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Abstract 

The tectonic evolution of the Superior Province is now widely interpreted to have parallels with the 
modern plate tectonic paradigm. Gold-rich mineral deposits in Phanerozoic terranes held forth as 
analogues for Archean greenstone belts are widely interpreted to have developed as magmatic 
hydrothermal systems related to intermediate to felsic rocks generated above subduction zones.  No such 
consensus exists for the origin of Archean lode gold deposits.  The goal of this contribution is to present 
and discuss a working hypothesis that links Archean gold deposits to magmatic hydrothermal processes 
and the late-stage tectonic setting of greenstone belts. 

Granitoid rocks are the most voluminous component of the Superior Province and offer the most 
complete and possibly least ambiguous record of Archean tectonic evolution.  Granitoid rocks are 
products of partial melting of diverse sources including basaltic crust, pre-existing intermediate to felsic 
igneous rocks, metasedimentary rocks and metasomatized mantle.  The distribution of these different 
petrogenetic varieties of granitoid rock in space and time can be interpreted within a broadly 
uniformitarian plate tectonic model although some modifications are required to explain the voluminous 
production of high-Al TTG magmas and late extraction of intermediate magmas from metasomatized 
mantle sources during the Archean.  The differing characteristics of intermediate to felsic magmas 
associated with Phanerozoic and Archean arc magmatism are attributed to higher radioactive heat 
production in the Archean. 

The timing of introduction of gold during the development of the Superior Province is controversial; 
however, the weight of evidence suggests that much of the gold was introduced subsequent to volcanism, 
sedimentation and the earlier stages of regional deformation and generally synchronously with late stage 
plutonic activity, regional metamorphism and the later stages of regional deformation.  Plutons that are 
emplaced synchronously with this main stage gold introduction event are those associated with the late 
mantle-derived (sanukitoid and alkalic) suites.  Consequently, the broad tectonic setting inferred for the 
late mantle-derived plutons (extensional orogenic collapse triggered by influx of hot asthenospheric 
mantle associated with slab break-off or roll-back following terrane accretion) provides a context within 
which the development of Archean lode gold deposits may be considered. 

A subset of late mantle-derived plutons that exhibit a temporal and spatial association with some 
Archean lode gold deposits is distinctive in several other respects and suggests possible parallels with 
Phanerozoic magmatic hydrothermal systems.  These plutons have mineralogical characteristics, magnetic 
susceptibilities and mineral chemical characteristics suggesting they are either anomalously highly 
oxidized or anomalously reduced I-type plutons.  Limited data also suggest that these plutons may have 
slightly higher abundances of halogens, and in particular chlorine, than other Archean plutons.  These 
characteristics exhibit some similarities to those of Phanerozoic plutons that are genetically associated 
with magmatic hydrothermal mineralization. 

A major challenge in extending magmatic hydrothermal models to the Archean arises from the fact 
that, with some exceptions, Archean lode gold deposits are unlike Phanerozoic magmatic hydrothermal 
models in several important respects.  The differences include the relative timing of mineralization with 
respect to other components of the geological history, the nature of structural controls on mineralization, 
geometry of deposits and the nature of metal and alteration assemblages.  Two fundamental differences 
between Archean and Phanerozoic arc terranes are interpreted here to be responsible for the differing 
characteristics of these deposits.  Firstly, Archean intermediate to felsic magmas that are dominantly 
sourced in metasomatized sub-arc mantle, and are the best candidates for generation of mineralizing 
magmatic hydrothermal fluids, are restricted to a brief interval that postdates volcanism and is broadly 



 

syntectonic and synmetamorphic.  In Phanerozoic magmatic arcs, this metasomatized mantle is a 
dominant source component throughout all stages of arc magmatism.  Secondly, preserved Archean late 
mantle-derived plutons were emplaced at depths greater than those of most mineral-associated 
Phanerozoic plutons (~8-12 km vs <3 km), precluding the development of extensive hydrothermal 
brecciation and influencing the nature of fluids (mantle and/or metamorphic-dominated versus meteoric-
dominated) that are likely to interact with magmatic hydrothermal fluids.  It is proposed that tectonic 
deformation operating synchronously with late mantle-derived plutonism is required to generate the 
porosity and permeability that will facilitate focused hydrothermal fluid flow capable of forming an 
economic mineral deposit.  These structures will also focus the flow of other potentially auriferous fluids 
(mantle and/or metamorphic) and may be sites of complex fluid mixing that may be a critical ingredient 
in the formation of large mineralized systems.  The structures that develop synchronously with late 
mantle-derived plutons and control the character and geometry of mineralization are those that develop 
during an interval of synchronous horizontal and vertical tectonic processes culminating in the the 
development of a stable Archean craton. 

This working hypothesis requires further testing and development; however, the weight of evidence 
supports the concept that structurally controlled, magmatic hydrothermal fluids are primarily responsible 
for the generation of a subset of Archean lode gold deposits and are a major to minor fluid component 
within other deposits.  Furthering our understanding of the nature and tectonic setting of late mantle-
derived plutonism will contribute to an improved predictive metallogenic model for Archean lode gold 
deposits. 
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Introduction 

Archean granitoid rocks volumetrically dominate the Superior Province and arguably offer the most 
complete and least ambiguous record of its tectonic development.  Work carried out by numerous 
researchers over the past 25 years has led to the recognition that the previously unsubdivided “sea of 
granite” is divisible into a number of types of intermediate to felsic plutonic suites with contrasting 
mineralogical and geochemical characteristics reflecting differences in their petrogenesis and tectonic 
significance. 

The metallogenic significance of intermediate to felsic plutonism has, with the exception of the 
association of rare-metal mineralization with pegmatites related to the peraluminous S-type granites 
(Breaks 1989; Breaks and Moore 1992), received limited attention.  This contrasts with the well-
established association of gold, copper and molybdenum mineralization with intermediate to felsic 
plutons in porphyry and epithermal systems within Phanerozoic orogenic belts (Burnham and Ohmoto 
1980; Sillitoe 1997).  Inasmuch as these Phanerozoic belts are often held forth as analogues for Archean 
greenstone belts, the apparently contrasting characteristics of gold-copper-molybdenum deposits in 
Phanerozoic and Archean terranes represents an enigma that has both tectonic and metallogenic 
significance. 

This report summarizes some aspects of Archean granitoid plutonism within the Superior Province, 
with an emphasis on a suite of late mantle-derived plutons (LMDP) that will be argued are temporally 
and, in some cases, spatially related to Archean lode gold deposits (ALGD).  A model is developed which 
genetically links ALGDs to magmatic hydrothermal processes associated with the LMDPs. The approach 
adopted to develop this model is nontraditional in that it involves forward-modeling of a general process 
(intermediate to felsic plutonism) rather than working backwards from the characteristics of the deposits 
themselves.  The resultant model reconciles some of the contrasting characteristics of Archean and 
Phanerozoic gold mineralization styles.  Implications of this model for mineral exploration are discussed 
in the final section.   

Summary of Characteristics of Superior Province 
Granitoid Magmatism 

Intermediate to felsic plutonic rocks underlie large portions of the Superior Province.  The southern 
portion of the western Superior Province is presented as an example because granitic rocks are generally 
well exposed and, compared to most other areas with extensive granitic rocks, has been the subject of 
comparatively detailed mapping (granitoid rocks throughout most of this area have been mapped on a 
scale of at least 1:63 360 to 1:50 000, with selected areas mapped in even greater detail).  In addition, 
numerous detailed investigations of granite petrogenesis have been carried out in this area, making this 
one of the better understood areas in the world in terms of Archean granitoid plutonism.  Within this large 
area, intermediate to felsic plutonic rocks underlie more than 70% of the exposed surface area of Archean 
crust (Figure 1, Table 1). 

It is also probable that areal dominance of granitoid rocks extends to the third dimension and that 
these rocks are volumetrically dominant.  In some cases, down plunge projections indicate that belt-
bounding granitic batholiths structurally underlie greenstone belts (e.g., Beakhouse 2001).  Many 
domains within the Superior Province that are thought to represent the mid-crust (e.g., Wawa gneiss 
domain, Moser 1994; Winnipeg River Subprovince, Beakhouse 1991) are characterized by high areal 
percentages of granitoid rock.  Furthermore, constraints from geophysical studies suggest that greenstone



 

 

 

 
Figure 1.  Geological map of a portion of the western Superior Province. The heavy line outlines the area for which the areal percentage of lithological units has been calculated 
and presented in Table 1. 

 

2 



Table 1.  Areal distribution of lithology within the area illustrated in Figure 1. (GoO = Geology of Ontario.)

GoO Map 
Unit

Area 
(km2) GoO Legend Description

Mafic Metavolcanic Rocks
01 112 0.07 0.07 Metasedimentary rocks and mafic to ultramafic metavolcaic rocks
03 1316 0.82 0.83 Mafic metavolcanic and metasedimentary rocks
04 5920 3.68 3.75 Mafic to ultramafic metavolcanic rocks
04a 243 0.15 0.15 Mafic to ultramafic metavolcanic rocks
04b 5407 3.36 3.42 Mafic to ultramafic metavolcanic rocks
05 5270 3.27 3.34 Mafic to intermediate metavolcanic rocks
08 273 0.17 0.17 Migmatized supracrustal rocks

11.51 11.74

Felsic Metavolcanic Rocks
02 136 0.08 0.09 Felsic to intermediate metavolcanic rocks
06 4750 2.95 3.01 Felsic to intermediate metavolcanic rocks
06b 107 0.07 0.07 Felsic to intermediate metavolcanic rocks

3.10 3.16

Metasedimentary Rocks
07 15099 9.37 9.56 Metasedimentary rocks
07a 10 0.01 0.01 Metasedimentary rocks
07c 63 0.04 0.04 Metasedimentary rocks
07d 6 0.00 0.00 Metasedimentary rocks
07e 1577 0.98 1.00 Metasedimentary rocks
09 525 0.33 0.33 Coarse clastic metasedimentary rocks
09a 175 0.11 0.11 Coarse clastic metasedimentary rocks
09b 37 0.02 0.02 Coarse clastic metasedimentary rocks

10.86 11.08

Mafic Intrusive Rocks
10 1925 1.20 1.22 Mafic and ultramafic rocks
10a 112 0.07 0.07 Mafic and ultramafic rocks
10b 1 0.00 0.00 Mafic and ultramafic rocks
10c 30 0.02 0.02 Mafic and ultramafic rocks

1.28 1.31

Intermediate to Felsic Intrusive Rocks
Tonalitic to Granodioritic Intrusive Rocks

11 13547 8.41 8.58 Gneissic tonalite suite
12 44800 27.81 28.37 Foliated tonalite suite

36.22 36.95
Granodioritic to Granitic Intrusive Rocks

15 36467 22.64 23.09 Massive granodiorite to granite
15a 8104 5.03 5.13 Massive granodiorite to granite

27.67 28.23
Strongly Peraluminous Granitic Intrusive Rocks

13 6239 3.87 3.95 Muscovite - bearing granitic rocks
3.87 3.95

Dioritic to Granodioritic Intrusive Rocks
14 5134 3.19 3.25 Diorite - monzonite - granodiorite suite
14b 260 0.16 0.16 Diorite - monzonite - granodiorite suite

3.35 3.42
Dioritic to Nepheline Syenitic Intrusive Rocks

16 224 0.14 0.14 Hornblendite - nepheline syenite suite
16c 39 0.02 0.02 Hornblendite - nepheline syenite suite

0.16 0.17

Total Intermediate to Felsic Intrusive Rocks 71.28 72.71

Proterozoic Rocks
Proterozoic Metasedimentary Rocks

24a 78 0.05 Sedimentary Rocks (Animikie Group)
24b 1272 0.79 Sedimentary Rocks (Animikie Group)
31 16 0.01 Sibley Gp.

Proterozoic Intrusive Rocks
34a 1788 1.11 Mafic and related intrusive rocks (Keweenawan age)
34b 7 0.00 Mafic and related intrusive rocks (Keweenawan age)
34c 7 0.00 Mafic and related intrusive rocks (Keweenawan age)

1.97

Area Percent
Archean Area 
Percent

3
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belts have limited depth extent and are underlain by dominantly granitic crust (e.g., Jackson et al. 1995).  
Estimates of lower crustal composition based on seismic velocity and density suggest an overall 
intermediate composition requiring the presence of a least 25 to 60% granitic rocks (Musacchio et al. 
2004). 

A further consideration is that certain volcanic rocks and many sedimentary rocks are probably 
linked to the processes that generated intermediate to felsic plutonism in the Superior Province.  
Intermediate to felsic volcanic rocks are cotemporal with certain components of the intermediate to felsic 
plutonic record (Corfu and Davis 1992) and geochemical signatures of the volcanic and coeval plutonic 
rocks may be similar (e.g., Edwards 1985), suggesting that this volcanism is linked to the same magmatic 
processes.  Furthermore, relatively coarse-grained quartz and relatively sodic plagioclase feldspar are 
major components of most Archean metasedimentary rocks and this provenance component can only be 
reasonably ascribed to earlier intermediate to felsic magmatic processes.  Archean metasedimentary rocks 
commonly contain intermediate to felsic volcanic lithic fragments, have chemical signatures diagnostic of 
significant input from intermediate to felsic igneous rocks or may be distal facies equivalents of 
intermediate to felsic volcanism (Condie 1981; McLennan 1984; Ojakangas 1985; Camiré et al. 1993).  
These interpretations collectively indicate that the Superior Province largely consists of rock ultimately 
produced by intermediate to felsic magma generation processes. 

This areal, and probable volumetric, dominance of intermediate to felsic igneous rocks is shared by 
most other Archean cratons.  This characteristic in part distinguishes Archean terranes from younger 
orogenic belts. 

Modern petrologic investigations of intermediate to felsic intrusive rocks suggest that the diversity 
displayed by these rocks is, for the most part, a function of the partial melting parameters and sources 
from which they are derived.  A range of other possible processes, including fractional crystallization, 
assimilation and magma mixing, contribute to the complexity displayed by these rocks and, in some 
cases, mask the characteristics imparted at the source of melting. Other processes (e.g., fractionation of 
mafic magmas, liquid immiscibility) may also give rise to intermediate to felsic magmas but are capable 
of producing limited volumes of felsic magma, although in some cases, these are of economic 
significance (e.g., FIII-type rhyolites, Lesher et al. 1986). 

In the following discussion, intermediate to felsic plutonic rocks are divided into broad suites on the 
basis of their inferred source rock from which they originate by partial melting (Figure 2).  Two-stage 
granites are derived either by partial melting of basalt (TTG Suite) or direct melting of metasomatized 
mantle (Mantle-Derived Suite).  Three-stage granites are derived from pre-existing intermediate to felsic 
crust either directly by partial melting of earlier two-stage granites (Crustal I-type Suite) or by partial 
melting of metasedimentary rocks (Crustal S-type Suite) that are largely derived from reworking of two-
stage granitic crust.  The basis for these interpretations and the characteristics of these granitoid suites is 
discussed in the following sections. 

TTG SUITE 

Early studies involving the application of modern trace element geochemical techniques to the 
investigation of intermediate to felsic plutonic rocks identified a distinctive suite of tonalitic to 
granodioritic composition that are abundant within Precambrian, and particularly Archean, terranes (e.g., 
Arth and Hanson 1972; Barker and Arth 1976; Glikson 1979).  In addition to tonalite and granodiorite, 
this suite commonly included leucocratic tonalites characterized by relatively sodic plagioclase that were 
termed trondhjemites, hence the abbreviation TTG.  Although the term trondhjemite (=leuco-tonalite) is 



 

 

 

 
Figure 2.  Flow chart illustrating a generalized petrogenetic model for Superior Province intermediate to felsic igneous rocks. Sanukitoid and alkalic magmas comprise the mantle-
derived suite. The TTG-type magmas may be further subdivided into high-Al and low-Al subtypes as discussed in text. 
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now infrequently applied, the use of TTG as the suite abbreviation has persisted and is used in ensuing 
discussion. 

TTG suite intrusions occur as multiphase intrusive complexes ranging up to batholithic dimensions 
as well as smaller, discrete, single-phase plutons.  Inclusions (generally amphibolite of basaltic 
composition) may be abundant or rare.  These plutons are generally broadly synvolcanic and 
consequently predate, or are synchronous with, deformation and metamorphism imposed on greenstone 
belts.  This deformation and metamorphism may result in the transformation of moderately heterogeneous 
intrusions into extremely heterogeneous and complexly deformed gneissic assemblages (Figure 3). 

This suite is characterized by a relatively restricted mineralogical range (mostly tonalite to 
potassium-poor granodiorite) with color index commonly less than 15.  Biotite and/or hornblende are the 
predominant ferromagnesian silicates (see Figure 3).  Titanite, epidote, apatite and zircon are common 
magmatic accessory minerals but rarely are present in more than trace abundances.  Magnetite is the 
dominant oxide mineral phase but is generally present in low (<<1%) abundance.  Secondary minerals are 
commonly present in minor amounts and are primarily related to deuteric hydration reactions, with 
plagioclase partially replaced by a mixture of white mica, epidote and calcite, and biotite partially 
replaced by chlorite.  Significant mineralogical and chemical modification related to secondary alteration 
is comparatively rare except in the case of low-Al TTG (defined below) that may be associated with 
pervasive hydrothermal alteration related to volcanogenic massive sulphide mineralization.  Two 
chemically distinct TTG varieties, referred to as high-Al and low-Al, have been recognized and are 
described separately below.  Of these, the low-Al variety is comparatively rare within Archean terranes in 
general and the Superior Province in particular. 

Low-Al TTG 

Noteworthy characteristics of low-Al TTG variety include low Al2O3 (<15% at 70% SiO2), comparatively 
low Sr abundances (<400 ppm), high abundance of Zr, Y and Yb, elevated but weakly fractionated rare 
earth elements (CeN/YbN <5) with prominent negative Eu anomalies and mantle-type radiogenic isotope 
signatures (Barker 1979; Barker et al. 1976).  These characteristics point to generation at shallow depths 
with low pressures within the plagioclase stability field (residual plagioclase depletes the melt in Al, Sr 
and Eu) and above depths characterized by extensive residual garnet (which would deplete the melt in 
heavy rare earth elements).  These geochemical attributes have been interpreted to reflect either 
comparatively shallow-level fractionation of hydrous mafic magmas or partial melting of amphibolitic 
mafic crust (Barker 1979; Barker et al. 1976).  The fractional crystallization hypothesis is most 
reasonably applied where cumulate and intermediate compositions are preserved, whereas a melting 
model is favoured in the case of bimodal mafic-felsic associations (Arth et al. 1978). 

Superior Province examples of low-Al TTG are rare and tend to occur in bimodal mafic-felsic 
associations.  The most thoroughly investigated pluton in Ontario with affinity to the low-Al TTG group 
is the Beidleman Bay intrusion which is spatially and probably genetically related to volcanogenic 
massive sulphide (VMS) mineralization in the Sturgeon Lake area of the Wabigoon Subprovince (Galley 
et al. 2000).  Other possible VMS-related, low-Al TTG plutons occur in the Kamiskotia (Barrie and 
Shirey 1991) and Noranda (Galley 2003) areas of the Abitibi Subprovince and the Paleoproterozoic Snow 
Lake VMS camp (Galley 2003).  The timing of all of the aforementioned intrusions is synvolcanic and 
consequently the plutons are tilted, deformed and metamorphosed along with the associated volcanic 
sequences that host the VMS mineralization.  The generation and high-level emplacement of these 
plutons may be associated with zones of extension and “thermal corridors”, which are favoured sites for 
the development of convective, sub-seafloor, hydrothermal circulation that forms VMS mineralization  
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Figure 3.  Field relationships and textural and mineralogical characteristics of high-Al TTG suite plutons.  These plutons 
characteristically have a foliation that ranges from a simple mineral foliation (3a -  The Dalles batholith) to a composite mineral 
foliation/gneissosity (3b - Pukaskwa batholith) and can progress to the development of highly banded gneisses (3c - Pukaskwa 
batholith).  The foliation/gneissosity may be complexly and/or multiply deformed (3d - Kenora tonalite gneiss).  Variously 
deformed and transposed dikes (3e - Black–Pic batholith) that may be petrogenetically unrelated to the TTG suite contribute to 
the banded, heterogeneous character of many of these units.  These units typically are relatively leucocratic tonalite to potassium-
feldspar-poor granodiorite with simple mafic mineralogy (biotite ± hornblende: 3f - Pukaskwa batholith) and widespread but very 
minor magmatic accessory minerals (titanite + zircon + apatite ± magnetite ± epidote). Scale bar in centimetres and millimetres. 
Abbreviations: Biot, biotite; Hbl, hornblende. 
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(Galley 2003).  Although low-Al TTG intrusions are primarily synvolcanic and associated with 
greenstone belts, there are individual analyses from granitoid-dominated areas that display many of the 
geochemical characteristics of this suite (Stone 1998). 

Many low-Al TTG plutons are spatially associated with coeval volcanic rocks having broadly similar 
geochemical characteristics and are probably petrogenetically related (Galley 2003).  These volcanic 
rocks are commonly referred to as FII- or FIII-type rhyolites (Lesher et al. 1986) although a variety of 
classification schemes have been proposed (see review by Hart et al. 2004).  A wide variety of 
petrogenetic models have been proposed to explain the distinctive geochemical characteristics of these 
volcanic rocks, with most involving shallow-level melting of mafic rocks or fractionation of mafic 
magmas (Hart et al. 2004).  In addition, varioles in high-Fe tholeiitic basalts in the Abitibi (Fowler et al. 
2002) and the Wabigoon (Beakhouse, unpublished data) subprovinces have compositions comparable to 
FIII-type rhyolites.  Although the origin of varioles remains controversial, this suggests that other 
processes (Fowler et al. 2002) may be capable of generating compositions comparable in certain respects 
to those of FIII-type rhyolites. 

The petrographic and geochemical characteristics of low-Al TTG plutons may be modified by 
alteration related to the VMS mineralization with which they are commonly associated.  Primary mafic 
mineralogy (hornblende and biotite) is commonly replaced by fibrous, secondary amphibole and chlorite, 
and replacement of plagioclase by white mica, epidote and carbonate may be extensive.  In extreme cases, 
primary mineralogy may be extensively replaced by secondary minerals including actinolite, epidote, 
chlorite, sericite, magnetite, titanite, albite, garnet, staurolite, kyanite and carbonate (Galley 2003).  
Consequently, geochemical criteria for the recognition of this suite (particularly those involving alkali and 
alkali earth metals) must be applied in conjunction with petrographic and geochemical screening to 
identify least altered rocks. 

High-Al TTG 

High-Al TTG plutons are a major component of the Superior Province and their volumetric dominance is 
a hallmark characteristic of many Archean cratons.  This magma type is abundantly represented in 
greenstone-granitoid subprovinces as intrusions ranging up to batholithic dimensions but also occurs as 
synplutonic intermediate to felsic volcanic rocks and is a major provenance component of sedimentary 
sequences.  Within granitoid-dominated terranes, plutonic rocks of TTG affinity dominate the older 
components of the belt and are interpreted to be the source rocks which are partially melted to give rise to 
many of the younger, more geochemically evolved granitic to granodioritic plutons (Beakhouse and 
McNutt 1991; Stone 1998).  TTG-type plutonic rocks occur locally within metasedimentary-dominated 
subprovinces although in some cases they appear to occur in structural culminations and may represent 
basement to these metasedimentary sequences. 

Chemical characteristics of this suite include low large ion lithophile element (LILE) abundance 
(reflected in low K/Na and Rb/Sr ratios), low abundance of compatible trace elements, intermediate Mg#s 
(generally 38-45), moderately fractionated rare earth elements (REE) with near chondritic heavy rare 
earth elements (HREE) and negligible or weakly positive Eu anomalies and depleted mantle radiogenic 
isotopic signatures.  These geochemical characteristics are closely comparable to both that found 
experimentally (Helz 1973, 1976) and predicted by trace element modeling (Arth and Hanson 1972), for 
partial melting of basalt under lower crustal or upper mantle conditions (eclogitic or mafic garnet 
granulitic residue).  Contributions from intermediate to felsic igneous or sedimentary crustal sources are 
limited by the low LILEs, intermediate Mg#s and isotopic signatures.  Input from a direct mantle-derived 
component is limited by the low compatible trace element abundance and intermediate Mg#s; however, 
minor input from all of these sources cannot generally be ruled out. 



 

9 

These characteristics have led numerous workers to interpret high-Al TTG magmas as products of 
partial melting of basaltic crust at lower crustal to upper mantle depths.  Examples of Superior Province 
TTGs that have been so interpreted include the Northern Light gneiss (Goldich et al. 1972; Hanson and 
Goldich 1972; Arth and Hanson 1972), Rainy Lake batholith (Longstaffe et al. 1982), Kenora biotite 
tonalite gneiss, Melick tonalite and Dalles batholith (Gower et al. 1982, 1983), Aulneau batholith 
(Beakhouse and McNutt 1991), Round Lake and Lake Abitibi batholiths (Feng and Kerrich 1992), Berens 
River subprovince tonalites (Stone 1998) and Dotted Lake batholith (Beakhouse 2001).  In addition to the 
aforementioned plutons that have been investigated in some detail, the general mineralogical and 
geochemical characteristics of the high-Al TTG suite are commonly encountered in reconnaissance 
investigations of tonalitic to granodioritic plutons that dominate large portions of the Superior Province.  
Furthermore, these plutons, together with synchronous, geochemically similar (FI-type), intermediate to 
felsic volcanic rocks are the only volumetrically significant source for coarse-grained plagioclase and 
quartz that is a dominant detrital component of Archean metasedimentary rocks.  Consequently, magmas 
generated by partial melting of basaltic crust at lower crustal to upper mantle depths are a major 
component of the upper continental crust. 

The volume of TTG magmatism together with constraints from the nature of the melting process, 
which requires 10-20% partial melting of basaltic crust, places important constraints on Archean tectonic 
processes.  The protracted production of voluminous high-Al TTG magmatism requires a highly efficient 
process to cycle large volumes of basalt to upper mantle depths and dispose of voluminous residue.  
Processes that might account for the deep burial of basaltic crust include basaltic underplating, subcretion 
of basaltic crust and subduction of basaltic oceanic crust.  Of these mechanisms, the subduction of 
basaltic oceanic crust is favoured as a dominant process because it is a highly efficient process to both 
bury basalt and dispose of residue.  In addition, many high-Al TTG have an eclogite residue signature 
(extreme HREE depletion accompanied by positive Eu anomalies and high Sr abundance) indicative of 
melting a garnetiferous source below the plagioclase stability field.  Furthermore, TTG magmas develop 
concomitantly with greenstone belts for which arc magmatism is independently hypothesized (e.g., Polat 
et al. 1998), and the subduction process also provides a mechanism that accounts for metasomatism of 
long-term depleted mantle to produce the source that is implicated in the genesis of the later mantle-
derived intermediate to felsic magmas. 

MANTLE-DERIVED (SANUKITOID AND ALKALIC) SUITE 

Granitoid rocks are comparatively highly geochemically evolved and many of the petrogenetic models for 
these rocks have focused on melting of preexisting mafic to felsic igneous or sedimentary crust.  
However, experimental evidence suggests that it is possible to generate silica-saturated to undersaturated 
intermediate magmas by direct hydrous partial melting of upper (<25 kbar) mantle peridotite (Kushiro 
1972).  Mantle may be even more fertile if hydrated by metasomatic aqueous fluids (resultant hydrous 
minerals may dissociate during subsequent heating) or veined by slab-derived partial melts (which 
crystallize to form rocks having a lower solidus temperature than unmodified mantle).  Two separate 
suites of potentially mantle-derived intermediate to felsic plutons have been distinguished within the 
Superior Province.  These include the alkalic suite, best represented by alkalic intrusions in the Kirkland 
Lake area, and the sanukitoid suite, which is now widely recognized as a minor, widely distributed 
magmatic component across the Superior Province.  Both alkalic and sanukitoid plutons occur in similar 
tectonic settings and have comparable relative timing and it is possible that these 2 suites define a 
continuum.  This possible continuum is explicable in terms of experimental observations that the degree 
of silica-undersaturation and alkalinity of mantle-derived magmas is inversely related to H2O/CO2 within 
the vapor phase (Mysen and Boettcher 1975a, 1975b; Eggler 1978; Wyllie 1979).  The more alkaline 
nature of CO2-rich systems suggested by these studies is thought to reflect the influence of CO2 on melt 
polymerization and expansion of the liquidus field of enstatite (Eggler 1978; Green et al. 1987).  Most of 
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the work carried out to date as part of this investigation has focused on the more widespread silica-
saturated portion of this spectrum and the ensuing discussion largely applies to the sanukitoid suite. 

Sanukitoid Suite 

Mantle-derived, silica oversaturated igneous rocks in the Superior Province were first described by Shirey 
and Hanson (1984).  These authors noted their chemical similarity to high-Mg andesites of the Setouchi 
belt of Japan referred to as sanukites and applied the term “sanukitoid” to refer to this suite.  
Subsequently, broadly similar rocks have been recognized as a minor, typically late, igneous component 
within many portions of the Superior Province (Stern et al. 1989; Sutcliffe et al. 1990, 1993; Rive et al. 
1990; Beakhouse et al. 1999; Beakhouse 2001; Beakhouse and Davis 2005).  The suite was originally 
defined on the basis of whole rock chemistry of primitive members being characterized by elevated Mg# 
(>60), high Ni and Cr (>100 ppm), fractionated and overall high REE abundances with negligible Eu 
anomalies and high abundance of LILEs (Shirey and Hanson 1984).  Fractionated members of this suite 
depart from this generalized definition, particularly with respect to Mg#, Ni and Cr, all of which are lower 
in more fractionated members of the suite (Stern and Hanson 1991).  Some Superior Province examples 
include the Rocky Islet Bay, Rest Island and Ottertail Lake plutons (Shirey and Hanson 1986), Roaring 
River complex (Stern et al. 1989; Stern and Hanson 1991), Jackfish Lake pluton (Sutcliffe et al. 1990), 
Okanse Lake pluton (Beakhouse et al. 1999) and Gowan Lake and Fourbay Lake plutons (Beakhouse 
2001; Beakhouse and Davis 2005). 

Sanukitoid plutons display considerable diversity, ranging from heterogeneous, multiphase, 
relatively melanocratic, monzodioritic to quartz monzodioritic plutons with abundant, widespread 
mingled mafic magmas and cognate mafic to ultramafic inclusions to relatively homogeneous, more 
leucocratic, potassium-rich granodiorite plutons (Figure 4).  The former are interpreted to be relatively 
more primitive members of the suite whereas the latter, which are commonly more problematic to identify 
as members of this suite, are regarded to have undergone extensive fractionation.  A distinctive 
mineralogical attribute of the more primitive end-member plutons is the relatively high ratio of 
potassium-feldspar to plagioclase in relation to the low quartz abundance and relatively high colour index.  
Minor clinopyroxene (a distinctive characteristic of the suite) locally occurs along with ubiquitous 
hornblende and biotite (see Figure 4).  Anomalous abundance of a wide range of magmatic accessory 
minerals (epidote, titanite, apatite) is a common characteristic.  Lamprophyre is a noteworthy associated 
rock type that may in some cases be temporally and genetically related to sanukitoid plutonism (Stern and 
Hanson 1992). 

Chemically, a dual primitive–evolved character characterizes the sanukitoid suite.  Primitive 
geochemical characteristics, such as high Mg# and Ni and Cr abundances, are reflective of the ultramafic 
parentage of these magmas although, as discussed above, may not be evident in more fractionated 

Figure 4.  (Facing page) Field relationships and textural and mineralogical characteristics of sanukitoid suite plutons.  The 
sanukitoid suite spans a broad composition spectrum and individual plutons may be either highly internally variable or very 
uniform in composition.  Many plutons are characterized by the presence of widely distributed and fairly abundant mafic 
enclaves and irregular variation in colour index (4a - Gowan Lake pluton).  Some plutons display internal layering (4b - Islet 
Lake pluton) suggesting they have undergone high level fractionation.  Some plutons display evidence of mingling of mafic 
intermediate, commonly dioritic to quartz monzodioritic, phases with more evolved, commonly granodioritic, phases with their 
comagmatic character evidenced by a range of cross-cutting relationships, pillow-form mixing structures and back-veining  
(4c and d - Cedar Lake pluton).  The plutons postdate the imposition of deformational fabrics defined by metamorphic mineral 
assemblages on the country rocks they intrude (4e - Heron Bay pluton).  Noteworthy common mineralogical characteristics 
include an abundance of potassium-feldspar even in comparatively quartz poor and/or mafic phases (4f - stained slab of Cedar 
Lake pluton), complex mafic and oxide mineralogy (4g- Gowan Lake pluton) and widespread and unusually abundant magmatic 
accessory minerals including apatite (4h - Kishquabik Lake pluton), titanite, epidote and magnetite. Abbreviations: Bi, biotite; 
Cpx, clinopyroxene; Hbl, hornblende; Mt, magnetite. 
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members of the suite.  Characteristics of the sanukitoid suite that would generally be associated with more 
evolved magmas include elevated abundances of LILEs and high K/Na ratios. The sanukitoid suite is also 
enriched in a wide range of high field strength elements (HFSE) including the REEs.  REEs are 
moderately to highly fractionated (CeN/YbN generally 12-50) with negligible Eu anomalies.  εNd is 
generally in the range 0 to +3 and is consequently slightly less radiogenic than most estimates of late 
Archean depleted mantle (Shirey and Hanson 1986; Beakhouse 2001; Beakhouse et al. 1999).  These 
plutons generally have a strongly metaluminous character and although most are subalkalic, tend to have 
a transitional alkalic to subalkalic composition. 

The sanukitoid model advanced by Shirey and Hanson (1984), and generally adopted in most other 
studies, attributes the dual primitive–evolved character of these plutons to partial melting of 
metasomatized, long-term depleted mantle.  The primitive character arises from the ultramafic character 
of the source and residue, whereas the elevated LILEs and abundant, fractionated REEs are reflective of 
the metasomatic enrichment of these components.  The Nd isotopic signature and fractionated Sm/Nd 
ratios limit the metasomatism of the mantle source to occurring within 50 to 100 million years of the 
melting event that generated this suite.  This model is inherently difficult to test because the process of 
mantle metasomatism (involving perhaps both introduction of an aqueous metasomatic fluid as well as 
veining by low-degree partial melts) is poorly constrained.  The metasomatic source that is invoked, 
however, is broadly consistent with that predicted and observed in mantle xenoliths to consist of 
introduction of phlogopite, K-richterite, titanates and potassium-rich and carbonatitic magmas (Green and 
Wallace 1988; McKenzie 1989; Hawkesworth et al. 1990).  The association of sanukitoid plutons with 
lamprophyre dikes for which a metasomatized mantle source is independently proposed (Stern and 
Hanson 1992) is consistent with this interpretation. 

The characteristics of the sanukitoid suite cannot be reconciled with the TTG model.  The 
enrichment in LILE could be explained by extremely low degrees of melting; however, this would not 
generate melt having the appropriate bulk composition and would result in extreme depletion of 
compatible trace elements.  Mg# and Ni and Cr abundances of the sanukitoid suite are comparable to 
many Archean basalts.  In a review of basalt melting experiments, Evans and Hanson (1997) noted that 
regardless of the basaltic source composition, the Mg# of derived melts never exceeds 45.  Furthermore, 
the observed high ΣREE of the sanukitoid suite can only be explained if the source basalt had unusually 
high (~100X chondrite) REE abundances. 

In some cases, the sanukitoid model may require some modification to incorporate either crustal 
assimilation or a mixed mantle-crustal source.  Henry et al. (1998) suggested that geographic variations in 
the isotopic character of sanukitoid plutons could be related to crustal isotopic characteristics and 
interpreted this to indicate a significant role for crustal contamination in the genesis of this suite.  These 
authors further suggested (Stevenson et al. 1999) that although part of the compositional range displayed 
by this suite could be explained by fractional crystallization of diorites derived from metasomatized 
depleted mantle, for the most silica-rich members of the suite crustal assimilation may play an important 
role.  Transitional plutons associated with the Hemlo greenstone belt also display evidence for crustal 
contamination in the form of inherited zircons; however, the bulk chemical composition was not 
significantly modified and the slightly later sanukitoid plutons having the most abundant LILEs do not 
contain inherited zircons or have other evidence of crustal contamination (Beakhouse and Davis 2005).  
This is interpreted to indicate that the melting regime at the beginning of a sanukitoid magmatic episode 
might have involved melting at the base of the crust as well as within the metasomatized mantle.  These 
complications notwithstanding, the LILE-enriched character of the sanukitoid suite cannot be entirely 
explained by crustal contamination for several reasons.  Firstly, the observed enrichment in the sanukitoid 
suite in many elements is more extreme than that characterizing any volumetrically significant potential 
contaminant.  For example, sanukitoid suite Th abundance is commonly in the range 5 to 25 ppm whereas 
typical abundances are significantly lower within older mafic (generally <2 ppm) and intermediate to 
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felsic (generally <5 ppm) crust.  Secondly, crustal contamination would be dilutive with respect to 
compatible trace element abundances and Mg# and require that uncontaminated sanukitoid magmas be 
even more enriched in these components.  Thirdly, interaction with feldspar-rich continental crust would 
be expected to introduce a number of characteristics (depletion of melts in CaO, Sr and Eu) that are not 
observed in the most LILE-enriched sanukitoids.  Consequently, the dual primitive/evolved character of 
the sanukitoid suite is most reasonably attributed to partial melting of long-term depleted mantle that was 
metasomatically enriched in a wide range of LILEs and HFSEs shortly before melting. 

Alkalic Suite 

Alkalic rocks are not abundant in Archean terranes in general, but are a minor late constituent locally 
within the Superior Province (Blichert-Toft et al. 1996).  Of the widely scattered occurrences of alkalic 
rocks in the Superior Province, the most volumetrically significant and thoroughly investigated are alkalic 
volcanics and broadly coeval syenitic intrusions occurring in the Kirkland Lake area (Cooke and 
Moorehouse 1969; Ujike 1985; Ben Othman et al. 1990; Levesque et al. 1991; Rowins et al. 1991, 1993; 
Levesque 1994; Corfu et al. 1991).  Other Superior Province examples include the Icarus pluton (Goldich 
et al. 1972; Hanson and Goldich 1972), Falcon Island pluton (Ayer 1998), Clericy pluton (Bourne and 
L’Heureaux 1991; LaFleche et al. 1991), Pangea, Emons, Ludgate and Iris intrusions (Pigeon 2003) and 
the Quetico intrusions (Hattori and Percival 1999; Lassen et al. 2001). 

Alkalic intrusions in the Kirkland Lake area that have been investigated in some detail include the 
Murdock Creek pluton (Rowins et al. 1993) and Otto Stock (Smith and Sutcliffe 1988; Ben Othman et al. 
1990; this study).  A regional-scale examination of plutons in the Kirkland Lake area concluded that more 
highly deformed and altered syenitic intrusions occurring within the Kirkland Lake–Larder Lake fault 
zone are otherwise similar in most respects to late, comparatively undeformed and minimally altered 
alkalic intrusions occurring outside of this fault zone (Levesque 1994; Levesque et al. 1991).  The ensuing 
description and interpretation is based on the references cited in this paragraph. 

Alkalic intrusions in the Kirkland Lake area are texturally diverse and encompass a broad modal 
mineralogical spectrum (Figure 5).  The textural diversity is a function of both primary magmatic 
processes (grain size variation, presence or absence of phenocryst phases and cumulate textures) and 
superimposed deformational fabrics.  The composition (collectively and commonly within individual 
intrusions) ranges from ultramafic to leucocratic with diverse mafic mineralogy and variable but generally 
high abundances of both Fe-oxide and magmatic accessory minerals (Table 2).  Generally similar 
petrographic characteristics are reported for syenitic plutons associated with the Destor–Porcupine fault 
zone near Matheson (Pigeon 2003). 

Alkalic intrusions in the Kirkland Lake area are characterized by geochemical heterogeneity 
reflective of their diverse modal mineralogy; however, the suite as a whole has numerous geochemical 
characteristics that serve to distinguish it from other granitoid suites.  In addition to their alkalic character, 
they are strongly to weakly metaluminous and are, in some cases, peralkaline.  Mg# and compatible trace 
element (Ni, Cr and Co) abundances are elevated in more primitive members of the suite but significantly 
lower within more evolved samples (e.g., Mg# from 60-80 to 45; Cr >400 to <50 ppm).  LILE and HFSE 
enrichment in the more mafic members of the suite is generally comparable to that displayed by the 
sanukitoid suite, although K2O and Rb are especially enriched in the alkalic suite.  However, at more 
evolved (SiO2 > 65%) compositions, the alkalic suite has lower abundances of CaO, P2O5, TiO2, Sr, V 
and LREEs, as well as less fractionated REEs (CeN/YbN <15 versus >25) relative to comparatively 
evolved members of the sanukitoid suite.  These differences probably reflect fractional crystallization 
involving different mineral phases and suggest that Fe-Ti oxide and accessory minerals (titanite, apatite), 
that are abundant modal mineral phases, have played a particularly important role in the evolution of the 
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Figure 5.  Field relationships and textural and mineralogical characteristics of alkalic suite plutons.  Syenites with conspicuous 
alkali feldspar phenocrysts are a predominant phase in many alkalic plutons (5a - Ludgate pluton and 5b - Otto stock).  Mafic to 
ultramafic phases also occur in many of the plutons (5c and f - Otto stock).  Wispy magmatic layering, often with very magnetite-
rich mafic layers (5d - Otto stock), suggests some of the compositional variation within these plutons may be attributed to high-
level fractionation.  Alkali-rich amphiboles (Amph) and unusually abundant magmatic accessory minerals (5e - Ludgate pluton) 
are conspicuous mineralogical characteristics of many of these units. Scale bar in centimetres and millimetres. 
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Table 2.  Summary of characteristics of Kirkland Lake area alkalic intrusions compiled from sources referred to in the text. 
Predominant rock types and minerals are indicated by bold type. 

 Otto Stock Murdock Creek Stock Lebel Stock Kirkland Lake 
Main Break 

Preservation Mostly undeformed 
and unaltered 

Deformed and altered near 
faults 

Deformed and altered near 
faults 

Intensely deformed 
and altered 

Rock types Syenite – 
Quartz syenite – 
Diorite – 
Melasyenite – 
Clinopyroxenite – 
Lamprophyre 

Biotite Clinopyroxenite –  
Meladiorite – 
Hornblendite – 
Melamonzodiorite – 
Melasyenite – 
Alkali-feldspar syenite 

Biotite clinopyroxenite – 
Melasyenite – 
Alkali-feldspar syenite – 
Lamprophyre 

Melasyenite –  
Syenite – 
Lamprophyre – 
Melamonzonite 

Color Index 5 - 100% 10 - 95% 0 - 100% 0 - >50% 
Primary Mafic 
Mineralogy 

Cpx – Bt – Hbl –  
Alk Amp 

Cpx – Bt – Hbl 
 

Cpx – Bt Cpx – Bt – Hbl 
Commonly altered 

Magmatic 
Accessory 
Minerals 

Mag – Ap – Ttn – Zrn 
– Ep 

Mag – Ap – Ttn – Zrn 
 

Mag – Ap – Ttn Mag - Ap 

Abbreviations: Alk Amp, alkali amphihbole; Ap, apatite; Bt, biotite; Cpx, clinopyroxene; Hbl, hornblende; Ep, epidote; Mag, Magnetite; Ttn, 
titanite; Zrn, zircon. 

alkalic suite. εNd for alkalic rocks from the Kirkland Lake area is generally comparable to that 
characterizing the sanukitoid suite in the range 0 to +3 (Ben Othman et al. 1990; Hattori et al. 1996) and 
is consequently comparable to or slightly less radiogenic than most estimates of late Archean depleted 
mantle. 

The origin of continental alkalic igneous rocks has attracted considerable controversy that has largely 
centered on whether LILE enrichment may be attributed to a crustal or metasomatized mantle source 
(Hawkesworth and Vollmer 1979; Rogers, Hawkesworth et al. 1985).  As for the sanukitoid suite, the 
primitive character and elevated compatible trace element abundances of the alkalic suite point to a 
mantle source component and rule out a simple basaltic or intermediate to felsic crustal source.  Although 
input from a crustal source cannot be ruled out, similar arguments to those advanced above for the 
sanukitoid suite point to the inadequacy of crustal contamination as the sole source of LILE and HFSE 
enrichment.  The most probable source of this enrichment is metasomatism of long-term depleted mantle 
prior to melting.  Alkalic volcanic rocks from the Kirkland Lake area that are broadly coeval and 
geochemically similar to the syenitic plutons of this area have also been interpreted to originate by partial 
melting of enriched mantle (Ujike 1985). 

A Sanukitoid–Alkalic Continuum? 

Both the alkalic and sanukitoid suite define a broad, generally similar compositional spectrum and share a 
dual primitive–evolved character that distinguishes them from other Archean plutonic suites.  The 
sanukitoid and alkalic suites can be distinguished on the basis of a number of criteria; however, both share 
a broadly similar origin (partial melting of metasomatized, long-term depleted mantle modified to various 
degrees by assimilation-fractional crystallization) as well as relative (late- to posttectonic) and absolute 
(discussed below) timing.  These relationships suggest that these 2 suites may be generally related and 
part of a magmatic continuum. 

Characteristics of the alkalic suite that distinguish it from the sanukitoid suite, in addition to its more 
distinctly alkalic nature, include an overall more potassic (shoshonitic) affinity, distinctive mineralogy 
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and, in more evolved members of the suite, lower TiO2, P2O5, V, Co and LREEs.  The distinctive 
characteristics of the more evolved members of the suite may be attributed to fractional crystallization 
involving Fe-Ti oxides, titanite and apatite, all of which are conspicuously abundant accessory minerals.  
The contrasting mineralogy, notably the more sodic character of the mafic minerals and more potassic 
nature of feldspars, can be attributed directly to the alkalic, shoshonitic composition.  The more strongly 
alkalic and potassic signature occurs throughout the compositional spectrum of the suite and must reflect 
differences in the source or melting process. 

It is possible that the generation of more alkalic and/or potassic compositions may simply reflect 
heterogeneous mantle metasomatism and the more restricted distribution of the alkalic suite may be 
related to the presence of anomalous metasomatized mantle that is unusually enriched in alkalis and 
potassium in particular.  Alternatively, the 2 suites could be derived from generally similar metasomatized 
mantle sources with the distinctive nature of the alkalic suite attributed to lower degree of melting (Green 
1976) or high CO2/H2O in the zone of melting (Eggler 1978).  The comparative scarcity of alkalic rocks 
in Archean terranes may reflect secular evolutionary decrease in mantle temperature or increase in mantle 
CO2 (Blichert-Toft et al. 1996).  It is beyond the scope of this investigation to evaluate these alternative 
interpretations as they apply to Archean magmatism; however, they suggest that geologically reasonable 
changes in a number of simple variables may account for the differences between the alkalic and 
sanukitoid suites and that the 2 suites may define a continuum. 

CRUSTALLY DERIVED (I-TYPE) SUITE 

Felsic plutons having field relationships and mineralogical and geochemical characteristics suggesting 
that they originated by intracrustal partial melting are locally volumetrically important but appear to be 
restricted to particular domains within the Superior Province.  Crustal I-type magmatism is interpreted to 
originate by partial melting of pre-existing intermediate to felsic igneous rocks.  This style of magmatism 
is largely restricted to portions of the Superior Province characterized by the predominance of granitoid 
rocks, medium- to high-grade metamorphism and the presence of older (>2.85 Ga) TTG-type magmas 
(e.g., Winnipeg River Subprovince, central Wabigoon Subprovince).  In the Winnipeg River Subprovince 
the generation of this suite is broadly contemporaneous with high-grade metamorphism associated with 
tectonic thickening of the crust (Beakhouse and McNutt 1991).  Comparatively few plutons thought to be 
representative of this suite have been studied in detail and most of this discussion is based on examples 
from the Winnipeg River (Beakhouse and McNutt 1991) and Berens River (Stone 1998) subprovinces. 

Rocks of the crustally-derived I-type suite are predominantly relatively leucocratic (color index <10 
and commonly <5) granitic to granodioritic plutons (Figure 6).  Biotite is the predominant mafic mineral 
species and is locally (especially in granitic phases) accompanied by minor amounts of primary 
muscovite.  Hornblende is rare and subordinate when present.  Magmatic accessory minerals commonly 
present in trace amounts include magnetite, titanite, apatite and zircon.  Secondary minerals include white 
mica, epidote and calcite after plagioclase and chlorite after biotite. 

Plutons of this suite are commonly massive, except in proximity to very late faults.  Many plutons 
are very homogeneous and inclusion-free, although locally rafts and screens of more mafic, foliated to 
gneissic tonalite to granodiorite are abundant.  Mafic to ultramafic inclusions or enclaves are rare.  
Granodioritic phases are typically medium grained and equigranular to microcline-megacrystic whereas 
granitic phases are more texturally variable and frequently contain diffusely bounded pegmatitic zones 
(see Figure 6). 

The crustal I-type suite is calc-alkalic and is relatively highly geochemically evolved with SiO2 
>70%.  The aluminum saturation index (ASI) is mostly in the range 1.0 to 1.1 although both more 
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strongly peraluminous and weakly metaluminous compositions are not uncommon.  Mg# is generally low 
but erratic (ranging from 45 to 20), in part reflecting the extremely leucocratic nature of these rocks, 
resulting in low Mg and Fe abundances, and consequently the ratio is strongly influenced by small 
analytical errors.  The evolved nature of these rocks is also reflected in low abundances (at or near 
detection limit) of compatible trace elements such as Ni, Cr and Co.  Incompatible trace element 
abundances are relatively high and show dispersion to very high abundances.  For example, Rb ranges 
from near the high end of the range for high-Al TTG (60 ppm) to 250 ppm whereas both Th and U are 
distinctly high relative to high-Al TTG (ranges 7-17 ppm and 1-3 ppm, respectively).  Similarly, 
K2O/Na2O and Rb/Sr display dispersion from near the high end of the range for high-Al TTG to relatively 
high values.  Sr is negatively correlated with SiO2 and abundances tend to be lower (mostly 100-500 ppm) 
than those characterizing the high-Al TTG suite. 

REEs display a wide range of abundances and fractionation behavior.  CeN/YbN is mostly in the 
range 15 to 65 with a wide range in ΣREE (e.g., CeN ~ 20-300; YbN ~ 1-10).  Eu anomalies are commonly 
present and include more common prominent negative Eu anomalies that are generally associated with 
granodioritic rocks having high ΣREE and less common positive anomalies that tend to occur in granitic 
rocks having lower ΣREE.  This behavior has been attributed to differential partitioning of Eu and 
trivalent REEs between either melt and plagioclase-rich cumulate or between melt and an aqueous 
magmatic volatile phase (Beakhouse and McNutt 1991).  This relationship may also arise from accessory 
mineral fractionation control. 

 

 
Figure 6.  Field relationships and textural and mineralogical characteristics of crustal I-type suite plutons.  Plutons of this suite 
have compositions ranging from granodiorite to granite and are extremely leucocratic with simple mafic mineralogy dominated 
by biotite ± muscovite (6a and b - Lount Lake batholith).  Inclusions, where present, consist of partially melted foliated to 
gneissic tonalite (6c - Lount Lake batholith).  These plutons are restricted to regions where significantly older high-Al TTG 
plutons have been highly metamorphosed and show evidence of having been partially melted (6d - Cedar Lake area, Winnipeg 
River Subprovince). Scale bar in centimetres and millimetres. 
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The Lount Lake batholith of the Winnipeg River Subprovince displays a distinctly crustal radiogenic 
isotopic signature with εNd from –0.4 to –2.8 and εSr from +9.5 to +26.3 (Beakhouse and McNutt 1991; 
Beakhouse et al. 1988).  These isotopic characteristics are similar to those that would have characterized 
the spatially associated, ~300 million years older, foliated to gneissic tonalites at the time of emplacement 
of the Lount Lake batholith. 

The spatial association of this suite with older high-Al TTG gneisses, temporal association with 
high-grade metamorphism and presence of variously digested, foliated to gneissic tonalitic inclusions are 
consistent with the hypothesis that the crustal I-type suite is a product of intracrustal melting of older 
high-Al TTG crust.  The geochemical characteristics, notably high LILE, low Mg# and compatible trace 
element abundances, high K2O/Na2O and Rb/Sr and fractionated REEs with common negative Eu 
anomalies, are also consistent with this interpretation. This interpretation is also supported by the 
coincidence of the radiogenic isotopic signature with that predicted for the older TTG suite units at the 
time of emplacement of the crustal I-type plutons.  Other possible sources can be rejected for a number of 
reasons.  Partial melting of mafic crust (TTG model) fails to explain the elevated LILE, CaO, Sr and Eu 
depletion and crustal radiogenic isotope signature.  A metasomatized mantle source is consistent with the 
elevated LILEs but is inconsistent with observed CaO, Sr and Eu depletion (requiring residual 
plagioclase), low Mg# and compatible element abundances and the high SiO2 and lack of intermediate 
members of the suite.  Partial melting of a metasedimentary protolith is consistent with many of the 
characteristics of the suite but such melts are characteristically spatially associated with migmatitic 
metasedimentary rocks and have a strongly peraluminous chemical and mineralogical signature (see 
discussion below). 

The geochemical and isotopic characteristics of this suite are similar to those predicted for partial 
melting of older, intermediate to felsic igneous crust.  As discussed above, these characteristics are not 
consistent with derivation by partial melting ultramafic, mafic or sedimentary crust.  Together with the 
strong spatial association of these plutons with highly metamorphosed, older TTG-type tonalitic 
assemblages that would be suitable source rocks, these interpretations suggest that the suite is a product of 
intracrustal melting of pre-existing intermediate to felsic igneous crust. 

CRUSTALLY DERIVED (S-TYPE) SUITE 

Crustal S-type magmatism originates by partial melting of pre-existing sedimentary rocks.  The putative 
sedimentary source rocks are primarily wacke and siltstone that characteristically contain abundant 
plagioclase feldspar and moderate abundances of quartz, and consequently older intermediate to felsic 
crust (predominantly TTG-type) is inferred to be a major provenance component.  Plutons assigned to this 
suite almost invariably occur in association with highly metamorphosed, migmatitic metasedimentary 
rock-dominated portions of the Superior Province (e.g., English River and Quetico subprovinces, Sioux 
Lookout domain of the western Wabigoon Subprovince).  The most thoroughly investigated pluton of this 
type is the Ghost Lake batholith (Breaks 1989; Breaks and Moore 1992) and this discussion is based 
largely on their work augmented by observations on numerous S-type intrusions occurring in the English 
River Subprovince (Breaks 1991; Beakhouse, unpublished data). 

These granitic to tonalitic plutons are distinctive in the field by virtue of their intimate association 
with migmatitic metasedimentary rocks and strongly peraluminous character that is reflected in their 
distinctive mineralogy (biotite + muscovite + garnet ± cordierite ± sillimanite) (Figure 7).  The type and 
abundance of magmatic accessory minerals is highly variable, with both tourmaline and apatite 
commonly being unusually abundant. 
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Common inclusions of highly metamorphosed metasedimentary rocks characteristically have 
pegmatitic sills parallel to sedimentary layering and occurring preferentially in more pelitic layers.  These 
pegmatitic sills often have selvages or clots containing abundant biotite + garnet ± cordierite ± sillimanite 
that are interpreted to be a residua from partial melting of the metasedimentary rocks that is 
complimentary to the melt (pegmatitic sills).  In some cases, the orientation of bedding and fabrics in 
abundant inclusions are conformable with regional patterns suggesting that these plutons may be 
generated and crystallized in situ (see Figure 7).  In extreme cases, diatexitic migmatites with up to 95% 
peraluminous granite component contain trains of restite clots that are concordant with regional patterns 
and are interpreted to originate by differential anatexis of original sandy and pelitic sedimentary layers.  
Pegmatitic phases are almost always conspicuously abundant as diffusely bounded patches and dikes.  In 
some cases these are highly evolved and carry tantalum-lithium-cesium mineralization. 

Many of the geochemical characteristics of the crustal S-type suite parallel those of the crustal I-type 
suite.  These include relatively high SiO2, erratic but generally high LILEs, extreme compatible trace 
element depletion and relatively low CaO and Sr.  Main phase units tend to have highly fractionated 
REEs (probably reflecting common garnetiferous residua) but display the same characteristic as the I-type 
suite in having negative Eu anomalies associated with high ΣREE and positive Eu anomalies associated 
with units having somewhat lower ΣREE.  Highly evolved minor phases are characterized by extremely 
low ΣREE and are relatively unfractionated with prominent negative Eu anomalies.  These unusual 
patterns are probably reflecting accessory mineral control (Breaks and Moore 1992).  The prominent 
negative Eu anomalies may be attributed to the differential partitioning of the trivalent REE and divalent 
Eu (sequestered within plagioclase) into an aqueous supercritical fluid which gave rise to the minor, 
highly evolved pegmatitic phases.  Within this hypothesis, the main phase units characterized by positive 
Eu anomalies may be the complementary residues of this process.  Crustal S-type plutons differ from 
crustal I-type plutons in being more strongly peraluminous (ASI mostly in range 1.1-1.4), having lower 
MgO and CaO and higher P2O5.   Many of the highly evolved minor phases display a decoupling of Na2O 
and K2O as well as extreme LILE abundances reflecting the distribution of accessory minerals. 

The field relationships alone (spatial and temporal association with migmatization of 
metasedimentary rocks and evidence for in situ melting) provide compelling evidence for the origin of 
this suite by intracrustal melting of metasedimentary rocks.  The distinctive peraluminous mineralogy and 
chemistry support such an interpretation, as does the erratic enrichment in LILEs and depletion in 
compatible trace elements.  The hydrous mafic mineralogy and abundance of pegmatitic phases indicates 
that these S-type granites were extremely hydrous which may explain their tendency to crystallize in situ 
rather than rise through the crust (Cann 1970). 

SUMMARY OF DISTINGUISHING CHARACTERISTICS OF PLUTONIC 
SUITES 

This section reviews the characteristics that may be used to distinguish the various suites described in the 
foregoing discussion.  Two general observations are worthy of note.  Firstly, individual samples may or 
may not have diagnostic characteristics indicating they can be assigned to one or another of these suites, 
and the characteristics of a range of related rock types from an individual pluton is more diagnostic.  In 
some cases it may not be possible to uniquely assign a pluton to one of the suites.  Secondly, the 
preceding and ensuing discussion necessarily focuses on typical characteristics and does not account for a 
wide range of processes that may lead to deviations from these generalizations.  A partial list of such 
processes include post-emplacement deformation, alteration and metamorphism, atypical source 
mineralogy and/or geochemistry, mixing of magmas having distinct sources, contamination by atypical 
crustal components and unusual accessory mineral assemblages.  Such complications can only be 
evaluated on a case by case basis.  These complications notwithstanding, it is generally possible to assign 
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a pluton to one suite, or at least rule out a number of possible assignments and significantly narrow the 
range of possible origins. 

The following section provides a brief overview of the critical parameters that may be used to 
identify each of the suites, based on the discussion above.  Many of the geochemical parameters relevant 
to this discussion are plotted in a series of binary and ternary diagrams (Figures 8-18) using representative 
data compiled from the literature. 

High-Al-TTG Suite:  This suite is the most widespread and voluminous granitoid suite and occurs 
within all varieties (greenstone–granite, granite-dominated and metasedimentary) of terranes 
within the Superior Province.  Members of this suite are tonalites to potassium-poor granodiorite 
characterized by biotite ± hornblende mafic mineralogy and generally low magmatic accessory 
mineral abundances.  SiO2 is commonly in the range 67 to 72% and is rarely <65% or >73%.  
Other notable major element characteristics include high Al2O3 (>15% except for most evolved 
members which may be >14.5%), high Na2O and low K2O, with Na2O/K2O from 2 to 8, Mg# 
mostly 35 to 45, ASI mostly 0.97-1.08 and distinctly subalkalic.  Notable trace element 
characteristics include low abundances of both compatible and incompatible elements.  REEs are 
moderately fractionated with very low HREE abundances (YbN generally >5 and commonly >3) 
and negligible or weak positive Eu anomalies.  Radiogenic isotopic signatures are similar to 
depleted mantle. 

Low-Al TTG Suite:  This suite is comparatively rare and occurs primarily in greenstone-granite 
terranes where it is generally spatially associated with felsic metavolcanic rocks having similar 
geochemical characteristics.  This suite is composed primarily of biotite ± hornblende tonalite 
and leucotonalite; however, hydrothermal alteration and metamorphism commonly modify the 
magmatic mineralogy.  High SiO2 (commonly >75%) and low Al2O3 (commonly 11-13%) are 
distinctive major element characteristics.  Criteria involving alkali elements are generally 
unreliable due to superimposed alteration.  Low abundances of both Rb and Sr are diagnostic but 
subject to modification by overprinting hydrothermal alteration.  The most distinctive and robust 
trace element signature of the low-Al TTG suite is high abundance of HFSE (especially Zr and 
Nb which are generally >400 ppm and >15 ppm, respectively) as well as high ΣREE with low 
CeN/YbN (<8) and prominent negative Eu anomalies. 

Mantle-Derived Sanukitoid Suite:  This suite is a widespread but generally minor component of 
the magmatic record and occurs in all varieties of terrane within the Superior Province.  The 
suite has a very broad compositional range (ultramafic to granodioritic) that it shares only with 
the mantle-derived alkalic suite.  In both mantle-derived suites, the proportion of potassium- 
feldspar relative to plagioclase is commonly high considering the relatively mafic and quartz-
poor nature of the rocks.  Mafic and accessory mineralogy of the sanukitoid suite is relatively 
complex.  Clinopyroxene occurs locally along with ubiquitous hornblende and biotite.  Magnetite, 

Figure 7.  (Facing page) Field relationships and textural and mineralogical characteristics of crustal S-type suite plutons.  S-type 
plutons occur within metasedimentary migmatite terranes that display a range of intensity of partial melting.  Incipient melting is 
typically concentrated in more pelitic layers (7a - Treelined Lake area, English River Subprovince) leading to the development of 
stromatic, migmatitic layering (7b - Rex Lake area, English River Subprovince).  Relationships to deformation suggest that 
partial melting is broadly syntectonic (7c - Rex Lake area, English River Subprovince).  With more advanced melting, 
peraluminous granite forms more coherent masses (7d - Trail Lake area, Winnipeg River Subprovince) leading to the 
development of granite-dominated units with entrained, structurally coherent metasedimentary migmatite septa (7e and f - 
Treelined Lake area, English River Subprovince).  Even at very advanced stages of partial melting, peraluminous mafic (biotite + 
garnet ± cordierite ± sillimanite) clots may define layering that is structurally coherent with that in associated less migmatitic 
metasedimentary units (7g - Treelined Lake area, English River Subprovince), suggesting that these granites were generated in 
situ by advanced degrees of partial melting.  Clotty granites with more homogeneously distributed clots (7h - Perrault Falls clotty 
granite) may have moved from their site of generation but are still spatially associated with migmatitic metasedimentary rocks. 
Scale bar in centimetres and millimetres. 
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ilmenite and titaniferous magnetite may all be present and accessory minerals (especially titanite 
and apatite) are notably abundant.  Mg#s are relatively high (>45 except in the most highly 
evolved members of the suite) and show dispersion to very high values throughout most of the 
compositional range (>60 in mafic and intermediate compositions and >50 in felsic 
compositions).  The suite is weakly to strongly metaluminous and has a borderline subalkalic to 
alkalic character.  A distinctive characteristic of mafic and intermediate members of both mantle-
derived suites is elevated abundances of both compatible and incompatible elements including a 
wide range of HFSE.  However, at the most felsic end of the compositional spectrum, compatible 
trace element abundances may be only slightly greater on average than that characterizing the 
high-Al TTG suite.  REEs are moderately to highly fractionated with high ΣREE and negligible 
Eu anomalies.  Radiogenic isotope signatures indicate a source slightly more enriched than 
depleted mantle. 

Mantle-Derived Alkalic Suite:  The alkalic suite is a minor component of the Archean magmatic 
record that occurs locally within greenstone-granite and, less commonly, metasedimentary 
terranes within the Superior Province.  The suite encompasses a broad compositional spectrum 
from ultramafic to felsic (syenitic) and is distinguished from the sanukitoid suite by its more 
quartz-poor nature and the local occurrence of both hypersolvus potassic feldspar and alkali 
amphiboles.  Complex and abundant mafic, oxide and accessory mineral assemblages are 
characteristic.  The suite is distinctly alkalic and tends to be more potassic than the sanukitoid 
suite.  The alkalic suite displays enrichment in both compatible and incompatible elements in the 
mafic to intermediate portion of the compositional spectrum although the former may be 
extremely depleted in the most felsic members.  Most commonly, REEs are highly fractionated 
with high ΣREE and negligible Eu anomalies; however, local accessory mineral control can 
result in lower ΣREE and less fractionated patterns.  The geochemical characteristics of the 
alkalic and sanukitoid suites exhibit many similarities and probably represent a continuum.  The 
primary distinguishing geochemical characteristics of the alkalic suite relative to the sanukitoid 
suite is its more alkalic and potassic nature as well as the tendency for the most evolved members 
to have lower CaO, P2O5, TiO2, Sr, V and LREEs. 

Crustal I-Type Suite: The crustal I-type suite occurs in dominantly granitoid terranes along with 
older, deformed and metamorphosed high-Al TTG suite plutons that may occur as inclusions in 
the crustal I-type suite plutons.  The suite is characterized by biotite ± muscovite granodiorite to 
granite with erratic but generally low accessory mineral abundances.  SiO2 is generally in the 
range 70 to 76%.  The suite tends to be mildly peraluminous, with ASI generally in the range 1.0 
to 1.1.  The most distinctive geochemical characteristics are high abundances of LILE coupled 
with extremely low compatible trace element abundances, as well as a crustal radiogenic isotope 
signature.  REEs are moderately fractionated with either high ΣREE and negative Eu anomalies 
or lower ΣREE with positive Eu anomalies. 

Crustal S-Type Suite:  The crustal S-type suite occurs in terranes characterized by migmatitic 
metasedimentary rocks.  Field relationships suggest that the crustal S-type plutons crystallized near 
their site of generation and the plutons exhibit many mineralogical and geochemical similarities 
with anatectic leucosome lenses and layers in adjacent migmatitic sedimentary rocks.  These field 
relationships, together with the distinctive peraluminous mineralogy (biotite + muscovite ± garnet 
± cordierite ± aluminosilicates) that characterizes this suite, generally allows the petrogenesis of 
this suite to be identified in the field.  Distinctive geochemical attributes include a strongly 
peraluminous character (ASI generally >1.1) and high LILE abundances coupled with low 
compatible trace element abundances.  Relative to the crustal I-type suite, the crustal S-type suite 
tends to have higher P2O5, B, Li and CeN/YbN and lower Y and Yb, which together with the elevated 
ASI, serve to distinguish these 2 suites.  REE patterns exhibit some similarity with those of the 
crustal I-type suite but tend to be more HREE-depleted and are highly variable. 
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Figure 8.  Comparison of frequency distribution of SiO2 abundances in granite suites in the Superior Province. 
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Figure 9.  Harker variation diagrams comparing major element geochemical characteristics of representative samples of the 
various granitoid suites. 
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Figure 10.  Harker variation diagrams comparing trace element geochemical characteristics of representative samples of the 
various granitoid suites. 
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Figure 11.  Harker variation diagrams comparing rare earth element geochemical characteristics of representative samples of the 
various granitoid suites. 
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Figure 12.  Total alkalies-SiO2 and AFM diagram after Irving and Baragar (1971) for representative samples of Superior 
Province granitoid suites. Symbols same as for Figure 9. 
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Figure 13.  Rare earth element spectra for typical samples of the high- and low-Al TTG, sanukitoid and alkalic suites. 
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Figure 14.  Rare earth element spectra of typical granodiorite and low- and high-REE granites of the crustal I-type suite in 
relation to typical high-Al TTG suite. 
 
 
 

 
 
Figure 15.  Rare earth element spectra of different phases of the Ghost Lake batholith (crustal S-type suite).  Data from Breaks 
and Moore (1992). 
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Figure 16.  K2O-MgO and K2O-Mg# plots of representative samples of Superior Province granitoid suites. Symbols same as  
for Figure 9. 
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Figure 17.  Plots of compatible versus incompatible element abundances of representative samples of Superior Province 
granitoid suites. Symbols same as for Figure 9. 
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Figure 18.  Representative samples of Superior Province granitoid suites plotted on the tectonic discrimination diagrams of 
Pearce et al. (1984). Symbols same as for Figure 9. 
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RELATIONSHIPS OF SUITES TO THE GEOLOGY OF ONTARIO MAP 
LEGEND 
The 1:1 000 000 compilation maps produced as a part of the Geology of Ontario (GoO) project (Ontario 
Geological Survey 1991a, 1991b, 1991c) represent a first attempt to subdivide the granitoid rocks of the 
Superior Province on a regional scale.  This subdivision was based on the information available at the 
time which, because granitoid rocks have historically been under-emphasized, meant in many cases that 
assignment was based on minimal data or in some cases on aeromagnetic interpretation.  On all maps, the 
confidence with which granites may be subdivided is highly variable due to the heterogeneous 
distribution of relevant observations.  In general, of these maps, the west-central sheet (Ontario 
Geological Survey 1991a, particularly that portion lying to the west of Lake Nipigon) is by far the most 
reliable for granite subdivision as large portions of this area were covered by regional mapping projects 
where granites were systematically subdivided.  In addition, this area includes many of the areas where 
pioneering investigations of Archean granitoid plutonism have been carried out.  Granitoid rocks 
underlying the area covered by the east-central sheet (Ontario Geological Survey 1991b) have, with the 
exception of those minor intrusions associated with mineralized portions of the Abitibi Subprovince, 
generally not been so thoroughly investigated and the subdivision should be regarded as more tentative.  
Subdivision of granites on the northern sheet (Ontario Geological Survey 1991c) was based largely on 
aeromagnetic interpretation and may not be reliable. 

The basis of subdivision utilized for the production of the GoO map does not correspond directly 
with that proposed here but there are areas of overlap that may be useful in the absence of more complete 
investigations (Table 3).  There is a very close correspondence between GoO unit 13 and the crustal S-
type suite and GoO unit 16 correlates with the alkalic suite although the latter may also correlate in part 
with GoO unit 14.  GoO unit 14 correlates for the most part with the sanukitoid suite although this map 
unit may also incorporate some alkalic suite as well as possibly mafic, xenolith-rich members of the high-
Al TTG suite.  GoO unit 15 is one of the most problematic units to link with the classification proposed 
here as it encompasses both granodiorites of the high-Al TTG suite and the crustal I-type suite and 
possibly evolved members of the sanukitoid suite.  GoO units 11 and 12 correlate primarily with the high-
Al TTG suite but may locally include evolved components of the sanukitoid suite as well as the 
comparatively rare low-Al TTG suite.  In addition, GoO unit 11 (gneissic tonalite) is commonly 
heterogeneous and may include components of other suites  (primarily crustal I-type) as well as 
predominantly mafic supracrustal inclusions.  The minor GoO unit 10 (mafic and ultramafic rocks) may 
include primitive members of the alkalic and sanukitoid suites. 

Table 3.  Geology of Ontario map units and their possible relationship to petrogenetic suites described in this report. 

Geology of Ontario (GoO) 
Unit Description 

Correlation with this study 

16 Diorite- Nepheline Syenite 
Suite 

Correlates well with alkalic suite 

15 Massive Granodiorite to 
Granite 

No simple correlation: Unit 15 includes high-Al TTG suite granodiorites, 
crustal I-type granodiorite to granite and perhaps evolved sanukitoid suite 
granodiorites. 

14 Diorite – Monzonite – 
Granodiorite Suite 

Generally correlates with sanukitoid suite but may include some alkalic suite.  
GoO subdivision not always reliable. 

13 Muscovite-bearing Granitic 
Rocks 

Correlates well with crustal S-type suite 

12 Foliated Tonalite Suite 
11 Gneissic Tonalite Suite 

Units 11 and 12 (which are probably not petrogenetically distinct) correlates 
largely with high-Al TTG suite.  The rare low-Al TTG suite would also be 
included in these GoO units.  These units may include some evolved 
components of the sanukitoid suite. 

10 Mafic and Ultramafic Rocks Primitive members of the sanukitoid and alkalic suite may in some cases be 
assigned to this suite. 
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Secular Evolution of Superior Province Granitoid 
Plutonism 

The granitic suites of the Superior Province commonly display a characteristic temporal association with 
one another and with respect to volcanism, deformation and regional metamorphism.  The following 
sections will summarize some examples of the characteristic temporal association and present evidence 
that this temporal progression in the nature of plutonism is diachronous across the Superior Province. 

PLUTONIC RECORD IN THE CLASSIC “KENORAN” REGION  

Few areas of exposure of Archean crust have influenced our understanding of Archean crustal evolution 
as much as has the southern portion of northwestern Ontario.  This area, informally referred to here as the 
classic “Kenoran” region (CKR), includes the western Wabigoon Subprovince (WWS) as well as portions 
of the Winnipeg River Subprovince (WRS). The CKR first emerged as a benchmark in Archean geology 
with the pioneering work of Lawson (1885, 1913) who identified and described relationships between 
metavolcanic rocks (Keewatin series), older (Laurentian) metaigneous rocks and younger (Algoman) 
plutons.  Pettijohn (1935, 1936, 1943) was among the first to demonstrate that Archean supracrustal rocks 
were amenable to detailed sedimentological and stratigraphic analysis.  During the 1970s, 
multidisciplinary investigations carried out by the Centre for Precambrian Studies (University of 
Manitoba) and Superior Geotraverse Group (University of Toronto) pioneered the integration of 
geological and geophysical methods as applied to Archean cratons.  Several of the first attempts to 
interpret the evolution of Archean crust within a plate tectonic paradigm were based largely on 
consideration of geological relationships within the CKR (Langford and Morin 1976; Blackburn 1980).  
Much of the CKR is well exposed and has been mapped by the Ontario Geological Survey and its 
predecessor organizations in comparative detail (for references, see Blackburn et al. 1991).  Portions of 
the CKR were among the first to be the subject of integrated high-quality mapping and modern high-
precision U/Pb geochronology, which has revolutionized our understanding of Archean geology.  High-
precision U/Pb geochronology has now been carried out (largely at the Jack Satterly Geochronology 
Laboratory, Royal Ontario Museum, notably by D.W. Davis, T.E. Krogh and F. Corfu) throughout much 
of the CKR. 

The CKR is also exceptional from the point of view of the Archean plutonic record as it is one of the 
few areas where components of all of the granitoid suites discussed above have been identified and 
systematically mapped.  Furthermore, many individual plutons and batholiths have been the subject of 
detailed petrogenetic and geochronological investigations. 

The igneous record of the WWS and WRS are markedly different.  A significant portion of the WRS 
is underlain by foliated to gneissic, high-Al TTG plutonic rocks displaying a wide range of ages that are 
mostly in excess of 2830 Ma.  A volumetrically minor, predominantly mafic, metavolcanic component 
within the WRS is not directly dated but is interpreted to be older than the high-Al TTG component, 
which intrudes and entrains it (Beakhouse 1985, 1991).  In contrast, the WWS consists largely of mafic to 
felsic volcanic sequences and high-Al TTG plutons that were erupted and emplaced between 2709 and 
2775 Ma.  In addition, the Beidelman Bay intrusion, of low-Al TTG affinity and spatially and temporally 
associated with chemically similar volcanic rocks and VMS mineralization, was emplaced at ~2734 Ma 
(Davis and Trowell 1982; Davis et al. 1985; Galley 2003; Galley et al. 2000).  Numerous investigations 
of the petrogenesis of the aforementioned volcanic and TTG-affinity plutonic rocks within both 
subprovinces have concluded that these rocks are juvenile crustal additions derived from the mantle or 
short-lived mafic crust with limited or no involvement of older intermediate to felsic or sedimentary crust 
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(Longstaffe and Birk 1981; Longstaffe and Gower 1983; Longstaffe et al. 1982; Gower et al. 1982; 
Beakhouse and McNutt 1991; Ayer and Davis 1997; Ayer and Dostal 2000).  During the interval of active 
WWS magmatism, comparatively trivial amounts of juvenile crust was introduced in the WRS.  The only 
comparatively large pluton emplaced in the WRS at this time was the Daniels Lake tonalite, which is 
comparable in age to the youngest WWS high-Al TTG plutons and is located near the subprovince 
boundary.  A tonalite of similar age (2706 ± 3 Ma: Davis 1990) occurs in the Dryberry batholith in the 
northern portion of the WWS.  In addition, intrusive phases within some of the gneissic tonalite 
assemblages crystallized between 2710 and 2750 Ma (Beakhouse 1983; Cruden et al. 1998); however, 
these are a subordinate component of these gneisses and originate, at least in part, by partial melting of 
the high-Al TTG phases.  These observations are interpreted to indicate that the WWS and WRS initially 
developed as independent, diachronous, juvenile magmatic arcs (Beakhouse and McNutt 1991). 

Several observations indicate that by approximately 2710 Ma, the western Wabigoon and Winnipeg 
River subprovinces, though remaining distinct, were closely juxtaposed and began sharing some elements 
of a common geological history.  Sedimentary rocks of the Warclub and Minnitaki Groups of the WWS 
were deposited at ~2712 Ma based on ages of interlayered felsic volcanic rocks and contain detrital 
zircons ranging in age from that of the interlayered felsic volcanic rocks to greater than 3000 Ma (Davis 
1995).  These detrital ages indicate that the provenance of these sedimentary rocks cannot be solely 
attributed to components of the WWS but require some input from a terrane with ages comparable to 
those preserved in the WRS.  The Dryberry batholith, occurring near the northern margin of the WWS, is 
atypical of batholiths occurring in the WWS.  This batholith contains abundant granitic phases which a 
single age determination (2663 ± 5 Ma, Davis 1990) suggests are substantially younger than other 
recognized WWS magmatic activity.  However, the timing and character of this batholith is closely 
comparable to similar rocks in the WRS suggesting that the Dryberry batholith may be a window in the 
WWS exposing the WRS.  At Kenora, a thin granodioritic sheet referred to as the Marginal granodiorite 
(Gower 1978; Gower and Clifford 1981) lies along the contact between the 2 subprovinces.   This unit 
was emplaced at 2709+4

-3 Ma (Corfu 1988) and is gradational into heterogeneous gneisses of the WRS 
and intrudes WWS metavolcanic rocks.  These relationships are interpreted to indicate that these elements 
of the 2 subprovinces were in contact at the time of emplacement of the Marginal granodiorite. 

The nature of magmatic activity changes abruptly at approximately 2710 Ma concomitantly with 
other important tectonometamorphic transitions.  Magmatic changes include the cessation of tholeiitic and 
calc-alkaline volcanism and TTG-affinity plutonism and initiation of other styles of magmatism that are 
not recorded in the earlier record of the CKR.  The later magmatic activity includes widespread but 
volumetrically minor sanukitoid and alkalic plutons and more geographically restricted but locally 
voluminous crustal I-type and crustal S-type plutons and batholiths.  Sanukitoid plutons are emplaced in 
both the WWS and WRS, and all plutons for which high-precision U/Pb ages are available were emplaced 
10 to 15 Ma after the cessation of TTG-affinity magmatism (Table 4, Figure 19).  There are only a few 
examples of alkalic suite plutons occurring in the WWS and the one dated example (Falcon Island pluton) 
is comparable in age to the sanukitoid plutons and may be temporally and genetically related to rare 
shoshonitic volcanism occurring in late unconformable sequences (Ayer and Davis 1997, discussed 
below).  Crustal I-type magmas occur within the WRS and may be a component of the Dryberry batholith 
occurring in the northern portion of the WWS.  They range in size from large batholiths to small stocks 
that were mostly emplaced between 2660 and 2702 Ma (Gower et al. 1983; Beakhouse and McNutt 
1991), post-dating tectonic thickening of the crust and being broadly coeval with high-grade 
metamorphism.  The Marginal granodiorite in the Kenora area is also of probable crustal I-type affinity; 
however, it is slightly older (2709+4-3 Ma, Corfu 1988).  The slightly older age of this unit may be 
attributed in part to its occurrence as a thin sheet along a fault with possible additional input of frictional 
heat (Gower et al. 1983).  The crustal S-type plutons were emplaced within the age range of the crustal  
I-type suite but their occurrence is restricted to sedimentary-dominated domains.  The only example 
studied in detail is the Ghost Lake batholith (Breaks 1989; Breaks and Moore 1992).  



 

 

Table 4. Compilation of U/Pb geochronological data within the classic Kenoran region. 

 Age Mineral Unit Rock Comment Reference 
Winnipeg River Subprovince    
 2709±4

3 zircon Marginal granodiorite Crustal-I  Corfu (1988) 
 2702±4

3 zircon Redditt granodiorite Crustal-I  Beakhouse et al. (1988) 
 2690±15 zircon Birch Lake granite Crustal-I  Beakhouse et al. (1988) 
 2665±20 zircon Lac du Bonnet granite Crustal-I  Beakhouse et al. (1988) 
 2700±2 zircon Trout Lake qtz diorite LMDP  Beakhouse et al. (1988) 
 2709±2 zircon Kenora amphibolite  metamorphic Corfu (1988) 
 2875±20

5 zircon Kenora tonalite gneiss High-Al TTG  Corfu (1988) 
 2840±20

5 zircon Daniels Lake gneissic tonalite High-Al TTG  Corfu (1988) 
 2710±5

2 zircon Daniels Lake foliated tonalite High-Al TTG  Corfu (1988) 
 3170±20

5 zircon Cedar Lake tonalite High-Al TTG  Corfu (1988) 
 2678±6

4 zircon Cedar Lake mafic granulite  metamorphic Corfu (1988) 
 3040±3 zircon Sen Bay stock High-Al TTG ?  Corfu et al. (1995) 
 >3040 zircon Chamberlain Narrows batholith High-Al TTG ?  Corfu et al. (1995) 
 2679±2 zircon Chamberlain Narrows amphibolite  metamorphic Corfu et al. (1995) 
 3040±40 zircon Sen Bay tonalite gneiss High-Al TTG ?  Krogh et al. (1976) 
 2660±20 zircon Sen Bay late granite Crustal-I ?  Krogh et al. (1976) 
 2832±3 zircon Kenora gneissic tonalite High-Al TTG  Beakhouse (1983) 
 >2762 zircon Dalles batholith grey phase High-Al TTG  Beakhouse (1983) 
 >3051 zircon Tannis Lake tonalite High-Al TTG  Davis et al. (1988) 
       
Wabigoon Subprovince    
 2735±4

3 zircon Contact Bay rhyolite volcanic  Davis et al. (1982) 
 2743±2 zircon Eagle Lake dacite volcanic  Davis et al. (1982) 
 2733±1 zircon Sioux Lookout tuff volcanic  Davis and Trowell (1982) 
 2745±2 zircon Handy Lake dacite tuff volcanic  Davis and Trowell (1982) 
 2718±2 zircon South Sturgeon Lake cycle 4 volcanic  Davis and Trowell (1982) 
 2728±1 zircon Dash Lake dacite tuff volcanic  Davis and Edwards (1982) 
 2711±2 zircon Stephen Lake tuff volcanic  Davis and Edwards (1982) 
 2714±6

4 zircon Berry Creek complex volcanic  Davis and Edwards (1982) 
 2775±1 zircon Sturgeon Lake volcanic volcanic  Davis et al. (1988) 
 2736±3

2 zircon South Sturgeon Lake cycle 2 volcanic  Davis et al. (1985) 
 2735±2 zircon South Sturgeon Lake cycle 2 volcanic  Davis et al. (1985) 
 2735±3 zircon South Sturgeon Lake cycle 2 volcanic  Davis et al. (1985) 
 2735±7

3 zircon South Sturgeon Lake cycle 3 volcanic  Davis et al. (1985) 
 2736±2 zircon South Sturgeon Lake cycle 3 volcanic  Davis et al. (1985) 
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 Age Mineral Unit Rock Comment Reference 
 2723±2 zircon Shoal Lake dacite volcanic  Davis and Smith (1991) 
 2738±2 zircon Bigstone Bay volcanics volcanic  Ayer and Davis (1997) 
 2719±1 zircon Long Bay volcanics volcanic  Ayer and Davis (1997) 
 2720±3 zircon Zigzag Island volcanics volcanic  Ayer and Davis (1997) 
       
 2733±4

2 zircon Pike Lake intrusion gabbro  Davis and Trowell (1982) 
 2725±3

2 zircon Kakagi sill gabbro  Davis and Edwards (1982) 
 2732±4 zircon Katimiagamak sill gabbro  Davis and Edwards (1986) 
 2733±1 zircon Mulcahy Lake intrusion gabbro  Morrison et al. (1985) 
 2722±5 zircon Boyer Lake sill gabbro  Davis (1989) 
 2732±3 zircon Atikwa batholith – Godson Lake High-Al TTG  Davis et al. (1982) 
 2732±2 zircon Atikwa batholith – Twin Island High-Al TTG  Davis et al. (1982) 
 2734±2 zircon Biedelman Bay intrusion Low-Al TTG  Davis and Trowell (1982) 
 2724±2 zircon Kishkutena tonalite High-Al TTG  Davis and Edwards (1982) 
 2723±2 zircon Sabaskong tonalite gneiss High-Al TTG  Davis and Edwards (1986) 
 2717±5

3 zircon Aulneau tonalite High-Al TTG  Davis and Edwards (1986) 
 2710±4

2 zircon Aulneau granodiorite High-Al TTG  Davis and Edwards (1986) 
 2724±2 zircon Stevens Island complex High-Al TTG ?  Davis and Smith (1991) 
 2711±2 zircon Dryberry batholith tonalite High-Al TTG ?  Davis (1990) 
       
 2727±2 zircon High Lake stock- early phase Affinity unknown  Davis and Smith (1991) 
 2711±2 zircon High Lake stock- late phase Affinity unknown  Davis and Smith (1991) 
 2709±1 zircon Canoe Lake stock Affinity unknown  Davis and Smith (1991) 
       
 2696±2 zircon Taylor Lake stock LMDP  Davis et al. (1982); Davis (1989) 
 2701±1 zircon Herony Lake quartz diorite LMDP  Davis and Edwards (1986) 
 2699±2 zircon Stephen Lake pluton LMDP  Davis and Edwards (1986) 
 2695±3 titanite Falcon Island pluton LMDP-alkalic  Ayer and Davis (1997) 
 2695±2 zircon/titanite Sandybeach Lake stock LMDP  Davis (1990) 
 2698±1 zircon Jackfish Lake pluton LMDP  Sutcliffe et al. (1990) 
       
 2685±2 monzonite Ghost Lake Batholith Crustal-S  Davis (1990) 
 2663±5 zircon/ 

monzonite 
Dryberry batholith granite Crustal-I  Davis (1990) 

Abbreviations: LMDP, late mantle-derived pluton; TTG, tonalite trondhjemite granite. 
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Figure 19.  Summary of absolute timing relationships based on U/Pb geochronology for the classic Kenoran region. LMDP = late mantle-derived plutons. 
 
 

38 



 

39 

The foregoing observations suggest a profound change in the character of plutonic magmatic activity 
in the CKR at approximately 2700 to 2710 Ma.  Prior to 2710 Ma, partial melting of short-lived mafic 
(basaltic) crust produced synvolcanic high- and low-Al TTG magmas.  Subsequent to 2710 Ma, plutonic 
magmatic activity consisted of a brief, volumetrically minor episode of mantle-derived (sanukitoid and 
alkalic) plutonism that represented the terminal stage of juvenile crust formation in this portion of the 
Superior Province and a more protracted, geographically restricted episode of crustal (I- and S-type) 
melting.  The timing of this transition in the character of magmatism is similar to that of large-scale 
recumbent folding (Beakhouse et al. 1983; Beakhouse and McNutt 1991) and possible thrust faulting 
inferred from U/Pb geochronological data suggesting out-of-sequence stratigraphy (Davis et al. 1988).  
Late conglomeratic sedimentary sequences (e.g., Crowduck Group, Ament Bay Formation) with a local 
minor shoshonitic volcanic component unconformably overly the older volcanic and intrusive rocks and 
contain detrital zircons as young as 2698 Ma (Davis et al. 1988; Ayer and Davis 1997).  In addition, high-
grade metamorphism in the WRS and portions of the northern margin of the WWS was initiated at 2709 
Ma and persisted for 30 to 40 million years (Corfu 1988).  The temporal association of an abrupt, 
profound change in the nature of magmatic activity, tectonic thickening of the crust, development of late 
unconformable sedimentary basins and initiation of high-grade metamorphism and intracrustal melting is 
interpreted to be a consequence of collision of diachronous ensimatic arcs represented by the WRS and 
WWS at 2707 ± 8 Ma (Beakhouse and McNutt 1991). 

THE HEMLO EXAMPLE 

The Hemlo greenstone belt lies within the volcanoplutonic Wawa Subprovince of the Superior Province 
and hosts the world class Hemlo gold deposit that is localized along a regional east-trending shear zone in 
the central portion of the greenstone belt.  The greenstone belt has associated intrusive rocks ranging in 
age from ~2720 to 2677 Ma making this an area ideally suited to study the relationship between 
characteristics of intermediate to felsic plutonism and gold mineralization.  This discussion is simplified 
from a detailed investigation (Beakhouse 2001; Beakhouse and Davis 2005) to which the reader is 
referred for detailed discussion and referencing and which was carried out as part of a larger CAMIRO 
(Canadian Mining Industry Research Organization) investigation addressing the characteristics, regional 
setting and origin of the Hemlo gold deposit (Sutcliffe et al. 1998). 

General Geology of the Hemlo Greenstone Belt 

Supracrustal rocks within the belt consist of a substratum of tholeiitic basalt overlain by calc-alkalic 
volcanic rocks which are intercalated with and overlain by sedimentary rocks (Jackson 1998).  The age of 
the basal basaltic unit is not directly constrained although it is in contact with the Pukaskwa batholith 
(2718 Ma) to the south (Corfu and Muir 1989a) and may be correlative with ~2720 a million-year-old 
volcanism to the north (Davis et al. 1994; Zaleski et al. 1999).  Numerous U/Pb zircon age determinations 
for calc-alkaline volcanism are generally within a narrow range between 2688 and 2698 Ma.  The 
youngest detrital zircon ages for the sedimentary rocks are comparable in age to the youngest calc-alkalic 
volcanic rocks (Corfu and Muir 1989a; Davis et al. 1998; Davis and Lin 2003).  Large batholiths 
surrounding the greenstone belt include heterogeneous complexes (Black–Pic and Pukaskwa batholiths) 
with a regionally predominant foliated to gneissic tonalitic component (ca. 2720 Ma) and the relatively 
homogeneous, leuco-tonalitic Dotted Lake batholith (ca. 2697 Ma).  These units pre-date D1 deformation 
and pre-date or are broadly synchronous with calc-alkaline volcanism in the greenstone belt.   The 
greenstone belt and surrounding tonalitic batholiths are intruded by numerous smaller intermediate to 
felsic plutons including the Cedar Creek stock (ca. 2684 Ma), Heron Bay pluton (ca. 2681 Ma), Cedar 
Lake pluton (ca. 2680 Ma), Musher Lake pluton (ca. 2679 Ma), Gowan Lake pluton (ca. 2678 Ma) and 
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Fourbay Lake pluton (ca 2677 Ma). These plutons are regarded as syntectonic to late tectonic, as the 
oldest of these plutons locally cut a component of the D1 deformational fabric and may be synchronous 
with regional folding (D2) whereas the youngest of these plutons locally contain inclusions of country 
rock with a folded (D2) deformational fabric (D1). 

Metamorphic grade generally increases from greenschist near Lake Superior in the western portion 
of the belt to mid- to upper-amphibolite in the eastern portion of the belt as well as towards some of the 
granite-greenstone contacts (Jackson 1998) and in the vicinity of the gold deposit.  The age of 
metamorphism is probably close to 2677 Ma, as defined by titanite in regional plutons (Corfu and Muir 
1989b) although some of the late plutons are observed to cross-cut fabrics defined by metamorphic 
mineral assemblages indicating that metamorphism was initiated prior to this time and within 
approximately 5 millions years of deposition of the youngest supracrustal rocks (Beakhouse and Davis 
2005).  An early deformational event(s) (D1) imposed a well-developed penetrative deformational fabric 
defined by peak metamorphic mineral assemblages as well as flattening and stretching of primary 
structures. D1 structures are generally oriented parallel to stratigraphy.  A second regional deformational 
event(s) (D2) folds the stratigraphy and D1 fabric.  Taken together, these observations indicate that the 
Hemlo greenstone belt underwent a rapid tectonic evolutionary development from its depositional stage, 
terminating at approximately 2690 Ma, to an essentially final tectonometamorphic configuration by 
approximately 2675 to 2680 Ma (Figure 20). 

 

 
 

 
 
 
Figure 20.  Summary of age constraints on the timing of magmatism, deformation and regional metamorphism associated with 
the Hemlo greenstone belt. 
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Secular Evolution of Intermediate to Felsic Plutonism 

The plutons discussed above display a range of mineralogical, petrographic and geochemical 
characteristics that vary in a relatively systematic way with the ages of the plutons.  The oldest plutons are 
relatively leucocratic tonalites and granodiorites with relatively simple (biotite ± hornblende) mafic 
mineralogy.  Accessory minerals include minor amounts of epidote, titanite, magnetite, apatite and zircon.  
Oxide minerals are almost exclusively simple magnetite octahedra and are relatively low in abundance 
resulting in low magnetic susceptibilities and subdued aeromagnetic expression. 

There is a general tendency for younger plutons to have lower abundance of quartz, increasing 
proportion of potassium-feldspar to total feldspar, with the youngest plutons being predominantly quartz 
monzodiorites.  Progressively younger plutons also exhibit a tendency to be more mafic and have 
increasingly complex mafic mineral assemblages.  The older plutons characteristically have biotite > 
amphibole with both occurring as discrete grains, whereas younger plutons have amphibole > biotite 
occurring as both discrete grains and in polymineralic clots along with titanite, epidote and iron oxides.  
The youngest plutons also contain clinopyroxene as cores within amphiboles and have more complex 
iron-titanite-oxide mineralogy.  Accessory minerals are notably more abundant in the younger plutons. 

The major element geochemical characteristics of individual plutons are typically relatively uniform 
or show limited variation whereas interpluton variation is much greater and correlates in a general way 
with the age of the plutons.  Furthermore, the nature of the interpluton and intrapluton covariation 
between some element combinations is distinctly different. 

Individual plutons are either compositionally uniform or show limited compositional range, with 
“normal” trends relative to various indices of fractionation (e.g., SiO2, Mg#) such as might be expected 
for a variety of crystal and/or liquid fractionation processes (Beakhouse 2001).  These “normal” trends 
include decreasing MgO, Fe2O3, CaO, TiO2 and compatible trace elements and increasing K2O, 
K2O/Na2O and incompatible trace elements as rocks become progressively more fractionated. 

Interpluton variation spans a much broader compositional spectrum and deviates from some of the 
trends described above for individual plutons in several important respects.  The most striking deviation 
from a “normal” trend is the positive interpluton correlation of compatible and incompatible elements 
(e.g., MgO versus K2O, Cr versus Th).  This unusual covariation results in the most primitive 
compositions in terms of having lower SiO2 and higher MgO, TiO2, Cr, Ni and Mg# having the highest 
K2O, K2O/Na2O, Rb, Th and U. 

The interpluton variation described above also displays a correlation with the age of the plutons.  The 
older units (Black–Pic, Pukaskwa and Dotted Lake batholiths) are sub-alkalic and weakly peraluminous 
to metaluminous with low MgO, Fe2O3

TOTAL, TiO2, Ni, Cr, Rb, Th and Mg# and are distinctly sodic with 
K2O/Na2O < 0.35.  The youngest plutons (Gowan Lake and Fourbay Lake plutons) are strongly 
metaluminous with higher abundances of the aforementioned elements as well as higher Mg#.  These later 
units have high K2O with K2O/Na2O > 0.65 and are marginally alkalic.  Intermediate-aged plutons  
(e.g., Heron Bay, Cedar Lake and Cedar Creek plutons) have compositions intermediate between those of 
the older and younger plutons although they contain minor phases having affinity with the latest group of 
plutons. 

All of the units are characterized by moderately to strongly fractionated REEs and limited 
intrapluton variation although there is a broad range of interpluton variation in overall abundance of 
REEs. The abundance of REEs, as well as the nature of Eu anomalies, correlates in a general way with the 
age of the plutons.  Older plutons (Black–Pic, Pukaskwa and Dotted Lake batholiths) have lower total 
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REE abundances and are characterized by weakly positive Eu anomalies.  REEs in the youngest plutons 
(Gowan Lake and Fourbay Lake plutons) are similarly fractionated but much more abundant and are 
characterized by weakly negative Eu anomalies.  Intermediate-aged plutons have REE characteristics that 
are transitional between those of the older and younger plutons. 

Petrogenesis of Intermediate to Felsic Plutonic Rocks 

The overall change in the mineralogy and whole rock geochemistry point to changes in the petrogenesis 
and tectonic setting of granitoid plutonism associated with the Hemlo greenstone belt.  The earlier 
plutonic units, including the foliated to gneissic component of the Black–Pic and Pukaskwa batholiths and 
the Dotted Lake batholith, are characterized by relatively high SiO2, Na2O/K2O and Sr/Y, and relatively 
lower K2O, Mg #, Rb, Ba, Zr, Y, Ni, Cr and V.  These rocks exhibit moderately fractionated REE patterns 
with depleted HREEs and negligible or weak positive Eu anomalies.  These characteristics are typical in 
most respects of Superior Province TTG suites that have been interpreted as products of melting of 
tholeiitic basalt at lower crustal or upper mantle depths (e.g., Arth and Hanson 1972, 1975; Beakhouse 
and McNutt 1991).  This model accounts for the general major element characteristics (Helz 1976) 
including the distinctive low LILE abundances.  The depth constraint arises from the need to stabilize 
garnet (or less favourably hornblende) in the residue to account for the characteristic HREE and Y 
depletion observed in these rocks. Basaltic crust source material could be introduced at depths appropriate 
for the requisite metamorphic mineral assemblages and partial melting conditions by several mechanisms.  
Basaltic crust could be formed at the base of the crust by magma underplating, transported to the base of 
the crust by large-scale accretion processes or by subduction of oceanic crust.  Tonalitic magmas are 
areally extensive in the Hemlo greenstone belt area as well as more regionally (Beakhouse et al. 1989; 
Sutcliffe et al. 1993) and may represent a large proportion of the upper Archean crust.  The parameters for 
partial melting of tholeiitic basalt giving rise to tonalitic melts require that the volume of source basalt be 
5 to 10 times that of the derived tonalite.  These factors impose a further constraint that the process be 
highly efficient in order to both cycle very significant volumes of basaltic crust to appropriate depths and 
dispose of the residue from partial melting.  On this basis, the subduction of basaltic oceanic crust seems 
the most likely mechanism. 

The mineralogical and geochemical characteristics of youngest units within the later plutonic group 
(Gowan Lake pluton, Fourbay Lake pluton) display an apparent dichotomy.  Their mafic, quartz-poor, 
strongly metaluminous character as well as low SiO2 and relatively high CaO, MgO, TiO2 and P2O5 
suggest that these are relatively primitive magmas.  The Mg# and Ni, Cr, Co and V abundances of these 
younger plutons are also elevated relative to that characterizing the earlier TTG-type plutons.  However, 
they are also characterized by elevated incompatible elements such as K2O, Rb, Ba, Zr, Y, Th, U, Ta, and 
Nb as well as abundant, highly fractionated REEs, suggesting they are more geochemically evolved.  This 
dual primitive–evolved character cannot be readily reconciled with the TTG model.  

The dual primitive–evolved character of the Gowan Lake and Fourbay Lake plutons is generally 
consistent with the sanukitoid model of Shirey and Hanson (1984).  They suggested that high Mg 
numbers and Ni and Cr abundances in some Superior Province monzodiorites and trachyandesites reflect 
mantle derivation while their elevated LILE is due to metasomatic enrichment of the source prior to 
melting.  Primary sanukitoid magmas typically have 55 to 60% SiO2, Mg# > 0.6, Ni > 100 ppm, Cr > 200 
ppm, K2O > 1%, Sr and Ba > 500 ppm, and LREE enrichment with negligible Eu anomalies (Stern et al. 
1989).  By these criteria, the Gowan Lake and Fourbay Lake plutons do not qualify as primary sanukitoid 
magmas; however, they are interpreted to have affinity with the sanukitoid suite for several reasons.  The 
coincident enrichment in both compatible and incompatible elements, along with their strongly 
metaluminous character and moderately high Mg#, are not readily reconciled with partial melting and 
fractionation of mafic to felsic igneous rocks or metasedimentary rocks.  Though the Mg numbers are not 



 

43 

as high as proposed for primary sanukitoid magmas, they exceed those of experimentally generated basalt 
melts, even where the source basalts are significantly more Mg-rich than typical Archean basalts (Evans 
and Hanson 1997). 

The generally syndeformational plutons (e.g., Heron Bay and Cedar Lake) are compositionally 
intermediate between the slightly younger, mantle-derived, posttectonic plutons and the older, TTG-type 
pretectonic batholiths.  The composition of the intermediate-aged plutons more closely resembles that of 
the posttectonic plutons and these 2 groups of plutons share the tendency to be somewhat enriched in both 
compatible and incompatible elements.  In addition, both the Heron Bay and Cedar Lake plutons contain 
minor phases having affinity with the sanukitoid suite.  Consequently, some involvement of intermediate 
magmas derived by partial melting of metasomatized mantle is implicated in the petrogenesis of these 
plutons. 

Unlike the latest, mantle-derived plutons, these intermediate-aged plutons appear to contain abundant 
zircon xenocrysts, suggesting that crustal assimilation must play a role in the generation of these plutons.  
However, general geochemical characteristics of these plutons are not easily reconciled with the addition 
of a major crustal melt component derived from older intermediate to felsic igneous rocks or sedimentary 
rocks that would be the most probable source of xenocrystic zircons.  Specifically, the strongly 
metaluminous character, relatively elevated Mg# and compatible element abundances, high Sr 
abundances and lack of negative Eu anomalies suggest that crustal melts are not a volumetrically 
significant component of these magmas.  The apparently contradictory source requirements implied by 
the geochemical characteristics of these plutons and the presence of extensive zircon inheritance can be 
reconciled if the magmas equilibrated with an ultramafic to mafic source containing a small proportion of 
felsic crust or sediment.  Within this model, the general geochemical characteristics are dominantly 
reflective of the bulk source characteristics while a volumetrically minor felsic or sedimentary component 
within the source or limited interaction with such rock types during emplacement disproportionately 
contributes xenocrystic zircons. 

Summary 

Intermediate to felsic plutonic rocks associated with the Hemlo greenstone belt record a secular 
evolutionary change from earlier, pretectonic to syntectonic, synvolcanic, tonalitic to granodioritic 
plutons to volumetrically subordinate, later, syntectonic to posttectonic quartz monzodioritic plutons.  The 
earlier plutons are characterized by moderate Mg# (<45), high Na/K, low Ni, Cr, LILE and HFSE 
abundances, fractionated REEs with near chondritic HREE abundances, weak positive Eu anomalies and 
depleted mantle isotopic signature.  They are interpreted to reflect derivation by partial melting of 
subducted basaltic crust at upper mantle depths.  The youngest plutons are characterized by higher Mg# 
(>45), Ni and Cr, lower Na/K, moderate to high abundances of LILEs and HFSEs, abundant, moderately 
to highly fractionated REEs with weakly negative Eu anomalies and Nd isotopic signatures slightly less 
evolved than depleted mantle.  These characteristics are interpreted to reflect derivation by partial melting 
of long-term depleted mantle that was metasomatized less than 50 million years prior to melting. 

DIACHRONOUS SECULAR EVOLUTION ACROSS THE SUPERIOR 
PROVINCE 

Mantle-derived monzodioritic magmas are now widely interpreted to be a minor, generally late-tectonic 
to posttectonic, magmatic component throughout the Superior Province.  They have very similar ages 
over large areas, with those occurring in the Wawa and Abitibi subprovinces being 10 to 20 million years 
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younger than those occurring in the Wabigoon, Winnipeg River, English River, Uchi and Berens River 
subprovinces (Beakhouse and Davis 2005).  As at Hemlo, they postdate greenstone belt volcanism and 
TTG plutonism (generally by 5 to 10 million years), are emplaced over a restricted time interval (<10 
million years) and are the youngest major juvenile additions to the Archean crust in each of these areas.  
This suggests that secular evolution in the nature of plutonic rocks over large portions of the Superior 
Province may parallel that described for the Hemlo area.  Where present, crustally derived granitic rocks 
also postdate TTG-type magmatic activity but may be more protracted (<50 million years) than 
sanukitoid and alkalic suite magmatic activity. 

This southward younging of the timing of the latest TTG plutonism and the transition to late, mantle-
derived plutonism parallels other temporal transitions within the Superior Province.  The concept that the 
Superior Province displays a southward younging in the age of volcanism that may be attributed to 
accretion of island arcs was initially advanced by Krogh and Davis (1971) on the basis of some of the 
earliest high-precision U/Pb geochronological investigations of the Superior Province.  Subsequent work 
has confirmed and refined this relationship (Corfu and Davis 1992).  These authors also noted that 
plutonic rocks display a generally similar age pattern although they extend to younger age ranges that 
generally are not associated with coeval volcanism. 

A consistent pattern emerges when the timing of plutonism is considered within the context of their 
petrogenesis.  Volumetrically dominant, high-Al TTG plutonism and rare low-Al TTG plutonism are 
comparable in age to calc-alkalic volcanic rocks occurring in the same region.  The widespread but 
volumetrically subordinate sanukitoid and locally present alkalic suite plutons postdate TTG plutonism 
and may or may not have associated volcanism.  Volcanism associated with these late mantle-derived 
suites occurs within the latest supracrustal (so-called “Timiskaming-type”) sequences that unconformably 
overlie older volcanic sequences and TTG plutons.  These younger volcanic rocks share the distinctive 
geochemical signatures of the mantle-derived plutonic suites.  Crustally derived granitic rocks (both  
I- and S-type) postdate TTG plutonism.  The oldest crustally derived granites are comparable in age to the 
late mantle-derived suites although most of the former are somewhat (~10-30 million years) younger.  
There are no known Superior Province examples of volcanic rocks having petrogenesis comparable to the 
late crustally derived plutonic suites. 

The timing of the transition from a protracted earlier stage of extensive TTG-type plutonic activity to 
a brief stage of mantle-derived plutonic activity that represents the terminal stage of Archean juvenile 
crust formation varies in a systematic way across the Superior Province (see discussion in “Timing of 
Gold Mineralization Within the Superior Province”, page 53, and see Figure 22).  The transition occurs at 
approximately 2700 to 2710 Ma in northern portions of the Superior Province whereas a similar transition 
is approximately 20 million years younger in southern portions of the Superior Province (Beakhouse et al. 
1999). 

A PETROGENETIC HYPOTHESIS FOR SUPERIOR PROVINCE 
PLUTONISM 

The pattern of a protracted period of voluminous TTG magmatism with an abrupt, irreversible transition 
to sanukitoid magmatism places constraints on the tectonic evolution of the Superior Province.  As argued 
above, plutonic rocks of TTG affinity are areally and volumetrically extensive, have probable volcanic 
equivalents within greenstone belts and must be an important provenance component of sedimentary 
units.  Consequently, TTG magmatism must be voluminous and likely comprises at least 50 to 75% of the 
upper continental crust.  Melting models require that 5 to 10 times that volume of basalt be buried to 
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lower crustal to upper mantle depths to undergo melting to produce the TTG magmatism.  The melting 
process will generate very large volumes of mafic garnet granulitic and eclogitic residue.   

Mantle-derived intermediate to felsic plutons postdate TTG magmatism and greenstone belt 
deposition and were emplaced synchronously with regional deformation and metamorphism. They are 
emplaced within a narrow (~5 million years) time interval which postdates the youngest slab-derived 
magmatism by 5 to 8 million years.  The earliest of these plutons contain zircon xenocrysts and have 
interacted extensively with the crust whereas the latest plutons show no evidence of crustal interaction.  
The geochemical and isotopic characteristics of these plutons require that the long-term depleted mantle 
source was metasomatically enriched less than 50 million years prior to melting. 

Secular evolution in the nature of granitoid plutons is interpreted to be the consequence of a 
transition in the nature of large-scale tectonic processes.  Partial melting of a subducted basaltic slab at 
upper mantle depths accounts for the geochemical characteristics of the earlier TTG magmatism.  This 
model also provides an efficient mechanism to cycle large volumes of basalt and eclogitic residue.  
Metasomatism of the overlying mantle wedge arising from dehydration and low-level partial melting of 
subducted oceanic crust can also account for the characteristics of the source implicated in the generation 
of subsequent magmatic products.  This hypothesis is consistent with interpretations that coeval volcanic 
rocks in the region developed, in part, in a juvenile oceanic arc (e.g., Polat et al. 1998). 

Postsubduction processes, which could trigger mantle melting, include a return to equilibrium 
geothermal gradients due to the cessation of subduction or upwelling of hot asthenosphere due either to 
plume impact or detachment and sinking of the eclogitic slab. The pace of events evidenced at Hemlo 
requires injection of heat into the mantle and crust over a period of a few million years or less 
accompanied by equally rapid deformation and uplift, which together with temporal relationship with 
deformation and earlier arc-magmatism, favours asthenospheric upwelling due to slab detachment or roll-
back as the driving mechanism. The fact that this pattern is repeated at successively younger times over 
the southern Superior Province suggests that it is a natural consequence of accretionary processes along 
the margin of the growing craton. Slab breakoff is thought to be an inevitable consequence of attempted 
subduction of continental crust following collision (Davies and von Blanckenburg 1995).  In Phanerozoic 
orogens such as the Alps and Caledonides, it is thought to have produced uplift and plutonic rock 
associations that are somewhat similar to the sanukitoid suite (Atherton and Ghani 2002; von 
Blanckenburg and Davies 1995, 1996)). Thus, episodic slab breakoff following terrane collisions may be 
a viable model for understanding late magmatic evolution in the central and southern Superior Province. 

The termination of subduction is attributed to collisional accretion of arcs and microcontinental 
masses to the growing Superior Province.  The collisional process provides an explanation not only for 
the termination of subduction and related magmatic activity but also for tectonic thickening of the crust 
leading to extensional collapse and the generation of late, unconformable (“Timiskaming-type”) 
sequences.  Late intracrustal melting represented by the crustal I- and S-type plutonic suite may be 
attributed to heating related to some combination of tectonic thickening, extensional orogenic collapse 
and introduction of hot asthenospheric mantle near the base of the crust. 

Comparisons with Phanerozoic Arc Magmatism 

A detailed review of the voluminous literature pertaining to Phanerozoic arc magmatism is beyond the 
scope of this contribution; however, some discussion of the main characteristics and concepts is presented 
here in order to offer a comparison with the Archean magmatic record.  The emphasis is placed on 
oceanic and, to a lesser extent, continental arcs associated with subduction zones and in particular on the 
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intermediate to felsic component of these arcs.  The mafic component of these arcs and postcollisional 
intermediate to felsic plutonism originating in tectonically thickened continental crust will only be 
peripherally considered.  The goal is to provide a basis for comparison of Phanerozoic arc magmatism 
with the intermediate to felsic components (TTG and LMDP) that predominate within greenstone terranes 
of the Superior Province. 

PHANEROZOIC ARC MAGMATISM 

Phanerozoic magmatism, in particular Tertiary and Recent activity that can be related to current and 
interpreted past plate motions, is widely interpreted within the plate tectonic paradigm.  Significant 
amounts of magma are generated in intraplate settings (e.g., ocean islands, oceanic plateaux and 
continental flood basalt and anorogenic provinces); however, a large proportion of crust formation is 
associated with plate boundaries (Wilson 1989).  Production of intermediate to felsic crust is largely 
associated with sites where predominantly mafic crust generated at mid-ocean spreading centers is 
subducted beneath oceanic or continental crust.  The nature of intermediate to felsic magmas emplaced or 
erupted above subduction zones is highly variable due to a wide range of factors including development 
in a continental or oceanic setting, dip of subduction zone, depth to Benioff zone, age of subducted 
oceanic crust, proximity to ridges, transform faults and plumes, the fate of sedimentary rocks deposited on 
oceanic crust and within trenches and the extent to which magmas are modified by assimilation and 
fractional crystallization during ascent and crystallization (e.g., Anderson et al. 1978, 1980; Kay 1984; 
Thorpe et al. 1984; Mahlburg Kay et al. 1988; Drummond and Defant 1990).  Interpretation of many of 
these complexities (e.g., crustal components may be introduced by addition of a subducted sedimentary 
component to the source or assimilation of crust during emplacement: Stern 1991; Hildreth and Moorbath 
1991) have inspired controversy.  Consequently, the ensuing discussion necessarily invokes 
generalizations to which there are numerous exceptions. 

Source of Fluids 

It is generally recognized that anhydrous melting of ultramafic to mafic rock requires extreme 
temperatures that are not commonly realized in nature; however, the addition of minor amounts of a 
dominantly aqueous fluid phase significantly reduces solidus temperatures (Wyllie 1979) and permits 
partial melting under geologically reasonable temperatures and pressures.  The aqueous fluid phase may 
be derived from hydrous mineral phases in the rock undergoing dehydration or introduced from an 
external source.  In the case of a fluid introduced from an external source, the addition of dissolved 
components in the fluid will influence the composition of the melt. 

Primary basaltic magma generated at ocean ridges is relatively anhydrous but extensive alteration of 
basaltic crust by sea floor hydrothermal processes results in the formation of a hydrous mineral 
assemblage (Alt 1999).  Sediments deposited on oceanic crust also contain hydrous mineral phases.  
Consequently, subducted oceanic crust initially contains substantial amounts of water, both as an 
interstitial fluid phase and a structurally bound component within hydrous mineral phases.  As this crust is 
subducted to depth and consequently heated, a series of metamorphic reactions result in the 
transformation of the initial hydrous crust through progressively less hydrous (greenschist→amphibolite) 
and ultimately anhydrous (granulitic and eclogitic) metamorphic mineral assemblages (Tatsumi and 
Eggins 1995).  It is widely accepted that these aqueous fluids derived from the dehydration of the 
subducted slab play an important role in the generation of arc magmatism and modification of the 
overlying mantle wedge.  The water may either be dissolved in melts generated in the metamorphosed 
slab or escape as an aqueous fluid into the overlying mantle wedge (Peacock 1990).  The amounts, 
character and nature of the dissolved components within fluids derived from a subducting slab will vary 
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with depth (Peacock 1990; Ryan et al. 1996) and may be an agent for metasomatic enrichment of the 
overlying mantle wedge in Si, Na, K, Rb, Sr, Ba and REEs (Anderson et al. 1978; Mysen 1979; Pearce 
1983). 

Thermal Structure of Subduction Zones 

The two-dimensional (cross-sectional) thermal structure of subduction zones is a function of numerous 
variables.  In the simplest case, these include the unmodified (presubduction) geothermal gradient, 
duration of subduction, temperature of the subducting slab, rate of convergence, geometry of the 
subduction zone, rate of shear heating along the subduction shear zone and nature of induced convection 
in the asthenospheric mantle wedge (Davies and Stevenson 1992; Peacock 1996; Stern 2002).  The effect 
of varying any one or two of these variables can be predicted in a general way (e.g., fast subduction of old 
(cold) oceanic lithosphere will depress geotherms more than slow subduction of young (hot) oceanic 
lithosphere) but the overall effect of changes in all of these input variables can result in extremely 
complex models (Stern 2002). 

Numerous specific circumstances may introduce additional heat and result in additional 
complexities.  During the initial stages of subduction the depressed geothermal gradient characteristic of 
mature arcs may not be fully developed and the underthrust basaltic crust may intersect the wet solidus 
and undergo melting (Sajona et al. 1993).  Similarly, upon termination of subduction there will be a 
transitory interval when the depressed geothermal gradient characterizing the arc stage returns to an 
equilibrium geothermal gradient and the previously subducted basaltic crust will be heated and possibly 
undergo melting (Sajona et al. 2000).  Postsubduction thermal anomalies may also be introduced by slab 
break-off and related influx of hot asthenospheric mantle into the previously cooled mantle wedge (Sacks 
and Secor 1990; von Blanckenburg and Davies 1995; Atherton and Ghani 2002).  Proximity to transform 
segments where the edges of slab segments may be exposed to convicting asthenospheric mantle may also 
contribute additional heat leading to possible melting of the slab (Yogodzinski et al. 2001).  Subduction 
of ridges or other thermally anomalous segments of oceanic crust is also interpreted as a possible process 
that may modify the thermal structure and nature of magmatic products in arcs (Rogers et al. 1985; 
Saunders et al. 1987). 

An important consideration for arc magmatism that may be addressed by considering the thermal 
structure of arcs together with experimental constraints on melting is whether or not the subducted 
basaltic component of the slab partially melts or dehydrates.  Numerous investigations of this problem 
have concluded that within a simple subduction model the crust will generally dehydrate and not melt 
unless either the subducting crust is relatively young and hot or one of the specific circumstances 
discussed above modifies the thermal structure of the arc (Wyllie 1982; Peacock et al. 1994; Peacock 
1996). 

Compositional Range of Arc Magmatism 

Arc-related igneous rocks are commonly subdivided into low-K, calc-alkalic, high-K calc-alkalic and 
shoshonitic series.  The low-K series (generally synonymous with island arc tholeiite series) is 
characterized by predominant effusive basaltic volcanism with subordinate intermediate compositions, 
whereas the calc-alkalic series has a high proportion of explosively erupted intermediate rocks containing 
hydrous minerals suggesting the latter series is more volatile-rich (Wilson 1989).  Although these series 
are recognized in both oceanic and continental arcs, the dominant compositions in the latter tend to be 
more felsic with a lower abundance of low-K series and higher abundance high-K and shoshonitic series 
rocks (Wilson 1989). 
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In addition to the general series described above, a number of distinctive magma types are also 
recognized and distinguished.  Boninites are high-Mg andesites that have been further subdivided on the 
basis of other geochemical parameters (Crawford et al. 1989) and encompass a broad spectrum of 
separately named variants (e.g., sanukites, bajaites).  The broad compositional spectrum (ultramafic to 
intermediate compositions) characterizing these suites in part reflects crystal fractionation processes; 
however, primitive members of these suites are generally attributed to partial melting of variously 
hydrated and metasomatized, refractory ultramafic rock.  Adakites (Defant and Drummond 1990—also 
referred to as enriched, high-Mg# andesites—Kelemen et al. 2003) occur in some arcs and are interpreted 
to represent partial melts of subducted oceanic crust that has interacted to greater or lesser degrees with 
the overlying mantle wedge.  The compositional spectra defined by many of these specific types of arc 
magma overlap to some degree and the composition of individual samples may in some cases fit the 
criteria for several of these specific suites. 

Possible Contributing Sources 

There is broad agreement that fluids derived from subducted oceanic crust plays a critical role in the 
generation of arc magmatism; however, there remains considerable controversy over the relative 
contributions of different potential source rocks.  Most thermal models of island arcs generally predict a 
relatively cold slab that dehydrates and metasomatizes the overlying mantle wedge; however, in some 
circumstances (subduction of hot, young oceanic lithosphere) a component of slab melting may occur 
(Anderson et al. 1978, 1980; Peacock 1990, 1996).  The temperature of the mantle wedge is predicted to 
be highly variable (with possible local inverted geothermal gradients) due to the interaction of the 
relatively cool subducted slab and induced convection in the mantle wedge, but is locally sufficiently high 
to exceed the solidus of a range of mantle compositions (Wyllie 1984).  Fluids and/or magmas generated 
in the slab and mantle wedge, together with introduction of heat due to magmatic underplating or induced 
mantle convection, may also trigger melting within the overlying crust.  Consequently, a range of possible 
sources may contribute to arc magmatism. 

MANTLE 

The wedge of lithospheric and asthenospheric mantle overlying a subduction zone is a potential source for 
a component of arc magmatism. In most circumstances, melts derived from normal mantle are not more 
siliceous than basaltic andesite (Wyllie 1984) although it is possible to generate silica-saturated to 
undersaturated intermediate magmas by direct hydrous partial melting of upper (<25 kbar) mantle 
peridotite (Kushiro 1972). The wedge may, however, be modified by infiltration of metasomatic fluids 
and low-level partial melts originating in the subducting slab.  The modified bulk composition and 
presence of hydrous mineral phases (e.g., phlogopite, K-richterite) renders the mantle both more fertile 
and susceptible to melting.  Virtually all investigations have concluded that the suprasubduction zone 
mantle wedge modified by a component derived from the subducting slab is the dominant source 
component of Phanerozoic mafic to intermediate arc magmatism (e.g., Gill 1981; Wyllie 1982; Arculus 
and Powell 1986; Davidson 1996; Stern 2002). 

SLAB 

A model for the generation of calc-alkalic igneous rocks in arc environments by partial melting of 
subducted basaltic crust is rooted in classic experimental petrology studies (Green and Ringwood 1968).  
More recently, attention has focused on the character and tectonic setting of arc magmas having certain of 
the characteristics predicted for basalt slab melts.  These rocks have been referred to as adakites based on 
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their first recognition in the Aleutians at Adak Island (Kay 1978; Defant and Drummond 1990).  
Although many examples of adakites are associated with arcs developed on older, continental crust, they 
also occur locally within intraoceanic island arcs (e.g., central and western Aleutian arc, Kelemen et al. 
2003) suggesting that their origin cannot be attributed solely to crustal contamination of mantle-derived 
arc magmas.  There is broad agreement that the characteristic depletion in HREEs and HFSEs is reflective 
of derivation from melting of an eclogitic basaltic slab component with residual garnet, clinopyroxene 
and rutile; however, considerable controversy has emerged over the extent to which a slab melt 
component is modified by interaction with the mantle wedge or mantle wedge-derived magmas (Defant 
and Drummond 1990; Yogodzinski et al. 1995; Sajona et al. 2000; Bourdon et al. 2002).  In particular, 
elevated Mg# and Ni and Cr abundances within some suites imply some degree of equilibration with 
mantle peridotite or mixing with mantle-derived magmas (Yogodzinski et al. 1995).  In some cases, 
incorporation of a subducted sedimentary source component and/or crustal assimilation/fractional 
crystallization also contributes to complexity (Stern and Kilian 1996). 

These types of magmas are not recognized in all arcs.  Tectonic settings and characteristics that are 
associated with the presence of adakites and which may play a role in generating an arc thermal structure 
conducive to generating slab melting include the subduction of hot, young oceanic crust (Defant and 
Drummond 1990), slow convergence rates (Kelemen et al. 2003), torn edges of subducting slabs related 
to transform segments (Yogodzinski et al. 2001), ridge subduction (Kelemen 1995), subduction initiation 
(Sajona et al. 1993) and thermal rebound following arc-arc collision (Sajona et al. 2000).  It is not clear 
whether the sporadic occurrence of magmas attributed to slab melting reflects their being generated only 
within specific settings or whether minor input from such a source may be more widespread but generally 
masked by the dominance of mantle-sourced magmas (Kelemen et al. 2003). 

SEDIMENTS 

Sediments deposited within a trench or upon a subducting oceanic plate may be scraped off, forming a 
forearc accretionary wedge.  In other cases, however, it is possible that a portion of these sediments may 
be subducted along with the basalt-lithospheric mantle slab.  The occurrence of short-lived (half-life = 1.5 
x 106 years), cosmogenic 10Be in lavas from island arcs provides compelling evidence that oceanic 
sediments may be subducted and are a source component for arc magmatism (Brown et al. 1982).  
However, in most other respects, input from a subducted sedimentary component is difficult to 
distinguish from a component of crustal contamination introduced when mantle- or slab-derived magmas 
interact with the lower crust (Wilson and Davidson 1984). This potential complication notwithstanding, 
many investigations of geochemical and isotopic characteristics of arc magmas have concluded that a 
minor component of subducted oceanic sediment is present in the source of these magmas (e.g., Kay 
1984; Woodhead et al. 1998; Hawkesworth et al. 1997). 

CRUST 

Numerous studies, particularly those involving magmatic arcs developed on continental crust, have noted 
geochemical and particularly isotopic characteristics that implicate a component of crustal contamination 
or melting (e.g., Cole 1982; Thorpe et al. 1984).  Felsic magmatism attributed to partial melting of mafic 
crust at the base of oceanic arcs also occurs but is a volumetrically minor component of these arcs (Smith 
et al. 2003).  Partial melts of mafic rocks at the base of thick (> 35 km) crust may have an eclogitic 
residue and be geochemically similar to slab-derived magmas (Petford and Atherton 1996). 
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Modification During Ascent and Emplacement 

Primary magmas are modified during ascent and emplacement by a range of processes including 
interaction with diverse host rocks (asthenospheric mantle, lithospheric mantle and crust), fractional 
crystallization and magma mixing.  In the case of slab-derived melts that rise through an inverted 
geothermal gradient into the hotter asthenospheric mantle, it is argued that significant interaction is 
expected to occur leading to magmas with elevated Mg# and Ni and Cr abundances relative to inferred 
slab melt magmas (Kelemen et al. 1993; Stern and Kilian 1996).  Interaction of deeply sourced arc 
magmas with the continental crust is also probable with assimilation of continental crust accompanying 
fractional crystallization (DePaolo 1981). 

Summary of Phanerozoic Arc Magmatism 

The preceding discussion can only be considered a brief and partial introduction to the numerous and 
complex factors influencing the character of magmas associated with Phanerozoic arcs.   Many aspects of 
arc magmatism have attracted controversy; however, there is general agreement in the literature cited 
above concerning general aspects of the process. 

• The presence of water at depth, derived from the hydrated upper portion of the subducted slab, 
is the critical ingredient in the generation of arc magmatism.  The slab may dehydrate to 
generate an aqueous fluid phase with dissolved incompatible elements and/or partially melt to 
generate hydrous magmas. 

 
• The slab-derived aqueous fluid and/or partial melt rises into the overlying mantle wedge.  The 

introduction of an aqueous fluid phase and its dissolved components into the mantle results in 
the formation of hydrous minerals (e.g., phlogopite, K-richterite) and enrichment of 
incompatible elements.  Slab melts may freeze in and modify the composition of the mantle or 
rise through the mantle into the crust.  In the latter case, the composition of the slab-derived 
magma will likely be modified by interaction with the mantle. 

 
• Phanerozoic arc magmatism is volumetrically dominated by melts generated by partial melting 

of the hydrated, incompatible element enriched mantle wedge.  Slab melts are always 
volumetrically subordinate, usually modified by interaction with the mantle wedge and may be 
restricted to thermally anomalous arcs or portions of arcs. 

 
• Crustal input to arc magmatism may be introduced either by subduction of sediments deposited 

on the subducting slab or by assimilation at crustal levels during emplacement. 

COMPARISON WITH THE ARCHEAN GREENSTONE TERRANE 
MAGMATIC RECORD 

In the preceding discussion, the petrogenesis of both Phanerozoic and Archean intermediate to felsic 
igneous rocks is interpreted within a plate tectonic paradigm.  However, it is also clear that there are 
differences in the characteristics of the interpreted arc magmatism in these 2 temporal settings.  This 
section explores possible explanations for these differences that may have broad implications for Archean 
tectonics and metallogeny. 
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One of the most obvious contrasts between Phanerozoic arcs and Archean greenstone terranes is the 
range and relative proportions of different compositions.  Phanerozoic arcs are typically characterized by 
a compositional spectrum encompassing basalt, basaltic andesite, andesite, dacite and rhyolite, with the 
mafic end of this spectrum (basalt to andesite) being volumetrically dominant (Wilson 1989).  Arcs 
developed on continental crust tend to be more felsic but andesite generally predominates over dacite 
(Wilson 1989).  In contrast, Archean greenstone terranes are characterized by a somewhat broader 
compositional spectrum (komatiite to rhyolite) and have a bimodal compositional character with a 
predominance of basaltic and dacitic compositions (Barker and Peterman 1974).  Andesitic compositions, 
which are well represented in both oceanic and continental Phanerozoic arcs, are a volumetrically 
subordinate component of Archean greenstone terranes.  Rhyolitic and especially dacitic compositions are 
conspicuously more abundant in Archean greenstone terranes than in Phanerozoic arcs. 

The abundance of high-Al TTG suite plutons and related dacitic volcanic rocks has long been 
regarded as a hallmark characteristic of Archean magmatic systems and has important implications for 
Archean crustal evolution.  Within the Superior Province (see “High-Al TTG”, page 8) and more 
generally (e.g., Martin 1987; Drummond and Defant 1990; Barth et al. 2002), these rocks are widely 
interpreted to originate by partial melting of subducted basaltic crust at lower crustal to upper mantle 
depths.  Numerous workers have concluded that the dominance of slab melting in the Archean is a 
consequence of a hotter slab and point to analogies with anomalous Phanerozoic arcs where hot young 
oceanic crust is being subducted (Drummond and Defant 1990; Martin 1993, 1999).  Archean high-Al 
TTG magmas have been compared to Phanerozoic adakites occurring in these anomalous arc segments 
(Drummond and Defant 1990; Martin 1999) although this analogy has been challenged (Smithies 2000).  
Relative to most Phanerozoic adakites, Superior Province high-Al TTG are similar in many respects  
(e.g., fractionated HREE-depleted REE patterns, high Sr and Sr/Y) but are characterized by higher SiO2, 
lower Mg# and lower Ni and Cr abundances.  The similarities referred to above are those which implicate 
an eclogitic residue (melting of mafic crust with a garnetiferous residue below the plagioclase stability 
field) whereas these differences reflect the characteristics that are imparted when slab melts interact with 
peridotitic mantle.  This suggests that Archean high-Al TTG are near unmodified partial melts of eclogitic 
mafic crust whereas Phanerozoic adakites have generally been modified by interaction with peridotitic 
mantle. 

The interpreted lack of interaction of Archean high-Al TTG magmas with the mantle has 2 possible 
explanations.  Firstly, these magmas may have originated by melting of eclogitic basaltic crust near the 
base of the crust and may not have traversed peridotitic mantle during their ascent. Given that many 
Superior Province greenstone belts appear to have developed in an ensimatic environment (e.g., western 
Wabigoon Subprovince, Davis et al. 1988; Abitibi Subprovince, Ayer et al. 2002), it is not clear that 
Archean greenstone belts developed on crust sufficiently thick to accommodate this model.  Alternatively, 
the tremendous volume of Archean TTG magmatism may have a dilutive effect which swamped the 
ability of peridotitic mantle to significantly modify the composition of melts generated in the subducted 
slab.  This model is favoured here because, unlike the first model, it provides a mechanism to generate the 
metasomatized mantle wedge source implicated in the generation of later magmas (see discussion below).  
Nevertheless, it is difficult to distinguish these alternate hypotheses on the basis of the geochemical 
characteristics of the suite and both may be viable models for a component of high-Al TTG magmatism.  
In either case, the volume of high-Al TTG magma generated (requiring 5 to 10 times that volume of 
basaltic crust) suggests that a mafic source must have been generated away from the site of TTG magma 
generation, laterally transported and tectonically subcreted to depths permissive of partial melting with 
the residue returned to the mantle either by subduction or delamination. 

Another noteworthy difference between Archean and Phanerozoic systems is the apparent paucity of 
magmas generated by partial melting of a subduction-modified mantle source during the early (main) 
stage of Archean greenstone belt development.  However, such a source is implicated in the generation of 
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the late, mantle-derived plutonic suites. The isotopic requirements for the enriched mantle source of the 
LMDPs suggest it developed during the main stage of greenstone belt evolution.  This evidence for syn-
TTG mantle metasomatism offers further evidence for the subduction of hydrated crust beneath long-term 
depleted mantle.  It is possible that an enriched mantle source was tapped during the early stages of 
greenstone belt development but these magmas were volumetrically subordinate and swamped by large 
volumes of slab melts.  Alternatively, partial melting of this source was less common during the early 
stages of Archean greenstone belt development because the mantle wedge was relatively cool.  This 
source is only tapped during the late (postsubduction) stage of greenstone belt development when the 
previously-enriched mantle wedge is heated by a return to equilibrium geothermal gradients or influx of 
hot asthenospheric mantle attendant with slab break-off.  In either case, the thermal structure of Archean 
subduction zones must differ from that which is characteristic of Phanerozoic arcs. 

The departure of the modified uniformitarian model presented above for Archean intermediate to 
felsic magmatism from models for Phanerozoic arcs is a consequence of higher radioactive heat 
production.  The observation that Archean metamorphic mineral assemblages indicate geothermal 
gradients that are not markedly different from those characterizing more recent terranes leads to the 
conclusion that higher heat production was dissipated within ocean basins and this is most reasonably 
accounted for by some combination of faster spreading and increased ridge length (Bickle 1978; 
Hargraves 1986).  This would result in more numerous, smaller plates, faster subduction and a younger 
mean age, and consequently higher temperature, of subducted oceanic crust. 

RELEVANCE TO MINERALIZATION 

The contrasting character of Phanerozoic and Archean intermediate to felsic arc magmatism has potential 
implications for mineralization.  Phanerozoic porphyry and epithermal mineralization is genetically 
related to magmatic hydrothermal processes associated with arc magmatism (Sillitoe 1989, 1997).  The 
characteristics of these arc magmas (including the abundance of metals, sulphur, halogens and water, as 
well as a range of other variables including fO2 and temperature) are a fundamental control on the ability 
of these systems to generate mineral deposits.  The characteristics imparted by a metasomatized, long-
term depleted mantle wedge-source component in the generation of these arc magmas is a significant 
factor controlling these variables. 

In contrast, the early stages of Archean arc magmatism is dominated by slab melting with limited 
involvement of the metasomatized mantle wedge and appears to be a uniquely Archean magmatic style 
that probably reflects higher radioactive heat production during the Archean.  However, the terminal 
(immediately postsubduction) stage of Archean arc magmatism is interpreted to be derived from a source 
analogous to that inferred for Phanerozoic synsubduction and postsubduction arc magmatism.  To the 
extent that characteristics imparted by the metasomatized mantle source of arc magmas may be an 
important factor in Phanerozoic metallogeny, it might be expected that the secular evolutionary change in 
the nature of Archean magmatism may be an important metallogenic control.  In particular, the potential 
for mineral deposits related to magmatic hydrothermal processes associated with intermediate to felsic 
magmatism may be greater for the late mantle-derived plutons than the earlier TTG-dominated magmatic 
systems. 
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Timing of Gold Mineralization Within the Superior 
Province 

Constraining the timing of gold introduction is of fundamental importance in evaluating hypotheses for 
the formation of Archean lode gold deposits.  This section reviews some of the general problems inherent 
in constraining the timing of gold introduction and reviews general gold timing constraints across much 
of the Superior Province.  It will be argued that constraints on timing of gold mineralization indicate that 
the main stage of gold introduction occurred diachronously across the Superior Province (becoming 
progressively younger to the south) and is permissive, but not diagnostic, of a genetic linkage between 
gold and late mantle-derived plutonism.  

PROBLEMS 

Archean lode gold deposits characteristically occur in lithologically complex portions of greenstone belts 
that have been metamorphosed, multiply deformed and altered.  The resulting complex geology, together 
with the complex nature of the mineralization itself, has lead to considerable controversy regarding the 
timing of the main introduction of gold in these deposits.  Some of the principal complexities are 
discussed below. 

Multiple Gold Events 

In the most straightforward case, gold is introduced into the rock and concentrated to ore grades in a 
single discrete event.  However, it is possible that gold may be introduced into the crust in multiple events 
or redistributed subsequent to its initial concentration. 

Syngenetic gold models were widely proposed in the early 1980s, often with the acknowledgement 
that gold might be remobilized into nonstratabound mineralized systems (e.g., Hutchinson 1982; Foster 
and Wilson 1984).  Syngenetic models have been, to a large extent, abandoned and replaced by models 
invoking hydrothermal introduction of gold late in the overall tectonic development of greenstone belts 
(e.g., Colvine et al. 1984, 1988; Hagemann and Cassidy 2000).  However, syngenetic or early enrichment 
of gold to geochemically anomalous or ore grade quantities probably occurs to some degree based on 
several lines of evidence.  Firstly, gold enrichment is associated with modern hotspring (Hedenquist and 
Henley 1985; Nelson and Giles 1985; Brown 1986) and sea-floor sulphide deposits (Hannington et al. 
1986) and there is no obvious reason that these processes could not occur, and be preserved, in Archean 
volcanic sequences.  Secondly, some Archean volcanic-associated massive sulphide deposits (e.g., Horne, 
Bousquet) interpreted to have formed on the sea floor are enriched in gold (Hannington et al. 1999).  
Poulsen et al. (2000) reviewed evidence that gold was introduced prior to at least some of the deformation 
and noted the covariation of gold and copper abundances and concluded that the gold was likely 
introduced early along with the copper.  Thirdly, mineralized clasts are reported (Kerr and Mason 1990; 
Gray 1994) in units that may themselves be subsequently mineralized suggesting 2 ages of mineralization, 
with the first being broadly syndepositional. 

Gold has the potential to act as an ultra-incompatible element in the presence of certain types of 
fluids and be redistributed subsequent to its initial emplacement. The common occurrence of late, 
secondary iron sulphide minerals in virtually all rock types suggests that sulphur-bearing aqueous fluids 
with the potential to transport gold as reduced sulphur complexes (Seward 1991) may have been 
widespread during the late stages of greenstone belt evolution.  Consequently, gold may be redistributed 
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leading to multiple gold “events”, even where the gold may have been originally introduced into the 
mineralized zone during a single event.   

For example, investigations at Hemlo (Williams-Jones et al. 1998) suggest the bulk of the ore, and 
essentially all of the introduced gold, is associated with a main mineralizing event characterized by the 
association of gold with molybdenum-tungsten-vanadium and potassic alteration.  These authors 
attributed the mineralization to the structurally controlled influx of a predominantly magmatic 
hydrothermal fluid.  However, less than 5% of the gold was reconstituted in 1 of 3, lower temperature 
remobilization events (gold-antimony-silicon, gold-calc-silicate, gold-arsenic-mercury) subsequent to its 
introduction during the main mineralizing event.  In cases where gold redistribution has been more 
extensive, the original gold introduction event may be more difficult to recognize. 

Inequality of Regional- and Deposit-Scale Deformational Histories 

Gold deposits commonly occur within portions of greenstone belts characterized by high strain and a 
complex deformational history.  In many cases, the distribution of gold mineralization is interpreted to be 
controlled by specific deformational structures and hence the timing of gold mineralization may be 
constrained with reference to the sequence of deformational events. Complicating this task is the 
possibility that regional- and deposit-scale deformational histories may differ due to partitioning of the 
latest increments of strain into fissile, hydrous alteration assemblages commonly associated with 
mineralization.  This may result, for example, in dikes equivalent to a regionally late tectonic to 
posttectonic pluton being intensely and multiply deformed within an altered, mineralized zone. 

For example at Hemlo, a complex sequence of deformational events established for the Hemlo gold 
deposit (Lin 2001; Muir 2002) contrasts with a less complex sequence of deformational events required to 
explain the regional-scale structure of the greenstone belt (Jackson 1998; Beakhouse 1998).  Although the 
scale of observation may play some role in this difference, the intensity and complexity of deformation in 
individual outcrops in the vicinity of the gold deposit is greater than that typically observed outside of this 
area.  The intensity of strain and fabric development also correlates closely with the intensity of hydrous 
alteration.  This is interpreted to be a consequence of multiple reactivation and fluid migration through 
mechanically weak zones that, once generated, serve to accommodate and focus later increments of 
hydrothermal alteration and strain imposed on the greenstone belt. 

Absolute Age Determinations 

U/Pb geochronology has emerged as the standard for establishing the ages of Archean rocks.  The timing 
of gold mineralization may be inferred indirectly by constraining the U/Pb ages of both the youngest unit 
that is mineralized during the main mineralization event and the oldest postmineralization unit.  The 
maximum age constraint on mineralization is frequently most readily obtained because there are 
commonly a range of rock types that are mineralized, each which may be amenable to U/Pb 
geochronological techniques.  These units may also extend beyond the deformed, altered and mineralized 
zone allowing for minimization of some of the potential complexities associated with these zones.  The 
minimum age constraint on timing of gold mineralization is generally more problematic because, in 
general, only minor late dikes are interpreted to postdate mineralization and these may be characterized 
by ambiguous field relationships and are commonly characterized by complex zircon populations and 
problematic isotope systematics. 

Problems with age determinations on dikes occurring within the Hemlo greenstone belt are 
instructive in this regard.  The age of intermediate to felsic dikes have been evaluated as part of earlier 
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(Corfu and Muir 1989a; Wasteneys, as reported in Johnston 1996) as well as detailed (Davis and Lin 
2003) and regional (Davis et al. 1998) CAMIRO investigations of the Hemlo area.  Although a subset of 
these dikes yielded useful age constraints (see below) many of these dikes were characterized by 
complexities in their isotope systematics that precluded determination of their emplacement age.  In some 
cases, dikes contained uniform age populations of magmatic (higher Th/U) type zircons that, based on 
field relationships of the dikes, must represent uniform inheritance.  In one example, zircons from a 
folded (pre- to syn D2 deformation) dike define an age of 2688±1 Ma with minor inheritance (~2694 Ma) 
whereas zircons from cross-cutting dikes that postdate folding have a uniform age population suggesting 
these dikes were emplaced at 2697±1 Ma (Figure 21).  All of the zircons dated between 2694 and  
2697 Ma from both dikes have similar ages and Th/U ratios to that of zircons in the nearby Dotted Lake 
pluton and are most reasonably interpreted as inherited zircons that do not record the age of emplacement 
of the dike.  In the absence of clear field relationships and corroborating geochronological constraints on 
associated units, the age for the apparently precise age of the postfolding dike could be interpreted as a 
reliable constraint on the timing of the sequence of deformational events.  In other cases, zircons are 
characterized by extremely low Th/U ratios and are recording the age of metamorphic and/or 
hydrothermal events.  Subtle complexities are only resolvable where single zircon grains are analysed and 
field relationships are well constrained, and even in these cases, there is the potential for uniform aged 
inheritance or metamorphic and/or hydrothermal zircon growth that can result in misleading ages. 

TIMING OF GOLD MINERALIZATION WITHIN THE SUPERIOR 
PROVINCE 

The timing of gold mineralization in the Superior Province has been the subject of considerable 
controversy.  Models for syngenetic gold mineralization were widely applied in the past.  However, there 
is general agreement today that, not withstanding the possible syngenetic introduction of gold in some 
VMS deposits, gold was primarily introduced by aqueous hydrothermal fluids into zones of enhanced 
porosity and permeability that are commonly controlled by late structures (Groves et al. 2003; Robert et 
al. 2005).  Consequently the age of the host rock and the structures that localized hydrothermal fluid flow 
provide a maximum age constraint on the timing of mineralization. 

Placing a minimum constraint on the timing of gold introduction is more problematic.  Late-stage 
remobilization of gold, as at Hemlo, may complicate interpretations.  Minor intrusions may postdate main 
stage gold mineralization and the structures that control mineralization but, as discussed above, field 
relationships may be somewhat equivocal and establishing absolute ages for these units may be 
problematic.  Individual deposits display a range of timing with respect to regional metamorphism, which 
may itself be protracted or multi-stage. 

The following sections review some of the timing constraints on the introduction of gold in several 
regions of the Superior Province that have historic or current gold production. 

Red Lake Area 

The Red Lake area has produced in excess of 21 million ounces of gold, with in excess of 10 million 
ounces of reserves plus resources at currently producing mines (Lichtblau et al. 2004).  Gold 
mineralization in the belt, and particularly at the world class Campbell–Red Lake deposit, has been the 
subject of numerous investigations with a full review being beyond the scope of this discussion (see 
Parker 2000, and Dubé et al. 2001, 2004 for recent reviews). 



 

 

 
Figure 21.  Field relationships and U/Pb concordia plots for pre- to syn- D2 and post-D2 deformation dikes cutting basalt in the Hemlo greenstone belt proximal to the Dotted Lake 
batholith. For sample DD97-7, the single analysis with the oldest 207Pb/206Pb age (2694 Ma) and anomalous Th/U (0.30) is excluded from the age and error estimate for this unit. 
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Gold mineralization at Red Lake is spatially related to zones of intense alteration associated with 
deformation zones occurring in rocks of diverse age (Corfu and Andrews 1987).  The Campbell–Red 
Lake deposit is hosted in older volcanic units with U/Pb zircon ages approaching 3.0 Ga but this 
mineralization is interpreted to have developed concomitantly with that occurring in younger units (Corfu 
and Andrews 1987).  The youngest mineralized rocks include the youngest volcanic rocks (~2733-2744 
Ma) and a number of intermediate to felsic intrusive units (Figure 22, Table 5).  Of these intrusive units, 
the U/Pb zircon ages of several of the larger plutons (e.g., Dome stock, McKenzie Island stock) are 
reasonably well established at approximately 2718 to 2720 Ma.  Both of these units have minimal 
evidence of inheritance and contain titanite comparable in age to zircon (Corfu and Wallace 1986; Corfu 
and Andrews 1987) suggesting that the ages are robust estimates of the time of emplacement.  Several of 
the smaller mineralized intrusions (e.g., Abino and Wilmar granodiorite dikes) have complex accessory 
mineralogy and isotope systematics suggesting that these minerals may include inherited, magmatic and 
hydrothermal components and can be interpreted in several ways (Corfu and Andrews 1987). 

The age of an amphibolite-facies polymictic conglomerate from the vicinity of the Madsen Mine has 
generated controversy.  A minimum depositional age was initially inferred from titanite (2714±19 Ma) 
interpreted to have formed during amphibolite-facies metamorphism, and younger (ca. 2700 Ma) zircons 
were attributed to a subsequent hydrothermal event (Sanborn-Barrie et al. 2001).  Subsequently, these 
plus additional data from this sample were reinterpreted to indicate that the rock contains detrital zircons 
as young as 2700±6 Ma (Sanborn-Barrie et al. 2002).  Based on regional and local considerations, the 
latter interpretation seems improbable since there are no comparably young supracrustal rocks elsewhere 
in the belt and the hypothesized age would make it younger than D1 and D2 deformation (estimated to be 
~2720-2740 Ma and 2715-2720 Ma, respectively; Menard and Pattison 1998; Menard et al. 1999; 
Sanborn-Barrie et al. 2001).   Furthermore, the development of calc-silicate mineral assemblages related 
to the emplacement of the Killala–Baird batholith (ca. 2704 Ma) occurred late in the tectonometamorphic 
development of the greenstone belt (Parker 2000). 

Two main regional, penetrative deformational events are distinguished in the Red Lake belt with 
earlier (D1) north-striking folds and fabrics overprinted by east- to northeast-striking D2 fabrics and 
folding (Sanborn-Barrie et al. 2001).  Gold mineralization may be broadly syn-D2 (Dubé et al. 2002).  The 
D2 event is interpreted to temporally overlap the emplacement of the Dome stock (ca. 2718 Ma) 
(Sanborn-Barrie et al. 2001).  However, this event is also interpreted to deform skarns associated with the 
Killala–Baird batholith (ca. 2704 Ma) (Parker 2000) implying that either the D2 event is protracted or 
composite with several discrete phases. 

Regional prograde metamorphism is temporally associated with the D1 and D2 deformational events 
and the emplacement of plutons (Menard and Pattison 1998).  Metamorphism (M1) temporally associated 
with D1 is interpreted to be uniformly low-grade (greenschist) and associated with early (pre-
mineralization) carbonate alteration.  Peak metamorphic (mid-amphibolite) conditions (M2) at the margins 
of the greenstone belt are synchronous with D2 and related to the emplacement of belt-bounding and 
internal plutons at approximately 2715-2720 Ma (Menard and Pattison 1998; Menard et al. 1999) 
although it is possible these intrusions introduce a minor incremental heat component to an ongoing 
regional metamorphic event not directly linked to plutonism (Thompson 2003).  Menard et al. (1999) 
interpreted large gold deposits to have formed during M2 with minor gold deposits developing during a 
retrograde metamorphic event temporally associated with the youngest plutons at approximately  
2700 Ma.  U/Pb ages for minerals that may have grown during regional metamorphism and hydrothermal 
alteration are consistent with this interpretation, with near concordant analyses of zircon, titanite, rutile 
and monazite having ages older than ~2697 Ma (Corfu and Andrews 1987). 



Reported Age Mineral Unit Type Relation to Au Reference Comments

Red Lake
2744±1 zircon Austin tuff volcanic pre-mineralization Corfu and Andrews (1987)

2747±4 zircon Conglomerate detrital pre-mineralization Dubé et al. (2004)

2718±1 zircon Dome stock pluton mineralized Corfu and Andrews (1987)
2720±2 zircon McKenzie stock pluton mineralized Corfu and Andrews (1987)
2720+7

-5 zircon Abino granodiorite dike mineralized Corfu and Andrews (1987) inheritance / discordance

2701±1.5 zircon Wilmar granodiorite dike mineralized Corfu and Andrews (1987) inheritance / discordance- one of two possible age interpretations
2729±1.5 zircon Red Crest stock pluton mineralized Corfu and Andrews (1987)

2714±4 zircon Red L mine qfp dike post-ore Corfu and Andrews (1987)
2712±2 zircon feld porphyry dike post-ore Dubé et al.(2004)
2699±4 titanite Madsen diorite dike post-ore Corfu and Andrews (1987) old inherited zircons
2705±8 titanite Rowan Lake dike dike post-ore Corfu and Andrews (1987)

2704±1.5 zircon Killala-Baird batholith pluton- LMDP? Corfu and Andrews (1987) similar titanite age
2699±1 zircon Walsh Lake pluton pluton- LMDP? Noble (1989) similar titanite age

Birch Lake
2725±2.5 zircon Horseshoe Island stock pluton mineralized Beakhouse et al. (1999) discordance

2724.3+1.8
-1.5 zircon Mainprize batholith pluton pre-mineralization Beakhouse et al. (1999) based on syn-D2 structural interpretation

2710.8+1.9
-1.3 zircon Shabumeni Lake stock pluton mineralizing? Beakhouse et al. (1999)

2700.8+1.9
-1.4 zircon Okanse Lake pluton pluton-LMDP Beakhouse et al. (1999)

Northern Western Wabigoon
2723.8+1.9

-1.6 zircon Stevens Island complex volcanic pre-mineral Davis and Smith (1991)

2723.3±2.0 zircon Stevens Island volcanics volcanic pre-mineral Davis and Smith (1991)

2719.6+3.2
-2.7 zircon Zigzag Island volcanics volcanic pre-mineral Ayer and Davis (1997)

2709.1±1.6 zircon Electrum assemblage detrital pre-mineral Ayer and Davis (1997)
2712.9±1.5 zircon Minnitaki sediments clast pre-mineral Davis et al. (1988)

2727.0+1.9
-1.6 zircon High Lake stock- west pluton pre-mineral Davis and Smith (1991)

2710.7±1.9 zircon High Lake stock- east pluton mineralized Davis and Smith (1991) inheritance - may be syn-mineraliztion
2716.2±2.3 zircon mineralized dike dike mineralized Davis and Smith (1991)

2708.9+1.1
-1.0 zircon Canoe Lake stock pluton mineralized Davis and Smith (1991) may be syn-mineralization - new work suggests multiphase intrusion

2703.2±2.2 zircon Patera qfp porphyry pre-mineral Davis et al. (1988)

2695±3 titanite Falcon Island stock pluton-LMDP Ayer and Davis (1997)

Table 5. Compilation of U/Pb geochronological data relevant to constraining the timing of gold mineralization and late mantle-derived plutonism.  Older mineralized or pre-mineralization units are present in many 
of these areas; however, only a range of the youngest such units are included in this compilation since they provide a tighter constraint on the maximum age of gold mineralization.
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Reported Age Mineral Unit Type Relation to Au Reference Comments

Central Western Wabigoon
2727.7±1.1 zircon Dash-Phinney Lake complex volcanic pre-mineral Davis and Edwards (1982)

2711.1+1.3
-1.2 zircon Pictograph Point tuff volcanic pre-mineral Davis and Edwards (1982)

2713.9+6.0
-4.4 zircon Berry Creek volcanics volcanic pre-mineral Davis and Edwards (1982)

2702.9+14.6
-4.5 zircon Boyer Lake volcanics volcanic pre-mineral Davis et al. (1982)

2719±1 zircon Long Bay volcanics volcanic pre-mineral Ayer and Davis (1997)

2696±2 zircon Taylor Lake stock pluton-LMDP Davis et al. (1982); Davis (1989)
2701.0±1.2 zircon Herony Lake pluton pluton-LMDP Davis and Edwards (1986)
2699.2±1.9 zircon Stephen Lake pluton pluton-LMDP Davis and Edwards (1986)

Southern Central Wabigoon
2704±3 zircon Coutchiching sediments detrital pre-mineral Davis et al. (1989)

2696.1+5.0
-3.0 zircon Seine conglomerate clast pre-mineral Davis et al. (1989)

2686.1+1.5
-1.4 zircon Ottertail pluton pluton-LMDP pre-mineral Davis et al. (1989)

Shebandowan
2689+3

-2 zircon latite breccia volcanic pre-mineral Corfu and Stott (1986)

2704±2 zircon Temiskaming clast pre-mineral Corfu and Stott (1986)
2692±2 zircon Duckworth Tp wacke detrital pre-mineral Corfu and Stott (1998)
2682±3 zircon Ware Tp conglomerate detrital pre-mineral Corfu and Stott (1998)

2696±2 zircon Shebandowan Lake pluton pluton pre-mineral Corfu and Stott (1986) dependant on structural interpretation

2684+6
-3 zircon Burchell Lake pluton pluton-LMDP? Corfu and Stott (1986)

2691±4 titanite Tower syenite pluton-LMDP? Corfu and Stott (1998) inheritance
2690±3 zircon/

titanite
Tower diorite pluton-LMDP? Corfu and Stott (1998)

2684±1 zircon Icarus pluton pluton-LMDP? Corfu and Stott (1998)

2684+6
-4 zircon Hermia pluton pluton-LMDP? Corfu and Stott (1998)

2681±2 zircon Perching-Gull quartz monazite pluton-LMDP? Corfu and Stott (1998)
2680±2 zircon Perching-Gull granodiorite pluton-LMDP? Corfu and Stott (1998)

Hemlo
2698±1 zircon Petrant Lake volcanics volcanic pre-mineral Davis et al. (1998)
2695±2 zircon Heron Bay volcanics volcanic pre-mineral Corfu and Muir (1989a)
2688±2 zircon Pinegrove volcanics volcanic pre-mineral Davis et al. (1998)
2688±2 zircon barren sulphide zone volcanic pre-mineral Davis and Lin (2003)

2693.3±1.9 zircon reworked volcaniclastic detrital pre-mineral Davis and Lin (2003)
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2693±2 zircon Petrant Lake sediments detrital pre-mineral Davis et al. (1998)
2693±1 zircon Pic River sediments detrital pre-mineral Davis et al. (1998)
2690.5±0.8 zircon lower greywacke detrital pre-mineral Davis and Lin (2003)
2690.5±0.9 zircon upper greywacke detrital pre-mineral Davis and Lin (2003)
2689±2 zircon conglomerate detrital pre-mineral Davis and Lin (2003)
2685.4±4.1 zircon hanging wall sediment detrital pre-mineral Davis and Lin (2003)

2677.2+1.5
-1.4 zircon mineralized aplite dike mineralized Davis and Lin (2003)

2677.5±1.3 zircon post-ore feld porphyry dike post-mineral Davis and Lin (2003)

2680.2±1.1 zircon Cedar Lake pluton pluton-LMDP Davis and Lin (2003) inheritance

2684+4
-3 zircon Cedar Ck stock pluton-LMDP Corfu and Muir (1989a)

2678±2 zircon Gowan Lake pluton pluton-LMDP Corfu and Muir (1989a)
2682±2 zircon Heron Bay pluton pluton-LMDP Beakhouse and Davis (2005) inheritance
2678.6±1.5 zircon Musher Lake pluton pluton-LMDP Beakhouse and Davis (2005)
2677.7±1.1 zircon Fourbay Lake pluton pluton-LMDP Beakhouse and Davis (2005)

Wawa - 
2701±8 McCormack Lake volcanics volcanic Turek et al. 1992
2698±11 "Upper" volcanics volcanic pre-mineralization Turek et al. (1982 highly discordant multi-grain fractions
2696±2 Catfish Lake volcanics volcanic pre-mineralization Turek et al. (1982 highly discordant multi-grain fractions

2698±2 zircon Dore Conglomerate clast pre-mineralization Corfu and Sage (1992)
2682±2 zircon sediment detrital pre-mineralization Corfu and Sage (1992)
2680±3 zircon sediment detrital pre-mineralization Corfu and Sage (1992)

2679±5 zircon Ash Lake Pluton pluton-LMDP? Turek et al. (1996) discordance
2677±9 zircon Dickenson Lake syenite pluton-LMDP Turek et al. (1992) discordance
2671±2 titanite/

zircon
Troupe Lake pluton pluton-LMDP? Corfu and Sage (1992) discordance

2671±2 titanite/
zircon

Maskinonge Lake pluton pluton-LMDP? Corfu and Sage (1992) discordance

2670+17
-10 titanite Herman Lake syenite pluton-LMDP? Corfu and Sage (1992)

2670±8 zircon Lockalsh Bay pluton pluton-LMDP? Turek et al. (1996) discordance

Southern Abibiti (Ontario)
2705±2 zircon Blake River volcanics volcanic pre-mineral Corfu et al. (1989)

2701+3
-2 zircon Kirkland Lake volcanics volcanic pre-mineral Corfu et al. (1989)

2700±3 zircon Gauthier volcanics volcanic pre-mineral Corfu (1993)
2687.9±1.2 zircon Timiskaming volcanic pre-mineral Ayer et al. (2002)
2687±1 zircon Timiskaming volcanic pre-mineral Ayer et al. (2002)
2677±2 zircon Timiskaming volcanic pre-mineral Corfu et al. (1991)
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2689.6±3.1 zircon Timiskaming detrital pre-mineral Ayer et al. (2002)
2687±3 zircon Timiskaming detrital pre-mineral Ayer et al. (2002)
2680±3 zircon Timiskaming detrital pre-mineral Corfu et al. (1991)
2679±3 zircon Timiskaming detrital pre-mineral Corfu et al. (1991)

2685±3 zircon Bidgood Porphyry porphyry pre-mineral Corfu et al. (1991)

2680±1 zircon Otto stock pluton-LMDP Corfu et al. (1989)

2676+1.7
-1.1 zircon Cairo stock pluton-LMDP D.W. Davis (per. comm.)

2677.3+2.5
-2.4 zircon Winnie Lake stock pluton-LMDP Frarey and Krogh (1986)

2673±2 zircon Lebel stock pluton-LMDP Wilkinson et al. (1999)
2672±2 zircon Murdock Creek pluton pluton-LMDP Wilkinson et al. (1999)

Northern Abitibi (Ontario)
2703±1.5 zircon Tisdale Rhyolite volcanic Corfu et al. (1989)
2706.9±3.1 zircon Tisdale mafic volcanics volcanic Ayer et al. (2002)
2687.3±1.6 zircon Krist volcanics volcanic Ayer et al. (2002)
2687.5±1.3 zircon Krist volcanics volcanic Ayer et al. (2002)
2701.7±2.2 zircon Kinojevis volcanics volcanic Ropchan et al. (2002)

2698±2.4 zircon Porcupine detrital pre-mineral Ayer et al. (2002)
2685±6 zircon Porcupine detrital pre-mineral Bleeker and Parrish (1996)
2679±4 zircon Timiskaming detrital pre-mineral Corfu et al. (1991)
2684.3±1.3 zircon Timiskaming detrital pre-mineral Ropchan et al. (2002)
2686.8±1.8 zircon Timiskaming detrital pre-mineral Ropchan et al. (2002)

2690±2 zircon Paymaster Porphyry porphyry pre-mineral Corfu et al. (1989)
2689±1 zircon Pearl Lake porphyry porphyry pre-mineral Corfu et al. (1989)
2688±2 zircon Crown Porphyry porphyry pre-mineral Corfu et al. (1989)
2691±3 zircon Millerton porphyry porphyry pre-mineral Corfu et al. (1989)

2673+6
-2 zircon albitite dike dike pre-mineral* Corfu et al. (1989) interpreted to be temporally linked to mineralization by Brisbin (1997)

2671.5±1.9 Lamprophyre(?) dike dike post-ore* Ropchan et al. (2002)

2678±2 zircon Garrison stock pluton-LMDP Corfu et al. (1989)

Abbreviations: LMDP, late mantle-derived pluton; qfp, quartz-feldspar-porphyry.
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Figure 22.  Summary of geochronological constraints on the timing of gold mineralization in different portions of the Superior Province. 
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Numerous minor intrusions interpreted to postdate mineralization have been identified in the Red 
Lake area.  A number of quartz-feldspar porphyry dikes cross-cut shear zones and mineralization in the 
Red Lake Mine with one of these having an interpreted U/Pb zircon age of 2714±4 Ma (Corfu and 
Andrews 1987).  A diorite dike representative of a suite of postshearing and post-ore dikes occurring in 
the vicinity of the Madsen deposit contains inherited zircons older than the country rock and titanite 
which is interpreted to approximate the time of emplacement at 2699±4 Ma (Corfu and Andrews 1987).  
A mafic dike cutting auriferous quartz veins at the past-producing Rowan Mine in the western portion of 
the greenstone belt contains titanite of uncertain origin and imprecisely constrains a minimum age for the 
dike of 2705±8 Ma (Corfu and Andrews 1987).  Dubé et al. (2004) recognized numerous lamprophyre 
and granodiorite dikes that they interpret to postdate main-stage gold mineralization.  One of these 
(feldspar porphyry cutting the Goldcorp high-grade zone) has an interpreted U/Pb zircon age of  
2712±2 Ma, whereas others have emplacement ages in the range 2702 to 2696 Ma (Dubé et al. 2004, and 
see Figure 22 and Table 5).  One of the younger lamprophyre dikes (2702±1 Ma), however, cuts main-
stage (associated with silicification and arsenopyrite) ore but contains coatings of visible gold on late 
fractures suggesting that gold associated with pre-2712 million-year-old arsenopyrite-rich ore was 
remobilized subsequent to 2702 Ma (Dubé et al. 2004). 

Relationships discussed above constraining the timing of gold mineralization at Red Lake have 
generated controversy and some of the critical field relationships and age determinations require further 
testing but, taken at face value, are inconsistent with a single, brief gold mineralizing event.  The age of 
the ~2712 to 2720 million-year-old intrusions, particularly the Dome and McKenzie Island stocks, are 
interpreted here to provide a robust maximum age constraint on the timing of gold mineralization.  The 
timing of youngest titanite development (ca. 2697-2699 Ma) provides a less rigorous minimum age 
constraint but is consistent with constraints from the age of post-ore intrusions.  The constraints discussed 
above are consistent with either a protracted mineralizing event or 2 discrete mineralizing events at ~2712 
to 2718 Ma and ~2700 Ma although it is not clear if the younger mineralization represents new gold 
introduction or remobilization of earlier gold mineralization.  This conclusion suggests that gold 
mineralization at Red Lake is temporally associated with regional metamorphism and the emplacement of 
plutonic rocks. 

Birch–Confederation Lakes Area 

The Birch–Confederation Lake greenstone belt is linked to the Red Lake greenstone belt by narrow 
volcanic septa.  The Birch–Confederation Lake belt hosts numerous gold occurrences and past-producing 
deposits although none of these are particularly large (Parker and Atkinson 1992).  Comparatively few 
geochronological constraints are available but these are broadly similar to those reported for the Red Lake 
belt (see Figure 22, Table 5).  Additional constraints relevant to the timing of gold in the region are 
discussed below. 

In addition to the broad range of volcanism from ca. 2975 to 2735 Ma (Nunes and Thurston 1980; 
Noble 1989; Rogers et al. 1999; Beakhouse et al. 1999) that is similar to that occurring in the Red Lake 
belt, some younger supracrustal sequences are also present.  These younger sequences are characterized 
by the presence of conglomeratic units that locally unconformably overlie the older volcanic-dominated 
units (Good 1988; Beakhouse 1989b; Devaney 1997).  At Springpole Lake, these conglomerates 
unconformably overly alkalic volcanic and intrusive rocks and are spatially associated with a large area of 
gold mineralization that may be genetically associated with the alkaline magmatism (Barron 1997).  An 
alkalic volcanic rock contains extremely uranium-rich zircons that yield an imprecise age of 2734.1+23.9

-19 
Ma (Barron 1997).  The overall lithological association is broadly similar to “Timiskaming-type” 



 

64 

sequences elsewhere in the Superior Province but the setting and relationships differ in detail (Barron 
1997). 

As at Red Lake, the sequence of major deformational events in the Birch Lake area consists of 
earlier, north-trending D1 fabric and folds overprinted by a more easterly trending D2 folding and fabric 
development event (Good 1988; Beakhouse 1989b).  At Birch Lake, the D2 fabric is imposed on the 
Horseshoe Island Stock (ca. 2725 Ma) and predates the emplacement of the Shabumeni Lake stock (ca. 
2711 Ma) (Beakhouse et al. 1999).  The intensity of D2 fabric development increases towards the margins 
of the belt and this deformation may have occurred synchronously with, and perhaps in response to, 
emplacement of large external batholiths such as the Mainprize Lake batholith (ca. 2724 Ma) (Beakhouse 
et al. 1999).  Mineralization and associated alteration is commonly spatially associated with D2 structures 
and consequently the timing of this deformation provides a maximum timing constraint on gold 
mineralization. 

The Mink Lake stock, located in the northern portion of the Birch Lake area, is interpreted to have 
evolved a magmatic H2O – CO2 fluid responsible for associated molybdenum-gold-tungsten 
mineralization and is proposed as an example of fluids responsible for auriferous mineralization more 
generally (Burrows and Spooner 1987).  The Mink Lake stock is proximal to the Shabumeni Lake stock, 
with which it shares similar texture, composition and field relationships.  These 2 stocks are interpreted to 
be closely related and approximately coeval (ca. 2711 Ma; Beakhouse et al. 1999).  Although a direct 
connection with mineralization other than that occurring at Mink Lake has not been established, this 
timing is consistent with other constraints and permissive of the magmatic hydrothermal model proposed 
by Burrows and Spooner (1987).  

The time of emplacement of the latest pluton (Okanse Lake pluton, ca. 2700 Ma; Beakhouse et al. 
1999) is comparable to the timing of the youngest plutons associated with the Red Lake greenstone belt.  
The timing of metamorphism is poorly constrained but is probably comparable to Red Lake given the 
proximity, overall similarity and physical continuity of the 2 belts. 

Northern Western Wabigoon (Sioux Lookout Domain) Area 

The northern and central portions of the western Wabigoon Subprovince (WWS) have distinctive 
lithologic associations and structural styles.  Across much of the western Wabigoon, the boundary 
between these 2 domains is marked by the Wabigoon fault.  In the Lake of the Woods area, the extension 
of the Wabigoon fault is largely concealed beneath the lake but likely lies between the Aulneau and 
Western peninsulas (Beakhouse 1989a).  For the purpose of this discussion, the WWS is subdivided into 
2 segments that are separated across much of the area by the Wabigoon fault and referred to informally as 
the Sioux Lookout (SLD) and Atikwa (AD) domains. 

The SLD is broadly characterized by alternating panels of metasedimentary and metavolcanic 
supracrustal rocks.  The youngest mineralized supracrustal rocks include turbiditic metasedimentary rocks 
(e.g., Minnitaki and Warclub groups) containing zircons as young as 2713 Ma with intercalated felsic 
metavolcanic rocks broadly similar in age to the youngest detrital zircons (see Figure 22, Table 5).   Late, 
unconformable conglomeratic sequences are also mineralized and postdate the turbiditic sequences; 
however, age constraints on these units are less well established.  The youngest detrital zircons (2709 Ma, 
Ayer and Davis 1997) in the White Partridge group are only slightly younger than those within the 
Minnitaki group.  A younger zircon (2699 Ma) within the Crowduck group is interpreted to be detrital 
(Ayer and Davis 1997) although it is characterized by a very low Th/U ratio suggesting it may be of 
metamorphic or hydrothermal origin.  A similarly young age (2698 Ma) has been inferred for a 
granodiorite clast within the Abram group based on titanite interpreted to have developed in the 
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granodiorite prior to sedimentation.  These young ages are similar to the probable age of regional 
metamorphism within the SLD (discussion below) and require that if they do represent maximum ages for 
sedimentation, regional metamorphism must have been initiated within a few million years of deposition 
of the youngest supracrustal rocks. 

Many gold occurrences within the western Wabigoon Subprovince are spatially associated with 
small to intermediate-sized granitoid intrusions that locally host gold mineralization and consequently the 
ages of these plutons constrain the maximum age of gold mineralization.  Intrusive rocks that host 
mineralization include the early phase of the High Lake stock (2727 Ma), a mineralized dike within the 
Duport deposit (2716 Ma), the Canoe Lake stock (2709 Ma), a quartz-feldspar porphyry (2703 Ma) 
within the Patera Group and the Sultana Island pluton (~2700 Ma).  Copper-molybdenum-gold 
mineralization and alteration associated with the High Lake stock is zonally distributed around the 
younger (2711 Ma) phase of the pluton and has been interpreted to be porphyry-style mineralization 
(Pedora 1976).  Other intrusions that may be automineralized include the Canoe Lake stock (Campbell 
1973) and the Sultana Island stock. 

A dike interpreted to postdate gold mineralization at the Duport deposit has a U/Pb zircon age 
(2708.5±1.9 Ma) identical to the nearby Canoe Lake stock and, together with the age of a mineralized 
dike cutting the same deposit (2716.2±2.3 Ma), brackets the timing of gold mineralization (Davis and 
Smith 1991).  The interpretation that gold mineralization may be related to magmatic hydrothermal 
processes related to the Canoe Lake stock (Campbell 1973) suggests that mineralization may have 
developed immediately prior to the emplacement of the interpreted post-ore dike.  This interpretation 
carries the implication that gold was introduced in a protracted or multiple events spanning at least 8 
million years in order to account for the occurrence of gold mineralization in rocks as young as ~2700 Ma 
elsewhere in the SLD.  Alternatively, the zircons from the post-ore dike may be xenocrysts derived from 
the Canoe Lake stock and the dike may be as young (2696 Ma) as the titanite also occurring within this 
dike. 

Titanite recording possible metamorphic ages is mostly in the range 2695 to 2699 Ma (Davis 1990; 
Davis and Smith 1991).  Similar titanite ages that are likely magmatic and not reset by subsequent 
metamorphism are also recorded with some of the latest plutons such as the Sandybeach Lake (Davis 
1990) and Falcon Island (Ayer and Davis 1997) stocks.  These relationships suggest that regional 
metamorphism commenced shortly following deposition of the youngest supracrustal rocks and was 
waning at the time of emplacement of the latest plutons. 

The constraints on the timing of gold mineralization in the SLD are not internally consistent if there 
is a single, short-lived gold mineralizing event.  Earlier mineralizing events at 2708 to 2711 Ma 
associated with the High Lake and Canoe Lake stocks have some characteristics of porphyry-style 
mineralization.  Later mineralizing events occur in rocks as young as 2700 to 2703 Ma that were 
regionally metamorphosed by 2695 Ma.  This later, regionally predominant mineralizing event is 
interpreted to be temporally related to late mantle-derived plutonism, regional metamorphism and 
regional-scale transpressive deformation. 

Central Western Wabigoon (Atikwa Domain) Area 

Numerous small past-producing gold mines and gold occurrences are present through the central portion 
of the western Wabigoon Subprovince, with many of them centred in the Kakagi–Rowan and Manitou 
Lakes areas (Blackburn and Janes 1983).  Although occurrences display a range of characteristics, most 
are generally associated with quartz veining occurring in zones of high strain imposed on metavolcanic, 
metasedimentary and early intrusive rocks (Blackburn and Janes 1983; Melling et al. 1988).  The 
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association of gold with particular stratigraphic intervals may be attributed to ductility contrast within 
mixed volcanic successions controlling the development of shear zones which subsequently focus 
mineralizing fluids (Melling et al. 1988).  Consequently the age of these units and the mineralized 
structures imposed on them constrain the maximum age of mineralization (see Figure 22, Table 5). 

The youngest volcanic units in the Kakagi–Rowan lakes area transected by brittle-ductile shears that 
host gold mineralization include felsic volcanic units at Pictograph Point (2711.1+1.3

-1.2 Ma) and within 
the Berry River complex (2713.9+6.0

-4.4 Ma) (Davis and Edwards 1982).  The U/Pb age (~2702 Ma) of a 
somewhat younger unit occurring in the Boyer Lake area is problematic due to complexities in the U/Pb 
isotope systematics (Davis et al. 1982) as well as field relationship uncertainties (volcanic versus intrusive 
origin; C.E. Blackburn, Kenora Resident Geologist, personal communication, 1999).  In the Manitou 
Lake area, separate samples of the Sunshine Lake porphyry and an overlying felsic tuff display similar 
patterns of abundant inheritance but have similar ages for the youngest zircon fractions of 2699±3 Ma and 
2699±4 Ma, respectively (Davis 1989).  Detrital zircons from a metasandstone within the Manitou Lake 
group are as young as 2706±3 Ma (Davis 1989).  All of these units are cut by the posttectonic Taylor 
Lake stock dated at 2696±2 Ma (Davis et al. 1982; Davis 1989).  These relationships suggest that 
deformation and metamorphism of the belt evolved rapidly following deposition of the youngest 
supracrustal rocks. 

The timing of regional metamorphism is constrained indirectly.  Late plutons (e.g., Stephen Lake, 
Herony Lake, Taylor Lake) are not transected by ductile deformational structures that are broadly 
synchronous with regional metamorphism (based on growth of metamorphic minerals defining fabrics 
within the shear zones).  Some of the late plutons (e.g., Herony Lake pluton, Davis and Edwards 1986) 
have titanite ages that are similar to magmatic zircon ages suggesting that they have not been 
subsequently metamorphosed.  Slightly younger metamorphic titanite within the Aulneau batholith (2693-
2696 Ma, Davis and Edwards 1986) may record the waning stages of regional metamorphism but it is not 
clear that this generalization can be applied to the greenstone belt. 

The relationships summarized above suggest that the central portion of the western Wabigoon 
Subprovince evolved rapidly following deposition of the youngest supracrustal rocks at approximately 
2700 Ma.  Gold mineralization is localized in brittle-ductile shear zones that developed broadly 
synchronously with regional metamorphism and minor late granitoid plutonism represented by the 
Stephen Lake, Herony Lake and Taylor Lake plutons. 

Southern Western Wabigoon (Fort Frances–Mine Centre) Area 

Numerous small gold occurrences in the Fort Frances–Mine Centre area are primarily associated with 
quartz + carbonate + sulphide ± tourmaline veins that are generally associated with shear zones (Poulsen 
1983, 1984).  Auriferous vein systems are associated preferentially with zones of greenschist facies 
regional metamorphism and do not occur, or are rare, in amphibolite grade regional metamorphic zones 
(Poulsen 1984).  These relationships suggest that gold mineralization is late-tectonic and broadly 
synchronous with regional metamorphism. 

Auriferous quartz veins occur in shear zones that cut metavolcanic and metasedimentary rocks 
(Coutchiching and Seine series) and tonalites (that are unconformably overlain by Seine series 
conglomerates) (Poulsen 1984).  The youngest of these deformed and mineralized rocks are the Seine 
series conglomerates, a maximum depositional age of which is constrained by a conglomerate tonalite 
clast U/Pb age of 2696.1+5

-3 Ma (Davis et al. 1989).  The Ottertail Lake pluton (2686.1+1.5
-1.4 Ma, Davis et 

al. 1989) is interpreted to be late- to post-tectonic and possibly temporally associated with late wrench 
faulting and associated development of shear zones that host the auriferous quartz veins (Poulsen 1984; 
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Davis et al. 1989).  Titanite of probable metamorphic origin with U/Pb ages of approximately 2692 and 
2674 Ma have been identified (Davis et al. 1989). 

Taken together, the relationships discussed above suggest the greenstone belt was metamorphosed 
and deformed shortly after deposition of the youngest supracrustal rocks.  Gold was introduced 
subsequent to deformation of the Seine conglomerate (<2700 Ma) and possibly synchronously with late 
faulting, regional metamorphism and emplacement of the Ottertail Lake pluton. 

Shebandowan Area 

The Shebandowan greenstone belt hosts numerous minor gold occurrences that are interpreted to be 
structurally late and broadly contemporaneous with a second stage (D2) of regional deformation (Stott and 
Schnieders 1983).  The earlier deformational event (D1) is interpreted to predate the deposition of the 
Shebandowan assemblage (a late unconformable “Timiskaming-type” sequence) and occurred prior to or 
during emplacement of the Shebandowan Lake pluton.  The Shebandowan assemblage includes an alkalic 
metavolcanic rock (2689+3

-2 Ma) and associated metasedimentary rocks containing boulders and detrital 
zircons as young as 2692±2 Ma (Corfu and Stott 1986, 1998; see Figure 22, Table 5).  A distinct 
conglomeratic unit having some similarities with the Shebandowan assemblage (the Auto Road 
assemblage) but uncertain stratigraphic relationships contains detrital zircons as young as 2682±3 Ma 
(Corfu and Stott 1998).  The Shebandowan Lake pluton has a U/Pb zircon age of 2696±2 Ma (Corfu and 
Stott 1986).  D2 deformation is imposed on the Shebandowan assemblage as well as the Quetico 
Subprovince metasedimentary rocks (which elsewhere are interpreted to be deposited subsequent to  
2690 Ma (Zaleski et al. 1997, 1999) but is interpreted to pre-date emplacement of the Burchill Lake 
pluton at 2684+6

-3 Ma (Corfu and Stott 1986).  These relationships lead Corfu and Stott (1998) to conclude 
that D2 deformation, which is interpreted to be temporally and spatially associated with gold 
mineralization, occurred between 2680 to 2685 Ma.  Late tectonic plutons ranging from monzodiorite and 
granodiorite through to syenitic compositions (including the Icarus, Hermia, Burchill Lake, Kekeuab and 
Perching Gull Lake plutons) are mostly comparable in age to the estimate for D2 deformation (Corfu and 
Stott 1998; see Table 5).  An exception to this generalization is the Tower syenite stock for which a 
Shebandowan assemblage age has been interpreted (Corfu and Stott 1998); however, these data are 
somewhat discordant and some inheritance is evident in the data. 

The timing of mineralization in relation to metamorphism has not been studied in detail although the 
Burchill Lake pluton (2684+6

-3 Ma) is described as being unmetamorphosed (Corfu and Stott 1986).  All 
supracrustal rocks are metamorphosed and, consequently, the timing of regional metamorphism must be 
broadly similar to that of D2 deformation.  Taken together, these relationships are consistent with the 
interpretation that gold mineralization is broadly synchronous with late transpressive deformation, 
regional metamorphism and the emplacement of late tectonic to posttectonic plutons. 

Hemlo Area 

The Hemlo greenstone belt hosts the world class Hemlo gold deposit as well as a number of gold 
occurrences.  The ensuing discussion is based largely on geological relationships established as part of the 
CAMIRO investigation into the origin of the Hemlo gold deposit (Sutcliffe et al. 1998). 

Mineralization at Hemlo is superimposed on the youngest supracrustal rocks within the greenstone 
belt and includes metavolcanic rocks as young as 2688 Ma and metasedimentary rocks with detrital 
zircons as young as 2685Ma (see Figure 22, Table 5, and Davis and Lin 2003).  The youngest mineralized 
rock at Hemlo is a deformed aplite dike which has a U/Pb zircon age of 2677.2+1.5

-1.4 Ma (Davis and Lin 
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2003).  The mineralization is cut by late intermineral or post-ore dikes with a very similar age 
(2677.5±1.3 Ma, Davis and Lin 2003) and these relationships and ages tightly bracket the timing of gold 
mineralization at 2677.5±1.3 Ma.  Potential problematic aspects of this interpretation include a possible 
metamorphic origin for zircons in the mineralized dike, presence of an inherited component in the post-
ore dikes and the origin of the mineralization within the aplite dike.  Zircons in the aplite dike have low 
Th/U ratios that are attributed to the low whole rock Th/U (Davis and Lin 2003) and reflects the 
crystallization of aplite from a supercritical aqueous fluid as opposed to a magma.  A component of 
inheritance is present in the post-ore dike (Davis and Lin 2003) and it is possible that the dike could be 
slightly younger than the interpreted age.  Gold mineralization in the dike (5.1 g/t, Shoufa Lin, personal 
communication, 2002) is broadly similar in tenor to main stage mineralization.  The grade and mineral 
associations are unlike known secondary remobilized gold associations that are characterized by gold-
antimony, gold-calc-silicate or gold-arsenic-mercury metal associations (Williams-Jones et al. 1998).  
However, in the absence of Mo abundance data, it is not possible to unambiguously attribute the 
mineralization in the aplite dike to the main stage of mineralization. 

The constraint on gold timing discussed above is unlikely to be grossly in error because it is 
consistent with more general constraints on the timing of mineralization.  Mineralization at Hemlo is 
focused within an intensely deformed, east-southeast-trending segment of the Hemlo shear zone (Lin 
2001) which is developed in units as young as ca. 2685 to 2688 Ma.  The main (gold-molybdenum-
potassium) stage of gold mineralization is deformed but may have been emplaced during early stages of 
deformation (Lin 2001).  A minimum age constraint on the timing of main stage gold introduction is 
imposed by the interpretation that the deposit predates peak metamorphism (Powell et al. 1999).  U/Pb 
ages of metamorphic titanite developed regionally through the Hemlo greenstone belt lie in the range 
2675 to 2678 Ma but are slightly younger (2670-2672 Ma) in the vicinity of the deposit (Corfu and Muir 
1989a, 1989b; Davis et al. 1998).  Consequently, the age of mineralized rocks and timing of 
metamorphism imposed on the deposit impose a more general temporal constraint on the timing of gold 
mineralization of approximately 2679±9 Ma that is consistent with the more detailed constraint discussed 
above.  Both of these constraints are within error of a Re/Os age (2665±18 Ma, Stein et al. 2000) 
determined for molybdenite which is paragenetically associated with main stage gold mineralization at 
Hemlo.  The foregoing discussion, together with other constraints (Kuhns 1988; Kuhns et al. 1994; 
Beakhouse 2001; Lin 2001; Muir 2002; Davis and Lin 2003) suggest that the main gold-molybdenum 
mineralization at Hemlo was introduced relatively early in the sequence of deformational events, prior to 
or synchronous with regional metamorphism and broadly synchronous with the emplacement of late 
transitional and mantle derived plutons. 

Wawa Area 

The Wawa greenstone belt consists of several volcanic cycles spanning approximately 300 million years 
and is intruded by internal and belt bounding plutons that are broadly synchronous with or postdate 
volcanism (Sage and Heather 1991).  The greenstone belt and some of the plutons host numerous 
structurally controlled gold deposits, including a number of comparatively small past-producing deposits. 

Rock types hosting gold mineralization, or interpreted to predate gold mineralization based on other 
considerations, include all of the supracrustal assemblages of the greenstone belt as well as some of the 
intermediate to felsic intrusive rocks.  For example, in the Goudreau–Lochalsh area, gold is hosted in all 
Archean units with the exception of two of the youngest (Herman Lake and Maskinonge Lake) late 
intrusions (Heather and Arias 1987).  The youngest volcanic rocks occurring within the greenstone belt 
have U/Pb zircon ages ranging between 2701 and 2696 Ma (see Table 5).  The Dore assemblage, a 
Timiskaming-type conglomeratic sedimentary sequence, contains a 2698±2 Ma clast and detrital zircons 
as young as 2680 Ma (Corfu and Sage 1992).  Late-tectonic plutons are generally in the range 2670 to 
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2680 Ma (see Figure 22, Table 5); however, these ages, as well as those of the metavolcanic rocks, are not 
well constrained as they are based mainly on analyses of large multi-grain zircon fractions that are mostly 
fairly discordant.  The timing of metamorphism and gold mineralization is poorly constrained but may be 
similar to that in the Hemlo greenstone belt (approximately 100 km to the northwest) based on the general 
similarity in timing of youngest volcanism, sedimentation and late plutonism. 

Abitibi Subprovince 

The southern Abitibi Subprovince is one of the most richly endowed gold metallotects with several world 
class gold deposits and numerous smaller deposits.  Gold mineralization in the southern Abitibi 
Subprovince is primarily associated with 2 east-trending fault systems: the Porcupine–Destor (PDF) and 
Cadillac–Larder Lake (CLLF).  These structures host several large world class deposits (Hollinger-
McIntyre and Dome in association with PDF and  Kirkland Lake, Kerr Addison, Sigma-Lamaque in 
association with CLLF) as well as numerous smaller deposits.  The setting of gold mineralization within 
the PDF and CLLF is generally similar but differs in detail. 

In addition to gold-dominated mineral deposits, several volcanogenic massive sulphide base metal 
deposits in Quebec contain sufficient gold to be regarded as world class or significant gold deposits 
(Horne, LaRonde).   The origin of gold in these deposits is controversial with some workers arguing for 
syngenetic introduction of gold along with the base metals (Poulsen et al. 2000).  Consequently, these 
deposits may be an example of “early” gold preceding a later “main” gold event.  Other workers have 
argued that these deposits may be volcanogenic massive sulphide base metal deposits with superimposed, 
temporally distinct (late) gold mineralization (Marquis et al. 1990).  The origin of these deposits is 
outside the scope of this study and they will not be considered further. 

Mineralized units associated with the PDF in the Timmins area include a variety of volcanic units, 
sedimentary rocks, porphyries and albitite dikes (Burrows et al. 1993, Brisbin 1997).  Mineralized 
volcanic units include the Tisdale and Krist assemblages with interpreted U/Pb zircon ages in the range 
2703 to 2710 Ma and 2686  to 2693 Ma, respectively (Ayer et al. 2002, 2003).  Mineralized 
metasedimentary units include the Porcupine assemblage containing interpreted detrital zircons that are 
commonly as young as 2688 to 2690 Ma and the Timiskaming assemblage containing detrital zircons as 
young as 2672 to 2679 Ma (Ayer et al. 2002, 2003, and J.A. Ayer, personal communication, 2004).  The 
possibility that some Timiskaming assemblage units postdate a component of the gold mineralization 
cannot be discounted as mineralization in some clasts has been interpreted to predate sedimentation (Gray 
1994).  If correct, this interpretation would imply either multiple or protracted gold mineralizing events. 

Alteration and gold mineralization in the Timmins area is spatially associated with, and 
superimposed on, porphyries (e.g., Pearl Lake, Crown, Paymaster, Preston) that are interpreted to be high 
level intrusive rocks (Brisbin 1997).  U/Pb zircon ages for several of these porphyries lie in a narrow age 
range between 2688 and 2691 Ma (Corfu et al. 1989) and may be temporally and genetically related to the 
Krist assemblage.  The youngest altered and mineralized intrusive rocks recognized in the Timmins camp 
are “albitite” dikes (Burrows et al. 1993) for which a U/Pb zircon age of 2673+6

-2 Ma has been interpreted 
(Corfu et al. 1989).  Although overprinted by mineralization, these albitite dikes have been interpreted to 
be closely temporally associated with gold mineralization (Burrows et al. 1993, Brisbin 1997). 

Generally similar constraints are reported from the Holloway Mine, where mineralization occurs in 
Timiskaming assemblage units containing detrital zircons as young as 2684.3±1.3 Ma and is cut by a late 
intermineral dike with a U/Pb zircon age of  2671.5±1.9 Ma (Ropchan et al. 2002). 



 

70 

Relationships between regional geology and gold mineralization are broadly similar along the CLLF 
although alkaline magmatism is conspicuously abundant relative to any other Superior Province gold 
camp.  In the Kirkland Lake–Larder Lake area, volcanic rocks predating gold mineralization are present 
within the Tisdale (2710-2703 Ma), Kinojevis (2702-2701 Ma), Blake River (2701-2697 Ma) and 
Timiskaming (<2687 Ma) assemblages (Ayer et al. 2002).  The youngest Timiskaming volcanic rock 
(2677±2 Ma) occurs in the Larder Lake area; however, deposition of the Timiskaming assemblage must 
have commenced prior to ~2685 Ma based on intrusive relationships with the Bidgood porphyry (Corfu et 
al. 1991).  The youngest detrital zircons in a number of samples of Timiskaming assemblage 
metasedimentary rocks are in the range 2689-2679 Ma (see Figure 22, Table 5).  Intrusive rocks predating 
mineralization include the Bidgood porphyry (2685±3 Ma, Corfu et al. 1991) as well as alkalic intrusive 
rocks that are compositionally and temporally related to the Timiskaming assemblage.  Ages for the 
alkalic intrusive rocks in the Kirkland Lake area (mostly from areas away from mineralized zones) range 
from 2680 to 2672 Ma (Corfu et al. 1989; Wilkinson et al. 1999); however, it is not clear that all of these 
intrusions necessarily predate mineralization. 

Viewed in a regional perspective, metamorphism in the southern Abitibi Subprovince is bracketed 
between 2677 and 2643 Ma (Powell et al. 1994).  However, numerous studies have identified apparently 
younger metamorphic and/or hydrothermal events along the Porcupine–Destor and, especially, the 
Cadillac–Larder breaks based on U/Pb (Jemelita et al. 1990; Zweng et al. 1993; Kerrich and King 1993; 
Kerrich and Kyser 1994), Nd/Sm (Anglin et al. 1996) and Ar/Ar (Hanes et al. 1992; Feng et al. 1992; 
Powell, Hodgson et al. 1994) isotopic investigations.  Many of these investigations have focused on areas 
of gold mineralization and, in some cases, these younger ages have been cited as evidence for a younger 
gold mineralizing event that postdates regional metamorphism and plutonism.  The younger U/Pb ages 
(titanite and rutile generally in the range 2620-2630 Ma) have been linked to processes in the lower crust 
(Jemelita et al. 1990; Zweng et al. 1993) and are approximately 50 million years younger than the latest 
plutonism and other estimates for gold timing discussed above.  However, this interpretation has 
generated considerable controversy and has led to suggestions that a) the younger ages represent localized 
late hydrothermal events that remobilize earlier mineralization (Kerrich and King 1993; Kerrich and 
Kyser 1994), b) gold mineralization postdates plutonism and regional metamorphism (Jemilita 1990) or  
c) there are 2 regional episodes of gold mineralization (Couture et al. 1994). 

SUMMARY 

It is clear based on the foregoing discussions that the detailed relative and absolute timing of gold 
introduction remains a complex problem requiring additional work.  However, a number of 
generalizations can be made based on the relationships discussed above that provide broad constraints and 
can form the basis of a testable hypothesis for ongoing work: 

 
All gold mineralized areas are characterized by a “main stage” gold mineralizing event 
that occurred relatively late in the overall evolution of Archean greenstone belts although 
“early” gold enrichment and “late” remobilization of gold undoubtedly has occurred 
and may be locally important. 
 
”Main stage” gold mineralization postdates most volcanism and sedimentation but may 
be broadly synchronous with deposition of volumetrically subordinate, younger 
sequences (the so-called “Timiskaming-type” or late unconformable sequences) that 
unconformably overlie the dominant “earlier” sequences and their associated plutonic 
components. 
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Regional deformation and metamorphism was initiated very shortly following the 
deposition of the regionally dominant, “earlier” supracrustal sequences and in part 
overlaps the deposition of the late unconformable sequences.  Greenstone belts achieved 
something close to their final tectonometamorphic configuration by the time of 
emplacement of the latest plutons (generally within 5-15 million years of deposition of 
the youngest component of the dominant, “earlier” volcanic sequences) although minor 
deformation and slow cooling persisted. 
 
Gold mineralization is structurally controlled and hence is synchronous with or postdates 
the development of the hosting structures.  In most cases (Hemlo being the possible 
exception), these structures postdate an earlier fabric and, though commonly overprinted 
by minor deformation, are comparatively late in the regional sequence of deformational 
events. 
 
The timing of “main stage” gold mineralization is similar to that of regional 
metamorphism and emplacement of late plutons. 
 
“Main stage” gold mineralization is a diachronous, southward-younging event across 
the Superior Province suggesting that it is a consequence of the progressive southward 
accretion and stabilization of the craton. 

 
The foregoing conclusions are indicative of the formation of Archean lode gold deposits during a 

brief, dynamic, late stage of greenstone belt development but are not diagnostic of a particular origin for 
the source of the mineralizing fluids.  The data and interpretations are permissive of a linkage with several 
competing hypotheses for the origin of the mineralizing fluids including 1) devolatilization attendant with 
regional metamorphism, 2) direct introduction of fluids originating in the mantle and 3) magmatic 
devolatilization.  Recognizing that it is possible (likely?) that any or all of these mechanisms may 
generate potential mineralizing fluids, the ensuing discussion will focus on the development of a 
magmatic hydrothermal model and then briefly speculate on the possible interrelationship of other fluid 
sources. 

The plutons that are temporally associated with gold mineralization are, where constraints are 
available, associated with the late mantle-derived suite.  TTG-type plutons are broadly synvolcanic and 
predate gold mineralization.  The crustally derived granite suites overlap with, but are mostly younger 
than, main stage mineralization and occur in higher-grade granitoid- and metasedimentary-dominated 
terranes that are largely devoid of significant gold mineralization.  This suggests that the development of 
a magmatic hydrothermal model for Archean lode gold deposits should focus on the late mantle-derived 
suites as the probable source of mineralizing fluids. 

Characteristics of Late Mantle-Derived Plutons 
Relevant to Metallogeny 

This section reviews the results of some ongoing investigations having potential relevance to the 
metallogeny of the late mantle-derived suite.  These investigations are incomplete and hence the 
conclusions presented should be regarded as preliminary. 
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REDOX PROPERTIES 

Review of the Significance of Oxidation State of Plutons for 
Metallogeny 

The oxidation state of granitic magmas plays a critical role in the metallogeny of Phanerozoic porphyry 
and epithermal style mineral deposits.  Tin mineralization is associated with highly reduced S-type 
granites, whereas copper and molybdenum mineralization, including gold-rich deposits, is 
characteristically associated with highly oxidized I-type granites (Takahashi et al. 1980).  Moderately 
oxidized I-type plutons are less commonly associated with copper-molybdenum-gold mineralization; 
however, more recently a new class of deposits associated with anomalously reduced I-type plutons has 
been recognized (Rowins 2000; Thompson and Newberry 2000).  Consequently, identification of either 
anomalously highly oxidized or reduced I-type plutons may be a favourable vector to mineralized 
magmatic systems. 

The critical role for oxidation state in the case of mineralization associated with the highly oxidized 
plutons is attributed to its role in determining the stable sulphur species (Burnham and Ohmoto 1980; 
Figure 23).  Under highly oxidizing conditions, sulphate is stabilized and magmas reaching sulphur 

 

 
Figure 23. Oxygen fugacity versus temperature relationships for the predominant sulphur species and selected buffer assemblages 
along with generalized fields for different granite associations. After Burnham and Ohmoto (1980) with some additions. 
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 saturation will precipitate anhydrite, whereas under conditions approximately less oxidizing than the Ni - 
NiO buffer, sulphur saturation will result in the precipitation of sulphides (Carroll and Rutherford 1985).  
Due to the highly chalcophile character of the ore metals, they will be concentrated in the sulphide 
mineral phases thereby reducing the metal and sulphur concentration in the residual magma.   Gold will 
also tend to be concentrated in sulphides, although its behavior is relatively complex with copper-iron 
sulphides being more effective at concentrating gold than iron sulphides (Cygan and Candela 1995; Jugo 
et al. 1999; Kesler et al. 2002).  A consequence of the sequestering of ore metals in sulphides is that 
subsequently exsolved magmatic volatile phases that are responsible for mineralization will have less 
potential to be enriched in sulphur and ore metals. 

An association of oxidized intermediate to felsic intrusions has also been proposed for Archean lode 
gold deposits within the Superior Province (Hattori 1987; Cameron and Hattori 1987).  These authors 
proposed a linkage between oxidized hydrothermal fluids involved in the generation of several gold 
deposits and magnetic felsic intrusions that are spatially associated with these deposits.  The abundance of 
magnetite in these intrusions is attributed to their being highly oxidized (Hattori 1987).  Detailed 
investigation of the oxidation state have been carried out on 2 such magnetic intrusions and confirms their 
highly oxidized character.  The Cedar Creek stock, which occurs in close proximity to the Hemlo gold 
deposit, is characterized by magmatic fO2 intermediate between that of the magnetite-hematite and nickel-
nickel oxide buffers (Cameron and Carrigan 1987).  The Murdock Creek pluton, occurring within the 
Kirkland Lake gold camp, is similarly highly oxidized (Rowins et al. 1991). 

Magnetic Susceptibility as a Proxy for Oxidation State 

The oxygen fugacity (fO2) of a magma is mainly buffered by Fe2+/Fe3+ and, in theory, the measured whole 
rock Fe2O3/(Fe2O3+FeO) ratio may be used to constrain this parameter.  Unfortunately, both geological 
and analytical problems complicate this interpretation.  The principal geological problem is the possibility 
that the ferric/ferrous ratio may be modified by subsolidus reactions and it is probable that some of the 
scatter in measured Fe2O3/(Fe2O3+FeO) reflects secondary alteration.  The analytical method employed to 
determine Fe2O3/(Fe2O3+FeO) (total iron by XRF with wet chemical determination of FeO) may 
secondarily oxidize the sample and limit the reliability of the analysis although this problem can be 
addressed by careful analysis or adoption of Mossbaurer spectroscopic techniques (Lalonde et al. 1998).  
The general coherence of results within some individual units suggests that these problems may be 
minimal and the results may be cautiously interpreted to be reflective of the ferric/ferrous iron ratio of the 
magma in some cases; however, this cannot be assumed a priori.  In order to rigorously constrain fO2 , 
mineral chemical analyses, including ferric/ferrous iron determinations, must be carried out on high-
purity mineral separates.  In some cases, even when this work is carried out, the results may be equivocal 
due to the effects of subsolidus re-equilibration.  Due to the labour intensive nature of this approach and 
potential for equivocal results, this type of investigation is not widely undertaken.  As part of this 
investigation, a study is being undertaken of other possible means of distinguishing “normal”, highly 
oxidized and reduced granitic plutons. 

Strongly reduced S-type granites may generally be distinguished from more oxidized I-type granites 
by the more magnetite-rich nature of the latter and hence its higher magnetic susceptibility (Takahashi et 
al. 1980).  Blevin (1996) demonstrated that I- and S-type granites within the New England fold belt of 
eastern Australia could be reasonably well discriminated in a plot of magnetic susceptibility versus whole 
rock SiO2.  One of the approaches being tested as part of this study is an evaluation of this general 
approach to see if it might have the potential to discriminate more subtle variation in oxidation state 
within the I-type category. 
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The magnetic susceptibility (MS) of a rock is a weighted average of the magnetic susceptibilities of 
the constituent diamagnetic (e.g., quartz, feldspar (MS ~ 0)), paramagnetic (e.g., hornblende (MS ~1), 
biotite (MS ~1-3)) and ferrimagnetic (magnetite (MS ~3000), pyrrhotite (MS ~500)) minerals.  With 
minor exceptions, magnetite is the only significantly abundant ferrimagnetic mineral present in 
intermediate to felsic plutonic rocks.  The premise of utilizing magnetic susceptibility to estimate the 
redox state of granitic magmas is summarized in Figure 24.  The amount of primary magnetite present in 
an igneous rock will be a function of the total iron content of the rock and the oxidation state which will 
control the partitioning of iron between oxides and ferromagnesian silicate minerals. Consequently, the 
magnetic susceptibility of a rock will be influenced by bulk composition with more iron-rich, silica-poor, 
higher temperature magmas having higher MS due to the greater abundance of paramagnetic 
ferromagnesian minerals and by the oxidation state and ratio of ferric to ferrous iron which influences the 
stability and abundance of magnetite.  Consequently, the magnetic susceptibility of a rock will be 
influenced by bulk composition and by the oxidation state of the magma.  The bulk composition 
influences the susceptibility in 2 ways.  Firstly, the bulk composition influences the abundance of 
paramagnetic ferromagnesian minerals.  Secondly, the amount of magnetite that will crystallize at any 
given oxidation state will be influenced by the total amount of iron available.  The oxidation state of the 
magma influences magnetic susceptibility because at any given iron content, the amount of magnetite 
formed will be influenced by the Fe3+/Fe2+ ratio in the magma. Under conditions less oxidizing than the 
QMF buffer, Fe will reside primarily in iron-magnesium silicates and the bulk rock will be characterized 
by low magnetic susceptibility. Under progressively more oxidizing conditions (up to the magnetite-
hematite buffer which is rarely exceeded under normal magmatic conditions) magnetite will be stabilized 
and its abundance will progressively increase and be coupled with progressively higher Mg# in the 
ferromagnesian silicate minerals.  Consequently, at a fixed iron content, magnetic susceptibility will 
generally be proportional to fO2 and since total iron is generally inversely correlated with temperature, a 
plot of total iron versus magnetic susceptibility might be expected to have a broadly similar topology to 
that of temperature versus fO2. 

A number of specific circumstances or processes have the potential to complicate this approach.  
Firstly, the presence of primary ferrimagnetic minerals other than magnetite will greatly influence the 
bulk magnetic susceptibility of the rock.  The principal mineral of interest in this regard is pyrrhotite, 
which may be a common constituent within mafic to ultramafic igneous rocks and is rarely present in 
highly reduced S-type granites.  This complication is expected to be uncommon in intermediate to felsic 
I-type granitoid rocks where magnetite is generally the only ferrimagnetic mineral present and pyrrhotite 
and other ferrimagnetic minerals (e.g., franklinite, jacobsite) are rare.  Secondly, superimposed alteration 
or metamorphism, particularly where reactions involve the formation or destruction of magnetite, can 
modify the primary mineralogy of the rock.  The breakdown of ferromagnesian silicates to yield 
magnetite along with an magnesium-rich silicate (e.g., serpentinization of olivine) is common in mafic 
and ultramafic rocks but comparatively rare and minor in intermediate to felsic I-type granites 
investigated as part of this study.  The late mantle-derived plutons that are the principal subject of this 
study are generally free of metamorphic or hydrothermal overprints and preserve primary magmatic 
mineralogy and petrographically evident deuteric alteration (e.g., white mica, epidote and carbonate after 
plagioclase) is expected to have minimal impact on magnetic susceptibility.  In the case of the plutons 
discussed below, many of these potential complications can be minimized when petrographic studies are 
carried out in conjunction with the approach discussed here. 

The Hemlo Example 

An initial evaluation of the potential of this approach was carried out as part of an investigation of 
plutonism associated with the Hemlo greenstone belt (Beakhouse 2001).  Granitic plutons associated with 
the Hemlo greenstone belt are all categorized as I-type granites. A number of mineralogical 
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Figure 24.  Diagrams illustrating the basis for relating magnetic susceptibility and oxidation state of intermediate to felsic 
magmas. Under conditions less oxidizing than FMQ, primary magnetite is not present and magnetic susceptibility will be 
dominated by paramagnetic ferromagnesian silicates.  The amount of magnetite present in the rock under conditions more 
oxidizing than FMQ will be a function of fO2 and the total Fe present in the rock.  Note that the position of oxidation state curves 
in the lower diagram are not rigorously constrained and are only intended to illustrate the proposed general pattern.  
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characteristics are consistent with the interpretation that many of the late plutons associated with the 
Hemlo greenstone belt were relatively highly oxidized.  In addition to the common presence of magnetite, 
other primary magmatic phases that may be indicative of relatively highly oxidized magmas include 
titanite and epidote.  Wones (1989) has proposed that the assemblage titanite + magnetite + quartz is 
indicative of relatively high fO2 (intermediate between fayalite-magnetite-quartz and hematite-magnetite 
buffers).  This mineral assemblage is present in many of the late plutons (Beakhouse 2001).  The 
formation of magmatic epidote, which is widely distributed in most of the later plutons, is also thought to 
be indicative of crystallization under relatively oxidizing conditions (Zen and Hammarstrom 1984; 
Schmidt and Thompson 1996).  The sole exception to this generalization is the Heron Bay pluton, which 
only locally contains magmatic magnetite. 

The whole rock Fe2O3/(Fe2O3+FeO) ratio of most of the late plutons associated with the Hemlo 
geenstone belt falls mostly in the range 0.4 to 0.5 (Beakhouse 2001).  These values (converted to atomic 
proportions) are generally comparable to the more oxidized Australian I-type granites (Takahashi et al. 
1980).  The medium-grained phase of the Botham pluton and the Cedar Creek stock are somewhat 
anomalous, having Fe2O3/(Fe2O3+FeO) ratios in excess of 0.5 (averages, 0.60 and 0.55, respectively).  
The results for the Cedar Creek stock are consistent with the results of a more exhaustive study of the 
redox state of this pluton that identified its highly oxidized character with an inferred fO2 midway 
between the hematite-magnetite and nickel-nickel oxide buffers (Cameron and Carrigan 1987).  On the 
basis of these mineralogical and whole rock geochemical criteria, it is concluded that most of the late 
plutons associated with the Hemlo greenstone belt are moderately highly oxidized with oxidation states 
intermediate between those of the FMQ and HM buffers.   However several of the small plutons occurring 
in close proximity to the Hemlo gold deposit (Botham and Cedar Creek plutons) are anomalously highly 
oxidized and one pluton (Heron Bay) may be an example of a relatively reduced I-type pluton. 

Magnetic susceptibility is positively correlated with magnetite abundance as determined by detailed 
point counting of modal mineral abundances (Figure 25). The latter are relatively imprecise for low 
mineral abundances and magnetic susceptibility may provide a more precise means of estimating 
magnetite abundance in these mineralogical assemblages.  The correlation of magnetite abundance and 
magnetic susceptibility for the Hemlo plutons is broadly consistent with results from early attempts to 
correlate these parameters (Mooney and Bleifuss 1953; Balsley and Buddington 1953- both early studies 
report in cgs units).  Individual plutons tend to have characteristic magnetic susceptibility signatures, 
although plutons showing a greater range in bulk composition or having heterogeneously developed 
deuteric alteration may show some dispersion. 

A plot of magnetic susceptibility versus total iron for transitional and late mantle-derived plutons 
associated with the Hemlo greenstone belt reveals that there is no simple linear correlation between these 
2 parameters (Figure 26).  The data for the Cedar Lake, Gowan Lake, Fourbay Lake and Musher Lake 
plutons, all of which have mineral assemblages indicative of oxidation conditions at or exceeding the 
QMF buffer, define a broad, positively correlated trend.  A second group of plutons (Cedar Creek, 
Satellite and Botham stocks and the Terrace Bay batholith) define a more restricted field characterized by 
high magnetic susceptibility relative to the low iron content of these units.  Detailed investigation of the 
Cedar Creek stock indicates conditions slightly more oxidizing than the Ni-NiO buffer (Cameron and 
Carrigan 1987).  A third type of pattern is displayed by the Heron Bay pluton, which shows dispersion to 
very low magnetic susceptibilities reflecting the paucity of magnetite within this unit that otherwise has 
the characteristics of an I-type granite.  These 3 different data groupings/characteristics are interpreted to 
be comparable to strongly oxidized, normally oxidized and reduced I-type plutons.  Further studies are 
required to constrain the position of different oxidation buffers but they might be expected to have the 
general form illustrated in Figure 26. 
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Figure 25.  Diagrams illustrating a) the correlation of magnetic susceptibility and magnetite abundance as determined by detailed 
point counts and b) magnetic susceptibility frequency diagrams for individual plutons associated with the Hemlo greenstone belt. 
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Limited mineral chemical data for biotite (Figure 27) and amphibole is consistent with the more 
highly oxidized character inferred for some of these plutons.  The same plutons that are characterized by 
elevated magnetic susceptibility relative to their bulk whole rock composition contain biotite and 
amphibole that is more magnesian than that characterizing less oxidized plutons with similar bulk 
compositions.  This is interpreted to be a consequence of oxidizing conditions leading to the 
crystallization of abundant iron and titanite oxide minerals and effectively depleting the magma in iron 
and resulting in the crystallization of magnesium-rich ferromagnesian silicate minerals.  Further work has 
the potential to provide constraints that may permit an independent oxidation state estimate based on 
whole rock and mineral compositions. 

 
 

 
 
 
Figure 26.  Plot of magnetic susceptibility versus whole rock total iron for plutons associated with the Hemlo greenstone belt.  
The position of the FMQ buffer is estimated from mineralogical evidence that plutons other than the Heron Bay pluton 
crystallized under conditions more oxidizing than FMQ.  The possible form of the NNO buffer is based on a rigorous estimate of 
the oxidation state of the Cedar Creek Stock (Cameron and Carrigan 1987) and drawn generally parallel to the FMQ curve.  
These buffer curves presented as a general proposal for the possible topology of buffer curves in this diagram and are not well 
constrained. 
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The relationships discussed above indicate that I-type plutons associated with the Hemlo greenstone 
belt are characterized by a range of oxidation states ranging from highly oxidized to moderately reduced.  
These relationships further suggest that magnetic susceptibility measurements coupled with whole rock 
geochemistry provide a potential rapid and inexpensive way to constrain magmatic oxidation state of 
plutons with primary or minimally altered magmatic mineral assemblages.  Most of the plutonic rocks 
associated with the Hemlo greenstone belt are normally oxidized I-type; however, the 3 plutons inferred 
to be highly oxidized occur in close proximity to the Hemlo gold deposit (Figure 28). This spatial 
relationship of gold mineralization to anomalously oxidized plutons is noted elsewhere in the Superior 
Province (Cameron and Hattori 1987).  The lone reduced I-type pluton is also relatively proximal to the 
gold deposit.  As discussed above (see “Hemlo Area”, page 67), the emplacement of these plutons is 
broadly synchronous with introduction of gold at Hemlo.  The presence of anomalously oxidized and 
reduced plutons emplaced synchronously with gold introduction may be important in 2 contexts.  Firstly, 
magmatic hydrothermal fluids originating within these plutons may be the source of gold as is the case in 
many Phanerozoic porphyry and epithermal deposits.  Secondly, the redox properties of the plutons and 
derived magmatic hydrothermal fluids may generate redox gradients or directly mix with other fluids and 
potentially result in the deposition of gold occurring in fluids having diverse sources.  This opens the 
possibility that recognition of anomalously oxidized or reduced I-type plutons may provide a vector to 
gold mineralization. 

 

 
 
 
Figure 27.  Plot of Mg# in the whole rock versus Mg# of biotite in the same whole rock.  The higher Mg/(Mg+Fe) of biotite in 
the Cedar Creek, Botham and Terrace Bay intrusions relative to other intrusions with comparable whole rock Mg/(Mg+Fe) is 
attributed to crystallization under highly oxidizing conditions leading to the formation of abundant iron oxides. 
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Figure 28.  Generalized map of the Hemlo greenstone belt illustrating the distribution of anomalously oxidized and reduced I-
type plutons in relation to the Hemlo gold deposit.  The Black–Pic, Pukaskwa and Dotted Lake batholiths are normally oxidized; 
however, they have low magnetite abundance and subdued aeromagnetic expression due to their typically low total Fe content. 
Abbreviations: BS, Botham stock; CCS, Cedar Creek stock; MLP, Musher Lake Pluton; MS, Melgund stock; OIG, Ogilvie Island 
granodiorite; PIS, Picture Island stock; SS, Satellite stock. 
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The Wabigoon Subprovince 

A project is currently being undertaken to investigate the characteristics and tectonic and metallogenic 
significance of late- to post-tectonic plutons that constitute a widespread, minor component of the western 
Wabigoon Subprovince.  Although this work is in progress and interpretations may be modified as further 
work is completed, some preliminary observations on the potential application of magnetic susceptibility 
to evaluation of mineral potential are offered here.  These plutons were emplaced over a relatively 
restricted time interval (~2710 to 2695 Ma) that slightly postdates volcanism and large TTG-type 
batholiths.  Preliminary results indicate that at least some of these plutons may be mantle derived 
although the petrogenesis of many of the plutons is uncertain.  The age of emplacement of these plutons is 
broadly synchronous with the timing of gold introduction in this part of the Superior Province (see 
“Northern Western Wabigoon (Sioux Lookout Domain) Area”, page 64, and “Central Western Wabigoon 
(Atikwa Domain) Area”, page 65).  These plutons include both those that display a close spatial 
relationship to gold mineralization and those that do not have any known, spatially associated gold 
mineralization. 

All of the late plutons investigated to date have mineralogical and major element geochemical 
characteristics indicating they are I-type plutons.  Variation in magnetic susceptibility is broadly 
comparable to that recognized for plutons associated with the Hemlo greenstone belt although there are 
differences in detail (Figure 29).  Many of the plutons are magnetite-bearing and plot within or slightly  

 

 
 
 
Figure 29. Plot of magnetic susceptibility versus whole rock total iron for plutons occurring within the western Wabigoon 
Subprovince.  Hypothetical form of the FMQ and NNO buffers is transferred from Figure 26. 
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above the field for normally oxidized granites as inferred from the Hemlo data although the highly 
oxidized group does not appear to be abundantly represented in the Wabigoon data.  Several plutons, 
including some of the relatively more mafic plutons, have low magnetic susceptibilities and may 
represent reduced I-type plutons.  One characteristic not noted at Hemlo is a possible bimodal character 
that is displayed by some of the plutons.  For example, both the Canoe Lake and Island Lake plutons have 
groupings of samples that are suggestive of both normally oxidized and reduced character. 

The plutons that display a close spatial association with gold mineralization display a tendency to 
plot outside of the normally oxidized field (see Figure 29) as defined for the Hemlo greenstone belt.  
Although some of these plutons have the bimodal character referred to above, most of these 
mineralization-associated plutons contain at least a component that displays a relatively highly oxidized 
or strongly reduced character.  This may indicate a genetic association between these plutons and gold 
mineralization and is further suggestive of the possible utility of using magnetic susceptibility as a 
possible indicator of the redox character of late plutons and as a vector to gold mineralization. 

Other Examples of Mineralization associated with Anomalous 
Magnetic Susceptibility 

The Terrace Bay batholith, occurring in the Terrace Bay–Schreiber greenstone belt, has some 
characteristics (anomalously Mg-rich biotite, magnetic susceptibility ~12-15 x 10-3 SI units; Beakhouse 
2001) in common with the Cedar Creek and Botham stocks and is also spatially associated with gold and 
copper-molybdenum mineralization (Marmont 1984).  Other examples of plutons spatially and temporally 
associated with mineralization having magnetic susceptibility characteristics suggestive of highly 
oxidized magmas include a number of alkalic plutons from the Kirkland Lake area (plotted in Figure 26).  
Further studies are planned to evaluate the possible correlation of magnetic susceptibility, oxidation state 
and mineralization and its application to mineral exploration. 

WATER CONTENT OF LATE, MANTLE-DERIVED PLUTONS 

Intermediate to felsic magmas typically have water contents in the range of 1 to 7% (Clemens 1984). 
Experimental evidence indicates that hornblende-bearing magmas must contain at least 3 to 4% H2O in 
order to stabilize this phase (Naney 1983).  The ubiquitous presence of hydrous primary magmatic 
minerals (principally biotite and amphibole) in late, mantle-derived suite plutons indicates that all 
crystallized from hydrous magmas.   

A variety of widely observed characteristics suggest that a magmatic volatile phase was liberated 
during the final stages of crystallization and interacted with the crystalline component.  These 
characteristics include formation of late magmatic microcline megacrysts with attendant development of 
myrmekite and replacement of plagioclase, saussuritization of plagioclase and chloritization of biotite.  
The latter 2 alteration phenomena could also be caused by hydrothermal alteration, but this is considered 
unlikely because of the uniformity and ubiquity of this style of alteration and the absence of any obvious 
structures that influence porosity and permeability.  It is most likely that this style of alteration is an 
autometasomatic effect related to the interaction of a magmatic volatile phase, exsolved during the latest 
stages of crystallization, with the primary magmatic minerals.  The common presence of minor calcium 
carbonate along with epidote and white mica in the alteration product of plagioclase feldspar suggests that 
CO2 was also a component of the magmatic volatile phase that reacted with the anorthite component of 
plagioclase feldspar. The comparatively low whole rock volatile content of late, mantle-derived suite 
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samples (typically H2O <1.4%; CO2 <0.2%) indicates that these magmas must have exsolved substantial 
amounts of water, only some of which reacted with and remained within the pluton. 

ELEMENTAL ENRICHMENT 

The enrichment of elements (ore metals, chlorine, sulphur) critical to the formation of a magmatic 
hydrothermal mineral deposit is a function of a broad range of processes including 1) their primary 
concentration in the magma, 2) enrichment (or depletion) during fractional crystallization, and  
3) fractionation between melt and exsolved aqueous fluids.  It is generally accepted that 2 and 3 above are 
by far the most important processes associated with enrichment to ore grade (Hedenquist and Lowenstern 
1994) and argued that the bulk composition typical calc-alkaline magmas is sufficient to generate 
magmatic hydrothermal ore deposits (Cline and Bodnar 1991).  Nevertheless, the primary abundance of 
ore metals, chlorine and sulphur imparted by the magma generation process influences metal associations 
and may play a role in the mineralization potential of magmas.  The most striking example of this control 
is the contrasting association of copper-molybdenum-gold mineralization with I-type plutons and tin 
mineralization with S-type plutons (Takahashi et al. 1980;  Blevin and Chappell 1995).  Furthermore, 
although copper-molybdenum-gold mineralization is associated with a wide compositional spectrum of I-
type plutons, relatively potassic, alkalic plutons may be proportionally over-represented, particularly 
among the largest deposits (Sillitoe 1997; Müller and Groves 1993, 2000), suggesting that characteristics 
imparted at the site of melting may influence potential to form a mineral deposit. 

Establishing the initial abundance of many of the elements critical for the creation of a magmatic 
hydrothermal mineral deposit is problematic because they have a strong affinity for the aqueous magmatic 
volatile phase and may behave as “fugitive” elements. This concept was initially applied to chlorine due 
to its affinity for the aqueous phase and its loss during degassing (Piccoli et al. 1999).  In the case of ore 
metals, they may behave compatibly during crystallization of the magma and, for example, be present in 
dispersed magmatic sulphide minerals.  Alternatively, if they behave incompatibly (e.g., sulfate, as 
opposed to sulphide, is stabilized by high fO2), they may be strongly partitioned into the exsolved, 
aqueous phase and migrate out of the pluton.  Consequently, the whole rock abundance of ore metals in 
plutonic rocks may or may not provide an indication of the initial concentration of metals in the magma.  
Possible approaches to estimating the magmatic concentrations of potentially “fugitive” elements include 
analyses of melt inclusions in early-formed minerals (Kamenetsky et al. 2002; Harris et al. 2003) and 
analyses of mineral phases crystallizing in equilibrium with the magma prior to exsolution of an aqueous 
magmatic volatile phase.  The later approach has been applied to halogens in biotite (Stollery et al. 1971; 
Kesler et al. 1975) and halogens and sulphur in apatite (Roegge et al. 1974; Candela 1986; Piccoli and 
Candela 1994; Piccoli et al. 1999; Parat and Holtz 2004) with varying degrees of success.  Ion probe 
determinations in a range of minerals suggests that copper is more abundant in minerals from barren 
intrusions and that low copper abundance in minerals from mineralizing intrusions indicate extraction 
from both apical porphyries and deeper level parental intrusions (Hendry et al. 1985). 

The approaches discussed above have not yet been applied rigorously to Archean plutons within the 
Superior Province; however, preliminary evaluation of initial investigations hint at the possibility that 
plutons of the late, mantle-derived suite may have anomalous metal and halogen abundances.  Relative to 
other granitoid suites, the late, mantle-derived suites are characterized by transition metal element 
abundances that span a wide range, but are on average higher (Figure 30).   

The abundance of gold in plutonic rocks may be generally low (low- to sub-ppb levels) and erratic 
(Feng et al. 1993) but few data are available.  The erratic gold abundances reported by Feng et al. (1993) 
and transition element abundance heterogeneity could reflect a primary “nugget” effect, local overprinting 
by secondary mineralization processes unrelated to plutonism or “fugitive” behavior of these elements. 
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Certain elements play a critical role in the mineralization process by virtue of their ability to form 
complexes with ore metals and facilitate their transport and concentration.  At higher temperatures 
(<350ºC), chloride-bearing aqueous fluids, such as those commonly generated by magmatic hydrothermal 
processes, will readily transport gold and other ore metals as a chloride complex (Holland 1972; 
Gammons and Williams-Jones 1997).  At lower temperatures (<~350ºC) sulphur-bearing aqueous-
carbonic fluids readily transport gold as a thio complex (Seward 1991).  Consequently, the abundance of 
these elements in magmas and fluids may influence the mineralization potential of a magmatic system 
and variables such as Cl/OH have been proposed as possible vectors to mineralization (Nedachi 1980). 
Due to the potentially fugitive nature of the halogens, and in particular chlorine, the abundance of these 
elements in minerals may be a more reliable indication than whole rock abundance of their concentration 
in magmas.  Most fluorine in intermediate to felsic rocks that do not contain fluorite or muscovite resides 
in biotite with subordinate amounts in amphibole, apatite and titanite (Speer 1984).  The siting of chlorine 
is more problematic because, although the whole rock abundances of fluorine and chlorine tend to be 
comparable, the latter is commonly one order of magnitude less abundant than fluorine in the main 
constituent mineral phases.  Chlorine is not abundantly concentrated in any primary mineral phase and 
has a strong affinity for exsolved aqueous fluid phase (Kilinc and Burnham 1972).  This suggests that 
although some of the chlorine-rich aqueous fluid may have escaped the system, a portion of it either 
reacted to produce fine-grained secondary minerals or was trapped in situ as saline fluid inclusions in 
order to explain the whole rock abundance of chlorine. 

 

 
 
Figure 30.  Plot of V versus Cu for different granitoid suites.  Data for the low-Al TTG suite are omitted due to erratic abundance 
of Cu reflecting association with VMS-type mineralization.  Clustering of points with 3 ppm Cu reflects abundance of data below 
detection limit. Symbols same as for Figure 9. 
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At elevated temperatures, metals are transported principally as chloride complexes and consequently 
high initial Cl/H2O ratios in the magma may enhance the potential for magmatic hydrothermal mineral 
deposits (Candela and Piccoli 1995).  The halogen elements may substitute for OH in a range of minerals 
providing a potential means of estimating the relative fugacities of H2O, F and Cl in magmas and 
hydrothermal fluids.  Most work has focused on biotite, as this mineral is both relatively abundant and 
very nearly ubiquitous in the porphyry-type deposits to which it has been applied.  Early studies reported 
varying degrees of success in identifying an association of mineralized systems with more chlorine-rich 
magmas; however, the contrast between mineralized and barren plutons was not sufficiently distinct for 
practical application (e.g., Stollery et al. 1971; Kessler et al. 1975). 

Subsequent studies indicate that halogen abundances in biotite are not simply functions of the 
concentration of these elements in the associated magmas and fluids but are also influenced by other 
factors, notably crystal chemical effects related to the octahedral site occupancy (Munoz 1984).  These 
crystal chemical factors are manifest as what is commonly referred to as Fe–F avoidance and Mg–Cl 
avoidance and are reflected in the tendency for these element pairings to be inversely correlated.  Munoz 
(1984) developed an algorithm to calculate “intercept values” for F, Cl and the F/Cl ratio which reflect the 
activity of these components corrected for the composition of the biotites.  These equations were 
subsequently revised slightly (Munoz 1992) based on new thermodynamic data (Zhu and Sverjensky 
1991, 1992). 

Limited data for plutons associated with the Hemlo greenstone belt (Beakhouse 2001) suggests that 
F and Cl in magmatic biotite display divergent trends with respect to the general composition of the 
biotite.  Fluorine abundances range from 0.2 to 1.2 weight % and are positively correlated with Mg 
abundance (Figure 31) in accordance with the Fe–F avoidance principal.  Chlorine abundances are very 
low overall but do not display an inverse correlation with XMg.  Biotites from the late mantle-derived suite 
with intermediate XMg exhibit a tendency to have lower F and higher Cl abundances and Cl/(Cl+F) ratios 
suggesting that they may be more Cl-rich magmas.  The F/Cl intercept value (IV(F/Cl)) is directly related to 
the fugacity ratio fHCl/fHF  (Munoz 1984) and the higher IV(F/Cl) values characterizing biotite from the late 
mantle-derived suite (Figure 32) again suggests that these magmas were enriched in Cl relative to other 
Archean granites. 

SUMMARY OF LATE, MANTLE-DERIVED PLUTON 
CHARACTERISTICS RELEVANT TO METALLOGENY 

The preceding discussion reviews preliminary interpretations of ongoing investigations of some of the 
characteristics of late, mantle-derived plutons that may have relevance to their potential to form mineral 
deposits.  These characteristics include: 

 
A subset of late, mantle-derived plutons display evidence of being either anomalously highly 
oxidized or reduced.  These tend to be the plutons that display a spatial and temporal relationship 
to gold mineralization.  This association parallels that recognized in Phanerozoic terranes where 
mineralization is interpreted to arise from magmatic hydrothermal processes linked to 
anomalously oxidized plutons. 
 
Archean granitoid rocks, like their Phanerozoic analogues were hydrous and will at some stage 
in their crystallization become water saturated and exsolve an aqueous magmatic volatile phase. 
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Figure 31.  Plot of F and Cl abundances and Cl/(Cl+F) in biotite versus Xphlog for plutons associated with the Hemlo greenstone 
belt.  Data are from Beakhouse (2001). 
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The late, mantle-derived suite magmas may be slightly enriched in metals relative to other 
Archean granitoid rocks.  It is not clear if this relative enrichment in metals significantly 
influences the metallogenic potential of magmas. 
 
Archean granitic rocks tend to have low abundances of chlorine; however, late, mantle-derived 
plutons may be slightly chlorine-enriched relative to other Archean granites.  It is not clear if this 
relative enrichment in chlorine is sufficient to significantly influence the metal transporting 
capacity of the mantle-derived magmas. 

 
All of these characteristics require further investigation in order to both evaluate their significance 

and investigate their potential application to mineral exploration. 

 

 

 
 
 
Figure 32.  Plot of fluorine/chlorine intercept value (IV(F/Cl)) versus fluorine intercept value (IV(F)) for biotite from plutons 
associated with the Hemlo greenstone belt. 
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A Magmatic Hydrothermal Model for Archean Lode 
Gold Deposits 

REVIEW OF EVIDENCE LINKING LATE MANTLE-DERIVED 
PLUTONISM AND GOLD MINERALIZATION 

The discussion in the preceding chapters points to a number of factors that suggest that there may be a 
linkage between late, mantle-derived plutons (LMDPs) and at least some Archean lode gold deposits 
(ALGDs). 

The tectonic development of the Superior Province has been widely interpreted in terms of 
fundamentally uniformitarian processes.  Consequently, Archean greenstone belts may be 
analogous to Phanerozoic island or continental arcs which host gold-rich deposits for which 
there is commonly compelling evidence for a genetic link between magmatism and 
mineralization.  Assuming the Archean–Phanerozoic analogy is correct, it seems reasonable that 
this should extend to mineral deposits formed in these environments. 
 
Archean intermediate to felsic plutonic rocks are divisible into contrasting types having 
contrasting petrogenesis and tectonic significance.  LMDPs constitute one of these types and 
were emplaced over a very restricted time interval and represent the last major juvenile crust 
forming event in any portion of the Superior Province.  They are interpreted to be generated by 
partial melting of metasomatized, long-term depleted mantle with some input from basal portions 
of the crust in an immediately postsubduction setting. Of all the Archean intermediate to felsic 
plutonic suites, the petrogenesis of the LMDPs most resembles that of Phanerozoic granitic rocks 
associated with magmatic hydrothermal mineral deposits.  However, the Archean LMDPs are 
developed exclusively in a postsubduction arc setting whereas comparable plutons in the 
Phanerozoic are generated in both subduction-related arc construction and postsubduction arc 
settings. 
 
The timing of LMDPs and main stage of gold introduction are similar and display a similar 
southward younging across the Superior Province.  This is permissive of either a direct genetic 
link between mineralization and plutonism or an association of both with a particular stage of 
tectonic development. 
 
A subset of ALGDs exhibit a general spatial association with LMDPs and in particular with those 
that may have anomalous redox characteristics.  Highly oxidized and strongly reduced I-type 
magmas are implicated in the formation of many Phanerozoic gold-rich deposits.  However, 
other ALGDs do not show an obvious spatial association with LMDPs. 
 
A subset of ALGDs are characterized by ore and alteration mineral assemblages that are similar 
to those characterizing Phanerozoic magmatic hydrothermal deposits (e.g., Hemlo); however, the 
majority of ALGDs are characterized by more complex and diverse ore/alteration assemblages. 
 
Limited preliminary data suggests that Archean LMDPs may be enriched in metals and halogens, 
both of which may play a role in the metallogenic potential of intrusions. 
 

These observations suggest that development and testing of a magmatic hydrothermal working 
hypothesis (among others) for ALGDs is warranted. 
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THE PROBLEM: RECONCILING THE CHARACTERISTICS OF 
ARCHEAN LODE GOLD DEPOSITS WITH PHANEROZOIC MAGMATIC 
HYDROTHERMAL MODELS 

A major challenge in extending magmatic hydrothermal models to the Archean arises from the fact that, 
with some exceptions, ALGDs tend to be unlike Phanerozoic magmatic hydrothermal deposits in several 
important respects.  The characteristics of individual Archean and Phanerozoic deposits both display 
considerable diversity and a thorough review of the characteristics of mineral deposits is beyond the 
scope of this study.  The comments below represent generalizations to which there are undoubtedly 
exceptions. 

Phanerozoic gold-rich deposits are well represented, and have been extensively studied, in the 
circum-Pacific region and particularly along the west coasts of North and South America and within 
island arcs of the southwest Pacific region.  The majority, and the largest, of these deposits are either 
gold-rich porphyry copper or epithermal gold deposits that develop at high levels in the crust and are 
genetically linked to the emplacement and crystallization of intermediate to felsic plutons (Sillitoe 1997).  
Some deposits of these types also have mineralization associated with metasomatic skarns (Sillitoe 1989).  
The origin of mineralizing fluids associated with other deposit types are more controversial but some 
involvement of magmatic hydrothermal fluid is also postulated for sediment-hosted or Carlin-type 
deposits (Sillitoe and Bonham 1990) and iron oxide-copper-gold deposits (Sillitoe 2003). 

Not all of the fluids associated with these deposit types are of magmatic hydrothermal origin.  Due to 
the shallow crustal levels at which most of these deposits are formed, significant involvement of meteoric 
water is probable and meteoric water is almost certainly a volumetrically dominant component in low-
sulphidation epithermal (Hedenquist and Lowenstern 1994) and perhaps other deposit types (e.g., Carlin-
type).  Other more deeply sourced fluids may also be involved in some cases.  Nevertheless, magmatic 
hydrothermal fluids exsolved from crystallizing intermediate to felsic plutons appear to be a critical 
component of a range of Phanerozoic mineralized systems (Sillitoe 1989) and the ensuing discussion will 
focus on this component of the hydrothermal system. 

It is not possible within the scope of this contribution to consider the full spectrum of Phanerozoic 
gold-rich deposits, and subsequent discussion will focus on the economically important porphyry- and 
epithermal-type deposits for which a magmatic hydrothermal origin is most clear and almost universally 
accepted.  The following sections discuss some of the differences between these Phanerozoic magmatic 
hydrothermal deposits (PMHDs) and Archean lode gold deposits (ALGDs).  

Tectonic Setting 

One of the primary differences between Phanerozoic magmatic hydrothermal deposits (PMHDs) and 
Archean lode gold deposits (ALGDs) is their timing with respect to development of the magmatic arc.  
PMHDs are associated with magmas emplaced both during active volcanic arc construction (syn-
subduction) and immediately post-subduction magmatic activity (Sillitoe 1989).  ALGDs, with some 
exceptions outlined in “Timing of Gold Mineralization Within the Superior Province” (see page 53), tend 
to post-date volcanism and have developed comparatively late in the overall sequence of deformational 
events (Robert and Brown 1986a, 1986b; Witt and Vanderhor 1998).  ALGDs are temporally associated 
with late, mantle-derived plutonism that is interpreted to develop following the cessation of active 
subduction (Beakhouse and Davis 2005) and broadly synchronously with regional metamorphism. 
Consequently, in contrast to PMHDs that developed during various stages of arc development, ALGDs 
apparently developed in a post-subduction arc setting. 
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Proximity of Mineralization and Genetically Associated Plutons 

A notable difference between Archean and Phanerozoic deposits is the more intimate spatial association 
of the latter with plutons that may be the source of exsolved magmatic hydrothermal fluids.  Porphyry-
type Phanerozoic mineralization occurs within the carapice of the plutons and immediately adjacent 
portions of the country rock (Figure 33).  Epithermal mineralization includes both high- and low-
sulphidation types.  The high-sulphidation type typically occurs relatively proximal to synmineralization 
plutons and the mineralizing fluid is interpreted to have a noteworthy to dominant magmatic 
hydrothermal component (Hedenquist and Lowenstern 1994). In some cases, high-sulphidation 
epithermal mineralization is recognized as an integral part of an underlying porphyry mineralization 
system and the alteration associated with these deposits is equated with advanced argillic-altered lithocaps 
overlying porphyry systems (e.g., Lepanto; Sillitoe 1989, 1995).  A linkage between low-sulphidation 
epithermal deposits and magmatic processes is less clear and more controversial because these deposits 
tend to be more distal from magmatic centres and fluids associated with mineralization have indications 
of a magmatic component but are dominated by a meteoric water component (Hedenquist and Lowenstern 
1994).  Nevertheless, there is a close spatial association of low-sulphidation epithermal style 
mineralization with synmineralization plutons suggesting a genetic linkage.  In one exceptional example 
(Ladolam deposit on Lahir Island), low-sulphidation mineralization is telescoped on to underlying 
porphyry-type mineralization in response to rapid synmineralization erosion or sector collapse of the 
overlying stratovolcano (Sillitoe 1989; Müller et al. 2002). 

Some ALGDs display a spatial association with intermediate to felsic plutons; however, most 
deposits are not as closely spatially associated with plutons as is typical of Phanerozoic porphyry and 
epithermal systems.  In many cases where ALGDs are spatially associated with plutons, the 
mineralization is distinctly younger than the plutonism.  In these cases, magmatic hydrothermal fluids 
generated by these plutons cannot have been responsible for mineralization and the spatial association of 
mineralization with these plutons reflects structural control arising from heterogeneous strain linked to 
ductility contrasts related to the presence of the pluton. An alternative interpretation for the spatial 
association of mineralization, intrusions and heterogeneous strain that may be locally or partially 
applicable is that deformation precedes both intrusions and unrelated hydrothermal fluids which are 
fortuitously associated as their emplacement is controlled by the same structure.  In either case, the spatial 
association is not indicative of a genetic link between mineralization and magmatic hydrothermal fluids 
exsolved from the spatially associated plutons.  Superior Province examples of such relationships are 
associated with quartz-feldspar porphyries in the Timmins area and synvolcanic intrusions in the Val d’Or 
area (Burrows and Spooner 1989).  Numerous examples of this association are described for gold deposits 
occurring in the Yilgarn craton including, among others, the Lady Bountiful deposit (Cassidy and Bennett 
1993; Cassidy et al. 1998), the Porphyry and Westonia deposits (Cassidy et al. 1998), the Cleo deposit 
(Brown et al. 2002), the Granny Smith deposit (Ojala et al. 1993) and an exceptionally well-exposed 
example at the Tarmoola deposit (Duuring et al. 2001; and Figure 34).   

There are some examples of ALGDs that are closely spatially related to plutons that may be similar 
in age, and possibly genetically related, to mineralization.  Deposits that have been interpreted as 
analogues to Phanerozoic magmatic hydrothermal deposits include Lac Troilus (Fraser 1993), Lamaque 
(Burrows and Spooner 1989) and the Mink Lake occurrence (Burrows and Spooner 1987).  The Hemlo 
deposit has been interpreted to be a magmatic hydrothermal deposit related to the Moose Lake porphyry 
(Kuhns et al. 1994; Johnston 1996) although subsequent investigations have cast doubt on the intrusive 
origin of the porphyry and/or timing relationships between this unit and the mineralization (Beakhouse 
2001; Lin 2001; Muir 2002; Davis and Lin 2003).  Hattori (1987) noted the spatial and temporal 



 

 

 
 
Figure 33.  Generalized characteristics of porphyry and epithermal mineralization (after Sillitoe 1995). Abbreviations: LS, low-sulphidation; HS, high sulphidation. 
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Figure 34.  An example of heterogeneous strain and extension due to ductility contrast, in this case between a more brittle felsic pluton and a more ductile mafic metavolcanic rock 
at the Tarmoola deposit, Western Australia.  Gold mineralization is associated with the sheared contact and especially with extensional quartz veins in the “lee” of the granodiorite. 
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association between some gold deposits and magnetic felsic intrusions and linked mineralization to 
oxidized magmatic hydrothermal fluids derived from the plutons. 

The arguments advanced above notwithstanding, many ALGDs are structurally hosted and relatively 
distal from plutons comparable in age to mineralization.  Consequently, although late mantle-derived 
plutons are widely distributed across the Superior Province and may be regionally and temporally 
associated with ALGDs, they do not generally display the close spatial association with plutons 
characterizing many PMHDs. 

Alteration  Mineral Assemblages 

Ore and alteration mineral assemblages associated with ALGDs and PMHDs tend to be different although 
mineral assemblages in both categories display considerable diversity and some overlap.  This diversity 
may arise from a range of factors including 1) variation in the character of hydrothermal fluids, 2) diverse 
mineralogy and chemical composition of host rocks and 3) intensity of alteration.  A further potential 
complication, particularly for Archean rocks, is the timing of alteration with respect to regional 
metamorphism.  Full consideration of the ore and alteration mineral assemblages of these deposit types 
are beyond the scope of this contribution and the following discussion represents generalizations to which 
there are numerous exceptions. 

PMHDs tend to be characterized by alteration that displays a zoned pattern centred upon the plutonic 
system that drives the mineralization process (see Figure 33).  This pattern is commonly well-developed 
in association with porphyry-type mineralization where some variation on a regular, pluton-centred 
annular pattern with a core potassic zone progressing upwards and outwards through a phyllic zone into a 
distal propylitic zone (Lowell and Guilbert 1970).  The distribution and pattern becomes more complex 
for more distal mineralization but generalizations concerning a broader alteration and mineralization 
zonation have been offered (Sillitoe 1995). 

ALGDs are associated with a range of alteration types that appear to reflect massive introduction of 
CO2, K2O, S and H2O along with Au and with erratic enrichment in a wide range of other chemical 
species (e.g.; As, Sb, Mo, B, Ag, Li, Te, Ba, Rb, Cr, Cu, Zn, Pb) (Colvine et al. 1988).  Prominent 
minerals within these alteration assemblages include carbonates (calcite, dolomite, ankerite), potassic 
phyllosilicates (sericite, biotite, fuchsite), alkali feldspars (albite, microcline), chlorite, iron sulphides, 
quartz, aluminous minerals (cordierite, garnet, aluminosilicates) and calc-silicate minerals (calcic 
pyroxenes and amphiboles, epidote). 

These alteration types are not uniformly present or consistently developed although some general 
patterns have been proposed.  Auriferous quartz-carbonate veins commonly have a zoned alteration 
pattern with proximal ankerite + albite + pyrite grading outwards through a dolomite + white mica ± 
pyrite zone to a distal calcite + chlorite zone (Robert 1996).  This type of alteration occurs on a small-
scale around individual veins; however, broadly similar regional scale alteration zoning is also 
recognized.  For example, in the Red Lake greenstone belt mineralization is associated with relatively 
small zones of silicification occurring within a regional-scale zone of ferroan dolomite alteration that 
grades into a distal calcite + chlorite alteration assemblage (Parker 2000). 

Archean disseminated- and replacement-type gold deposits contrast with vein-type deposits in 
several respects.  Carbonate alteration is not conspicuously associated with the former and feldspathic, 
aluminous and, especially, sericitic alteration is commonly present (Poulsen 1996).  Zonation may be 
present in some deposits with potassic alteration (sericitic and/or feldspathic) being relatively proximal to 
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mineralization with more distal aluminous alteration (Poulsen 1996).  Interpretation of the significance of 
alteration associated with ALGDs is further complicated by evidence that different alteration styles may 
be sequentially superimposed.  For example, at Red Lake multi-stage iron-carbonate, silicification and 
aluminous alteration may be protracted and span up to 35 m.y. (Dube, et al. 2004).  At Hemlo, a range of 
auriferous alteration types are recognized and are interpreted to reflect a series of lower temperature 
alteration events superimposed on an earlier Au-Mo-K event that introduced most of the gold (Williams-
Jones et al. 1998).  These observations raise the possibility that closely spatially associated alteration 
assemblages may not be related to a single, complex hydrothermal system but may have developed 
independently in distinct hydrothermal systems and perhaps in different tectonic settings. 

A small subset of ALGDs display associated alteration that has some characteristics, most notably 
related to introduction of potassium, similar to that associated with Phanerozoic porphyry-type systems.  
Examples include the Hemlo gold deposit (Kuhns 1988; Kuhns et al. 1994), the Lac Troilus Au-Cu 
deposit (Fraser 1993) and syenite-associated disseminated gold mineralization in the Abitibi Subprovince 
(Robert 2001).  Even in these cases, the alteration may differ in detail from that associated with 
Phanerozoic porphyry-type deposits and may not display close proximity to, or zonal distribution around, 
causative plutons.  Several possible examples of true porphyry-style mineralization have been reported 
(e.g., Canoe Lake (Campbell 1973); High Lake (Pedora 1976; Setting Net Lake (Ayres et al. 1982)), 
although these deposits are dominated by Cu and/or Mo and have subordinate Au.  Consequently, it is 
concluded that although components of Phanerozoic-type alteration (e.g., potassic alteration) are 
relatively common, few ALGDs have complete alteration mineral assemblages and zonal alteration 
patterns that resemble those characteristically associated with PMHDs. 

Geometry, Form and Structural Control of Deposits 

The geometry and form of Archean and Phanerozoic mineralized systems tend to be different, although 
both age categories display diversity making generalizations problematic.  Phanerozoic porphyry-type 
mineralization occurs as disseminations within the causative pluton and within stockwork veins 
developed within the pluton carapice and immediately adjacent country rock (see Figure 33).  The 
mineralized zone generally corresponds to areas of potassic and phyllic alteration (Lowell and Guilbert 
1975).  Epithermal-type mineralization generally develops more distally from the pluton as 
disseminations, replacements and veins and the geometry and form is extremely varied due to the extreme 
range of porosity and permeability in the near surface environment (Hedenquist et al. 2000).  
Hydrothermal brecciation may be an important porosity generating process in both epithermal and 
shallow-level porphyry environments (<4-5 km depth) and arises in part from the volume increase 
associated with release of an aqueous volatile phase from magmas emplaced at shallow levels in the crust 
resulting in an internal overpressure exceeding the tensile strength of adjacent wall rocks (Burnham 1985; 
Sillitoe 1985).  Consequently, plutons emplaced at shallow levels in the crust may represent self-
contained mineralizing systems and provide not only the metals and fluids capable of concentrating the 
metals, but also a mechanism to generate porosity and permeability to focus the flow of those fluids. 

The geometry and form of ALGDs is also highly variable but differs in certain respects from the 
range of variability characterizing Phanerozoic porphyry and epithermal deposits.  ALGDs tend to occur 
as veins and disseminated replacement deposits that exhibit a high degree of structural control.  The 
structures controlling the mineralization are primarily related to superimposed tectonic deformation that 
are commonly interpreted to have developed at a comparatively late stage in the overall sequence of 
deformational events (Robert and Brown 1986a, 1986b; Witt and Vanderhor 1998).  The controlling 
structures are commonly steeply dipping and consequently mineralized zones tend to define a steeply 
dipping tabular to prolate elliptical geometry.  As discussed above, the mineralization displays a close 
spatial association with plutons only in a subordinate subset of ALGDs.  In some of these cases, the 
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proximity is related to localization of structures in zones of extreme ductility contrast arising from 
lithological heterogeneity to which the presence of intrusive rocks contributes (Perring et al. 1991; Ojala 
et al. 1993). 

Summary of Contrasting Characteristics of Phanerozoic and Archean 
Deposits 

Archean lode gold deposits and Phanerozoic magmatic hydrothermal (porphyry and epithermal) deposits 
each display considerable diversity and there is some overlap in the range of characteristics displayed by 
the 2 groups; however, the 2 age groupings of deposits are dissimilar in certain respects.  Phanerozoic 
magmatic hydrothermal deposits characteristically are closely spatially associated with plutons that are 
temporally associated with mineralization and porosity and permeability are related to shallow level and 
near-surface hydrothermal brecciation.  Characteristic alteration (especially potassic alteration and 
silicification) is temporally and spatially associated with mineralization and plutons.  In contrast, most 
Archean deposits are distal from synmineralization plutons and porosity and permeability controls are 
generally related to structures developed during the late stages of tectonic deformation.  Alteration 
associated with Archean deposits is diverse and may include regional to more localized carbonatization, 
silicification, potassic and calc-silicate alteration that commonly develop in complex overprinting 
relationships. 

CONTRASTING SETTINGS OF PHANEROZOIC AND ARCHEAN GOLD-
RICH DEPOSITS 

Two important differences between Phanerozoic terranes that host magmatic hydrothermal mineral 
deposits and Archean terranes that host ALGDs may account for, and in fact predict, many of the 
contrasting characteristics of these 2 broad classes of mineral deposits.  The first of these differences 
arises from the interpretation (discussed more fully in “Secular Evolution of Superior Province Granitoid 
Plutonism”, page 34, and “Comparisons with Phanerozoic Arc Magmatism”, page 45) that the 
petrogenesis of intermediate to felsic igneous rocks is not a strictly uniformitarian process.  Although 
there are broad similarities in the tectonic setting of Phanerozoic arcs and Archean greenstone-granite 
terranes, the characteristics and petrogenesis of intermediate to felsic igneous rocks are different in certain 
respects.  In particular, the constructional phase of Archean arc magmatism is dominated by intermediate 
to felsic rocks of TTG affinity that are products of slab melting, whereas this process appears to be greatly 
subordinate in Phanerozoic arcs.  This difference may be attributed to higher radioactive heat production 
in the Archean influencing the thermal structure of Archean subduction zones.  The latest stage of 
Archean juvenile crust formation is interpreted to postdate active subduction and is marked by distinctive 
intermediate to felsic magmatism that reflects a dominant metasomatized mantle source with lesser input 
from crustal sources.  The petrogenesis of this latest stage of postarc Archean magmatism is similar to 
that characterizing Phanerozoic arc magmatism that develops during and after active subduction and is 
related to magmatic hydrothermal mineralization.  Linking ALGDs to this particular style of magmatism 
offers a plausible explanation for the contrasting timing of Phanerozoic (synsubduction and 
postsubduction) and Archean (dominantly postsubduction) gold mineralization. 

A second important difference is that late mantle-derived plutons (LMDPs), that are temporally and 
sometimes spatially associated with ALGDs, were emplaced at greater depth than many Phanerozoic 
plutons that have associated magmatic hydrothermal mineralization.  Geobarometry (based on the Al in 
hornblende geobarometer) suggests that LMDPs in the Superior Province were emplaced at 
paleopressures of 2 to 4 kbar (Stone 2000; Beakhouse and Davis 2005).  These paleopressures are 
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somewhat lower than those characterizing earlier TTG-type plutons; however, their emplacement depth 
(6-12 km) is considerably greater than that thought to characterize many Phanerozoic plutons associated 
with magmatic hydrothermal deposits. These elevated pressures preclude the development of the style of 
hydrothermal brecciation associated with Phanerozoic porphyry and epithermal deposits developed at 
higher crustal levels.  The depth of emplacement instead requires a role for structurally induced porosity 
and permeability developed concomitantly with late mantle-derived plutonism in order to focus the flow 
of metalliferous, aqueous magmatic fluids.  In addition to influencing the structural style and resultant 
porosity and permeability, the greater depth of emplacement may also influence the character and range 
of hydrothermal fluids present.  As discussed below, these differences would be expected to have a 
number of important consequences that may provide an explanation for many of the apparent differences 
between ALGDs and Phanerozoic magmatic hydrothermal deposits. 

A SIMPLIFIED MAGMATIC HYDROTHERMAL MODEL 

A simplified model for development of a magmatic hydrothermal mineralized system can be considered 
to consist of 3 stages (orthomagmatic, transitional, hydrothermal) as summarized below (after Burnham 
and Ohmoto 1980).  The general characteristics of each stage are discussed separately with reference to 
the classic model developed for Phanerozoic plutons emplaced at a high level in the crust followed by 
discussion of how the general model might be modified for Archean late mantle-derived plutons 
emplaced in the mid-crust. 

Orthomagmatic Stage 

The first or orthomagmatic stage is characterized by the presence of a silicate melt in which volatile 
species (e.g., H2O, CO2) are dissolved (Figure 35).  The melt may contain crystalline phases that were 
entrained in the magma in the zone of melting or crystallized from the magma during ascent or at the site 
of emplacement.  The characteristics of the melt at this stage are determined to a large extent by the 
characteristics of the source and partitioning of elements between melt and crystalline phases. 

THE CLASSIC MODEL 

Within Phanerozoic orogenic belts, magmatic hydrothermal mineral deposits are commonly associated 
with I-type granites (s.l.) emplaced within island and continental arcs developed above subduction zones 
(Sillitoe 1989).  The plutons are generally emplaced at high levels in the crust.  Many are interpreted to be 
subvolcanic and, in some cases, associated coeval and comagmatic volcanic rocks are preserved.  The 
magmatic systems associated with mineralization develop both during and immediately following active 
subduction. 

The magmas are generated largely by partial melting in the mantle wedge that has been infiltrated by 
metasomatizing aqueous fluids and low-degree partial melts originating in the subducting oceanic crust 
(see discussion in  “Phanerozoic Arc Magmatism”, page 46).  A crustal component may be introduced via 
contribution from subducted sediments, partial melting in lower portions of the crust or the operation of 
assimilation-fractional crystallization processes during emplacement.  A broad compositional spectrum of 
magmas are generated by this range of processes and mineralization may be associated with plutons of 
diverse composition although there may be a preferential association with magmas having a mildly 
alkaline character (Sillitoe 2002). 
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The abundance of a range of elements that are critical to subsequent ore-forming processes (e.g., Cu, 
Au, S, Cl) is largely attributed to source characteristics with enrichment related to fractional 
crystallization being of secondary importance.  It is not clear that magmas must be intrinsically enriched 
in these elements and “normal” calc-alkaline magmas may generate magmatic hydrothermal ore deposits 
if other conditions for the processes outlined below are satisfied (Cline and Bodnar 1991).  Establishing 
the original metal abundances in barren and mineralized plutonic systems is complicated by the 
potentially fugitive nature of ore metals which may lead to low abundances of metals in the constituent 
minerals of plutons from which magmatic aqueous fluids have been extracted to form ore deposits 
(Hendry et al. 1985).  Nevertheless, primary enrichment of these critical elements in magmas associated 
with mineralization may contribute to the potential to generate a substantial mineral deposit. 

One of the most critical requirements at the orthomagmatic stage is that certain elements (ore metals, 
Cl) must remain in the magma and not be sequestered in crystallizing mineral phases (Candela 1989). In 
the case of chlorine (the principal ore metal complexing ligand at magmatic temperatures), this condition 
is rarely problematic as chlorine does not readily enter the structure of any commonly crystallizing 
mineral phase and continues to be enriched during fractional crystallization processes.  Sulphur and the 
ore metals, however, can be incorporated in mineral phases forming during the orthomagmatic stage and 
be sequestered in dispersed mineral phases precluding their concentration during subsequent magmatic 
hydrothermal processes.  Particularly important in this regard is inhibition of sulphide formation, as 
sulphide melt partition coefficients may be sufficiently high that formation of even minor amounts of 
these phases will significantly deplete the melt in ore metals (Candela 1992; Jugo et al. 1999).  Inhibition 
of sulphide formation can be accomplished by maintaining sulphur undersaturation; however, this may be 
problematic as intermediate to felsic magmas become sulphur-saturated at relatively low concentrations 
(Carroll and Rutherford 1985; Poulson and Ohmoto 1990).  Alternatively, under sufficiently highly 
oxidized conditions, sulphate may be stabilized and magmas reaching sulphur saturation would crystallize 
anhydrite, the crystal chemistry of which does not favour incorporation of ore metals, rather than 
sulphides.  The common association of magmatic hydrothermal deposits with highly oxidized plutons 
(Ishihara 1981) and the recognition of anhydrite in arc magmas (e.g., Luhr et al. 1984) suggest that 
oxidation state may be a critical control in many cases.  The character of the sulphide species may also 
play a role if sulphide precipitation occurs under more reducing conditions (Jugo et al. 1999). 

ARCHEAN MODEL 

Within the Archean Superior Province, gold mineralization is coeval with the emplacement of late 
mantle-derived plutons (LMDPs) which are produced by partial melting of metasomatized upper mantle 
with modification by crustal interaction and are very similar in terms of their petrogenesis to Phanerozoic 
granites associated with magmatic hydrothermal mineralization. The apparent spatial association of 
mineralization with anomalously oxidized LMDPs (see “Redox Properties”, page 72) and possible 
anomalous halogen and metal abundances (“Elemental Enrichment”, page 83) also invite analogy with 
mineralized Phanerozoic magmatic systems.  Consequently, the characteristics of LMDPs at the 
orthomagmatic stage appear to differ little from those of Phanerozoic plutons associated with 
mineralization. 

During the Archean, however, these types of granites appear to have been generated exclusively in a 
postsubduction arc setting and intermediate to felsic magmas generated during the earlier active 
subduction stage are dominated by TTG-type magmatism which does not appear to have a widespread 
Phanerozoic analogue.  If the mantle source component of magmas that generate magmatic hydrothermal 
deposits is a critical ingredient for the generation of these deposits, this provides a simple explanation for 
the contrasting timing relationships of Archean and Phanerozoic gold-rich deposits. 
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Transitional Stage 

INTRODUCTION 

The onset of the transitional stage occurs when the magma becomes saturated with respect to water and is 
marked by the exsolution of a separate aqueous phase from the magma (see Figure 35b).  The minimum 
water content of granitic magmas is generally in the range 2 to 6% (Burnham 1979; Burnham and 
Ohmoto 1980; Clemens 1984; Whitney 1988), which is significantly higher than the typical water content 
(generally <1%) of unaltered granitic rocks.  Consequently, a significant amount of aqueous fluid must 
exsolve from virtually all granitic rocks at some point during their emplacement and crystallization. 

The stage of crystallization and emplacement at which water saturation occurs is a function of a 
range of variables.  Magmas with a high initial water content (e.g., peraluminous granites occurring in 
migmatitic metasedimentary rocks) may be water saturated in the zone of melting which limits their 
ability to be emplaced into higher crustal levels (Clemens 1984).  Less hydrous magmas (typically 2-4% 
H2O) may rise to higher levels in the crust and move towards water saturation as a result of the combined 
effect of 2 processes (see Figure 35).  Firstly, crystallization of dominantly anhydrous (feldspar, quartz, 
pyroxene) mineral assemblages will increase the water content of the residual melt.  Crystallization of 
hydrous minerals, including hornblende (~1-2 % H2O) and especially biotite (~2-5% H2O), can mitigate 
this effect; however, these minerals are generally subordinate to anhydrous minerals and the net effect of 
fractional crystallization is generally to increase the H2O content of the melt.  A second factor arises from 
the strong pressure dependence of water solubiltity in granitic magmas (see Figure 35b).  Water solubility 
becomes especially sensitive to pressure decrease at high crustal levels (<1-2 km) and at these levels both 
continued upward emplacement or surface topographic changes (e.g., sector collapse of overlying 
stratovolcanoes as at Lahir Island: Sillitoe 1989, 1994, 2002) can trigger catastrophic degassing of the 
magma.  

The exsolution of an aqueous magmatic volatile phase has important chemical and physical 
consequences for the subsequent evolution of the magmatic system and formation of associated mineral 
deposits.  The chemical consequences arise from the presence of the additional component with elements 
now being partitioned between crystals, silicate melt and aqueous magmatic fluid.  For many of the 
elements critical to the formation of a magmatic hydrothermal deposit, partitioning between silicate melt 
and aqueous fluid becomes the dominant control.  Chlorine, CO2 and sulphur (principally HS-) is strongly 
partitioned into the aqueous phase along with alkali (notably potassium) and ore metals that form 
complexes with chlorine in magmas (Burnham and Ohmoto 1980). 

The physical consequences of separation of an aqueous phase from magma are dependent upon the 
depth of emplacement.  The magnitude of the volume change associated with aqueous phase separation is 
highly pressure dependent, with the larger volume change at shallow levels being converted to 
mechanical energy capable of fracturing rock or triggering explosive volcanism (Burnham 1979).  This 
process of brecciation is also enhanced at shallow levels by low lithostatic pressure.  Burnham and 
Ohmoto (1980) attempted to quantify the fracturing intensity related to this process as a function of 
pressure and concluded that explosive brecciation and strong fracturing occurs primarily at depths of less 
than 4 km and that fracturing would be weakly developed at depths of greater than 6 km. 
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PHANEROZOIC PORPHYRY AND EPITHERMAL SYSTEMS 

Phanerozoic porphyry systems are generally developed at comparatively high crustal levels (commonly 
<5 km depth and often <2-3 km), whereas epithermal deposits, by definition, are developed in a near 
surface (< 1 km) environment. Plutons emplaced at these shallow levels in the crust may not only be the 
source of metals but also exsolve an aqueous fluid that is capable of fracturing the country rock and 
crystalline portions of the pluton carapice.   This fracturing and brecciation creates the porosity and 
permeability required to focus the flow of this fluid (Figure 36a).  Consequently, plutons emplaced at 
these shallow levels in the crust have the potential to act as self-contained mineralizing systems. 

THE ARCHEAN MODEL 

Archean LMDPs contain abundant hornblende and biotite and consequently originate from hydrous 
granitic (s.l.) magmas that would have evolved an aqueous magmatic volatile phase at some stage during 
their crystallization.  The chemical consequences of aqueous phase separation discussed above are not 
strongly pressure dependent and the exsolved aqueous fluid would be strongly enriched in potassium and 
chlorine.  Enrichment of ore metals and sulphur in the aqueous fluid would depend critically upon 
whether these elements were present in the silicate melt phase or sequestered in a sulphide phase at the 
time of phase separation.  The possible spatial association of Archean gold mineralization with 
anomalously oxidized LMDPs (see “Redox Properties”, page 72) suggests a parallel with Phanerozoic 
magmatic hydrothermal deposits. 

As discussed above, the physical consequences of aqueous phase separation are strongly pressure 
dependent.  Archean LMDPs were emplaced at paleopressures of 2 to 4 kbar corresponding to depths of 
emplacement of approximately 6 to 12 km.  Under these conditions, the inverse pressure-dependence of 
the volume change accompanying volatile phase exsolution, together with the higher confining pressures 
would limit the potential for hydrothermal brecciation and fracturing.  In the absence of hydrofracturing 
related to volatile phase exsolution, the exsolved aqueous phase has 2 possible fates: 

 
The aqueous phase will form a “magmatic vapor-disperse system” (Candela 1991) and will 
remain dispersed throughout the pluton, perhaps forming numerous small, uneconomic mineral 
occurrences.  The pluton would likely be erratically and locally intensely deuterically altered.  
Numerous examples of plutons with abundant, scattered, small mineral occurrences are present 
within the Superior Province (e.g., Canoe Lake stock, High Lake stock, Island Lake quartz diorite 
(Blackburn 1981), Cairo stock (Sinclair 1982), Terrace Bay batholith (Marmont 1984)) and may 
be representative of this process although further investigations are required to evaluate this 
possibility. 
 
Alternatively, the flow of magmatic hydrothermal fluids may be focused by porosity and 
permeability developed in proximity to the pluton by tectonic processes (Figure 36b).  Zones of 
extension developed in favourably oriented fault segments, fold hinges or zones of heterogeneous 
strain would be especially favourable as they may be responsible for the development of 
hydrostatic pressure gradients.  The deformation may be unrelated to the emplacement of the 
pluton although it is possible there may be a passive association if the proximal structure is a 
crustal-scale feature that may have controlled the emplacement of the pluton.  The emplacement 
of LMDPs is typically coeval with the development of regional-scale folds and late transpressive 
deformation, both of which are commonly inferred to have exerted structural control on the 
development of Superior Province gold deposits. LMDPs may have been emplaced during a 
period of rapid uplift (Stone 2000; Beakhouse and Davis 2005), suggesting that vertical tectonic 
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processes may have also played an important role in crustal-scale deformation temporally 
associated with gold mineralization in the Superior Province.  In subsequent discussion this will 
be referred to as the structurally controlled magmatic hydrothermal model.  The implications of 
this temporal association of late mantle-derived magmatism, regional deformation and gold 
mineralization will be discussed more fully below. 

Hydrothermal Stage 

The final or hydrothermal stage commences when a silicate melt phase is no longer present and 
hydrothermal fluids coexist with crystalline phases.  The onset of this stage may be gradational, as silicate 
melt may persist in interior or deeper portions of the pluton when marginal or upper portions of the 
plutons are completely crystalline. Latent heat related to the crystalline pluton may continue to serve as a 
heat engine to driving convective circulation of aqueous hydrothermal fluids.  Fluids may include a 
magmatic volatile phase derived from deeper levels of the same plutonic system as well as metamorphic 
fluids and more locally derived formational and meteoric fluids. 

PHANEROZOIC PORPHYRY AND EPITHERMAL SYSTEMS 

The nature of the hydrothermal stage will be highly variable depending on specific geological settings.  In 
the near-surface and shallow crustal setting of porphyry and epithermal systems, meteoric, sea and 
formational waters may interact with magmatic fluids during the transitional stage (particularly in distal 
portions of the system) and will become increasingly dominant during the hydrothermal stage (Figure 
37a).  An increase in involvement of meteoric fluid may also occur more proximally as convective 
circulation of meteoric water collapses in the region formerly dominated by convective circulation of 
magmatic fluid as influx of the latter fluid wanes during the hydrothermal stage (Sillitoe 1989).  Input 
from more deeply sourced fluids of metamorphic origin cannot be discounted but are not generally 
regarded to be volumetrically significant. 

THE ARCHEAN MODEL 

The mid-crustal setting of Archean LMDPs may influence the character of the hydrothermal stage in 
several ways.  Firstly, crystallization of plutons in the mid-crust may be more protracted and there is less 
probability of catastrophic degassing leading to rapid quenching of the pluton which may result in a large 
degree of overlap between transitional and hydrothermal stage processes. 

Secondly, the greater depth will strongly influence the character of fluids comprising the system.  
Particularly where the porosity and permeability within the structurally controlled magmatic 
hydrothermal model is related to crustal-scale faults, deeply sourced (lower to mid-crustal or mantle) 
fluids are the most probable fluid component in addition to the magmatic hydrothermal fluid (see Figure 
37b).  Infiltration of meteoric or sea water is possible but less probable and is unlikely to be a significant 
fluid component.  Consequently, the magmatic fluid component may be similar within mid-crustal 
Archean systems and high-level Phanerozoic systems; however, other fluids involved in these 2 
environments may be quite dissimilar. 

Thirdly, the hydrothermal stage at mid-crustal levels is likely to be more complex and protracted.  
The thermal energy driving high-level porphyry and epithermal systems is principally derived from the 
associated pluton whereas the ambient temperature associated with mid-crustal levels may be on the order 
of 300 to 500°C.  In this circumstance, the hydrothermal stage may become indistinguishable from the  



 

 

 
 
 
 
 
 

 
 
Figure 37.  Hydrothermal stage of development of magmatic hydrothermal mineralization. This stage is characterized by the presence of hydrothermal fluids following 
crystallization of the magma, although a silicate melt phase may still be present at depth and continue to generate magmatic hydrothermal fluids.  In shallow level systems 
characteristically preserved in Phanerozoic arcs (37a), latent heat associated with pluton crystallization continues to drive convective circulation of hydrothermal fluids.  In deeper 
level systems (37b) this stage will involve more deeply sourced fluids and less meteoric and/or sea water and be more complex and protracted due to slow uplift and higher 
ambient temperature in the mid-crust. 
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regional metamorphic cooling history and it is probable that these systems are maintained at temperatures 
>200°C for many tens and perhaps hundreds of millions of years.  This increases the probability that 
complex overprinting relationships and remobilization of gold will develop and obscure the primary 
mineralizing event. 

IMPLICATIONS OF A STRUCTURALLY CONTROLLED MAGMATIC 
HYDROTHERMAL MODEL 

The structurally controlled magmatic hydrothermal model discussed above provides a rationalization of 
the contrasting characteristics of Phanerozoic and Archean gold-rich deposits and has a range of 
implications for the origin of, and exploration for, Archean lode gold deposits. 

Spatial Association of Gold and Late, Mantle-Derived Plutons 

An obvious implication of the model is that there should be a spatial association between structurally 
controlled magmatic hydrothermal gold deposits and the pluton that is the source of magmatic 
hydrothermal fluids.  The temporal constraints on gold mineralization and plutonic activity strongly 
implicates plutons derived by melting of metasomatized, long-term depleted mantle emplaced late in the 
tectonic development of the Superior Province.  LMDPs that are either highly oxidized (cf., Hattori 1987) 
or anomalously reduced may be the most favourable for development of a mineralizing magmatic 
hydrothermal system. 

A problematic aspect of the possible spatial association of ALGDs and LMDPs is uncertainty 
regarding the scale over which these processes can occur.  Once generated, a metalliferous magmatic 
hydrothermal fluid will tend to move down pressure gradients through zones of enhanced porosity and 
permeability.  Metals will be deposited at some point in response to changing physiochemical conditions 
(e.g., fluid-rock interaction, fluid mixing, temperature or redox gradients, boiling).  In shallow level 
systems, steep temperature gradients and the potential for boiling would tend to limit the scale of fluid 
migration, even in the absence of fluid-rock or fluid-fluid chemical interaction.  Magmatic hydrothermal 
fluids under mid-crustal conditions (300-500°C and 2-3 kbar), however, may persist and, in the absence 
of such chemical interactions, have the potential to be transported considerable distances subject to 
porosity and permeability constraints.  Consequently, although the model predicts a spatial association 
between gold and LMDPs, the scale of this spatial association is not clear and, depending on specific 
circumstances, could conceivably range from hundreds of metres to tens of kilometres.  This means that 
the causative pluton associated with a structurally controlled magmatic hydrothermal deposit could be 
quite distal, present at depth or have been removed by erosion.  Therefore, the presence of anomalously 
oxidized LMDPs may be a favourable indicator for the presence of mineralization; however, the apparent 
absence of LMDPs does rule out the possible presence of structurally controlled magmatic hydrothermal 
deposits. 

Structures Associated with Gold Mineralization 

The structurally controlled magmatic hydrothermal model predicts that mineralization will occur in 
structures developed concomitantly with late mantle-derived plutonism.  The emplacement of mantle-
derived plutons occurs late in the overall sequence of deformation.  For example, at Hemlo the LMDPs 
postdate volcanism and sedimentation as well as imposition of the regional fabric and are synchronous 
with, to postdating regional folding and broadly synchronous with regional metamorphism (Beakhouse 
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and Davis 2005).  Within the Abitibi Subprovince, syenitic intrusions interpreted to be part of the late 
mantle-derived suite are localized in proximity to late strike-slip deformation zones (Chown et al. 2002) 
and may be emplaced during north-south shortening with related strain strongly partitioned into generally 
east-trending transpressive deformation zones (Wilkinson et al. 1999).  Relationships elsewhere are 
broadly consistent with these interpretations that LMDPs are broadly synchronous with late stages of 
regional folding and/or regional transpressive deformation with strain concentrated in discrete, generally 
east-trending zones of deformation (variously referred to as deformation zones, faults or “breaks”).  These 
transpressive deformation zones develop on a variety of scales and range up to crustal-scale structures 
that have long been recognized as favourable sites for the formation of Archean lode gold deposits. 

An additional aspect of crustal-scale deformation accompanying late mantle-derived plutonism that 
may be of critical importance is regional-scale uplift reflected in lower paleopressures for the youngest of 
the LMDPs (Stone 2000; Beakhouse and Davis 2005).  This component of regional deformation has been 
provisionally linked to crustal thinning related to extensional orogenic collapse (Beakhouse 2005), which 
in some modern orogenic zones has been postulated as the mechanism responsible for large-scale fluid 
flow in the crust (Ghisetti et al. 2000; Ghisetti and Vezzani 2002). 

The temporal association of LMDPs with gold mineralization and structures related to folding, 
transpressive deformation and regional-scale uplift provides clues regarding the types of structures that 
may be favourable sites for the development of ALGDs. 

REGIONAL-SCALE DEFORMATION ZONES 

Many ALGDs occur along large-scale, generally east-trending, structures (referred to variously as faults, 
breaks or deformation zones).  Although many of these faults may have originated as earlier structures, 
much of the deformation within these zones is attributed to late transpressive deformation that occurred 
synchronously with the emplacement of LMDPs.  Much of this deformation is attributed to north- to 
northwest-directed compression resulting in a predominant dextral transcurrent sense to deformation 
within these fault zones although local and/or intermittent sinistral transcurrent movement is recorded 
locally.  In some cases, these “faults” may be deformation zones characterized by approximately pure 
shear with little or no displacement. 

Empirically, a high proportion of mineral deposits along these deformation zones occur in inflections 
or second order structures where the local trend deviates (generally by ~20 to 40°) from the regional-scale 
east trend or the east trend is intersected by an oblique second order structure.  This observation may 
indicate that these generally east-northeast- and west-northwest-trending segments may favour the 
development of extensional structures that focus hydrothermal fluid flow.  Stages in the sequence of 
deformational events that record a shift in the orientation of the stress field, either due to an absolute 
change in its orientation or the evolving geometric configuration of the greenstone belt, may also be 
favourable for generating prospective extensional structures.  Subhorizontal extension veins are 
associated with many ALGDs and may be related to vertical movement on steeply dipping faults and/or 
regional-scale uplift. 

FOLDS 

Regional-scale folding may either directly or indirectly modify porosity and permeability and locally 
decrease hydrostatic pressure that may serve to focus hydrothermal fluid flow.  Saddle reef-type 
mineralization may develop in the noses of folds.  On a larger scale this process may actually control the 
geometry of LMDPs which locally have laccolithic or phacolithic forms in the noses of regional-scale 
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folds (Beakhouse 2001).  More indirectly, the limbs of folds and/or axial planar fabrics may be suitably 
oriented to become favourable zones for extension during subsequent deformation. 

LOCAL-SCALE DUCTILITY CONTRAST 

On both a local and more regional scale, lithological contacts between rocks of markedly contrasting 
ductility may play an important role in localizing heterogeneous strain and extensional structures.  On a 
regional scale, many of the inflections in large-scale structures appear to nucleate in lithologically 
heterogeneous zones along these structures that are characterized by extreme ductility contrasts.  
Similarly, many folds appear to be preferentially developed in stratigraphy characterized by large 
competency contrasts (e.g., magnetite ironstone layers in wacke). 

The contrasting ductility is commonly related to primary rock type; however, in some cases, 
alteration may also play a role.  Hydration alteration commonly results in more ductile behavior whereas 
iron carbonate and silicification tend to render rocks more brittle. 

Fluid Mixing and Source of Gold 

Debates related to the ultimate source of gold have aroused controversy, with proposed sources including 
syngenetic enrichment or subsequent introduction of metamorphic, magmatic or mantle fluids.  With the 
exception of gold-rich VMS deposits (see “Multiple Gold Events”, page 53), evidence suggests that gold 
was introduced relatively late, and recent debate has centred largely on the source of the fluid or fluids 
that introduce the gold. 

The structurally controlled, magmatic hydrothermal model clearly implies a role for magmatic fluids 
in the generation of some ALGDs; however, it does not rule out the possibility that gold may be 
introduced by other types of fluid as well.  All fluids in the mid-crust, regardless of their origin, will tend 
to concentrate in tectonically generated zones of enhanced porosity and permeability, particularly if these 
represent zones of decreased hydrostatic pressure as, for example, may arise from extension.  The 
development of ALGDs and emplacement of LMDPs is also broadly synchronous with regional 
metamorphism and therefore aqueous fluids produced by dehydration metamorphic reactions in the mid 
and lower crust are a probable fluid component.  Evidence from modern orogenic belts suggests that 
crustal thinning and uplift associated with extensional orogenic collapse can facilitate large-scale fluid 
flow that is evidenced by surface emission of mantle-derived carbon and helium (Chiodini et al. 2000; 
Italiano et al. 2000).  The temporal association of LMDPs and ALGDs with rapid uplift in a potentially 
analogous tectonic setting suggests that mantle fluids may also be present in the mid-crust.  It is probable 
that tectonically induced zones of enhanced porosity and permeability developed synchronously with 
LMDPs would become zones of complex fluid mixing involving a range of different, potentially 
auriferous, types of fluid. 

This hypothesis provides a conceptual framework that rationalizes the coexistence of the 2 types of 
fluids that have been linked to the formation of ALGDs.  These 2 types of fluid include highly oxidized 
hydrothermal fluids (brines and vapours) that are commonly ascribed to magmatic exsolution and a 
strongly reduced, CH4-bearing fluid sourced from the deep crust or mantle (Walshe et al. 2003).  Fluid-
rock interaction may be a comparatively inefficient mechanism for gold deposition due to kinetic factors 
related to recrystallization and solid-state diffusion.  For example, Ridley et al. (1996) suggest fluids 
migrating through any given 1 km interval may yield only 10 to 50% of their contained gold and sulphur.  
Mixing of the 2 independently auriferous fluids described above would be a highly efficient means of 
generating high gold grades because not only is the overall gold content of the system higher, but the 
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fluids would be highly reactive due to their contrasting redox characteristics.  Furthermore, fluid mixing 
processes are not limited by solid-state kinetic factors influencing fluid-rock interactions and reaction 
would be nearly instantaneous.  This suggests that low- to moderate-grade gold deposits may be formed 
independantly by interaction from either of these 2 types of fluid either by purely physical fluid processes 
(e.g., boiling) or reaction with rocks; however high-grade gold deposit formation might be facilitated by 
fluid mixing processes in zones of enhanced porosity and permeability.  Consequently, identification of 
fluid mixing zones may be a key to finding large, high-grade gold deposits. 

Alteration and Metal Associations 

The structurally controlled magmatic hydrothermal model predicts that, in general, gold deposits will be 
associated with zones that have interacted with variously mixed end member fluids derived from a range 
of sources.  Consequently, this model predicts that gold mineralization will be associated with diverse, 
overprinting alteration styles and display a range of metal associations. 

For gold mineralization generated in whole or in part from magmatic hydrothermal processes, the 
model predicts that the types of alteration that are most directly related to the gold mineralizing event will 
be potassic alteration and silicification.  However, to the extent that the magmatic fluid may be mixed 
with other, perhaps volumetrically dominant, fluids and alteration may be subsequently overprinted, this 
effect may be subdued or masked.  General field mineralogy and lithogeochemistry are commonly used to 
identify areas of silicification and potassic alteration.  Particularly in the case of potassic alteration, 
petrography accompanied by mineral chemistry may more rigorously constrain the nature and intensity of 
alteration. Airborne radiometric surveys and in situ gamma ray spectrometry have the potential to detect 
potassic alteration although the application of the former method will be most suitable for exploration in 
those areas with abundant exposure and thin Quaternary cover.  Potassic alteration is distinguished from 
rocks with elevated primary potassium abundance on the basis of coincident K, K/Th and U/Th anomalies 
due to the coherent behavior of potassium, uranium and thorium in magmatic process and the decoupling 
of thorium from potassium and uranium during alteration due to the relative insolubility of thorium in 
aqueous fluids. 

Mixing of diversely sourced fluids may also account for the wide range of metal associations 
associated with ALGDs.  In some cases, gold deposits may be formed from near end-member magmatic 
hydrothermal fluids and have characteristic magmatic hydrothermal alteration and metal associations and 
be minimally overprinted by subsequent alteration and gold remobilization (e.g., Hemlo, Williams-Jones 
et al. 1998).  Metals occurring in association with gold that may be indicative of a magmatic fluid 
component, particularly where associated with potassic alteration, include molybdenum, tungsten, 
tellurium and bismuth.  Deeply sourced fluids originating either directly in the mantle or by mid- to 
lower-crustal metamorphic dehydration reactions may have a range of metal associations depending on 
their source and the degree to which they have equilibrated with other rock types during their ascent 
through the crust.  In some cases, there may be a significant metal contribution from associated country 
rock as in the case of some metasedimentary-hosted gold occurrences associated with zinc + lead ± silver 
mineralization (e.g., Thunder Lake occurrence, western Wabigoon Subprovince). 
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Summary 
The model advanced above is presented as a working hypothesis that requires further testing and 
development.  The model is predicated on a number of interpretations: 

The evolution of the Superior Province during the Late Archean can be interpreted within 
a broadly uniformitarian plate tectonic model; however, some modifications are required 
to explain the contrasting magmatic record recorded within Archean and Phanerozoic 
subduction-related magmatic arcs.  The voluminous production of high-Al TTG 
magmatism attributed to melting of subducted basaltic crust is a uniquely Archean 
magmatic process.  The terminal stage of juvenile Archean crust formation is represented 
by a brief interval of intermediate to felsic magmatism that postdates active subduction 
and is attributed to partial melting of long-term depleted mantle that was metasomatized 
during the earlier subduction stage.  These late, mantle-derived plutons (LMDPs) are 
analogous in many respects to magmas associated with magmatic hydrothermal deposits 
formed at all stages of Phanerozoic arc development.  The differences between Archean 
and Phanerozoic arc magmatism are attributed to the contrasting thermal structure of 
these arcs due to higher heat production in the Archean. 

The timing of gold introduction is controversial; however, the weight of evidence suggests 
that a major gold introduction event occurred synchronously with emplacement of late 
mantle-derived plutons.  This timing relationship is permissive, but not diagnostic, of a 
genetic relationship between gold introduction and late mantle-derived plutonism.  High T 
– low P regional metamorphism is also broadly contemporaneous with main-stage gold 
introduction and it is probable that late mantle-derived plutonism, regional metamorphism 
and gold introduction are linked to a particular stage of tectonic development. 

Late mantle-derived plutons are anomalous relative to other Archean granitoid rocks in 
certain respects that may be relevant to their potential to generate magmatic 
hydrothermal mineralization.  There is an empirical spatial association of some ALGDs 
with LMDPs that are either highly oxidized or strongly reduced.  In addition, LMDPs are 
enriched in chlorine and ore metals, to some degree, relative to other Archean plutons 
although it is not clear if these differences are significant.  Many Phanerozoic magmatic 
hydrothermal deposits are associated with plutons having these characteristics, 
providing further justification for a linkage between ALGDs and LMDPs. 

The different depositional, magmatic, deformational and metamorphic stages of 
greenstone belt development occur in a characteristic sequence but young diachronously 
to the south within the Superior Province.  Protracted arc magmatism terminates 
abruptly, with the youngest interval of the supracrustal depositional record being 
characterized by sedimentary-dominated sequences.  Deposition of the youngest Archean 
supracrustal rocks is closely followed by, and may partially overlap with, a characteristic 
sequence of tectonometamorphic and magmatic events.  The initial postdeposition stage 
of greenstone belt development is characterized by development of a regional 
deformational fabric defined by near-peak metamorphic mineral assemblages.  The 
second postdepositional stage is associated with regional folding of the greenstone belt 
and aforementioned deformational fabric.  This stage is subsequently succeeded by 
regional transpressive deformation with strain tending to be strongly partitioned into 
discrete, generally east-trending deformation zones.  Late mantle-derived plutons 
representing the final juvenile crustal addition are emplaced synchronously with, or 
slightly postdating, regional folding and may partially overlap the transpressive 
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deformational stage.  Regional metamorphism persists throughout these deformational 
stages; however, paleopressures determined for late mantle-derived plutons indicate 
rapid uplift during their emplacement.  The late mantle-derived plutons were emplaced 
within 5 to 10 million years  of the termination of arc magmatism and require a rapid (5-
10 million years) tectonic evolutionary development from the termination of the 
depositional stage to an essentially final tectonometamorphic configuration.  A final 
stage of protracted crustal cooling with associated localized deformation and 
hydrothermal activity is not well understood.  This stage is not associated with juvenile 
crustal additions and did not significantly modify crustal architecture; however, it may 
have influenced local and/or mineralogical scale relationships.  The diachronous, 
southward-younging of the termination of arc magmatism, regional metamorphism, 
deformation and late mantle-derived plutonism is compelling evidence that the late 
evolution of the Superior Province is linked to progressive accretion on the southern 
flank of a growing Archean craton. The southward younging and consistent timing of the 
main stage of gold mineralization with respect to these tectonic elements suggests that it 
to is linked to this process.  

The temporal and in some cases spatial association of ALGDs and anomalously oxidized 
LMDPs, together with interpretations that a subset of ALGDs are precipitated from near 
end-member magmatic hydrothermal fluids, suggests that magmatic hydrothermal 
processes linked to LMDPs play some role in the generation of ALGDs.  However, 
ALGDs are generally distinguished from Phanerozoic magmatic hydrothermal deposits 
associated with magmatic arcs by their more restricted (late) timing in relation to arc 
development as well as differences in ore and alteration mineralogy and structural 
control.  These differences are attributed to 2 fundamental differences between the setting 
of Archean and Phanerozoic mineralization.  Firstly, magmas derived from the 
metasomatized mantle wedge are generated at all stages of development in Phanerozoic 
arcs, whereas similar magmas are largely restricted to late (postsubduction) stages of 
Archean arc development.  The similar restricted, late timing suggests that these magmas 
(LMDPs) play a central role in the formation of ALGDs.  Secondly, paleopressures of 
LMDPs are on the order of 2 to 4 kbars corresponding to depths of approximately 6 to  
12 km, whereas many Phanerozoic plutons are emplaced at higher (<5 kilometres) 
crustal levels.  This difference is important because it both influences the physical 
processes associated with exsolution of an aqueous volatile phase from granitic magmas 
and results in contrasting fluid associations.  There is a large volume change associated 
with aqueous phase separation at shallow crustal levels and this, together with low 
lithostatic pressure and the brittle nature of the rocks, leads to the development of 
hydrofracturing and brecciation which creates porosity and permeability to focus the 
flow of the aqueous phase.  At deeper levels in the crust the volume change associated 
with aqueous phase separation is greatly reduced, lithostatic pressure is greater and 
rocks may be less brittle.  These conditions do not favour the development of 
hydrothermal brecciation and consequently, the flow of exsolved aqueous fluids can only 
be focused if tectonic deformation generates porosity and permeability proximal to the 
pluton.  These differences provide a rationalization of the contrasting structural control 
of high-level Phanerozoic and deeper level Archean magmatic hydrothermal 
mineralization.  The greater depth of emplacement may also be associated with different 
fluid associations, with magmatic fluids interacting primarily with meteoric and sea 
water at shallow crustal levels and primarily with metamorphic and mantle fluids at 
deeper crustal levels.  Mixing with different fluid associations may account for diversity 
within, and differences between, Archean and Phanerozoic magmatic hydrothermal 
systems. 
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Introduction of gold into the Archean crust occurred primarily late in the overall tectonic 
development and is linked to the processes related to the accretionary growth and stabilization of the 
Superior Province.  Data and interpretations discussed above are permissive and suggestive of the 
hypothesis that magmatic hydrothermal processes linked to a temporally restricted, late mantle-derived 
plutonic suite play a central role in the formation of many Archean lode gold deposits.  This model does 
not preclude the involvement of other auriferous fluids in the generation of Archean gold deposits.  
However, temporal constraints on the timing of development of gold deposits suggest that these other 
fluid processes must have been operative at the same time as emplacement of the late mantle-derived suite 
and ultimately related to the same stage of tectonic development.  Rapid uplift associated with extensional 
orogenic collapse related to slab break-off or roll-back following terrane accretion is proposed as the 
probable tectonic setting of Archean lode gold deposit formation.  This hypothesis rationalizes the 
character and temporal association of intermediate to felsic magmatism, regional metamorphism and 
deformation and their relationship to gold mineralization.  By analogy with interpretations advanced for 
active orogenic belts, this process may lead to crustal-scale fluid flow which, together with emplacement 
of mantle-derived intermediate to felsic magmas, may facilitate a critical linkage between processes 
occurring in the upper mantle and mid-crust. 
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Metric Conversion Table

Conversion from SI to Imperial Conversion from Imperial to SI

SI Unit Multiplied by Gives Imperial Unit Multiplied by Gives

LENGTH
1 mm 0.039 37 inches 1 inch 25.4 mm
1 cm 0.393 70 inches 1 inch 2.54 cm
1 m 3.280 84 feet 1 foot 0.304 8 m
1 m 0.049 709 chains 1 chain 20.116 8 m
1 km 0.621 371 miles (statute) 1 mile (statute) 1.609 344 km

AREA
1 cm@ 0.155 0 square inches 1 square inch 6.451 6 cm@
1 m@ 10.763 9 square feet 1 square foot 0.092 903 04 m@
1 km@ 0.386 10 square miles 1 square mile 2.589 988 km@
1 ha 2.471 054 acres 1 acre 0.404 685 6 ha

VOLUME
1 cm# 0.061 023 cubic inches 1 cubic inch 16.387 064 cm#
1 m# 35.314 7 cubic feet 1 cubic foot 0.028 316 85 m#
1 m# 1.307 951 cubic yards 1 cubic yard 0.764 554 86 m#

CAPACITY
1 L 1.759 755 pints 1 pint 0.568 261 L
1 L 0.879 877 quarts 1 quart 1.136 522 L
1 L 0.219 969 gallons 1 gallon 4.546 090 L

MASS
1 g 0.035 273 962 ounces (avdp) 1 ounce (avdp) 28.349 523 g
1 g 0.032 150 747 ounces (troy) 1 ounce (troy) 31.103 476 8 g
1 kg 2.204 622 6 pounds (avdp) 1 pound (avdp) 0.453 592 37 kg
1 kg 0.001 102 3 tons (short) 1 ton (short) 907.184 74 kg
1 t 1.102 311 3 tons (short) 1 ton (short) 0.907 184 74 t
1 kg 0.000 984 21 tons (long) 1 ton (long) 1016.046 908 8 kg
1 t 0.984 206 5 tons (long) 1 ton (long) 1.016 046 90 t

CONCENTRATION
1 g/t 0.029 166 6 ounce (troy)/ 1 ounce (troy)/ 34.285 714 2 g/t

ton (short) ton (short)
1 g/t 0.583 333 33 pennyweights/ 1 pennyweight/ 1.714 285 7 g/t

ton (short) ton (short)

OTHER USEFUL CONVERSION FACTORS

Multiplied by
1 ounce (troy) per ton (short) 31.103 477 grams per ton (short)
1 gram per ton (short) 0.032 151 ounces (troy) per ton (short)
1 ounce (troy) per ton (short) 20.0 pennyweights per ton (short)
1 pennyweight per ton (short) 0.05 ounces (troy) per ton (short)

Note:Conversion factorswhich are in boldtype areexact. Theconversion factorshave been taken fromor havebeen
derived from factors given in theMetric PracticeGuide for the CanadianMining andMetallurgical Industries, pub-
lished by the Mining Association of Canada in co-operation with the Coal Association of Canada.







ISSN 0826--9580
ISBN 978--1--4249--3163--7


	Abstract
	Introduction
	Summary of Characteristics of Superior Province Granitoid Magmatism
	TTG SUITE
	Low-Al TTG
	High-Al TTG

	MANTLE-DERIVED (SANUKITOID AND ALKALIC) SUITE
	Sanukitoid Suite
	Alkalic Suite
	A Sanukitoid–Alkalic Continuum?

	CRUSTALLY DERIVED (I-TYPE) SUITE
	CRUSTALLY DERIVED (S-TYPE) SUITE
	SUMMARY OF DISTINGUISHING CHARACTERISTICS OF PLUTONIC SUITES
	 RELATIONSHIPS OF SUITES TO THE GEOLOGY OF ONTARIO MAP LEGEND

	Secular Evolution of Superior Province Granitoid Plutonism
	PLUTONIC RECORD IN THE CLASSIC “KENORAN” REGION 
	THE HEMLO EXAMPLE
	General Geology of the Hemlo Greenstone Belt
	 Secular Evolution of Intermediate to Felsic Plutonism
	Petrogenesis of Intermediate to Felsic Plutonic Rocks
	Summary

	DIACHRONOUS SECULAR EVOLUTION ACROSS THE SUPERIOR PROVINCE
	A PETROGENETIC HYPOTHESIS FOR SUPERIOR PROVINCE PLUTONISM

	Comparisons with Phanerozoic Arc Magmatism
	PHANEROZOIC ARC MAGMATISM
	Source of Fluids
	Thermal Structure of Subduction Zones
	Compositional Range of Arc Magmatism
	Possible Contributing Sources
	MANTLE
	SLAB
	SEDIMENTS
	CRUST

	Modification During Ascent and Emplacement
	Summary of Phanerozoic Arc Magmatism

	COMPARISON WITH THE ARCHEAN GREENSTONE TERRANE MAGMATIC RECORD
	RELEVANCE TO MINERALIZATION

	Timing of Gold Mineralization Within the Superior Province
	PROBLEMS
	Multiple Gold Events
	Inequality of Regional- and Deposit-Scale Deformational Histories
	Absolute Age Determinations

	TIMING OF GOLD MINERALIZATION WITHIN THE SUPERIOR PROVINCE
	Red Lake Area
	Birch–Confederation Lakes Area
	Northern Western Wabigoon (Sioux Lookout Domain) Area
	Central Western Wabigoon (Atikwa Domain) Area
	Southern Western Wabigoon (Fort Frances–Mine Centre) Area
	Shebandowan Area
	Hemlo Area
	Wawa Area
	Abitibi Subprovince

	SUMMARY

	Characteristics of Late Mantle-Derived Plutons Relevant to Metallogeny
	REDOX PROPERTIES
	Review of the Significance of Oxidation State of Plutons for Metallogeny
	Magnetic Susceptibility as a Proxy for Oxidation State
	The Hemlo Example
	 The Wabigoon Subprovince
	Other Examples of Mineralization associated with Anomalous Magnetic Susceptibility

	WATER CONTENT OF LATE, MANTLE-DERIVED PLUTONS
	ELEMENTAL ENRICHMENT
	SUMMARY OF LATE, MANTLE-DERIVED PLUTON CHARACTERISTICS RELEVANT TO METALLOGENY

	 A Magmatic Hydrothermal Model for Archean Lode Gold Deposits
	REVIEW OF EVIDENCE LINKING LATE MANTLE-DERIVED PLUTONISM AND GOLD MINERALIZATION
	THE PROBLEM: RECONCILING THE CHARACTERISTICS OF ARCHEAN LODE GOLD DEPOSITS WITH PHANEROZOIC MAGMATIC HYDROTHERMAL MODELS
	Tectonic Setting
	Proximity of Mineralization and Genetically Associated Plutons
	Alteration  Mineral Assemblages
	Geometry, Form and Structural Control of Deposits
	Summary of Contrasting Characteristics of Phanerozoic and Archean Deposits

	CONTRASTING SETTINGS OF PHANEROZOIC AND ARCHEAN GOLD-RICH DEPOSITS
	A SIMPLIFIED MAGMATIC HYDROTHERMAL MODEL
	Orthomagmatic Stage
	THE CLASSIC MODEL
	ARCHEAN MODEL

	Transitional Stage
	INTRODUCTION
	PHANEROZOIC PORPHYRY AND EPITHERMAL SYSTEMS
	THE ARCHEAN MODEL

	Hydrothermal Stage
	PHANEROZOIC PORPHYRY AND EPITHERMAL SYSTEMS
	THE ARCHEAN MODEL


	IMPLICATIONS OF A STRUCTURALLY CONTROLLED MAGMATIC HYDROTHERMAL MODEL
	Spatial Association of Gold and Late, Mantle-Derived Plutons
	Structures Associated with Gold Mineralization
	REGIONAL-SCALE DEFORMATION ZONES
	FOLDS
	LOCAL-SCALE DUCTILITY CONTRAST

	Fluid Mixing and Source of Gold
	Alteration and Metal Associations


	 Summary
	Acknowledgements
	References

