abundance of these Brazilian 
granulites represents an upper limit, because 27 of 
the 101 samples analysed by Sighinolfi and Santos 
(1976) contained less than the detection limit of 
gold (0.4 ppb). These data suggest that gold can 
be removed from the lower crust during granulitiza
tion. Similarly, the incompatible element suite (eg. 
K, Rb, Li, B) which defines a dispersion halo about 
many Archean gold systems (Chapter 3, Part I) is 
identical to that which is depleted from many gran
ulites (Chapter 4, Part II). Thus, gold and the 
companion incompatible element suite may have 
been mobilized from the lower crust, beneath parts 
of the Superior Province, during the late granulitiza
tion event, and concentrated in the supracrustal 
domains.

The distribution of gold in crustal rocks 
requires additional quantification, particularly as 
regards the transition up to and within granulite ter- 
ranes. Such studies sometimes yield equivocal con
clusions, primarily because of analytical error and 
poorly constrained sampling. However, the analysis 
of individual minerals or mobilizates, by high preci
sion techniques, from well constrained samples, 
should provide clues to the behaviour and distribu
tion of gold under conditions of granulite metamor
phism.

5.5. GOLD TRANSPORT

At least two distinct pathways exist to 
extract and transport gold to the depositional site in 
the upper crust. Gold could have been partitioned 
into silicate magmas, generated by anatexis of either 
mantle or crustal material, and transported to the

upper crust where it, and companion elements, 
would partition into an exsolved, H2O - CO2-bear- 
ing magmatic fluid. Alternatively, gold could have 
been transported by a vapour phase from the source 
area to the depositional site, without passing through 
the silicate magma medium. The essential differ
ence between the two end-member models is the 
mode of transport. In the magmatic model, a sili
cate magma is the transport medium to the upper 
crust, whereas in the vapour phase model, the fluid 
is the transport medium. As emphasized in Chapter 
3, Part II, the distinction between magmatic and 
metamorphic fluid in the lower crust is moot.

5.5.1. SILICATE MAGMA

Magmas generated within or deeper than 
the zone of granulitization provide optimal transport 
media, because they are generated within or must 
pass through the zone of gold depletion. Of the 
intrusions in the Superior Province that have been 
chemically characterized, only some pegmatites have 
compositional characteristics consistent with their 
derivation from the zone of granulitization (Figure
4.2, Part II). Tonalite-trondhjemite intrusions could 
have been produced above or below the zone of 
granulitization, and alkaline intrusions were derived 
from mantle sources (Chapter 4, Part II). There
fore, all intrusion types could satisfy the magma 
source requirements, but not necessarily by virtue of 
having been generated within the zone of granuliti
zation.

On the basis of the temporal association 
between gold and silica-undersaturated intrusions 
(Marmont and Corfu 1988), and possibly anomalous 
gold concentration in some occurrences (Rock et al. 
1987), the lamprophyre suite may be the preferred 
transport medium in a magmatic genetic model. 
However, alkaline magmarism may be just another 
manifestation of the overall cratonizatlon process, 
emphasizing the involvement of mantle diapirism and 
CO2, and may not play a direct role in the trans
port of gold to the depositional site.

5.5.2. VAPOUR PHASE

Leakage of CO2-rich vapour from the zone 
of granulitization and diapirism into the upper crust 
can account for the introduction of large amount of 
CO2 late in the magmato-thermal history of the 
crust, and for the gold - carbonate association. 
However, abundant CO2 (manifest as carbonate) 
was introduced into the regional zones of deforma
tion, before and during gold precipitation. This



carbonate introduction chronology (Chapter 6, Part 
I) may reflect changes in the redox conditions of 
the ambient fluid during granulitization, and/or 
complex Quid unmixing at deep crustal levels 
(Chapter 4, Part II). Changes in redox conditions 
may have transformed the ambient fluid into an 
oxidized, CO2-rich, S-bearing (SO2 ?) fluid, capable 
of scavenging and transporting gold from a large 
rock reservoir. "Leakage" of such auriferous, 
"magmato-metamorphic" fluids along diapiric path
ways or deeply penetrating crustal structures into the 
upper crust provides a means of introducing CO2 
and gold into the supracrustal packages, later in the 
terminal, magmatic and thermal history of a green
stone belt, following the precipitation of the earlier, 
gold - poor carbonate.

5.53. DISTINCTION BETWEEN TRANSPORT 
MECHANISMS

Distinction between the magmatic and 
evolved vapour phase processes is not posable at 
present. Silicate magma transport of gold to upper 
crustal regimes may appear more appealing because 
of the temporal and spatial association between gold 
and late intrusions (Hodgson 1986), particularly 
those having an alkaline affinity (Marmont and 
Corfu 1988, Rock et al. 1987). This is analogous to 
some younger, Cordilleran-type, disseminated gold 
and copper-gold m ineralization  (Mutschler et al. 
1985). Remaining uncertainties regarding the fluid 
include the evolution of the fluid present in the 
lower crust during and following peak granulite 
metamorphism. The contemporaneity between rela
tively oxidizing lower crustal hydrothermal activity, 
which post-dated peak granulite facies metamor
phism, and hydrothermal activity within the aurifer
ous systems, recorded in the hydrothermal mica 
dates in the upper crust (Chapter 4, Part II), sug
gests that a component of hydrothermal activity in 
the auriferous systems was derived from the lower 
crust, and accessed the upper crust during a period 
of apparent igneous quiescence. Late, post-peak 
metamorphic fluid activity in the lower crust is sup
ported by titanite, monazite, and rutile age relation
ships (Corfu 1987, Corfu 1988, in press, Krogh et al. 
1988). The influence of this fluid is unknown, but 
it was coeval with fluid activity in the auriferous 
zones (Figure 4.1, Part II). Thus, late fluid activity 
in auriferous zones may have been coupled with 
that in the lower crust.

While there are some constraints on the 
late thermal history of the lower crust, little is 
known of the character and and origin of fluids

present during post-peak metamorphic period of 
cooling. To adequately assess possible fluid sources 
and describe fluid evolutionary histories, it is essen
tial to characterize the late fluid activity recorded in 
the lower crust and in the auriferous zone near 
surface. Furthermore, it is necessary to document 
the magmatic fluids of different magmatic suites. 
At present, this aspect of Arche an plutonism is 
essentially unknown. Only then can the fluid com
ponent of the gold metallogenic model be complete.

5.6. SUMMARY

The observed late magmatic and gold met
allogenic evolution of blocks within the Superior 
Province can be modeled closely by a coupled 
sequence of lower crustal metamorphism and upper 
mantle partial melting, during which mantle-derived 
magma was emplaced at the base of and into the 
crust. The introduction of heat and C02-bearing 
vapour induced granulitization of the lower crust. 
Tonalite - trondhjemite magmas are produced by 
partial melting of existing lower crust (previously 
underplated basaltic magma?). Silica-saturated to - 
undersaturated magma was also directly produced by 
partial melting of the upper mantle; the melt com
position having been influenced to some degree by 
CO2 concentration in the ambient vapour.

Influx of CO2-bearing vapour along major 
crustal structures into the upper crustal rocks culmi
nated with intense carbonatization of susceptible 
lithologies and generation of nearly pure carbonate 
veins within regionally extensive deformation zones. 
Changes in the ambient redox conditions in the 
lower crust and upper mantle may have evolved to 
become oxidizing, and influenced the redox state of 
indigenous or transient CO2-rich vapour or silicate 
magma. Oxidizing conditions may have enhanced 
the solubility of gold and sulphur. Incompatible 
elements (eg. LILE, U, Th, Zr, Au) may have been 
transferred from the zone of granulitization to the 
upper crust, either by vapour phase or silicate 
magma. Site-specific factors controlled gold precip
itation in suitable, structurally induced, zones of 
permeability.

While unequivocal distinction between either 
the purely magmatic or purely vapour fluxing model 
cannot be made at present, it is important to 
emphasize that the gold metallogenic event is but 
one manifestation of a more profound magmatic and 
thermal history, which cratonized parts of the Supe
rior Province. However, Archean gold metallogeny 
must be considered in the context of the totality of



the late Archean cratooization events. Appeal to 
any end member hypothesis may prove overly sim
plistic, as both processes played symbiotic roles in 
concentrating gold during the culmination of the 
cratonization event. Thus, it is most consistent to 
acknowledge that both magmatic and metamorphic 
process played a role in the concentration of gold, 
cognizant that the distinction between magmatic and 
metamorphic processes becomes less distinct at 
lower crustal depths. It is realistic to consider that 
a single source or even domain contributed all con
stituents to the hydrothermal system: radiogenic 
data illustrate that multiple sources contributed con
stituents to the hydrothermal system (eg. Kerrich et 
al. 1987). In the context of our model, multiple 
mantle and crustal sources are required. Thus, only 
by adopting a holistic perspective of the late mag
matic, thermal and tectonic history of Archean 
shield areas are we likely to further our under
standing of Archean gold metallogeny.
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