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Abstract
The gold-rich Superior, Canada, and Yilgarn, Australia, cratons have similar geologic histories dating back to

the Mesoarchean and showing strong parallels in the Neoarchean. Orogenesis in each craton is marked by a
shift from dominant volcanism to dominant clastic sedimentation above unconformities, followed by granitic
plutonism, progressive deformation, and dynamothermal metamorphism. The terminal stages of orogenesis
correspond to the intervals of 2660 to 2650 Ma in the Superior craton and 2660 to 2630 Ma in the Yilgarn cra-
ton. The Yilgarn and Superior cratons contain an estimated 9,200 and 8,500 t Au, respectively. Most of the sig-
nificant gold deposits (>100 t Au) are concentrated in a few narrow, highly endowed gold belts along which the
deposits cluster into camps, commonly spaced every 30 to 50 km. Gold deposits of both cratons show similar
tonnages and grades, and their size distributions define a Pareto, rather than log-normal distribution. Large de-
posits are rare but account for most of the gold endowment of each craton. 

Three recurring host-rock associations account for a majority of large deposits: iron-rich mafic igneous rocks,
iron-rich sedimentary rocks, and felsic to intermediate porphyry stocks and dikes. Most deposits, particularly
large ones, occur in greenschist-grade rocks and are associated with shear zones, faults, or folds. Gold miner-
alization styles include quartz-carbonate veins, sulfidic replacements in banded iron formation (BIF), crusti-
form carbonate-quartz veins and associated sulfidic replacement lodes, disseminated-stockwork zones, sulfide-
rich veins and veinlet zones, and massive sulfide lenses. Wall-rock alteration assemblages vary with
mineralization style and metamorphic grade. Most deposits consist of a single style of mineralization, but many
of the large ones combine two or more of these, and some large deposits are unique in their metal associations.
The diversity of styles of mineralization, wall-rock alteration assemblages, and overprinting relationships re-
quire more than one episode of gold mineralization and more than one ore-forming process. Geologic parage-
neses, coupled with isotopic age constraints, show that, although the Archean histories of both cratons span
>300 m.y., the majority of gold deposits formed during the final 30 to 50 m.y. of that time span, corresponding
to the orogenic phase. The majority of gold deposits can thus be regarded as orogenic in timing, but with the
available constraints clearly pointing to the existence of more than one mineralizing event and involving dif-
ferent mineralization types and processes.

The best-endowed gold camps (Timmins and Red Lake in the Superior craton; Kalgoorlie, Granny-Wallaby,
and Sunrise Dam in the Yilgarn craton) commonly possess an anticlinorial structure, komatiitic and basaltic
rocks in the core giving way to stratigraphically higher volcanic and clastic sedimentary rock units. Such camps
are further marked by coarse clastic rocks deposited above the metavolcanic rock sequences, by concentrations
of shallow-level porphyritic intrusions, by extensive carbonate alteration, by multiple styles and ages of gold
mineralization and, in most, by through-going regional faults. However, these characteristics are also shared by
a number of less-endowed gold camps. The best-endowed gold belts are distinguished by substantial volumes
of komatiite, by a high degree of preservation of supracrustal rocks, by structural highs that juxtapose the lower
and uppermost parts of the stratigraphic column, by multiple styles and ages of gold mineralization, and by
world-class deposits of other metals. The gold belts commonly are aligned along crustal-scale faults that rep-
resent long-lived structures, which acted as crustal-scale magma and fluid conduits and also influenced coarse
clastic sedimentation. Abundant komatiites may reflect the first tangible connection to the deep crust and man-
tle, but the nature of the subvolcanic crust, ensimatic in the Timmins-Val d’Or, Superior craton, and ensialic in
the Wiluna-Norseman belts, Yilgarn cration, seems unimportant in determining gold prospectivity.

Significant uncertainty remains concerning the timing of formation of the deposits, the models that best ex-
plain their characteristics, and the fundamental causes of the high concentration of gold in a few areas. Various
models have been proposed, invoking volcanic, magmatic, and orogenic (metamorphism and/or deformation)
processes. The synorogenic model best accounts for the Au-only quartz-carbonate veins and temporally related
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Introduction
THE YILGARN and Superior cratons in Western Australia and
central to east Canada (App. Fig. A1), with >9,200 tons (t)
and >8,500 t Au, respectively, account for approximately 75
percent of the gold in Archean greenstone belts (Goldfarb et
al., 2001). By virtue of their large area and gold endowment,
these two cratons and their gold deposits have influenced the
development of concepts related to Archean tectonics and
economic geology over the past 100 years.

Influenced by the empirical observation that gold deposits
are rarely found in regions without exposed igneous bodies,
researchers in the first half of the twentieth century (e.g.,
Lindgren, 1933; Emmons, 1937) drew heavily on field exam-
ples from both cratons to support the idea that Archean gold
deposits are mainly of magmatic hydrothermal origin. Ob-
served variations among deposits were mainly attributed to
differences in depth of formation, which led to the formula-
tion of several empirical criteria to explain where gold de-
posits could be found (Emmons, 1937). These were the first
documented attempts to define the metallogeny of Archean
gold deposits and geologic criteria for target selection, as dis-
tinct from genetic models and ore genesis. 

The second half of the twentieth century saw a shift toward
alternative hypotheses concerning deposit genesis and metal-
logeny, particularly with the high economic interest in gold
during the past 25 years. Modern data led to proposals that a
large number of gold deposits are orogenic, i.e., related to
metamorphic processes (Groves and Phillips, 1987) or intru-
sion-related (Spooner, 1993; Goldfarb et al., 2005). Other de-
posits have also been argued to be the products of submarine
hydrothermal systems (Hutchinson, 1993) or the deformed
and metamorphosed equivalents of shallow epithermal and
porphyry deposits (Penczak and Mason, 1997). In each case, a
different timing and setting of gold deposition are implicit, re-
sulting in different interpretations of the relative importance of
the various empirical attributes of the deposits. Despite inten-
sive gold-related research over the past 25 years, a number of
these relationships are still debated (see Groves et al., 2003). 

The objectives of this regional metallogeny paper are to dis-
cuss the time-space-size distribution of gold deposits in rela-
tionship to key geologic features of their host environments,
and examine the key regional and local controls on deposit lo-
cations in these two cratons. Implications for the genesis of
the deposits and their exploration are also highlighted. The

approach is to first review the spatial and size distribution of
gold deposits in the cratons, and then examine key recurring
geologic features at the deposit, camp, and belt scales. 

Overview of the Superior and Yilgarn Cratons
The Superior craton (Fig. 1) occupies an area of approxi-

mately 2 Mkm2, about twice the size of the Yilgarn craton
(Fig. 2). Both cratonic masses have similar geologic charac-
teristics and are likely the remnant nuclei of one or more ex-
tensive Mesoarchean and Neoarchean cratons, now sur-
rounded and truncated by Proterozoic orogens (Card, 1990;
Myers, 1995). The internal parts of the cratons have remained
largely stable since the end of the Archean. The cratons have
historically been subdivided into smaller tectonic entities
(Figs. 1, 2) but, in recent years, smaller subdivisions have
been made to account for variations in age, rock type, meta-
morphism, and geophysical characteristics. Because the de-
tails of the successive levels of subdivision are complex and
continue to evolve, a simplified nomenclature is used in this
paper. The term “craton” applies to both Superior and Yil-
garn, the former divided into “subprovinces” (Card, 1990)
and the latter into “provinces” (Myers, 1995), in accord with
common usage. Further subdivision into “belts,” in both a
tectonic and metallogenic sense, is equivalent to the domains
or terranes of other authors. Specific lithostratigraphic units
within belts and camps are termed “groups” but may be
equivalent to the assemblages of some authors.

The Superior craton (Fig. 1) shows a well-defined arrange-
ment of east-west volcano-plutonic subprovinces (e.g.,
Abitibi, Wabigoon, Uchi), which are separated by sub-
provinces dominated by metasedimentary and gneissic rocks
(e.g., Pontiac, Quetico, English River). This east-west pattern
is interrupted by the north-northeast–trending Kapuskasing
structure, a Paleoproterozoic east-verging thrust zone that ex-
poses deeply eroded Archean crust in its hanging wall. The
Yilgarn craton displays a broadly north-south arrangement of
volcano-plutonic provinces (e.g., Eastern Goldfields, South-
ern Cross, Murchison) and gneissic belts (e.g., Narryer and
South West Gneiss) but through-going belts of metasedimen-
tary rocks are lacking (Fig. 2). 

Diverse tectonic interpretations have been proposed to ex-
plain the development of these Archean cratons. Early models
relied heavily on geosynclinal theory and related mountain-
building processes (Hutchinson et al., 1971; Groves and Batt,
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mineralization styles. However, synvolcanic and magmatic hydrothermal models are also required to explain
the presence of Au base metal deposits and those deposits overprinted by significant deformation and meta-
morphism. The specific histories of the gold belts and the known constraints on timing of deposits suggest that
all of these processes have contributed to the gold endowment, although it is difficult to separate orogenic from
magmatic processes because they closely overlap in time and space.

Despite the presence of synorogenic quartz-carbonate veins throughout the greenstone belts of both cra-
tons, large deposits of this style are mainly restricted to the gold belts, where they also coexist with large de-
posits of other styles of gold mineralization. The presence of multiple ages and styles of gold mineralization in
the best-endowed gold belts indicate a unique locus of successive formation of gold deposits from various
processes operating at different stages of the orogenic phase of the evolution of these belts. This would explain
the common overprinting of the early deposit types, potentially of synvolcanic or synplutonic origin, by syn-
orogenic ones. The concentration of multiple types and ages of significant gold deposits in well-defined gold
belts is not a unique feature of the Superior and Yilgarn cratons but is shared by Tertiary gold belts of Nevada,
such as the Walker Lane, the Battle Mountain-Eureka trend, and the Carlin trend. This must be a reflection
of fundamental crustal structure, and perhaps composition of subcrustal mantle, as much as local ore-forming
hydrothermal processes.
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1984), dominated by autochthonous greenstone development
on sialic crust and followed by closing of volcanic-sedimen-
tary basins during compressional orogeny. Various plate tec-
tonic models involving subduction and accretion of diverse
crustal fragments have generally supplanted the older models
and typically highlight the importance of accretionary tecton-
ics to the growth of the cratons (Card, 1990; Myers, 1995).
Some recent models also stress the importance of both man-
tle plumes and long-lived convergent margin tectonics (Bar-
ley et al., 1998; Percival, 2003).

The chronology of Archean events is similar for both cra-
tons, with major addition of crust at ~3020 to 2920 and 2760
to 2660 Ma (Fig. 3) to now scattered remnants of pre-3100 Ma
high-grade gneisses and supracrustal rocks (Myers, 1995; Per-
cival 2003). In the Yilgarn craton, most Mesoarchean rocks are
preserved in the Murchison and Southern Cross provinces,

where they include 3020 to 2810 Ma ultramafic, mafic, and
felsic volcanic and sedimentary rocks (Pidgeon and Hallberg,
2000; Cassidy and Champion, 2004), with minor occurrences
in the Eastern Goldfields province. The Murchison and
Southern Cross provinces were likely a single entity by at least
2810 Ma (Cassidy and Champion, 2004). The Superior craton
includes areas underlain by >2800 Ma continental crust sepa-
rated by belts of younger oceanic material (Percival, 2003).
The largest area is represented by the ~3000 Ma North Cari-
bou protocraton (Stott, 1997; Fig. 1). Along its southern mar-
gin, volcanic arc rocks of the Uchi subprovince were deposited
over a 300-m.y.-long period prior to a ~2710 Ma collision. Rift
sequences deposited between about 2850 and 2800 Ma are
also partly preserved in the Superior craton (Percival, 2003). 

The Yilgarn and Superior cratons have strong parallels in
their Neoarchean histories, which account for most rocks in
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FIG. 2.  Simplified geologic map of the Yilgarn craton, showing the main subprovince boundaries and significant gold de-
posits and camps. Modified from Myers (1995). 



these cratons (Fig. 3). A period of more than 50 m.y. of nearly
continuous volcanism and coeval plutonism began in the Yil-
garn craton, with felsic volcanism in the southern Murchison
and Southern Cross provinces at ~2760 to 2730 Ma (Pidgeon
and Hallberg, 2000), followed by the emplacement of volu-
minous volcanic and plutonic rocks between 2720 and 2660
Ma in the Eastern Goldfields province. In the Superior cra-
ton, the comparable volcanic interval began at approximately
2750 Ma, with widespread volcanic arc formation that contin-
ued through 2715 Ma in the northern, 2705 Ma in the central,
and 2695 Ma in the southern parts of the craton. The mafic
volcanic sequences in both cratons are dominated by tholei-
itic and komatiitic rocks and commonly are overlain by mainly
calc-alkaline felsic to intermediate volcanic rocks in many
greenstone belts. 

In both cratons, the decline in volcanism corresponds to an
increase in clastic sedimentation (Fig. 3). In the Superior cra-
ton, these clastic sedimentary rocks are commonly subdivided
into wacke-mudstone groups of dominantly turbiditic origin
(e.g., Porcupine and Cadillac Groups) and conglomerate and
arenite groups, locally with turbiditic rocks, of shallow ma-
rine, fluvial, and alluvial origins (e.g., Timiskaming Group,
San Antonio Formation; Card and Poulsen, 1998). Some of
the turbiditic rocks form extensive belts of graywacke-mud-
stone flysch in the Pontiac, Quetico, and English River sub-
provinces, but turbidites, conglomerates, and arenites also
occupy basin remnants within the volcano-plutonic sub-
provinces. Comparable suites of sedimentary rocks in the Yil-
garn craton are represented by the Black Flag Group and by
the late-stage basins (Kurrawang, Jones Creek,Yilgangi) of the
Eastern Goldfields province (Krapez et al., 2000). The onset
of sedimentation appears to lag that in the Superior craton by
about 20 m.y. (Fig. 3). At many localities in both cratons, such
sequences are deposited above disconformities, unconformi-
ties, and nonconformities, suggestive of synorogenic sedi-
mentation (Mueller and Donaldson, 1992; Krapez et al.,
2000). 

Plutonism accompanied and outlasted clastic sedimenta-
tion in both cratons (Fig. 3). Rocks of the Black Flag Group
in the Eastern Goldfields province have a tonalite-trond-
hjemite-granodiorite igneous rock provenance but are cut by
~2655 Ma postsedimentation granitoids (Nelson, 1997).
Later stage, Yilgarn-wide low Ca granites were emplaced at
2650 to 2630 Ma (Cassidy et al., 2002; Champion and Cassidy,
2002). This equates to the so-called 2670 to 2650 Ma “late
granite bloom” of Percival (2003) in the Superior craton that,
like sedimentation, appears to be about 20 m.y. older than
widespread Yilgarn magmatism. Myers (1995) also noted the
dominance of granitic intrusions (sensu stricto) in the Yilgarn,
compared to the importance of tonalite and granodiorite in
the Superior craton (Card, 1990).

The intense folding, metamorphism, and plutonism that
mark the end stages of Neoarchean history are commonly at-
tributed to orogeny (e.g., Swager, 1997; Card and Poulsen,
1998; Weinberg et al., 2003). There is considerable evidence
to suggest diachroneity of orogeny, especially if the onset of
orogeny is defined as the onset of clastic sedimentation above
angular unconformities (Corfu and Davis, 1992; Krapez et al.,
2000; Daigneault et al., 2002; Blewett et al., 2004). In the case
of the Superior craton, successive collisional events range in
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age from 2720 to 2710 Ma in the northern part of the craton
to about 2680 Ma in the southern part. The terminal stage of
orogeny corresponds to the interval 2660 to 2650 Ma and to
2660 to 2630 Ma in the Superior and Yilgarn cratons, respec-
tively (Fig. 3). 

The greenstone belts of the Superior and Yilgarn cratons
have generally experienced similar deformation histories, in-
volving a limited number of folding, shearing, and faulting
events, typically ascribed to distinct increments of deforma-
tion (D1, D2, etc). Despite the uncertainties of correlation of
deformational events from place to place, a common se-
quence of events is evident, and such a deformational nomen-
clature is used throught this paper to convey comparative in-
formation about the deformational history. Early, commonly
elusive, D1 deformation predates, or is synchronous with, sed-
imentation and tends to take place without significant devel-
opment of penetrative fabrics. Regional folds and shear
zones, as well as regional dynamothermal metamorphic folia-
tion and lineation, characterize D2 deformation and overprint
metavolcanic and metasedimentary rocks of all ages. The D2

event commonly accounts for the greatest penetrative strain.
Late-stage open folds, crenulation cleavages, and other shear
zones and faults are commonly assigned to D3. There is also
increasing evidence for extensional events between some of
these contractional deformation events (Swager, 1997; Ayer et
al., 2002). 

Despite the many similarities between the two cratons,
there are notable differences. The clear pattern of alternating
metasedimentary and granite-greenstone belts, so prominent
in the Superior craton, is absent in the Yilgarn craton, reflect-
ing the absence of extensive metasedimentary belts in the lat-
ter. The wacke-mudstone sequences that dominate in sub-
provinces such as the Pontiac, Quetico, and English River
(Fig. 1) are not in evidence in the Yilgarn craton (Fig. 2).
Areas of medium- to high-temperature, low-pressure meta-
morphism, typical of the metasedimentary subprovinces of
the Superior craton (Card and Poulsen, 1998), are more re-
stricted in the Yilgarn craton (Myers, 1995). Despite the com-
monality of major Archean gold deposits, a striking metallo-
genic difference is that the Yilgarn craton is renowned for its
komatiite-associated nickel ores and a paucity of Fe-Cu-Zn
volcanogenic massive sulfide (VMS) deposits (Groves and
Batt, 1984), whereas the converse is true for the Superior cra-
ton (Card and Poulsen, 1998).

Spatial and Size Distribution of Deposits
Hundreds of gold deposits of varying size are distributed

throughout the Yilgarn and Superior cratons but, for the pur-
pose of this review, only those containing >3 t Au (production
plus reserves1) are considered. As shown in Figures 1 and 2,
gold deposits and occurrences of the two cratons are almost
exclusively restricted to the greenstone belts, among which
large deposits are unevenly distributed. Most of the gold in
the Superior craton is concentrated in the greenstone belts of

the Abitibi (6,000 t Au) and the Uchi (1,000 t Au) sub-
provinces (Fig. 1), whereas most gold in the Yilgarn craton is
concentrated in greenstone belts of the Eastern Goldfields
(7,000 t Au) and Murchison (900 t Au) provinces (Fig. 2). The
gold endowment of individual greenstone belts appears to
partly correlate with the ratio of supracrustal to granitic rocks,
which is higher in Abitibi and Eastern goldfields than in
Wabigoon and Murchison, respectively (Figs. 1, 2). 

Within the productive greenstone belts, the significant de-
posits commonly cluster into mining camps (Figs. 1, 2), cov-
ering on the order of 100 to 1,000 km2 (Hodgson, 1993).
Camps may be defined by a single large deposit among a clus-
ter of small occurrences, as is the case for the Hemlo, Kirk-
land Lake, Boddington, and Plutonic camps, or by a cluster of
several individual deposits, as in the case of the Timmins and
Kalgoorlie camps. Gold camps in both cratons commonly de-
fine curvilinear belts that are typically 50 to 100 km wide and
200 to 1,000 km long and are aligned along major crustal
structures (Figs. 1, 2). The two largest and best-defined gold
belts in the Superior craton are the Timmins-Val d’Or (5,600
t Au) and Rice Lake-Pickle Lake (975 t Au). Wiluna-Norse-
man (5,225 t Au), and Laverton (850 t Au) in the Eastern
Goldfields province are the most significant belts of the Yil-
garn craton.

Gold deposits display a similar spectrum of sizes and aver-
age grades in both cratons (App. Fig. A2), although the grades
of the bulk of the Superior craton deposits are slightly higher
than those of the Yilgarn craton. The lower mined grades in
the Yilgarn craton likely reflect the presence of deep oxida-
tion, which has permitted open-pit mining of lower grade de-
posits, whereas in the glaciated Superior craton, most of the
operations are underground and hence have higher cutoff
grades. The size distribution of gold deposits, in terms of both
numbers of deposits and cumulative tons (App. Fig. A3), em-
phasizes the facts that large deposits are rare compared to
smaller ones and that they account for most of the gold en-
dowment. In the Superior craton, for example, approximately
ten times as many deposits contain 100 than 1,000 t Au, and
ten times as many contain 10 than 100 t Au (Fig. A3A), defin-
ing a Pareto (hyperbolic), rather than log-normal size distrib-
ution (Agterberg, 1995). The 39 largest deposits in the Supe-
rior craton (~21% of the total number) and the 42 largest in
the Yilgarn craton (also 21% of the total) account for 80 per-
cent of the gold endowment of their respective cratons, show-
ing a good fit to the long-established 80/20 rule.

The cumulative frequency distributions of contained gold
in the cratons are similar for deposits containing ≤100 t Au
but are markedly different for deposits with >300 t Au (Fig.
A3B). The Superior craton contains eight deposits with >300
t Au, compared to only three for the Yilgarn craton, although
the Yilgarn does contain the single largest deposit. It is not
clear if this difference in the number of large deposits re-
flects a primary difference in endowment or a difference in
exploration maturity. There are also differences in the over-
all size distribution of >100-t Au camps in the Superior and
Yilgarn cratons (App. Fig. A4). The Superior craton hosts
nine camps containing >300 t Au compared to only five in
the Yilgarn. In contrast, the Yilgarn hosts 15 camps contain-
ing 100 to 300 t Au, compared with only two in that category
in the Superior craton. 
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1 Figures used are based on production and reserves, and include mea-
sured and indicated resources where reported separately from inferred re-
sources. Because of different reporting procedures, it was not always possi-
ble to separate inferred resources for the Australian deposits, which tends to
inflate the total endowment of Yilgarn relative to Superior.



Characteristics of Gold Deposits
Gold deposits of the Superior and Yilgarn cratons display a

significant spectrum of mineralization, structural, and geo-
metric characteristics (Figs. 4, App. A5; Colvine, 1989; Hodg-
son, 1993; Groves et al., 2003). They are also commonly
grouped into Au-only and Au-base metal categories, reflect-
ing variations in ore composition as well (e.g., Groves et al.,
2003). A number of styles of mineralization, typically forming
individual orebodies in gold deposits, can be defined from a
descriptive point of view (Table 1). Many deposits in both cra-
tons consist of a single style of mineralization but many oth-
ers, especially the larger ones, consist of two or more
styles.These different mineralization styles also combine with
specific lithologic and structural settings to form a number of
recurring deposit-scale associations.

Recurring lithologic and structural settings

Lithologically, gold deposits occur in all rock types in
greenstone belts of the Superior and Yilgarn cratons, but
three rocks types host the majority of large deposits: iron-rich
mafic igneous rocks, such as tholeiitic basalt and differenti-
ated dolerite sills; iron-rich clastic metasedimentary rocks and
banded iron formation (BIF); and dioritic to felsic porphyritic
stocks and dikes (Table 1). Conversely, few deposits are
hosted in felsic volcanic rocks, in large granitoids bodies, or in
clastic metasedimentary rocks, except where associated with
intermediate to felsic intrusions. Iron-rich rocks, especially
those with a high Fe/(Fe + Mg) content, are chemically fa-
vorable hosts (Phillips et al., 1984; Böhkle, 1989), whereas in-
termediate to felsic porphyry intrusions are favorable struc-
tural hosts because of their brittle response to regional
deformation that leads to enhanced fracturing and veining
(cf. Cassidy et al., 1998). Some lithologic units, such as iron-
rich sedimentary rocks and granophyric layers within differ-
entiated dolerite sills, are particularly favorable hosts because
of their combined iron-rich and competent, brittle nature.
Specific lithologic associations also dominate in some green-
stone belts or camps. For example, gold deposits of the
Wiluna-Norseman belt are commonly associated with differ-
entiated dolerite sills (Groves et al., 1995), whereas those of
the Timmins-Val d’Or belt are commonly associated with
shallow-level porphyry intrusions (Hodgson, 1993). 

Although gold deposits occur in rocks metamorphosed
from lower greenschist to upper amphibolite grades, the ma-
jority occurs in greenschist-grade rocks (Goldfarb et al.,
2005). Only a few large deposits occur at the greenschist to
amphibolite transition (Campbell-Red Lake: Andrews et al.,
1986; Norseman: McCuaig et al., 1993) or in amphibolite-
grade rocks (Hemlo, Musselwhite, Big Bell, and Plutonic),
and some of these have clearly been metamorphosed (Big
Bell: Phillips, 1985; Hemlo: Lin, 2001). Very few deposits
occur in subgreenschist-facies rocks (Wiluna: Hagemann et
al., 1992), and no deposits of significance occur in granulite-
grade rocks.

Structurally, gold deposits in both cratons are universally
associated with shear zones, faults, or folds (Table 1). Such
an association reflects a strong structural control on the local-
ization and development of mineralization and also the ten-
dency for less-competent altered rocks to localize subsequent

deformation (Robert and Poulsen, 2001). Mineralized shear
zones are typically high-order structures adjacent to the more
regional structures along which the gold camps and large de-
posits are located (Goldfarb et al., 2005). The character and
alteration assemblages of mineralized shear zones and folds
generally reflect the ambient metamorphic grade (Colvine,
1989; McCuaig and Kerrich, 1998). Thus, ore-hosting struc-
tures range from brittle shear zones and open folds in areas of
lower greenschist grade, to brittle-ductile shear zones in mid
to upper greenschist-grade rocks, and to ductile shear zones
and tight to isoclinal folds at amphibolite or higher grades. 

Three particularly favorable combinations of lithologic and
structural settings can be defined (Groves et al., 1990). The
first consists of shear zones and faults developed along con-
tacts between units of contrasting competencies, such as
mafic-ultramafic volcanic rock contacts (Kerr-Addison, Ju-
bilee), or the margins of granitic intrusions (Tarmoola,
Granny Smith), or along thin and incompetent lithologic
units. Competent rock units enclosed in less competent ones
represent a second combination that favors fracturing and
veining, such as felsic dikes and stocks in clastic sedimentary
rocks (Malartic, Kanowna Belle, Wallaby) or granophyric lay-
ers in differentiated dolerite sills (Mount Charlotte, Golden
Mile, Victory-Defiance, Darlot-Centenary, San Antonio). Fi-
nally, fold hinges and anticlines are a particularly favorable
setting for deposits hosted in layered rocks units such as BIF
(Musselwhite) and clastic sedimentary rocks.

Styles of gold mineralization 

The characteristics of the different styles of mineralization,
their most common associated alteration assemblages, and
their dominant metal associations are summarized in Table 1.
These different mineralization styles also combine with spe-
cific lithologic and structural settings to produce a number of
recurring deposit-scale associations that can guide exploration
but that convey no classification (i.e., deposit style) or genetic
implications. Many deposits consist of a single mineralization
style but others, especially large ones, combine two or more
styles.

Quartz-carbonate veins: Quartz-carbonate veins are the
most common mineralization style in both cratons and typi-
cally constitute the orebodies in classical orogenic gold de-
posits (Hodgson, 1993; Hagemann and Cassidy, 2000). These
veins commonly form complex, vertically extensive networks
(Fig. A5A) that combine various proportions of laminated
fault-fill veins in brittle-ductile shear zones (Fig. 4A) and
stacked to multidirectional arrays of extensional veins in com-
petent host rocks (Fig. 4B; Groves et al., 1995; Robert and
Poulsen, 2001). The quartz-carbonate vein networks are com-
monly centered on clusters of intermediate to felsic stocks
and dikes (Sigma-Lamaque, Kirkland Lake, Dome,
Hollinger-McIntyre) or confined to differentiated dolerite
sills (Mount Charlotte, Victory-St-Ives, San Antonio). The
first association is well illustrated by the Sigma-Lamaque de-
posit, where a vertically extensive system of quartz-tourma-
line-carbonate veins overprints a swarm of steeply dipping
feldspar porphyry dikes, scattered and steeply plunging dior-
ite-granodiorite pipes, and a synvolcanic diorite porphyry in-
trusion (Fig. A5A; Robert and Poulsen, 1997). The second as-
sociation is illustrated by the Mount Charlotte deposit (Fig.
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FIG. 4. Photographs of representative styles of gold mineralization in the Superior and Yilgarn cratons. A. Section view of
shear zone-hosted laminated fault-fill vein (V), from the Pamour deposit, Superior. B. Section view of an array of extensional
veins (V) and alteration selvages (buff color), from the Centenary deposit, Yilgarn. C. Pyrite replacement (Py) of Fe-rich layer
from BIF from the Sunrise Dam deposit, Yilgarn. D. Colloform-crustiform banded vein (V) and breccia with fine-grained,
high-grade siliceous matrix (M) from the Jundee deposit, Yilgarn. E. Pyritic replacement lode (Py) with thin central breccia
from Golden Mile deposit, Yilgarn. F. Fine disseminated pyrite mineralization (small shiny dots) and carbonate-quartz vein-
let (V) overprinting albite-sericite-carbonate–altered conglomerate from the Wallaby deposit, Yilgarn. G. Section view of fo-
liated, disseminated pyrite and molybdenite layers (Py-Mo) in high-grade ore from the Hemlo deposit, Superior. H. Section
view of transposed sulfide-rich veins (V) in quartz-sericite schist from the Doyon deposit, Superior.
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A5B), which consists of voluminous extensional vein arrays
developed within the competent granophyric layer of the sub-
vertical differentiated Golden Mile dolerite sill (Clout et al.,
1990).

Sulfidic replacements in banded iron formation: This style
of mineralization consists of strata-bound sulfide replacement
of iron-rich layers in chert-magnetite BIF, as at Mount Mag-
net and Musselwhite, or of magnetite-rich graywacke-mud-
stone, as at McLeod-Cockshutt and in some orebodies at
Sunrise Dam (Table 1; Fig. 4C). Sulfidic replacement ores are
commonly, but not exclusively, associated with crosscutting
quartz-carbonate veins and veinlet zones. Within BIF units,
mineralization of this style typically occurs either along the
hinges of deposit- to map-scale folds (Musselwhite) or along
the intersection with crosscutting structures (Central Patricia,
Mount Magnet). At Musselwhite, mineralization consists of
zones of pyrrhotite-bearing quartz veins and adjacent exten-
sive pyrrhotite ± arsenopyrite replacements of iron-rich sedi-
mentary rock layers within a mafic volcanic rock sequence
(Hall and Rigg, 1986); the best mineralization occurs along a
small parasitic anticline on a limb of a tight map-scale syn-
cline transected by a fault subparallel to the fold axial plane.
A number of deposits of this style of mineralization in amphi-
bolite-grade rocks of the Southern Cross province of the Yil-
garn (e.g., Nevoria) have also been interpreted as Au-bearing
skarns on the basis of the ore and calc-silicate alteration min-
eral assemblages (Mueller et al., 2004).

Sulfidic replacement lodes and crustiform veins: An impor-
tant, but relatively uncommon, mineralization style consists of
lodes that combine varying proportions of crustiform-collo-
form–textured carbonate-quartz veins and breccias (Fig. 4D)
and of sulfidic replacements of the wall rocks (Fig. 4E) or of
vein carbonates themselves. Such lodes are distinctly epizonal
in character and dominate at Golden Mile (Clout et al., 1990),
Jundee (Hall et al., 2003), and Campbell-Red Lake (MacGee-
han and Hodgson, 1982). The most common sulfide mineral
is pyrite, but arsenopyrite dominates at Campbell-Red Lake,
stibnite is locally abundant at Wiluna, and tellurides are a
hallmark of the Golden Mile deposit. This type of mineraliza-
tion is preferentially hosted in mafic rocks and forms exten-
sive lode systems in large deposits such as Golden Mile and
Campbell-Red Lake. At the Golden Mile deposit, a network
of steeply dipping lodes, known as Fimiston-type lodes, over-
prints both limbs of the asymmetric, northwest-trending D1

Kalgoorlie syncline (Fig. A5C). The lodes cut a swarm of up-
right feldspar porphyry dikes but are, in turn, locally cut by
hornblende-rich porphyry dikes (Gauthier et al., 2004) and by
extensional quartz-carbonate veins similar to those at the
nearby Mount Charlotte deposit (Clout et al., 1990). At the
Campbell-Red Lake deposit (Fig. A5D), crustiform carbon-
ate veins and overprinting auriferous sulfidic replacement
lodes occur along two main east-southeast–trending fault
zones that are parallel to the intense local foliation and to the
axial planes of map-scale D2 folds (Dubé et al., 2004a). The
crustiform carbonate veins themselves are folded and partly
transposed by the northwest-trending foliation and are cut by
a series of postore feldspar porphyry and lamprophyre dikes
(Dubé et al., 2004a).

Disseminated-stockwork zones: This style of mineralization
is relatively common in both cratons and consists of zones of

disseminated sulfides, as fine uniform disseminations (Fig.
4F) or as bands concentrated along foliation planes in highly
strained rocks (Fig. 4G), and stockworks of sulfidic fractures
or of millimeter- to centimeter-thick quartz veinlets (Table 1).
It is also characterized by an absence or a paucity of through-
going quartz-carbonate veins. This mineralization style domi-
nates at Madsen (Dubé et al., 2004a), Beattie (Robert, 2001),
Kanowna Belle (Fig. A5E; Ross et al., 2004), Wallaby (Salier et
al., 2004), and Plutonic (Fig. A5F; Rowe et al., 2002). Mineral-
ization of this style shows two main associations. In the first as-
sociation, disseminated-stockwork–type mineralization is cen-
tered on small shallow-level intermediate to felsic porphyry
intrusions, many of which were emplaced in clastic sedimen-
tary rocks, i.e., in the upper parts of the stratigraphic column
(Kanowna Belle, Wallaby, Binduli, Malartic, Beattie). Such de-
posits are also well preserved and generally display very low
strain. At Kanowna Belle, mineralization is centered on a
steeply plunging feldspar porphyry stock and associated dikes
that are intruded into conglomerates, grits, and sandstones,
along the preexisting high-angle Fitzroy fault (Fig. A5E). In a
second association, disseminated-stockwork–type mineraliza-
tion is confined to mafic rock units and is strata bound (Plu-
tonic, Kerr-Addison flow ore, Sons of Gwalia). Such mineral-
ization occurs in the lower part of the stratigraphic column and,
in most cases, the host mafic units are in contact with ultra-
mafic units. At Plutonic, such mineralization occurs as a series
of lodes within, and subparallel to, a foliated amphibolite unit
between two ultramafic units (Fig. A5F). The lodes have been
overprinted by significant strain and display isolated isoclinal
hinges and boudins of highly transposed quartz veinlets. The
host volcanic rock sequence and the lodes have been folded
and cut by a series of thrust and high-angle faults, themselves
cut by later auriferous quartz-carbonate veins. 

Sulfide-rich veins and veinlet zones: This style of mineral-
ization consists of sulfide-rich (>25% sulfides) through-going
veins or associated veinlet zones (Fig. 4H). It is distinct from
quartz-carbonate vein-style mineralization in terms of its
greater sulfide mineral abundances, the presence of signifi-
cant base metal sulfides, and the nature of associated alter-
ation (Table 1). This style of mineralization is not common
but forms the bulk of mineralization in a few deposits, such as
Doyon (Robert and Poulsen, 1997), Sleeping Giant (Gaboury
and Daigneault, 1999), and Mount Gibson (Yeats et al., 1996).
It is also associated with semimassive to massive sulfide lenses
in some deposits (see below).

Semimassive to massive sulfide lenses: A final, but impor-
tant, gold mineralization style consists of concordant aurifer-
ous base metal-rich sulfide lenses (commonly >50% sulfides).
This style of gold mineralization is present only in a few de-
posits in the Superior craton (Horne, Bousquet 2-Dumagami,
and La Ronde-Penna), where it combines with sulfide-rich
veins and veinlet zones to form deposits that have the hall-
marks of typical VMS deposits (Franklin et al., 2005), with the
nuances that they are inherently enriched in precious metals
(see Robert and Poulsen, 1997). These deposits occur near
the top of felsic volcanic rock sequences, particularly in vol-
caniclastic dacitic to rhyolitic units. Some deposits are highly
strained, as is the case at Bousquet 2-Dumagami and
LaRonde-Penna, which has partly obscured the discordant
nature of the footwall zones of sulfide-rich veins and veinlets
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and associated alteration zones (Dubé et al. 2004b). Gener-
ally barren, through-going quartz-carbonate veins, although
not abundant, overprint the sulfide-rich ores at Bousquet 2-
Dumagami and La Ronde-Penna.

Variations among deposits

The significance and causes of the variations in characteris-
tics are multiple and are still the subject of much debate. Pro-
posed explanations include variations in host rock type or in
metamorphic grade (Colvine, 1989; Groves et al., 1995), dif-
ferences in crustal levels of formation (Groves, 1993; Gebre-
Mariam et al., 1995), and/or the existence of different deposit
styles formed at different times (Robert and Poulsen, 1997;
Groves et al., 2003). 

With the obvious exception of the massive sulfide and re-
lated sulfide veins and veinlet zones, the diverse mineraliza-
tion styles described above share a number of characteristics,
including high Au/Ag ratios, enrichment in As, W, and Te, and
sericite-ankerite-pyrite alteration (Table 1). These common
characteristics have been used to support the notion that
most of these deposits have formed by similar, orogenic
processes, with most of the variations attributed to differ-
ences in host rocks and crustal levels of formation (Groves et
al., 2003; Goldfarb et al., 2005). However, a number of other
deposits display unique metal composition and hydrothermal
alteration and require an association with different hy-
drothermal fluids and gold ore-forming processes (Groves et
al., 2003). For example, although sharing a setting similar to
that of other disseminated-stockwork deposits associated
with felsic porphyry intrusions, the Hemlo deposit differs
markedly with its K-feldspar-sericite alteration, Au-Mo-As-V-
Ba-Te-Hg-Sb metal association (Muir, 2002), and overprint-
ing strain and amphibolite-grade metamorphism (Lin, 2001).
Similarly, the Boddington, Troilus, and McIntyre (Cu zone)
deposits differ from the disseminated-stockwork style of min-
eralization with their Au-Cu ± Mo metal association, the Ag-
rich composition of the ores, and their general affinities with
Phanerozoic magmatic hydrothermal systems (Fraser, 1993;
McCuaig et al., 2001).

In addition, there are examples of systematic overprinting
of different mineralization styles in a number of deposits,
which require the existence of multiple gold mineralization
events. These include early Cu-Mo-Au disseminated-stock-
work mineralization overprinted by an extensive array of
quartz-carbonate veins at Hollinger-McIntyre (Mason and
Melnik, 1986); sulfidic replacement lodes and colloform veins
overprinted by quartz-carbonate veins at Golden Mile (Clout
et al., 1990). There are also many examples where barren,
syntectonic, shallowly dipping, extensional quartz-carbonate
veins, of the style that make ore in other deposits, overprint
disseminated-stockwork ores or massive sulfide-style ores.
Examples include Kanowna Belle, some syenite-associated
deposits in the Abitibi subprovince (Robert, 2001), and
LaRonde-Penna (Mercier-Langevin et al., 2004). 

When combined, the above relationships attest to the exis-
tence of multiple episodes of gold mineralization within the
two cratons, and the involvement of more than one ore-
forming process. This, in turn, implies a variety of controls
on the location of deposits, a fact that is important to con-
sider in exploration, especially in light of the wide spectrum

of characteristics and settings represented among >5 Moz de-
posits (Table 1). 

Timing of Gold Deposit Formation
Establishing the time of formation of gold deposits in the

evolution of the host greenstone belts is of considerable im-
portance. This problem has received much attention in the
last two decades but, given the significant difficulty in estab-
lishing unequivocal relative and absolute ages of deposits, it is
still a subject of much debate. Many approaches have been
applied to this problem, each with inherent limitations. One
approach is to bracket the age of mineralization by dating host
rocks and postore rocks by robust methods, such as U-Pb de-
terminations on zircon. The general scarcity of postmineral
dikes, and ones suitable for isotopic dating, represents a sig-
nificant limitation, as does the possibility of zircon inheri-
tance, particularly in the Yilgarn craton (Vielreicher et al.,
2003). There is also common difficulty in interpreting the sig-
nificance of dikes cutting gold mineralization. In several ex-
amples in both the Superior and Yilgarn cratons, dikes cut the
main stage of mineralization but are themselves hydrother-
mally altered and may contain gold or be cut by late quartz-
carbonate veins (e.g., Hemlo, Kiena, Holloway, Red Lake,
Golden Mile, Mount McClure). Such cases can lead to the in-
terpretation of the dikes being synchronous with a protracted
mineralization event (e.g., Ropchan et al., 2002), but alter-
nate interpretations could include the existence of a second,
unrelated gold mineralization event or that late gold and al-
teration result from assimilation and contact metamorphism
during the emplacement of the postmineral dike (Dubé et al.,
2004a).

A second approach is to establish the timing of mineraliza-
tion with respect to metamorphism and deformation, which
in turn may be broadly constrained by regional considera-
tions. There are numerous examples of this approach from
the 1980s, carried out before new, more accurate and precise
geochronological tools became available. This approach, al-
though potentially valuable, is fraught with difficulties in in-
terpreting whether or not a deposit is deformed and/or meta-
morphosed in the first place or whether metamorphic fabrics
of similar orientation but in different places are time correla-
tive. A third approach has been to directly determine the ages
of ore and ore-related minerals, most commonly with 40Ar-
39Ar analysis of white mica, fuchsite, biotite, and amphiboles;
U-Pb analysis of hydrothermal zircon, rutile, titanite, mon-
azite, and xenotime; and Re-Os analysis of molybdenite, ar-
senopyrite, and other sulfides. Many of these methods are
still in the experimental stage and have yielded mixed results.
For example, a number of the determined 40Ar-39Ar ages of
mineralization are much younger than can be realistically in-
ferred by the geologic facts and, therefore, must be regarded
as minima (Kerrich and Cassidy, 1994). In other cases, how-
ever, measured ages fall within the brackets established by
the other approaches and, therefore, may provide reasonable
estimates of ages of mineralization.

The existing geochronologic constraints on the gold de-
posits of the main gold belts of the Superior and Yilgarn cra-
tons have been compiled in Figure 5. The inferred ages of
mineralization have also been bracketed following the ap-
proaches outlined above and only using results of reliable
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methods. Two major observations results from this compila-
tion. The first is that, although volcanic, plutonic, and sedi-
mentary rocks formed throughout a span of >300 m.y. in
both cratons (Fig. 3), most deposits formed during the last
100 m.y. of this interval and the majority of those between
2700 and 2630 Ma. This period coincides with the waning
stages of volcanism and general peaks in plutonism and de-
formation, each of which has been invoked as the main dri-
ving process for the formation of gold deposits. The second
observation is that within each of the cratons, and even
within single camps (Fig. 5), there is not a single clearly iden-
tified gold mineralizing event. On the basis of careful field
observations and reliable geochronological constraints, there
is clear evidence of at least two events in a number of well-
documented cases. 

In the Red Lake camp of the Rice Lake-Pickle Lake gold
belt (Fig. 5), colloform carbonate veins and later sulfidic re-
placements at the Campbell-Red Lake deposit are both cut
by 2714 ± 4 Ma2 feldspar porphyry dikes (Fig. 5; Dubé et al.,
2004a), whereas the quartz-tourmaline veins at the nearby
Wilmar deposit are hosted by a 2701 ± 2 Ma granitic intrusion
(Fig. 5). A 2699 ± 4 Ma granodiorite dike also cuts the ore at
the Madsen deposit (Fig. 5). These constraints indicate two
gold events separated by at least 10 m.y., although the pres-
ence of colloform vein clasts in the 2747 Ma Huston con-
glomerate (SHRIMP U-Pb zircon: Dubé et al., 2004a) sug-
gests even longer time interval between the two events. In the
Val d’Or camp in the Timmins-Val d’Or gold belt, deformed
quartz-carbonate breccia veins in the Norlartic deposit are
cut by 2692 ± 2 Ma dikes (Fig. 5), whereas younger quartz-
tourmaline veins at the Bevcon deposit cut a 2680 ± 5 Ma plu-
ton (Fig. 5), also pointing to a minimum of about 10 m.y. be-
tween the two gold events. The presence of gold-rich VMS
deposits in 2698 to 2696 Ma volcanic units of the Blake River
Group (Mercier-Langevin et al., 2004) in the Bousquet camp
farther to the west adds to the range of ages of gold mineral-
ization in the Timmins-Val d’Or belt (Fig. 5). 

In the Kalgoorlie camp of the Wiluna-Norseman gold
belt, the age of Fimiston-type lodes is constrained by 2676
± 3 Ma preore feldspar porphyry dike and a 2663+11

–9 Ma po-
store feldspar-hornblende porphyry dike (Fig. 5), although
there is evidence that such dikes may contain inherited zir-
cons. A lamprophyre dike from the Oroya shoot, a late
Fimiston-type ore shoot noted for its abundant vanadium-
muscovite, contains magmatic-hydrothermal zircons with
SHRIMP U-Pb ages of 2642 ± 6 Ma (McNaughton et al., in
press) and provides a minimum age for Fimiston-type min-
eralization. Quartz-carbonate veins similar to those at
Mount Charlotte cut Fimiston-type lodes (Clout et al.,
1990). At the Kanowna Belle deposit, a clast containing a
gold-bearing vein within a conglomerate that is intruded by
a 2655 ± 6 Ma (SHRIMP U-Pb zircon) mineralized por-
phyry dike provides further evidence for at least two distinct
stages of gold mineralization (Fig. 5). In other segments of
the Wiluna-Norseman belt, main-stage gold mineralization
at the Chalice deposit has been directly dated at 2644 ± 8
Ma (SHRIMP U-Pb titanite). Minor later mineralization at

2621 ± 10 Ma (Re-Os molydenite) is coeval with the intru-
sion of gold-bearing monzogranite dikes at 2626 ± 9 Ma
(SHRIMP U-Pb zircon; Bucci et al., 2004). Similar ages for
gold mineralization were also obtained on hydrothermal mon-
azite (2631 ± 9 Ma; SHRIMP U-Pb: Nyugen, 1997) and ru-
tile (2627 ± 10 Ma: Clark et al., 1989) for the Revenge and
Victory orebodies in the St Ives gold camp (Fig. 5). 

At the Westonia and Nevoria deposits in the Southern
Cross province, postore monzogranite dikes have been
dated by SHRIMP U-Pb at 2636 ± 8 and 2634 ± 4 Ma, re-
spectively (Fig. 5). At Westonia, ore-related molybdenite
has an Re-Os age of 2640 ± 9 Ma and allanite-bearing gar-
net at the Nevoria deposit has a TIMS U-Pb age of 2636 ±
2 Ma (Mueller et al., 2004). At the Boddington deposit,
crosscutting relationships, extensive U-Pb geochronology on
zircon, and Re-Os dating of distinct populations of molyb-
denite (both paragenetically associated with gold) indicate
an early gold introduction event at ~2700 Ma, closely asso-
ciated with the intrusion of host diorites, and a second pe-
riod of mineralization at ~2615 Ma, synchronous with em-
placement of post-tectonic monzogranites (McCuaig et al.,
2001).

There is also evidence that gold mineralization in the Su-
perior and possibly Yilgarn cratons was diachronous. In the
Superior craton, the ages of gold mineralization tend to
mimic those of terrane accretion from ~2715 Ma in the Uchi
subprovince to ~2670 Ma in the Abitibi subprovince (Perci-
val, 2003). In the Yilgarn craton, there is also evidence that, at
least for the Eastern Goldfields province, mineralization was
diachronous, with mineralization in the Laverton gold belt
possibly 10 to 15 m.y. older than mineralization in the
Wiluna-Norseman gold belt (Fig. 5; Vielreicher et al., 2003;
Blewett et al., 2004). Direct dating of ore-related monazite
and xenotime at the Sunrise-Cleo and Wallaby deposits (Fig.
5) gives SHRIMP U-Pb ages of 2654 ± 8 Ma (xenotime) and
2650 ± 6 Ma (monazite).

In summary, there are many well-documented cases where
the geologic evidence and absolute dating by reliable meth-
ods clearly demonstrate two and even three geologically and
temporally distinct gold ore-forming events in individual
camps or individual deposits. Dating methods that give re-
sults at odds with the geology are mainly associated with
minerals that are susceptible to resetting by postmineral
structural, thermal, or fluid events, for example 40Ar-39Ar
ages of micas and U-Pb ages of rutile (Kerrich and Cassidy,
1994). 

Characteristics of Gold Camps
The Kalgoorlie, Timmins, Red Lake, and Laverton gold

camps, the largest in each of the four main gold belts, collec-
tively account for nearly one-half of the combined gold en-
dowment of both cratons (Fig. A4). Their geologic attributes
at the camp scale are, therefore, of considerable relevance to
addressing questions of what, if any, geologic features are spe-
cific to well-mineralized gold camps, and what factors lead to
the concentration of deposits into camps, and their location
within them. The camps are compared through a series of
standardized stratigraphic columns (Fig. 6) and geologic
maps covering similar areas (Fig. 7A-D), following the ap-
proach of Hodgson and MacGeehan (1982).
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Kalgoorlie

The Kalgoorlie camp in the Wiluna-Norseman gold belt
contains the largest concentration of gold (Fig. A4), with most
gold in the Golden Mile deposit (Fig. 7A). The camp strad-
dles the regionally extensive Boulder-Lefroy fault system,
represented by the Boulder and Abattoir faults and higher
order structures in the Kalgoorlie region (Fig. 7A). The ko-
matiites and basalts of the Kambalda Group are uncon-
formably overlain by the complex Black Flag Group of felsic
volcanic, volcaniclastic, and clastic sedimentary rocks, in turn
unconformably overlain by coarse clastic sedimentary rocks of
the Kurrawang sequence (Fig. 6A). The volcano-sedimentary
succession was intruded by a set of fractionated mafic layered
sills, including the 800-m-thick, ~2675 Ma Golden Mile do-
lerite, emplaced near the contact between the Kambalda and
Black Flag Groups (Fig. 6A) and the most significant host for
gold in the camp (Clout et al., 1990). The volcanic rocks of
the Kambalda Group are exposed in a series of north- to
northwest-trending structural windows through extensive
clastic sedimentary and volcaniclastic rocks of the Black Flag
Group (Fig. 7A). Felsic intrusions are not abundant in the

district and are mainly limited to porphyry stocks and dikes.
Rocks within the camp were affected by early thrusts and by
map-scale D1, D2, and D3 folds (Swager, 1989). Resulting fea-
tures include the (D1) Kalgoorlie anticline-syncline pair and
the Golden Mile fault, themselves overprinted by later large
folds, such as the (D2) Kurrawang syncline and the (D3)
Boomerang anticline, with associated regional north-north-
west– and north-trending and subvertical regional foliations,
respectively (Swager, 1989). A biotite isograd separates the
camp into a lower to middle greenschist facies to the east and
an upper greenschist facies to the west (Fig. 7A). Extensive
carbonate alteration is present in the camp and envelops the
Golden Mile deposit (Fig. A5C; Phillips, 1986). 

Gold deposits cluster in the northeast part of the camp,
where they are distributed along the Golden Mile fault and
Kalgoorlie syncline, and in the southwest, along the eastern
limb of the Kurrawang syncline (Fig. 7A). In the northeast
cluster, the Mount Charlotte and Golden Mile deposits are
hosted by the Golden Mile dolerite, particularly in its upper
siliceous and iron-rich members (Fig. A5B, C; Clout et al.,
1990). The succession is cut by quartz-feldspar and feldspar-
hornblende porphyry dikes, which form swarms within the
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FIG. 7.  Simplified geologic map of selected gold camps. A. Kalgoorlie camp, Eastern Goldfields province. Compiled from
Keats (1987), Clout et al. (1990), and Mikucki and Roberts (2004). Deposits: 1 = Golden Mile, 2 = Mount Charlotte, 3 =
Mount Percy, 4 = Binduli. BA = Boomerang anticline, BLFS = Bouder-Lefroy fault system, GMD = Golden Mile dolerite,
GMF = Golden Mile fault, KA = Kalgoorlie anticline, KS = Kalgoorlie syncline, PB = Paringa basalt, KUS = Kurrawang syn-
cline. B. Laverton area. Compiled from Hallberg (1986), Brown et al. (2002), and Salier et al. (2004). Deposits: 1 = Sunrise
Dam, 2 = Wallaby, 3 = Granny Smith, 4 = Keringal, 5 = Jubilee. MLC = Mount Lucky conglomerate, MW = Proterozoic
Mount Weld carbonatite, WC = Wallaby conglomerate. C. Timmins camp. Adapted from Pyke (1982) and Robert and
Poulsen (1997). Deposits: 1 = Hollinger-McIntyre, 2 = Dome, 3 = Pamour, 4 = Hoyle Pond. PDFZ = Porcupine Destor fault
zone. White line represents variolitic basalt marker. D. Red Lake camp. Compiled from Dubé et al. (2004) and Sanborn-Bar-
rie et al. (2004). In addition to mafic volcanic rocks, the Confederation assemblage contains significant volumes of rocks of
intermediate composition. Deposits: 1 = Campbell-Red Lake, 2 = Cochenour, 3 = Wilmar, 4 = Madsen. D. Dome stock, HL
= Hamill Lake batholith, K-B = Killala-Baird batholith, TL = Trout Lake batholith.



Golden Mile and Mount Percy deposits. In the southwest
cluster, the Binduli and associated deposits occupy a signifi-
cantly different setting and are hosted by coarse clastic and
epiclastic rocks of the Black Flag Group (Krapez et al., 2000)
that are cut by felsic porphyry stocks and dikes in the vicinity
of the Kurrawang syncline (Figs. 6A, 7A). 

There are several distinct styles of mineralization in the
camp and three in the Golden Mile deposit itself. First, and
most significant, are Fimiston-type sulfidic replacement lodes
and associated crustiform carbonate-quartz-anhydrite veins
and breccias of the Golden Mile deposit (Clout et al., 1990).
Commonly portrayed as occupying shear zones (Boulter et
al., 1987), they are actually narrow, but continuous, tabular
lodes (Fig. A5C) surrounded by carbonate-sericite-albite-
pyrite alteration zones, which themselves commonly display
two metamorphic foliations correlated with regional D2

and/or D3 events (Boulter et al. 1987; Gauthier et al., 2004).
A second style of mineralization consists of volcanic rock-
hosted, strata-bound, disseminated sulfide-rich lodes, such as
the Oroya Shoot at the Golden Mile deposit, which is slightly
younger but likely related to the Fimiston-type lodes (Bate-
man and Hagemann, 2004). A third and yet younger stage of
mineralization, known as Mount Charlotte-type, dominates at
the Mount Percy and Mount Charlotte (Fig. A5B) deposits
and consists of extensional quartz-carbonate vein arrays that
locally overprint the older Fimiston-type lodes (Clout et al.,
1990). Finally, disseminated-stockwork-style mineralizaton at
Binduli occurs in sericitized and carbonatized sandstone, con-
glomerate, and felsic porphyry, a host-rock setting that re-
sembles that of the Kanowna Belle deposit (Fig. A5E). The
relationship of this style of mineralization to the others has
not been established.

The age and origin of the gold deposits in the Kalgoorlie
camp are controversial. There is a general agreement that
Mount Charlotte-type quartz-carbonate veins have formed
syntectonically, during D3 or younger deformation, consistent
with the above age constraints (Fig. 5), and thus represent
synorogenic mineralization. The Golden Mile deposit has
been interpreted as a late mesozonal orogenic deposit
(Groves et al., 1998), as an early (pre-D2) epi- to mesozonal
orogenic deposit (Bateman and Hagemann, 2004), or as an
early gold-telluride epithermal deposit (Clout, 1989). The last
two interpretations are more consistent with the epizonal
character of the Fimiston-type lodes and their overprinting
by north-northwest–trending D2 regional foliation and re-
verse shear zones (Bateman and Hagemann, 2004).

Laverton

The Laverton area, with its Wallaby-Granny Smith and
Sunrise Dam camps, has emerged as a significant gold-pro-
ducing region (Fig. 7B). Both camps occur within the Laver-
ton tectonic zone (Hallberg, 1986), a 10- to 25-km-wide,
north-south–striking corridor occupied mainly by folded fel-
sic to intermediate volcanic and volcaniclastic sedimentary
rocks with local BIF (Fig. 7B). The dominantly mafic and ul-
tramafic volcanic rocks to the west and east of this corridor
comprise “association 1” and “association 2” of Hallberg
(1986), interpreted as the lower and upper parts, respectively,
of a regionally extensive volcanic rock sequence (Fig. 6B).
Clastic and epiclastic sandstone, siltstone, and tuff, with

locally interbedded BIF, make up the majority rocks within
the corridor (Fig. 7B) and represent the upper parts of the
2715 to 2705 Ma association 2 (Brown et al., 2001). These se-
quences are in turn unconformably overlain by narrow belts
of <2675 Ma polymictic conglomerate and sandstone along
the western and eastern edges of the Laverton corridor (Fig.
7B). The Laverton corridor is marked by a network of anas-
tomosing shear zones, particularly by the bounding Laverton
and Wilga shear zones, which, along with north-trending an-
tiforms, define the overall structure of the area (Fig. 7B), are
generally ascribed to regional D2 shortening (Ojala et al.,
1997; Davis, in press). Clusters of small granitoid intrusions
are coincident with both gold camps. These intrusions range
from 2675 to 2663 Ma (Fig. 5; Ojala et al., 1997; Brown et al.,
2002; Salier et al., 2004), providing minimum ages for the
supracrustal rocks they intrude. Contact metamorphic aure-
oles excluded, the rocks of this area display mainly green-
schist-facies mineral assemblages, although Hallberg (1986)
noted common subgreenschist-facies rocks along the central
part of the Laverton corridor.

The gold deposits cluster in the Wallaby-Granny Smith and
the Sunrise Dam camps (Fig. 7B). Although the smaller de-
posits, such as Keringal and Jubilee, are located in the mafic-
ultramafic rock portion of the stratigraphic column, the larger
Granny Smith, Sunrise Dam, and Wallaby deposits are all
hosted in clastic and epiclastic rocks in the upper part of the
column (Fig. 6B), where they are also associated with anticli-
nal structures. In addition, all of the deposits display a notable
spatial association with preore felsic intrusive rocks (Ojala et
al., 1997; Brown et al., 2002; Salier et al., 2004). 

The deposits also display considerable diversity in styles of
mineralization. At Sunrise Dam, mineralization is hosted in a
folded package of intermediate volcaniclastic sedimentary
rocks and BIF cut by an array of 2674 ± 3 Ma preore rhyo-
dacite porphyry dikes (Brown et al., 2002). Ore styles include
low-grade zones of disseminated sulfides and quartz-carbon-
ate veinlets in gently dipping shear zones and in surrounding
BIF, and high-grade, steeply dipping, narrow quartz-carbon-
ate-pyrite veins transverse to the shears, both with associated
sericite-carbonate alteration. The Wallaby deposit, centered
on a 2664 ± 3 Ma monzonite-syenite stock and dike complex
intruding polymictic conglomerates (Salier et al., 2004), con-
sists of disseminated-stockwork-style mineralization and sub-
ordinate carbonate-quartz veinlets (Fig. 4F), with associated
dolomite-albite-pyrite alteration, overprinting a steeply
plunging, pipelike body of actinolite-magnetite-calcite alter-
ation surrounding the intrusive complex (Salier et al., 2004).
Quartz-carbonate vein-style mineralization characterizes the
Granny Smith and the Jubilee deposits. At Granny Smith, an
array of quartz-ankerite veins is associated with a moderately
dipping, reverse fault along the contact between granodiorite
and fine-grained clastic sedimentary rocks and is accompa-
nied by vein-scale sericite-ankerite-pyrite alteration (Ojala
et al., 1997). The contact metamorphic aureole surrounding
the intrusion is also overprinted by the veins and associated
alteration. 

Despite the strong empirical correlation between gold and
felsic intrusions, detailed studies suggest that the association
may not be a direct genetic one but rather attributable to rhe-
ological contrasts between the intrusions and their hosts
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(Ojala et al., 1993; Brown et al., 2002; Salier et al., 2004). In all
cases, there is paragenetic evidence to suggest the sericite-car-
bonate alteration related to gold mineralization overprints the
intrusions and their contact metamorphic and/or metasomatic
products, but it is difficult to establish whether this represents
the natural evolution of intrusion-related gold systems or
rather the overprinting by distinctly different orogenic
processes (Salier et al., 2004). Geochronological studies in
these camps demonstrate that felsic plutons of a wide range of
compositions were emplaced between 2674 and 2664 Ma, and
suggest that gold mineralization may significantly postdate the
intrusions but is unlikely younger than 2650 Ma (Fig. 5). 

Timmins 

The Timmins camp in the Timmins-Val d’Or gold belt is lo-
cated immediately north of the Porcupine-Destor regional
fault zone, which juxtaposes lower parts of the stratigraphic
column in the southeast with the upper part of the column in
the northwest (Figs. 6C, 7C). One of the major features of the
camp is the presence of two folded angular unconformities.
The older occurs at the base of rocks of the Porcupine Group,
with the volcanic rocks of the 2690 to 2687 Ma Krist Forma-
tion at its base. The younger unconformity occurs at the base
of the conglomerate, graywacke, and slate units of the
Timiskaming Group and is dated at <2679 ± 2 Ma (Fig. 6C;
Corfu, 1993; Ayer et al., 2003). Rocks of the Porcupine and
Timiskaming groups overlie the 2727 to 2698 Ma tholeiites
and komatiites of the Tisdale and Deloro groups. Rocks in the
camp are overprinted by a weak to moderate, subvertical fo-
liation that strikes east-northeast and by a strong, moderately
easterly plunging lineation (Pyke, 1982). North of the Porcu-
pine-Destor fault zone, east-trending (D1) folds of rocks of
the Porcupine and Tisdale groups predate the Timiskaming
unconformity (Hodgson et al., 1990; Bleeker, 1995) and
themselves overprint earlier northwest-trending (pre-D1)
folds (Fig. 7C). The unconformity and rocks of the Timiskam-
ing Group have been folded into a northeast-trending (D2)
syncline truncated by the Porcupine-Destor fault zone
(Bleeker, 1995). North of this fault zone, the overall structure
is that of a central window of volcanic rocks of the Tisdale
Group within a larger mass of rocks of the Porcupine Group,
whereas a structural dome exposes mainly rocks of the strati-
graphically lower Deloro Group to the south (Fig. 7C).
Quartz-feldspar porphyry stocks of the same age as volcanic
rocks of the Krist Formation are present in the camp and
form important clusters near the Hollinger-McIntyre and
Dome deposits (Fig. 7C). Rocks in the Timmins camp have
been overprinted by lower greenschist-grade metamorphism,
with a few localized areas of upper greenschist assemblages,
particularly in the vicinity of the Dome and Hollinger-McIn-
tyre deposits (Thompson, 2004). 

Four main deposit clusters include those centered in the
Hollinger-McIntyre, Dome, Pamour, and Hoyle Pond de-
posits (Fig. 7C). All of these clusters, except the Hoyle Pond
cluster, are surrounded by extensive carbonate alteration
zones. Most gold deposits are hosted in high Fe tholeiitic
basalts near the top of the volcanic rock sequence (Hollinger-
McIntyre, Hoyle Pond, most ore at Dome) and the lowermost
strata of the Timiskaming Group (significant ore at Dome-
Paymaster and Pamour; Fig. 6C).

Quartz-carbonate veins and vein arrays make up the most
significant style of mineralization in the Timmins camp. At
the Hollinger-McIntyre deposit, a 2-km2 array of quartz-
ankerite veins is present mainly west of the Pearl Lake por-
phyry stock (Fig. 7C) and overprints Cu-Mo-Au dissemi-
nated-stockwork–style mineralization associated with the
porphyry stock (Davies and Luhta, 1978; Mason and Melnik,
1986). At the Pamour deposit, which straddles the Timiskam-
ing unconformity to depths of >1.5 km, the bulk of the ore
consists of zones of sheeted quartz-carbonate veins and dis-
seminated sulfides in adjacent wall rocks, accompanied by ex-
tensive laminated quartz veins in moderately to steeply dip-
ping reverse shear zones (Price and Bray, 1948). The Dome
deposit comprises several styles of mineralization in volcanic,
intrusive, and sedimentary rocks, over an area of 2.7 by 1.2
km (Rogers, 1982). Gold-bearing quartz-carbonate veins
occur as discordant, laminated veins in volcanic rocks, and as
extensional vein arrays that also cut porphyry stocks and sed-
imentary rocks of the Timiskaming Group. Concordant crus-
tiform ankerite veins along interflow sedimentary units in vol-
canic rocks represent an important style of mineralization
where they are overprinted by later extensional quartz-tour-
maline veins. Zones of disseminated sulfide mineralization,
consisting of 2 to 10 vol percent pyrite and pyrrhotite with or
without associated extensional vein arrays, forms another
style of mineralization that is best developed in porphyry
stocks and sedimentary rocks of the Timiskaming Group
(Proudlove et al., 1989). 

The bulk of gold mineralization in the Timmins camp, rep-
resented by quartz-carbonate veins and vein arrays, is of rela-
tively late timing, given that such veins cut the <2679 ± 2 Ma
sedimentary rocks of the Timiskaming Group at the Dome
and Pamour deposits, and cut a 2673+6

–2 Ma albitite dike at the
Hollinger-McIntyre deposit (Fig. 5; Corfu, 1993). However,
there is also evidence for earlier hydrothermal events. The
concordant crustiform ankerite veins at Dome, of the same
crustiform vein style of mineralization as at Red Lake, are the
product of an early hydrothermal event, based on their oc-
currence as clasts in the basal conglomerate of the Timiskam-
ing Group (Dubé et al., 2003). The presence of auriferous
sulfide clasts in the conglomerate at the Dome and Pamour
deposits may represent an even earlier gold mineralizing
event (Gray and Hutchinson, 2001), although uncertainties
remain about the timing of gold introduction into the clasts
(pre- or postsedimentation?).

Red Lake 

The Red Lake camp in the Rice Lake-Pickle Lake gold belt
is marked by an abundance of Mesoarchean rocks, some of
which are significant hosts to gold mineralization (Figs. 6D,
7D). The greenstone succession is dominated by the 2990 to
2894 Ma rocks of the Balmer and Bruce Channel groups (Fig.
6D; Sanborn-Barrie et al., 2001) and is unconformably over-
lain by the <2750 Ma mafic to felsic volcanic rocks of the
Confederation Group. A conglomerate unit locally marks the
angular unconformity at the base of the Neoarchean se-
quence (Fig. 7D), and another conglomerate unit near the
Madsen deposit, dated at <2700 ± 6 Ma (Sanborn-Barrie et
al., 2004), suggests the presence of another, younger uncon-
formity (Fig. 6D). The structure of the camp is dominated by
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a northeast-trending anticlinorium, generally attributed to
D1, cored by Mesoarchean rocks and flanked by Neoarchean
rocks (Fig. 7D). The anticlinorium is cut by the Kilalla-Baird
intrusion in the southwest and the Walsh Lake intrusion in
the northeast, both emplaced at approximately 2700 Ma.
Early (pre-D1) Mesoarchean folds are truncated by the un-
conformity at the base of the Confederation Group. Map-
scale east- to east-southeast–trending D2 folds are best devel-
oped in the northeastern part of the camp (Fig. 7D;
Sanborn-Barrie et al., 2004). These D2 folds are accompanied
by a regional steeply dipping foliation, which locally intensi-
fies to define a high-strain zone at the Campbell-Red Lake
deposit (Andrews et al., 1986). Late D3 deformation is
recorded by crenulation cleavages and brittle-ductile to brit-
tle faults. Although high-strain zones are present in the camp
(Andrews et al., 1986), no major through-going structure has
been identified at Red Lake. Although stratigraphically anti-
clinal, the northeast-trending arch is the locus of low-grade
metamorphism, flanked by areas of amphibolite-grade meta-
morphism (App. Fig. A6). Metamorphism has commonly
been attributed to emplacement of the ~2700 Ma Killala-
Baird batholith and the Walsh Lake pluton (e.g., Andrews et
al., 1986), but recent studies (Thompson, 2003) suggest that
the intrusions actually cut metamorphic isograds. Extensive
regions of carbonate alteration occur in areas of greenschist-
grade rocks near the Madsen deposit and in the area of the
Couchenor and Campbell-Red Lake deposits, whereas calc-
silicate and alumino-silicate alteration zones have been noted
in areas of amphibolite-grade rocks (Fig. A6).

Gold deposits of the Red Lake camp cluster in two main
areas along the folded boundary between the Mesoarchean
and Neoarchean volcanic rock packages and within extensive
carbonate alteration zones (Figs. 6D, 7D). In the northern
cluster, the Campbell-Red Lake deposit occurs in a sequence
of high Fe tholeiitic, komatiitic, and minor felsic volcanic
rocks, near their folded contact with a sequence of younger
chemical and clastic sedimentary rocks to the east (Figs. 7D,
A5D). These rocks are overprinted by a strong northwest-
trending D2 penetrative foliation (Andrews et al., 1986). Min-
eralization occurs mainly along two major foliation-parallel
fault zones, over a strike length of 2 km, along which orebod-
ies consist of crustiform carbonate veins and associated
siliceous-sulfidic replacements, and of disseminated sulfides
zones in folded interflow sedimentary units as in the East
South C zone (MacGeehan and Hodgson, 1982). In the south-
ern deposit cluster, mineralization occurs along a northeast-
trending, high-strain, and highly altered zone that straddles
the unconformity between rocks of the Balmer and Confeder-
ation Groups (Fig. 7D). The dominant style of mineralization,
represented by that at the Madsen deposit, consists of dissem-
inated-stockwork sulfides associated with calc-silicate (diop-
side-garnet-actinolite-epidote) and aluminous (andalusite-
cordierite-staurolite) wall-rock alteration developed in clastic
volcanic rocks, conglomerate, and basalt flows (Dubé et al.,
2004a). The granodiorite-hosted quartz-tourmaline veins of
the small Wilmar and Buffalo deposits (Fig. 7D) represent an-
other, less significant style of mineralization.

The timings and origins of the gold deposits in the Red
Lake camp remain controversial. Quartz-tourmaline veins are
generally accepted as syn- to late-tectonic, i.e., synorogenic,

because they cut the 2701 ± 2 Ma granodiorite at the Wilmar
deposit (Fig. 5). However, the large Campbell-Red Lake de-
posit has been interpreted as a deformed and metamor-
phosed epithermal deposit (Penzak and Mason, 1999) or al-
ternatively as a syntectonic and synmetamorphic deposit,
synchronous with the emplacement of nearby batholiths (An-
drews et al., 1986). However, the weight of geologic evidence
requires a multistage origin for the deposit (MacGeehan and
Hodgson, 1982; Dubé et al., 2004a), with paragenetically
early carbonate alteration and auriferous colloform-crusti-
form carbonate veins overprinted by high-grade siliceous-sul-
fidic replacements, either prior to or during their ductile de-
formation and metamorphism (Dubé et al., 2004a). The
epizonal character and early timing of much of this deposit is
supported by the aluminous character of the alteration, the
distinct As-Sb-Zn(-Hg) metal association (MacGeehan and
Hodgson, 1982), and by the occurrence of clasts of crustiform
carbonate vein in a 2747 Ma conglomerate unit to the south-
east of the deposit (Dubé et al., 2004a). The epizonal charac-
ter of the deposit is not compatible with the upper green-
schist to lower amphibolite metamorphism of the host rocks,
which requires that they represent two distinct events. A po-
store feldspar porphyry dike that cuts the siliceous-sulfidic re-
placement-style mineralization indicates a minimum age of
2714 ± 4 Ma for the deposit (Fig. 5).

Comparison among gold camps 

The camps considered above display a number of geologic
features that are empirically associated with large gold de-
posits and that can be regarded as favorable for the develop-
ment of the deposits. All camps display elements of an anti-
clinorial structure and show a regional contact, in part
unconformable, between mafic-ultramafic volcanic rocks and
overlying, commonly coarse, clastic sedimentary rocks. An-
other feature is the presence of high Fe tholeiites in the local
volcanic rock sequence (Fig. 6). Such rocks are not abundant
in greenstone belts in general, and their presence in the large
gold camps is notable but of unclear significance. Felsic and
intermediate porphyries, in the form of stocks or clusters of
dikes, are present and intimately associated with gold de-
posits in all camps. Each camp is also characterized by the
presence of multiple styles of gold mineralization, with multi-
ple ages of mineralization clearly documented at Timmins,
Kalgoorlie, and Red Lake (Fig. 5). Finally, many large de-
posits occur stratigraphically near the unconformable contact
between mafic-ultramafic rock sequences and overlying
coarse clastic sedimentary rocks, typically containing polymic-
tic conglomerates (Fig. 6). The metamorphic grades and the
ages of host rocks appear to be unimportant, as they vary sig-
nificantly among the camps.

However, the above camp-scale characteristics are not ex-
clusively restricted to the best-endowed camps, as they are
also documented in camps with much lower gold endowment.
Notable examples include the well-explored Chibougamau
(95 t Au) and Matachewan (33 t Au) camps in the Superior
craton (Fig. 1), and the Agnew-Lawlers (235 t Au), Coolgar-
die (105 t Au), and Kurnalpi (43 t Au) camps in the Yilgarn
craton (Fig. 2). Such differences in gold content of geologi-
cally similar camps perhaps reflect differences in gold enrich-
ment of the respective source areas.
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Characteristics of Gold Belts
Key metallogenic questions at the belt scale are the follow-

ing: what distinguishes these gold belts from other areas in
these cratons and what factors determine the specific location
of the gold camps along them. These questions are addressed
by reviewing the geologic characteristics of the two most im-
portant gold belts in each craton, as previously identified. 

Wiluna-Norseman gold belt

The Wiluna-Norseman belt is defined by numerous gold
deposits and camps along a relatively narrow corridor (<75
km) over a strike length of about 1,000 km, with a central,
nearly barren segment dominated by granitoid rocks (Figs. 2,
8). This gold belt occupies the central part of the Kalgoorlie
terrane, which is bounded by a major fault system to the west
and to the east (Fig. 8; Swager, 1997). The gold belt itself is
characterized by the north-south persistence of a strati-
graphic section similar to that present in Kalgoorlie camp
(Fig. 6A), where 2720 to 2660 Ma ultramafic-mafic volcanic,
felsic volcaniclastic, and sedimentary rocks dominate (Figs. 8,
9; Swager, 1997; Krapez et al., 2000). These rocks are uncon-
formably overlain by coarse clastic sedimentary rock se-
quences preserved as narrow belts along some of the regional
faults (Figs. 6A, 8; Krapez et al., 2000). 

A distinctive feature of this gold belt is the abundance of ul-
tramafic rocks, including komatiites in the lower part of the
Kambalda Group, which host world-class nickel ore deposits
(Swager, 1997). The gold belt is also the site of some of the
youngest volcanic rocks of the craton, represented by ~2665
to 2660 Ma andesitic volcanic and volcaniclastic rocks in the
lower part of the Black Flag Group (Krapez et al., 2000). The
belt is also marked by large volumes of volcaniclastic and fine-
grained clastic sedimentary rocks of the upper parts of the
Black Flag Group. In the Norseman, Leonora, and Wiluna
areas, 2950 to 2750 Ma volcanic rocks form local basement to
2720 to 2660 Ma volcanic rock sequences (Krapez et al.,
2000; Cassidy and Champion, 2004). Common older inher-
ited zircons in volcanic rocks and contamination of many
mafic volcanic rocks by sialic crust suggest an ensialic envi-
ronment of deposition (Campbell and Hill, 1988; Nelson,
1997). 

Granitoid intrusions exposed along the gold belt display a
wide range of age (Fig. 9) and composition. They include
high high-field-strength element granitic rocks closely asso-
ciated with rhyolitic volcanic rock sequences, high Ca and
mafic granite suites overlapping with late stages of felsic vol-
canism, sedimentation, and regional deformation, with the
youngest mafic granites emplaced at ~2655 Ma, and low Ca
granitoids emplaced mainly between 2650 and 2640 Ma
(Champion and Sheraton, 1997; Champion and Cassidy,
2002). Mafic granites, porphyry dike swarms, and calc-alka-
line lamprophyres (Perring et al., 1989) are spatially associ-
ated with major fault systems, particularly the Bardoc shear
zone and Boulder-Lefroy fault system, and with gold miner-
alization, such as at the Kanowna Belle deposit and in the St
Ives district. 

Rocks of the Wiluna-Norseman belt have been regionally
metamorphosed from subgreenschist- to upper amphibolite-
facies assemblages (App. Fig. A7; Binns et al., 1976; Mikucki
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and Roberts, 2004). Prehnite-pumpellyite-facies assemblages
occur in the Wiluna area and east of Kalgoorlie, whereas am-
phibolite-facies assemblages tend to dominate in the Cool-
gardie-Norseman district (Fig. A7). The metamorphic history
is unclear and involves both dynamothermal metamorphism,
recorded by regional penetrative foliation and overprinting
the <2655 Ma late-stage clastic sedimentary sequences
(Krapez et al., 2000), and isograds that appear to be related to
the emplacement of large granitoid intrusions (Fig. A7).

Deformation of the rocks in this gold belt records the su-
perposition of several events (Swager, 1997; Weinberg et al.,
2003). The main phase of crustal shortening overprinted the
late-stage clastic sedimentary sequences and produced D2

north-northwest–trending, subvertical cleavage and shallowly
plunging regional folds and is thought to coincide with the
peak of regional dynamothermal metamorphism. This was
followed by phase of transcurrent deformation, which pro-
duced sinistral, north-northwest–trending D3 shear zones and
related north-trending folds (Swager, 1997; Weinberg et al.,
2003). There is also clear evidence for a phase of D1 upright
folding prior to deposition of the clastic sedimentary rocks,
such as the Kalgoorlie anticline-syncline pair (Fig. 7A) and for
earlier subhorizontal shear zones, interpreted either as
thrusts or detachments, generally with transport directions
from south to north (Williams and Currie, 1993; Swager,
1997). The Wiluna-Norseman gold belt also contains a num-
ber of internal, first-order regional fault zones, represented
by the Boulder-Lefroy and Zuleika fault systems (Fig. 8), in
addition to those bounding the Kalgoorlie terrane but exter-
nal to the gold belt. All of these regional fault zones exhibit

complex kinematic histories and contain fabrics that are gen-
erally ascribed to the regional D2 to D3 shortening events
(Weinberg et al., 2003).

Early tectonic models for the Wiluna-Norseman belt, and
the Eastern Goldfields province in general, invoked
Neoarchean rifting of older Archean crust (Groves and Batt,
1984). More recent plate tectonic models involve accretion of
arcs and oceanic crustal fragments along a convergent margin
(Barley et al., 1989) or incorporate mantle plume evolution
with convergent margin tectonics (Myers, 1995; Barley et al.,
1998). Consideration of the autochthonous nature of the
greenstone sequences on rifted sialic crust, and subsequent
amalgamation of the Kalgoorlie terrane with arc-related ter-
ranes to the east, have also resulted in hybrid models for the
Eastern Goldfields (Cassidy and Champion, 2004).

Despite a very wide distribution of gold occurrences in the
Wiluna-Norseman gold belt, the significant deposits show a
close spatial association with specific regional fault zones,
along which the deposits clearly cluster into camps (Fig. 8).
The bulk of the deposits are located in the southern segment
of the belt, particularly along the Boulder-Lefroy fault sys-
tem, along which camps are separated by distances of 30 to 40
km (Weinberg et al., 2004). Mineralization is hosted in a vari-
ety of lithologies, although fractionated mafic intrusions host
many of the large deposits. Several styles of mineralization
are represented in the belt, including the dominant quartz-
carbonate veins (Norseman, Coolgardie, Victory-Revenge,
Mount Charlotte, and Tarmoola), epizonal crustiform vein
and sulfidic replacement lodes (Golden Mile, Wiluna, and
Jundee), and disseminated-stockwork mineralization of both
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felsic (Kanowna Belle and Thunderbox) and mafic (Sons of
Gwalia and Redeemer) rock associations. There is also clear
evidence of more than one gold event in the belt, with signif-
icant amounts of gold likely deposited at ~2660 to 2650 Ma
and more gold deposited after 2640 Ma (Figs. 5, 9).

Laverton gold belt

The Laverton gold belt forms a narrow (<50-km) belt of
significant gold deposits over a strike length in excess of 200
km (Figs. 2, 8). This belt, generally coincident with the Laver-
ton tectonic zone (Hallberg, 1986), forms a north-trending
corridor of complex geology and subparallel shear zones that
straddle the boundaries between several north-northwest–
trending terranes (Fig. 2; Swager, 1997). 

Three stratigraphic sequences are recognized in the Laver-
ton region (Fig. 6B; Hallberg, 1985; Brown et al., 2001). As-
sociation 1, stratigraphically the lowest, comprises mostly
tholeiitic basalt, high Mg basalt, komatiite, BIF, and quartzo-
feldspathic sandstone (Hallberg, 1985; Myers, 1997). The age
of rocks of association 1 is poorly constrained, but this se-
quence forms an autochthonous basement to the <2715 Ma
rocks of association 2. Association 2 is characterized by inter-
mediate volcanic rocks (~2715–2700 Ma) and associated
feldspathic volcanogenic sandstone and iron-rich sedimentary
rocks, pillowed tholeiites, and minor high Mg basalt (Fig. 6B).
Rocks of associations 1 and 2 are unconformably overlain by
coarse clastic sedimentary rocks rocks (e.g., Mount Lucky,
Lancefield, and Wallaby) that represent the youngest se-
quences in the Laverton gold belt (Hallberg, 1985; Blewett et
al., 2004). The age of these coarse clastic sedimentary rocks is
bracketed between ~2665 and 2655 Ma by detrital zircons
and small crosscutting intrusions (Nelson, 1997; Salier et al.,
2004). Volcanic and sedimentary rocks of the Laverton gold
belt are intruded by granite suites similar to those intruding
the other parts of the Eastern Goldfields province, including
voluminous high Ca granites (~2680-2660 Ma) and abundant
mafic granites and porphyry dike swarms. Small syenitic gran-
ites are relatively abundant and are spatially associated with
major deformation zones. Syn- to late-tectonic, low Ca gran-
ites occur throughout the belt, particularly along its margins.
Both syenitic and low Ca granites have similar ages that range
from ~2655 to 2640 Ma (Nelson, 1997; Champion and Cas-
sidy, 2002).

Metamorphic grades in the Laverton gold belt are typically
lower greenschist facies (Binns et al., 1976; Swager, 1997), al-
though amphibolite-facies assemblages tend to be common
adjacent to the greenstone-granite contact surrounding the
Margaret antiform (e.g., Windarra area; Fig. A7). As was the
case for the Wiluna-Norseman belt, the timing of metamor-
phism is uncertain but is likely <2665 Ma, given that young
sedimentary rock sequences, such as those at the Granny
Smith and Wallaby deposits, record regional penetrative foli-
ations and display similar metamorphic assemblages to sur-
rounding greenstones.

Several generations of contractional structures are super-
imposed in the Laverton belt, as was noted in the Wiluna-
Norseman belt (Swager, 1997; Newton et al., 2002; Davis, in
press). The most prominent structures are north-northwest–
trending, shallowly plunging D2 folds (e.g., Margaret an-
tiform) and associated subvertical cleavage, and D3 sinistral,

north-northwest–trending shear zones and related upright
folds that overprint all supracrustal rocks in the belt (Swager,
1997; Blewett et al., 2004; Davis, in press). The D2 to D3

structures result from east-northeast to west-southwest
crustal shortening that probably marks the onset of a major
orogeny. North-trending shear zones that disrupt the regional
north-northwest structural grain and control the distribution
of several gold deposits (Fig. 8) were also probably produced
during this period. Earlier contractional deformation is
recorded by the local presence of (D1) recumbent folds and
low-angle thrusts, as well as possible thrust duplexes (Newton
et al., 2002). Low-angle ductile shear zones are present in
several major deposits in the belt and are common hosts to
gold mineralization (Newton et al., 2002); their tectonic sig-
nificance and timing remain unclear.

Tectonic models for this area generally invoke accretion of
arcs and crustal fragments along a convergent margin, with
this complex boundary separating terranes with different
basement lithological units (Barley et al., 1998; Brown et al.,
2001). This interpretation is consistent with differences in
xenocrystic and detrital zircon populations in felsic magmatic
and sedimentary rocks, respectively (Cassidy and Champion,
2004). Accordingly, the early geologic evolution of the Laver-
ton gold belt is clearly distinct from that of the Wiluna-Norse-
man gold belt.

Within the Laverton gold belt, a majority of deposits are
spatially associated with north-trending shear zones, along
which the significant camps and deposits are separated by dis-
tances of 30 to 40 km (Fig. 8). The most significant gold de-
posits of the belt are hosted in clastic sedimentary rock se-
quences (Wallaby, Sunrise Dam, Granny Smith); others are
hosted in mafic-ultramafic rock sequences (Lancefield, Ju-
bilee). As indicated above, mineralization styles include dis-
seminated sulfide-stockwork zones of felsic association at
Wallaby, quartz-carbonate veins at Granny Smith and Jubilee,
and a mixture of BIF-hosted replacement and quartz-carbon-
ate vein styles at Sunrise Dam. The bulk of the gold mineral-
ization at Wallaby and Sunrise Dam is interpreted to have
formed at ~2650 to 2655 Ma (Fig. 5), with possibly earlier,
noneconomic Mo ± Au mineralization associated with mafic
and syenitic granites (e.g., Sunrise Dam, Granny Smith:
Ojala, 1995; Brown et al., 2002). 

Timmins-Val d’Or gold belt 

The Timmins-Val d’Or gold belt (Fig. 10) is defined by the
linear distribution of gold deposits along the Porcupine-
Destor and Larder Lake-Cadillac fault zones and occupies an
area of about 400 by 75 km in the southern part of the Abitibi
subprovince (Fig. 1). Older volcanic cycles, formed between
2750 and 2710 Ma, are well represented in the area surround-
ing the Timmins-Val d’Or gold belt, where they comprise var-
ious proportions of mafic-ultramafic and intermediate to felsic
volcanic rocks (Figs. 10, 11; Ayer et al., 2002). However, the
2710 to 2695 Ma volcanic rock sequence is much more re-
stricted in distribution and overlaps very closely with the gold
belt (Fig. 10). This sequence comprises a lower komatiitic
unit, a middle tholeiitic, locally Fe-rich, basaltic unit, and an
upper mafic to felsic rock unit of tholeiitic to calc-alkaline
affinity, which were deposited, in part, on the older volcanic
rock units (Ayer et al., 2002). Clastic sedimentary rocks are
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not voluminous in the Timmins-Val d’Or gold belt and occur
mainly as narrow belts along the Porcupine-Destor and
Larder Lake-Cadillac fault zones. Older sequences consist
mainly of turbititic graywacke, with local conglomerate and
BIF (Fig. 10), and were deposited between 2690 and 2685
Ma (Fig. 11; Davis, 2002; Ayer et al., 2003). The younger sed-
imentary rocks of the Timiskaming Group were deposited

above angular unconformities between 2679 and 2670 Ma,
mainly in fluvial to alluvial settings (Corfu et al., 1991; Ayer et
al., 2003). These are locally accompanied by alkalic volcanism
at ~2675 Ma.

Plutonism spans the same age range as volcanism and sed-
imentation but continued until about 2650 Ma (Fig. 11). Most
of the pre-2700 Ma intrusions are sodic in composition and

1022 ROBERT ET AL.

0361-0128/98/000/000-00 $6.00 1022

Proterozoic Cover
80°W

N

48°N

Proterozoic Cover

48°N

80°W

N

50 km

Volcanic units Sedimentary units Granitic rocks Gold deposits

Cadillac (C)
Kewagama (K)
(2687-2685 Ma)

Porcupine (Pr)
Pontiac (Po)
(2690-2685)

Timiskaming (T) 
Duparquet (D)
(2680-2670 Ma)

Undivided
(Upper map)

Gneiss

>2692 Ma Granitoids

<2692 Ma GranitoidsBlake River 
(2701-2696 Ma)

Tisdale-Kinojevis
(2710-2701 Ma)

Kidd-Munro
(2718-2710 Ma)

Stoughton-Roquem.
(2725-2720 Ma)

Deloro-Pacaud
(2750-2725 Ma)

  1 Sigma-Lamaque
  2 Camflo, Kiena
  3 Malartic
  4 LaRonde-Penna
  5 Doyon
  6 Horne
  7 Beattie
  8 Holloway
  9 Kerr Addison
10 Kirkland Lake
11 Pamour
12 Dome
13 Hollinger-McIntyre 

Major fault

T

T
T

D

K
C

Pr

Po

PDFZ

LCFZ

50 km

T

T

Po

12

3

4
5

6

8

7

99

10

911

13

12

FIG. 10.  Geologic map of the Timmins-Val d’Or gold belt. Compiled from MERQ-OGS (1983), Robert and Poulsen
(1997), and Ayer et al. (2002). LCFZ = Larder Lake-Cadillac fault zone, PDFZ = Porcupine-Destor fault zone.



dominated by tonalite and quartz diorite and are clearly syn-
volcanic (Sutcliffe et al., 1993; Rive et al., 1990). Postvolcanic
pre-Timiskaming intrusions were emplaced between about
2692 and 2680 Ma and overlap in age with turbiditic sedi-
mentation (Fig. 11). They range in composition from gran-
odiorite to syenite and commonly occur in gold camps in the
form of porphyry stocks and dikes. Younger syenitic rocks
were also emplaced in the Kirkland Lake area between 2675
and 2670 Ma, synchronous with Timiskaming sedimentation.
Post-Timiskaming felsic intrusions are rare in the gold belt
and include the ~2645 Ma Lamotte and Lacorne monzogran-
ite pluton (Ducharme et al., 1997).

All supracrustal rocks of the Timmins-Val d’Or gold belt are
metamorphosed to assemblages of low- to medium-pressure,
prehnite-pumpellyite to amphibolite facies (App. Fig. A8).
With the exception of those in the prehnite-pumpellyite fa-
cies, metamorphic rocks contain penetrative metamorphic fo-
liation and lineation (e.g., Jolly, 1974), particularly near major
fault zones. Most geochronological data suggest that this re-
gional dynamothermal metamorphism took place at ~2660
Ma (Powell et al., 1995a), although contact metamorphism
adjacent to specific intrusions (e.g., Lamotte and Lacorne
plutons) both pre- and postdated this regional metamorphism
(Fig. 11). 

Most rocks in the area have been heterogeneously strained
to produce folds, foliations, and lineations that define an anas-
tomosing but overall east-west structural trend (Fig. 10).
Shortening in the area is a product of transpressive deforma-
tion involving north-south shortening and local strike-slip de-
formation (Hodgson and Hamilton, 1989; Daigneault et al.,

2002). The resulting penetrative D2 to D3 foliation, lineation,
and shape fabrics in strained rocks correspond to the ~2660
Ma regional metamorphism (Wilkinson et al. 1999; Fig. 11).
Larger scale structural elements include major folds,
Timiskaming and pre-Timiskaming angular unconformities,
and inferred premetamorphic, major reverse faults (Powell et
al., 1995b). The earlier pre-Timiskaming deformation is com-
monly assigned to a D1 generation of structures (Fig. 11); lo-
cally, older pre-D1 structures have also been documented in
the Timmins district (Bleeker, 1995). Faults and shear zones
of different orders impart a reticulate to anastomosed pattern
of faulting in the Timmins-Val d’Or gold belt (Fig. 10). Most
workers regard the kinematically complex first-order shear
zones as steep thrusts, with minor dextral or sinistral move-
ments resulting from their local strike-slip reactivation
(Wilkinson et al., 1999). The existence of similar metamor-
phic pressures on opposite sides of the first-order faults pre-
cludes major postmetamorphic differential uplift on the faults
(Powell et al., 1995a).

Numerous tectonic models have been proposed to explain
the development of the Abitibi and adjacent subprovinces.
During the last 30 years there has been a shift away from
models requiring autochthonous development of the rocks in
the Abitibi subprovince (Goodwin, 1977) toward those in-
volving allochthonous terranes and generally invoking north-
ward-dipping subduction, southward migration of trenches
and arcs, and an ultimate collision involving terrane-scale
thrusting (Dimroth et al., 1983; Hodgson and Hamilton,
1989; Wyman et al., 2002). However, autochtonous models
have most recently been proposed again (Ayer et al., 2002), in
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light of geochronological data for the mafic-ultramafic rock
sequences, indicating similar geology across much of the
southern Abitibi subprovince, albeit on juvenile crust. 

Gold deposits in the Timmins-Val d’Or gold belt are mainly
distributed along the Destor-Porcupine and Larder Lake-
Cadillac fault zones (Fig. 10). Well-defined camps along these
fault zones account for the majority of significant deposits and
show a regular spacing of ~50 km. In addition, several styles of
mineralization are represented among the large deposits, in-
cluding the massive sulfide deposits at Horne and LaRonde-
Penna, sulfide-rich vein deposit at Doyon, disseminated-
stockwork deposits of felsic rock association at Malartic, and
the dominant quartz-carbonate veins deposits at Hollinger-
McIntyre, Dome, Kirkland Lake, and Sigma-Lamaque
(Robert and Poulsen, 1997). Field and geochronological stud-
ies further indicate that these deposits also formed at different
times in the evolution of the gold belt (Figs. 5, 11), with the
formation of gold-rich massive sulfide deposits at the end of
the main phase of volcanism at ~2696 Ma, syenite-associated
disseminated-stockwork deposits near the time of Timiskam-
ing sedimentation, and post-Timiskaming quartz-carbonate
vein deposits synchronously with the late D2 shortening be-
tween 2670 and 2660 Ma, but with some examples forming at
~2692 Ma as well (Fig. 11; Couture et al., 1994; Robert and
Poulsen, 1997; Robert, 2001). Finally, this gold belt is also host
to numerous zinc-copper VMS deposits, including the world-
class Kidd Creek deposit and a few komatiite-associated nickel
sulfide deposits (Card and Poulsen, 1998).

Rice Lake-Pickle Lake gold belt

The Rice Lake-Pickle Lake gold belt (Fig. 1) is defined by
the alignment of a few isolated clusters of gold deposits that

occupy a 50- by 450-km corridor that extends across the
greenstone belts of the Uchi subprovince (Fig. 12). This sub-
province is located between the North Caribou protocraton
in the north, a Mesoarchean landmass overlain and over-
printed by Neoarchean volcanic, sedimentary, and plutonic
rocks, and the English River metasedimentary rock sub-
province in the south (Fig. 1). Although the boundary be-
tween the Uchi and English River subprovinces is largely
marked by the east-west Sydney Lake fault system (Stott and
Corfu, 1991), gold deposits of the belt are not associated with
this regional fault system but rather with less continuous and
less well-defined fault zones (Fig. 12). The Rice Lake-Pickle
Lake gold belt contains abundant Mesoarchean basalt and ko-
matiite sequences, which are unconformably overlain by, and
locally in fault contact with, Neoarchean mafic-felsic volcanic
rock sequences (Stott and Corfu, 1991; Corfu et al., 1998).
This stratigraphic succession is similar to that in the Red Lake
Camp (Fig. 6D), except for the fact that the upper part of the
Mesoarchean sequences includes, in places, felsic pyroclastic
rocks that are capped by stromatolitic carbonate and BIF
(Thurston and Chivers, 1990). Clastic sedimentary sequences
with BIF are present in both the Mesoarchean and
Neoarchean successions, and local unconformable sequences
of sandstone and conglomerate, dated at <2705 Ma, repre-
sent the youngest supracrustal rocks in the gold belt (Figs. 12,
13). 

This gold belt contains a wide range of ages and composi-
tions of granitoid rocks (Fig. 13). Tonalitic rocks older than
3.0 Ga locally form the basement to Mesoarchean greenstone
belts (Percival, 2003). Younger Mesoarchean granitoid rocks,
intruded between 2870 and 2810 Ma, are present in the Rice
Lake and Red Lake camps, but the bulk of granitoid rocks in
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this belt are Neoarchean and and formed mainly in three in-
tervals; from 2745 to 2740, 2730 to 2720, and 2702 to 2693
Ma (Fig. 13; Turek et al., 1989; Corfu and Stott, 1993). The
first two suites are typically composed of tonalite and gran-
odiorite and are coeval with volcanic rocks. The third suite,
emplaced during the final stages of tectonism in the belt
(Corfu and Stott, 1993), consists mainly of crustally contami-
nated diorite and granodiorite.

Metamorphic assemblages in the Rice Lake-Pickle Lake
gold belt range from subgreenschist to upper amphibolite fa-
cies (App. Fig. A9). The amphibolite facies rocks tend to be
developed in well-defined aureoles adjacent to Neoarchean
granitoid batholiths and thus may be products of local contact
metamorphism. Broad areas of greenschist and subgreen-
schist-grade rocks occur in the centers of greenstone belts
and are distributed at intervals of approximately 100 km along
the trend of the Rice Lake-Pickle Lake gold belt (Fig. A9).
Much of the metamorphism in this belt is inferred to be
coeval with the ~2702 to 2693 Ma granite magmatism and
deformation (Corfu and Stott, 1993), although there is local
evidence of earlier Mesoarchean deformation and metamor-
phism (Fig. 13; Percival, 2003).

A full understanding of the deformational history of the
Rice Lake-Pickle Lake gold belt is complicated by the over-
printing of Neoarchean structural events on Mesoarchean
features. Angular unconformities at the base of Neoarchean
volcanic rock sequences (Fig. 6D) provide evidence for early
(pre-D1) deformation. Most penetrative deformation (D2) in

the Uchi subprovince is arguably younger than ~2710 Ma,
which is the approximate age of the youngest deformed vol-
canic and sedimentary units, although there are older struc-
tures in some localities as well (Stott and Corfu, 1991; Dubé
et al., 2004a). The youngest structures in the belt are assigned
to D3 or younger (D4) deformation and were responsible for
dextral transcurrent displacement along the Sydney Lake
fault system (Stott and Corfu, 1991).

Langford and Morin (1976) proposed that the Uchi sub-
province represents an oceanic arc developed above a
northerly dipping subduction zone, with the English River
subprovince representing a forearc turbiditic basin or accre-
tionary wedge. The Uchi arc was subsequently accreted to the
North Caribou protocraton, comprising the Berens River and
Sachigo subprovinces to the north (Fig. 1). More recent work
continues to support such a model, with the recognition that
at least part of the Neoarchean volcanic rocks of the Uchi
subprovince developed directly on older continental crust
(Sanborn-Barrie et al., 2001). Plume-related magmatism is
also regarded as the likely cause of the Mesoarchean komati-
ites at Red Lake and Rice Lake (Hollings et al., 1999). 

The gold camps along the Rice Lake-Pickle Lake gold belt
occur in areas that preserve high proportions of volcanic
rocks at relatively low metamorphic grade and show a regu-
lar spacing of 75 to 100 km (Figs. 12, A9). A majority of the
gold camps also contain exposures of the rare <2704 Ma con-
glomerate-sandstone sequences known in the Uchi sub-
province. Available data indicate that multiple ages of gold
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mineralization must exist in this belt (Figs. 6, 13), including
the possibility of some minor deposits having formed in the
Mesoarchean (Gulson et al., 1993). Different styles of miner-
alization are also clearly present, with quartz-carbonate vein
and sulfidic replacements of BIF most common along the
belt but with crustiform vein-sulfidic replacement-style min-
eralization in the Campbell-Red Lake deposit representing
by far the largest gold accumulation in the belt.

Comparison among gold belts

Although all four gold belts share similar volcanic, plutonic,
deformation, and metamorphic histories, a number of geo-
logic features combine to distinguish them from their sur-
rounding greenstone areas and may be regarded as favorable
indicators of well-endowed belts. The first is the presence of
substantial volumes of ultramafic komatiites in the lower
parts of the stratigraphic successions, rocks that are not uni-
formly present nor uniformly abundant in greenstone belts of
the Superior and Yilgarn cratons. It is noteworthy that the two
best-endowed belts, Timmins-Val d’Or and Wiluna-Norse-
man, contain the largest volumes of komatiites, with multiple
ages in the former belt. A second aspect is the presence of
some of the youngest supracrustal rock sequences present in
their host province or subprovince. The Timmins-Val d’Or
and Wiluna-Norseman gold belts, for example, contain the
youngest volcanic rocks in their host cratons and the
youngest, <2704 Ma, sandstone-conglomerate sequences of
the Uchi subprovince are largely restricted to the area of the
gold belt itself (Fig. 12). The third aspect is the presence of at
least some areas of subgreenschist metamorphic-grade rocks
somewhere along the belts, in some cases despite the pres-
ence of significant volumes of amphibolite-grade rocks, such
as in the Rice Lake-Pickle Lake belt (Fig. A9). The last two
features highlight a high degree of preservation of
supracrustal sequences. 

The gold belts also share the presence of multiple styles of
large gold deposits, which are demonstrably of two or more
distinct ages in three of the belts (Fig. 5), although such mul-
tiplicity of styles is also known in less well-endowed green-
stone areas, such as in the Chibougamau area in the north-
eastern part of the Abitibi subprovince (Fig. 2; Guha et al.,
1988). It is probably significant that the two most prolific gold
belts also contain other world-class metal deposits: VMS de-
posits along the Timmins-Val d’Or gold belt and komatiite-as-
sociated nickel-sulfide deposits along the Wiluna-Norseman
gold belt. Within the gold belts, the distribution of the camps
is largely controlled by belt-scale fault zones, along which
they commonly coincide with a change in the trend of the
faults, with the exception of the Rice Lake-Pickle Lake belt.
The camps further show a close spatial association with un-
conformities, as well as with structural highs that juxtapose
the lower and uppermost parts of the stratigraphic columns. 

Discussion

Historical perspective

The Archean gold deposits of the Superior and Yilgarn cra-
tons were discussed in the Economic Geology Fiftieth An-
niversary Volume in terms of metallogeny and structural ge-
ology. From a metallogenic point of view, Turneaure (1955)

referred to gold deposits in the Kirkland Lake-Cadillac, Por-
cupine, and Western Australia metallogenic provinces as as-
sociated with Algoman granites and as having formed during
the Algoman metallogenic epoch. He further noted the spa-
tial association of the deposits with major fault zones, which
were subjected to latest movements in the Algoman orogeny.
He suggested a similarity of setting of the Kirkland Lake-
Cadillac belt to that of younger terranes, such as those of the
Sierra Nevada foothills in California. The deposits themselves
were described to be of hypothermal to mesothermal charac-
ter, in keeping with depth zoning models of the time. Of in-
terest to the present discussion, the base metal-rich deposits
in these provinces, including the Horne deposit, were consid-
ered to be of the same genetic style as the gold-bearing quartz
veins and sulfidic replacements. In reviewing structural as-
pects of the Archean gold deposits, McKinstry (1955) also
noted the importance of major fault zones in the Abitibi sub-
province and in Western Australia and their similarities with
the Mother Lode belt of deposits in California. He empha-
sized the importance of fluid channelways and recognized
that the nature and orientations of fractures are controlled by
external stresses coupled with the orientation and strength of
host rocks. Drawing on examples from the Norseman and Val
d’Or camps, McKinstry (1955) suggested that vein deposits
are the result of both open-space filling and, as he termed it,
“replacement” in shear and tension fractures and that, unlike
in younger epithermal environments, reverse and strike-slip
faults are dominant. He further described the deposits at
Geraldton, Pickle Lake, and Southern Cross as concordant,
“replaced” iron formations formed by secondary fracturing
and veining.

The gold deposits and gold belts described herein received
scant coverage in the Economic Geology Seventy-Fifth An-
niversary Volume, perhaps reflecting the diminished eco-
nomic importance of gold deposits in the preceding years.
Nonetheless, a discussion of ore-forming processes related to
gold-bearing quartz veins (Meyer, 1981) contained signifi-
cantly different views than 25 yr earlier. The base metal-rich
massive sulfide deposits by this point were accepted as being
volcanogenic in origin and separated from the discussion.
The gold-bearing quartz veins were portrayed as being of
two styles. The majority, termed gash veins by Meyer (1981),
were suggested to be the products of medium-temperature
metamorphism accompanying deformation. In contrast, a
few deposits were acknowledged to be metasomatic systems,
generated at greater depth but with the view that the gold
probably came from adjacent rocks (Meyer, 1981). The
stratigraphic control of deposits and the notion of source
beds were also emphasized at that time. The view was that
the gold ores are effectively strata bound and localized high
in the stratigraphic column. Looking at the problem from the
view of Archean metallogeny, Anhaeusser (1981) expressed
many of the same ideas, suggesting that gold was mobilized
from a primary source and subsequently concentrated in a
secondary setting. He noted that the relative abundance of
gold in greenstone belts may be dictated by particular rock
types, and that there is a close genetic tie between gold and
ultramafic-mafic rock stratigraphy, particularly komatiites. In
addition, he stated that gold orebodies are commonly associ-
ated with beds of sulfide and mixed sulfide-carbonate facies
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BIF and regarded many such deposits as submarine chemi-
cal precipitates. From the perspective of timing, Anheusser
(1981) suggested that the gold deposits, except for the “syn-
genetic-strata-bound occurrences,” are epigenetic and gen-
erally produced by “relocation” in any favorable lithologic
setting in the greenstone pile after granite emplacement, de-
formation, and metamorphism.

The last 25 yr coincided with a period of high economic in-
terest for gold, which resulted in a considerable amount of re-
search on Archean gold deposits, particularly in the Yilgarn
and Superior cratons. The extensive geologic and geochrono-
logic database developed in the last 25 yr indicates that simi-
lar tectonic processes took place in many, if not all, green-
stone belts of the Superior and Yilgarn cratons. Although all
greenstone belts contain at least some gold, only a few belts,
and, more typically, very limited sectors within them, contain
significant amounts, which points to the special character of
such well-endowed areas. The most prolific sectors of green-
stone belts are distinguished from their poorer counterparts
mainly by a higher degree of preservation of supracrustal
rocks and by more abundant komatiites. The composition of
the substrate to the well-mineralized greenstone belts seems
unimportant, with both ensialic and ensimatic environments
represented. The distribution of large gold deposits and
camps along narrow, continuous gold belts that commonly
overlap with belt-scale fault zones is now understood to rep-
resent a spatial association with long-lived structures that
acted as crustal scale magma and fluid conduits, which have
also influenced coarse clastic sedimentation (Dimroth et al.,
1982; Hallberg, 1986). However, the common regular spacing
of large deposits or camps on the order of 30 to 50 km along
fault zones is an empirical fact that remains mainly unex-
plained (Weinberg et al., 2004).

The intensive deposit-scale research of the last 25 yr has re-
sulted in a better appreciation of local factors that control the
location and geometry of the deposits. In addition to the re-
inforcement of the concept of the fundamental importance of
faults and shear zones, these include the importance of com-
petency contrast and layer anisotropy as factors influencing
the orientation and degree of rock fracturing, a prime control
on the location of mineralization, as well as the importance of
rocks with a high Fe/(Fe + Mg) as a favorable chemical re-
ceptor for gold. The diverse styles of gold mineralization are
now understood as having formed over a range of crustal
depths, from epizonal to mesozonal, and possibly hypozonal
(Groves, 1993; Goldfarb et al., 2005).

Issues of ages, models, and sites of gold deposits

Significant uncertainty and debate remain on the timing of
formation of the deposits, the models that best explain their
characteristics, and the fundamental causes of the high con-
centration of gold in very localized areas. The geologic and
geochronologic evidence compiled in this review indicates
clearly that the most gold deposits formed during the oro-
genic phase of the evolution of their host greenstone belts
and can therefore be regarded as orogenic in a broad sense.
However, given the evidence for multiple gold mineralizing
events in each of the gold belts and for superposition of dif-
ferent ages of gold mineralization in a number of camps and
deposits (Fig. 5), it is clear that no single mineralizing event

can explain the formation of all gold deposits within the dif-
ferent gold belts.

Various models have been proposed to explain gold de-
posits in both cratons (e.g., Hodgson, 1993; Hutchinson,
1993; Spooner, 1993; Groves et al., 2003). The orogenic
model, which relates diversity in styles of Au-only mineraliza-
tion to depth variations during a single ore-forming period
that occurs during the late, shortening stages of greenstone
belt evolution (Groves et al., 2000) is clearly applicable to the
abundant late-stage quartz-carbonate veins and other, tempo-
rally associated mineralization styles. Deposits that have been
overprinted by late-stage deformation and metamorphism, or
that possess unique Au base metal associations, require the
application of other models (Groves et al., 2003). The Au-rich
massive sulfide-style deposits of the Timmins-Val d’Or gold
belt have been interpreted as transitional between classic
VMS and shallow-marine epithermal deposits (Dubé et al.,
2004b). Magmatic hydrothermal models have also been pro-
posed for Au-only deposits (Spooner, 1993). More specifi-
cally, early-stage porphyry-type magmatic hydrothermal mod-
els have been applied to deposits such as the Au-Cu
Boddington (Roth et al., 1991) and Troilus (Fraser, 1993) de-
posits, the Cu-Mo-Au McIntyre deposit (Davies and Lutha,
1978), and the Au-Mo Hemlo deposit (Muir, 2002). However,
a late-stage (postorogenic) intrusion-related model has also
been proposed for Boddington (McCuaig et al., 2001), as
have syngenetic, epithermal, and orogenic models for Hemlo
(Muir, 2002). Finally, epithermal models have also been pro-
posed for the Campbell-Red Lake (Penzak and Mason, 1999)
and Golden Mile (Clout, 1989) deposits.

Many of the divergent views on the genesis of gold deposits
can be reconciled by considering a scenario of progressive
formation of gold deposits in relationship to the different
processes that take place along the gold belts during orogeny.
In the right environment, the waning of volcanism and onset
of uplift that result in voluminous clastic sedimentation may
favor emergent felsic volcanism and the formation of shallow-
marine Au-rich VMS deposits. The subsequent period of clas-
tic sedimentation, early contractional deformation (D1), and
uplift that leads to development of various unconformities
was accompanied by increased plutonic activity, including lo-
cally abundant shallow-level porphyry stocks and dikes. Mag-
matic hydrothermal deposits of porphyry affinity, or perhaps
epithermal deposits, would be expected to form during this
period. During the main phase of contractional deformation
(D2-D3), burial and regional metamorphism, and the onset of
the final unroofing of the greenstone belts, progressive and
widespread formation of synorogenic deposits would be ex-
pected over a range of crustal depths. Such progressive for-
mation of different types of gold deposits at different times
along the same narrow belts could explain the common over-
printing of the early deposit types by the late orogenic ones.
By way of comparison, the diversity of styles of gold deposits
formed during the 30- to 50-m.y. orogenic phase of the gold
belts of both cratons rivals that of the Great Basin in western
United States during the Cretaceous-Tertiary. That time pe-
riod saw the formation of porphyry, skarn, Carlin-type, and a
variety of epithermal gold deposits (Cline et al., 2005; Sim-
mons et al., 2005), illustrating the diversity that can exist in
large gold-producing regions.
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Finally, the issue of the occurrence of large gold deposits in
space is of greater practical importance than their timing or
genesis. Decades of research on the Archean gold deposits of
the Yilgarn and Superior cratons have led to many alternatives
to explain their gold endowment. Magmatic and orogenic
(both metamorphism and deformation) processes are those
most commonly invoked (see Goldfarb et al., 2005, for more
details). The specific histories of the gold belts, and the
known constraints on timing of gold deposits, suggest that all
of these processes may have led to the formation of one or
more specific deposits, and that it is virtually impossible to
separate orogenic and magmatic processes because they over-
lap so completely in space and time. In addition, the products
of volcanism, plutonism, metamorphism, and deformation are
found in every greenstone belt, yet significant gold deposits
are not. Mantle plumes have also been invoked to explain the
gold endowment of the two cratons (Barley et al., 1998;
Wyman et al., 1999). Although mantle plumes may be re-
sponsible for the formation of komatiites in all of the gold
belts considered here, the fact that they significantly predate
gold deposition, for example by as much as 300 m.y. in the
Rice Lake-Pickle Lake gold belt, precludes their direct bear-
ing on the origin of gold deposits. 

The linear arrangement of deposits in gold belts is com-
monly attributed to crustal-scale faults. Late tectonic faults
and shear zones are commonplace in the Archean gold belts
but not all of them share the same ancestry or the same gold
endowment. Considerable emphasis has been placed on the
kinematics of such structures, as deduced by their late-stage
metamorphic fabrics, but a more important issue is their ear-
lier history as loci of magmatism and coarse clastic sedimen-
tation (e.g., Dimroth et al., 1982; Hallberg, 1986). The best-
endowed gold belts appear to be those associated with
long-lived crustal structures that have influenced the early,
precontractional deformation and geological development of
the belts, including voluminous komatiitic volcanism and
basin architecture, as well as the presence, and high degree of
preservation, of young supracrustal rocks. Although synoro-
genic quartz-carbonate vein and BIF-hosted gold occur-
rences are present throughout the greenstone belts of both
cratons, large examples of such deposits are mainly restricted
to gold belts. These belts are also marked by the presence of
large examples of other, commonly atypical, deposit styles,
which perhaps represents another key signature of the well-
endowed belts. Again, by comparison, the concentration of
significant gold deposits in well-defined gold belts is not a
unique feature of the Superior and Yilgarn cratons. For ex-
ample, in the Great Basin, gold deposits are also arranged in
specific gold belts containing more than one age and style of
deposit, such as in the Walker Lane, the Battle Mountain-Eu-
reka trend, and the Carlin trend (Cline et al., 2005). This
must be a reflection of fundamental crustal structure, and
perhaps composition of subcrustal mantle, as much as the
local ore-forming hydrothermal processes (Hildenbrand et
al., 2000).

Outstanding issues for future research

It is clear from this review that we are still lacking an in-
depth geologic understanding (in the broad sense) of many
world-class gold deposits and the fundamental controls on

their distribution at the camp and belt scales in the Superior
and Yilgarn cratons. As pointed out by Groves et al. (2003),
progress on this critical front will require careful integration
of thorough field-based studies with more sophisticated geo-
chemical and isotopic studies. It will be critical that the work
emphasizes the types of geologic, stratigraphic, and structural
relationships that have been highlighted here at the deposit,
camp, and belt scales. It will be just as critical that such work
be carried out by integrated research teams. 

Future research into the gold metallogeny of Archean cra-
tons should focus on the following particularly critical topics:
(1) detailed and integrated documentation of large gold de-
posits is needed, particularly for those that remain enigmatic,
including their absolute and relative timing with respect to
other geologic events, and their camp-scale settings, in order
to highlight the key geologic controls of their location and de-
velopment; (2) the early geologic history of the prolific gold
belts, the possible special aspects of the associated long-lived
crustal-scale structures, and the causes of regular spacing of
camps along them, all need to be deciphered; (3) the rela-
tionships of gold deposits to metamorphism need to be clari-
fied, particularly in areas of high metamorphic grade—this
also calls for a better understanding of the thermal histories
of the greenstone belts; and (4) the causes of the heteroge-
neous gold endowment within the cratons and the greenstone
belts, which may be related to the ultimate source of gold
within them, need consideration.

Conclusions
The foregoing review of the temporal and spatial controls

on gold deposits and camps of the Yilgarn and Superior cra-
tons suggests several broad conclusions. Significant gold de-
posits are concentrated in narrow, continuous gold belts
(Timmins-Val d’Or and Wiluna-Norseman), each accounting
for >50 percent of the gold endowment of their respective
cratons. The linear arrangement of deposits in these gold
belts is commonly attributed to crustal-scale faults (e.g., Boul-
der-Lefroy, Destor-Porcupine). Considerable emphasis has
been placed on the kinematics of such structures, as deduced
by their late-stage metamorphic fabrics, but a more important
issue is their earlier history as loci of magmatism and coarse
clastic sedimentation. Gold deposits, including large ones,
cluster into camps, spaced about 30 to 50 km along the belts
and commonly sited at bends in the trace of controlling
crustal scale faults. The most prolific gold camps are charac-
terized by structural highs that juxtapose the lower and up-
permost parts of the stratigraphic column and by folded un-
conformities, early regional alteration, and concentrations of
intermediate to felsic porphyry stocks. 

The great gold belts contain significant volumes of komati-
ites, and the upper parts of Archean crust are well preserved.
The belts contain rocks metamorphosed to subgreenschist fa-
cies and some of the youngest volcanic and clastic sedimen-
tary rocks that occur in their respective cratons. The nature of
the subvolcanic crust seems to be unimportant in determin-
ing the prospectivity of a gold belt. Extensive komatiitic vol-
canism, polycyclic in the case of the Abitibi subprovince, is
perhaps the first tangible reflection of a connection to the
deep crust and mantle, even if not directly related in time to
mineralization. Unconformities, irrespective of the age and

1028 ROBERT ET AL.

0361-0128/98/000/000-00 $6.00 1028



composition of the rocks above them, are commonly loci for
many deposits and camps within the belts. Although there are
many possible explanations for this association, they most
likely are expressions at the Archean surface of the structures
that ultimately control the locations of deposits.

There is no single event that explains the formation of all
gold deposits in either craton. Rather, gold belts, camps, and
even some deposits contain different styles of ore, clearly
formed at different times and, in many cases, by different
processes. Despite the diachroneity of gold deposition, the
majority of deposits formed toward the end of the tectonic
histories of their respective cratons. Most deposits, irrespec-
tive of genesis, formed between 2720 and 2630 Ma, an inter-
val of time approximately equivalent to the latest Cretaceous
through Tertiary.

Decades of research on the Archean gold deposits of the
Yilgarn and Superior cratons have led to many alternatives to
explain the gold endowment of these cratons, most commonly
invoking magmatic and orogenic (metamorphism and defor-
mation) processes. The specific histories of the gold belts, and
the known constraints on timing of gold deposits, suggest that
all of these processes may have led to the formation of one or
more specific deposits and that it is virtually impossible to
separate orogenic and magmatic processes because they over-
lap so completely in space and time. The only constant is one
of place, such that the products of volcanism, plutonism,
metamorphism, and deformation are found in every green-
stone belt, yet significant gold deposits are not. Irrespective
of a century of debate on ore genesis, a unique explanation for
the exceptional gold endowment of specific belts and camps
remains elusive.
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