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ABSTRACT

The TGI-4 Lode Gold project, which comprises numerous site-specific and thematic research activities,
covers the entire spectrum of crustal settings for lode gold deposits, from orogenic banded iron formation-
hosted and greenstone-hosted quartz carbonate vein-type gold deposits formed deep in the crust (>5 km), to
intrusion-related deposits that are formed at shallower crustal levels (~2—5 km), and to deposits formed at
or near the seafloor. Herein we synthesize a number of important project contributions that have significant
implications for on-going mineral exploration for hidden deposits. Among the key findings is a newly estab-
lished link between major faults, their early evolution, syntectonic magmatism and synorogenic sedimen-
tary basin evolution, and gold metallogenesis in various greenstone belts. The revised model incorporates a
phase of tectonic extension—a distinct feature recognized in gold-rich settings worldwide—that is applica-
ble to mineral exploration targeting across the Canadian Shield. Importantly, the simultaneous multidisci-
plinary study of a number of large banded iron formation-hosted gold deposits and districts allows for the
development of a unifying genetic model for such deposits that integrates critical structural, stratigraphic,
hydrothermal, and metamorphic elements. Several key features that are common to all of the studied
deposits, but elements specific to dominantly banded iron formation-hosted gold deposits or to deposits that
are only partly hosted in banded iron formation, were also established. The Lode Gold project also bridges
a major knowledge gap by characterizing a spectrum of “unusual” or “atypical” gold deposits in the Superior
Province. The new and revised models incorporate synvolcanic as well as pre-deformation and synorogenic
synmagmatic or intrusion-related gold deposits that represent a large part of the newly discovered resources
in the Canadian Shield in both “brownfield” and “greenfield” exploration environments.

Dubé, B., Mercier-Langevin, P., Castonguay, S., McNicoll, V.J., Bleeker, W., Lawley, C.J.M., De Souza, S., Jackson, S.E., Dupuis, C., Gao,
J.-F.,, Bécu, V., Pilote, P., Goutier, J., Beakhouse, G.P., Yergeau, D., Oswald, W., Janvier, V., Fontaine, A., Pelletier, M., Beauchamp,
A.-M., Katz, L.R., Kontak, D.J., Téth, Z., Lafrance, B., Gourcerol, B., Thurston, P.C., Creaser, R.A., Enkin, R.J., El Goumi, N., Grunsky,
E.C., Schneider, D.A., Kelly, C.J., and Lauziére, K., 2015. Precambrian lode gold deposits — a summary of TGI-4 contributions to the
understanding of lode gold deposits, with an emphasis on implications for exploration, /n: Targeted Geoscience Initiative 4:
Contributions to the Understanding of Precambrian Lode Gold Deposits and Implications for Exploration, (ed.) B. Dubé and P. Mercier-
Langevin; Geological Survey of Canada, Open File 7852, p. 1-24.


ELIZABETH
Sticky Note
Marked set by ELIZABETH

ELIZABETH
Sticky Note
Marked set by ELIZABETH


B. Dubé et al.

EPITHERMAL CLAN
ADVANCED ARGILLIC
k HOTSPRING C@j HIGH-SULPHIDATION
m -SUL
sea level
0 Rhyolite dome
PALEOPLACER
AU-RICH MASSIVE
ARGILLIC SULPHIDE
(mainly from
1 Hannington et al., 1999)
STOCKWORK-
DISSEMINATED SERICITE . BRECCIA-PIPE AU
/ ‘ Carbonate
k.
Permeable S| 17 ‘A rocks
Unit ol \§ . J
GREENSTONE VEIN PORPHYRY ‘ N CARLIN TYPE
AND SLATE BELT CLANS AU ﬂ AU MANTO
S Dyke e+ A AU SKARN

TURBIDITE-HOSTED
VEIN

Wacke-shale
BIF-HOSTED VEIN

Volcanic

10

Timiskaming-type
sediments

Iron formation Fault/Shear zone

Granitoid

Stock Vein

INTRUSION-RELATED CLAN
(mainly from Sillitoe and Bonham, 1990)

GREENSTONE-HOSTED
QUARTZ-CARBONATE
VEIN DEPOSITS

INFERRED CRUSTAL LEVELS
OF GOLD DEPOSITION

Figure 1. Schematic crustal section showing the inferred levels of gold deposition for the different types of lode gold deposits
and their inferred clan (modified from Poulsen et al., 2000 and from Dubé and Gosselin, 2007).

INTRODUCTION

Gold is a major commodity that drives the Canadian
mineral production and exploration industries (Mining
Association of Canada, 2014). Over 90% of the histor-
ical gold production in Canada originates from
Precambrian terranes, with as much as 85% coming
from the Superior Province (based on 2009 figures; B.
Dubé and V. Bécu, unpub. data). Despite a preponder-
ance of Archean greenstone-hosted orogenic quartz-
carbonate vein-type gold deposits, other types or styles
of Precambrian gold deposit significantly contribute to
the overall Canadian gold production, including BIF-
hosted gold, intrusion-related, stockwork-disseminated
gold (sediment- and volcanic-hosted), and gold-rich
and auriferous volcanogenic massive sulphide (VMS)
deposits (Fig. 1). Recent major discoveries in Canada
(e.g. Coté Gold, Rainy River, Borden and Westwood;
Fig. 2) illustrate that some deposit types and favourable
geological settings are relatively poorly understood
and/or underexplored, providing great scientific and
exploration challenges that must be addressed prior to
improving exploration models and guides. Most lode
gold deposits, irrespective of deposit type, occur in
deformed and metamorphosed terranes and are distrib-
uted along major structures, such as the Larder Lake-

Cadillac or the Porcupine-Destor fault zones in the
Southern Abitibi (Fig. 3; Miller and Knight, 1915;
Groves, 1993; Hodgson, 1993; Kerrich and Cassidy,
1994; Groves et al.,, 1998; Kerrich et al., 2000;
Goldfarb et al., 2005; Robert et al., 2005; Dubé and
Gosselin, 2007). However, the key geological parame-
ters controlling the fertility of such crustal-scale fault
zones and the distribution and preservation of adjacent
large gold deposits represent major knowledge gaps in
lode gold systems that require further investigation
(Robert et al. 2005; Dubé and Gosselin, 2007; Dubé et
al., 2011).

MAIN RESEARCH THEMES

To develop a new generation of geological and explo-
ration models based on modern, multi-parameter docu-
mentation of lode gold deposits, three main research
themes were prioritized: 1) BIF-hosted gold deposits,
2) intrusion-related and stockwork-disseminated gold
deposits, and 3) crustal-scale fault zones fertility. There
are commonalities among these three research themes,
and there are some linkages with other TGI-4 projects,
including precious metal-rich VMS deposits.
Methodology development is another common aspect
of most of the research activities undertaken under the
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Lode Gold project. Selected key findings from each
research theme are highlighted below.

Banded Iron Formation-Hosted Gold Deposits

Globally, BIF-hosted gold deposits significantly con-
tribute to the gold endowment of Precambrian terranes,
partly due to giant, high-grade deposits (e.g.
Homestake Mine, South Dakota; 40 Moz: Caddey et
al., 1991). These deposits represent a prime exploration
target in northern Canada. Although various origins
(syngenetic versus epigenetic: Fripp, 1976; Phillips et
al., 1984) and classifications were proposed in the past
for BIF-hosted gold deposits (e.g. stratiform syngenetic
versus non-stratiform epigenetic deposits: Kerswill,
1993), the selected case studies differentiate two dis-
tinct groups of BIF-hosted gold deposits in Canada:
1) large deposits in which the ore is mainly hosted in
Algoma-type (Gross, 1995) BIF (i.e. Musselwhite
Mine, Ontario, and Meadowbank Mine, Nunavut; Fig.
4), and 2) deposits where only part of the mineralization
is hosted in BIF. In the latter, the mineralized zones,
which generally consist of orogenic greenstone-hosted

quartztcarbonate vein gold, tend to cluster along a
major fault zone (e.g. Meliadine district, Nunavut, and
Geraldton district, Ontario; Figs. 1, 4). The simultane-
ous study of these four selected sites facilitated the
description and comparison of the various geological
setting, tectonic evolution, and primary and hydrother-
mal signature of BIF-hosted gold deposits. Each of the
selected sites also represent different time periods (e.g.
Archean versus Paleoproterozoic), and metamorphic
grade (e.g. greenschist versus amphibolite facies) that
together define a set of common and specific processes
and exploration criteria for a variety of settings
favourable for BIF-hosted gold deposits. (Fig. 2; Téth
et al., 2013a,b, 2014, 2015; Gourcerol et al., 2014,
2015a,b; Oswald et al., 2014, 2015a,b; Kelly and
Schneider, 2015; Lawley et al., 2015; Janvier et al.,
2015a,b). Some key aspects of BIF-hosted gold
deposits are summarized in Figure 4.

Geological and Structural Settings

Favourable geological settings for BIF-hosted gold
deposits are variable and range from BIF-rich
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A summary of TGI-4 contributions to the understanding of lode gold deposits: implications for exploration
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Diagnostic features

(AuiCu—Zn—Ag—Pb association * As-Sb-Bi-Hg anomaly « Disseminated, veins and\
semimassive to massive sulphides « Large Sr-dominated distal halo « Chl+Gt-Sr
and aluminosilicates (Ky-And+Chld) and silicified proximal halo « Common in calc-
\alkaline successions * Discordant to stratiform.

J

rAuiZn-Ag-Cu-Pb association « Disseminated sulphides to (transposed) massive\
sulphide veins ¢ Large Sr-dominated distal halo and local Chl+Gt-Sr, isolated
aluminosilicates (Ky-And-Chld) zones « Association with intermediate to felsic
\_calc-alkaline flow-lobe centres * Discordant to stratbound. Y,

fAutAg—Pb—Zn—Cu (LS) and AutCu-As-Ag-Sb-Sn (HS) associations * colloform- )
crustiform Qz-Ad veins (LS) and massive silicic replacement with En-Py hypogene
alunite (HS) « Proximal Qz-Sr-Ad-Cc and distal propyllitic assemblages (LS) «
Proximal massive silica and distal aluminosilicates and sericitic assemblage (HS)
» Subaerial intermediate to felsic calc-alkaline volcanics + Discordant to
\ stratabound. Y,

(“Au-CutF-Te-Zn-Mo-As-Sb association * Disseminated sulphides (Py, Cpy, Po)\
and Qz-sulphide vein stockworks « Distal propylitic halo « Early sodic alteration «
Proximal/local potassic (Bo- and/or Sr-dominated) « Centred on magmatic and/or
hydrothermal breccia in diorite-tonalite-trondhjemite-granodiorite « Calc-alkaline
\magmatic centres * Discordant « Low grade, large tonnage. )

(Au—CuiZn—Ag—Bi—Sb—W—Sn—Co—B—Mo—Te association « Mm- to dm-wide Py—pr—Qz\
veins and vein arrays associated with m-wide disseminated Py+Cpy halo
Background Bo-Chl+Cb alteration « Proximal intense Sr alteration, local acidic
alteration (Qz-Ky-And) « Hosted in calc-alkaline intermediate to felsic intrusive
\ (diorite-Qz diorite-tonalite-trondhjemite) and volcanic rocks « Discordant. )

("AutAs-Te-Cu-Pb-Zn-Sb association + Varies in relation to metamorphic grade:\

Qz-Cb veins vs disseminated to semi-massive sulphide replacement « subtle distal
halo for dominantly BIF-hosted deposits « Po-rich replacements, silica flooding,
coarse GttGr-Cm and Bo vs Sr-Cb-Chl proximal halos « Common in poly-
\deformed (folded) algoma-type BIF « Discordant to stratiform. )

(‘Amphibolite  facies: Au-As-B-Sb  association,  disseminated/stockworkl
semi-massive Aspy+Po or Py replacement « Local high-grade Qz veins and Au-
bearing pegmatite * K- and Ca-alteration, Tl alteration « Greenschist: Au+Cu-W-Zn
association, disseminated Py and Qz-Cb-Py veinlets/veins, distal Chl-Cc and
proximal Sr-Ak alteration « In highly strained sedimentary and volcanic rocks «
\Discordant to stratabound. J

(AuiAg-As-W-B-Sb-Te-Mo association + Fault-fill and extensional Qz-Cb+TlI veins )
and selvages ¢ Large Cb distal halo and local Ak-Sr-Py zones « Variable sulphide
abundances (Py, Aspy, Po +Cpy) * Association with major faults and folded and
sheared turbidite and syn-orogenic polymictic conglomerate, Fe-rich mafic
volcanic and intrusive centres « Discordant to parallel to highly strained contacts. )

and\
and
with

(" AutTe-W-Bi-Cu-F-Pb-Zn-Mo association Qz-Fp-Cb vein stockworks
replacements/dissemination « KFp/Bo/Sr (potassic) and Cb distal halo
silica-sodic (Qz-Ab) and/or potassic (Qz-KFp) local zones + Association

\Timiskaming—age calc-alkaline intrusive centers « Discordant. )

and\
and
with

(Au1Te-W-Bi-Cu-F-Pb-Zn-Mo association * Qz-Fp-Cb vein stockworks
replacements/disseminations + KFp/Bo/Sr (potassic) and Cb distal halo
silica-sodic (Qz-Ab) and/or potassic (Qz-KFp) local zones ¢ Association
\Timiskaming-age alkaline to calc-alkaline intrusive centers ¢+ Discordant.

J

Figure 4. Graphic summary of the many different possible settings and main characteristics of lode gold deposits, with an
emphasis on Precambrian lode gold deposits, more particularly on those studied as part of the TGI-4 Lode Gold project. The
numbers in brackets refer to the deposits studied through the project. 1 = Musselwhite (Ontario), 2 = Meadowbank (Nunavut),
3 = Vault (Nunavut), 4 = Meliadine (Nunavut), 5 = Geraldton (Ontario), 6 = Canadian Malartic (Quebec), 7 = Roberto (Quebec),
8 = Wabamisk (Quebec), 9 = Timmins (Ontario), 10 = Westwood (Quebec), 11 = Rainy River (Ontario), 12 = C6té Gold
(Ontario), 13 = Doyon (Quebec), 14 = Bousquet 2-Dumagami (Quebec), 15 = Lemoine (Quebec), 16 = Lalor (Manitoba), 17 =
Chester (Ontario). Modified and adapted from Poulsen et al. (2000) and Mercier-Langevin (2014, unpublished). Abbreviations:
Ab = albite, Ad = adularia, Ak = ankerite, And = andalusite, Aspy = arsenopyrite, Bo = biotite, Cb = carbonate, Cc = calcite, Chl
= chlorite, Chld = chloritoid, Cm = cummingtonite, Cpy = chalcopyrite, En = enargite, Fp = feldspar, Gr = grunerite, Gt = gar-
net, HS = High-Sulphidation, KFp = potassium feldspar, Ky = kyanite, LS = Low-Sulphidation, Po = pyrrhotite, Py = pyrite, Qz
= quartz, Tl = tourmaline. Modified from Poulsen et al. (2000).

volcano-sedimentary basins (e.g. Meadowbank and
Musselwhite) to lithotectonic settings that are rela-
tively BIF-poor (e.g. Meliadine and Geraldton). Both
geological settings are prospective for large BIF-hosted
gold deposits. Banded iron formations are volumetri-
cally and laterally much more important in deposits
dominantly hosted in BIF horizons, whereas these
rocks are not as abundant in districts where deposits are

only partly hosted in BIF units. The BIF units can be

tens of metres thick and extend for thousands of metres

as at Meadowbank and Musselwhite, or the ore-hosting
BIF units can generally be much thinner and discontin-
uous at deposit to district scales as at Meliadine and
Geraldton. Similarly, ultramafic flows form an integral
part of the host stratigraphy in some dominantly BIF-
hosted gold deposits
Musselwhite), and appear sparse to minor in districts
where BIFs represent a minor host. In such cases, a
good understanding of the stratigraphy and of the struc-
tures controlling its geometry becomes essential for

(e.g. Meadowbank and
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developing more effective exploration strategies. For
example, at Musselwhite, reappraisal of stratigraphic
and polyphase structural relationships, supported by U-
Pb geochronology, indicates that the mine stratigraphy
is inverted, i.e., part of the overturned limb of a kilo-
metre-scale refolded Fy syncline (McNicoll et al.,
2013; Oswald et al., 2015a,b). The previously underes-
timated regional F; folding event, which is strongly
overprinted by the dominant D, deformation associ-
ated with the main mineralizing event at Musselwhite,
has influenced the distribution and geometry of the BIF
units hosting the bulk of the gold (Oswald et al., 2014,
2015a,b) and provides new key information for explo-
ration models at local and regional scales.

The complex stratigraphic and polyphase structural
settings of the Meadowbank deposit represent a good
scientific challenge. The region comprises four major
BIF units, with only the Central BIF hosting significant
gold mineralization (Janvier et al., 2015a,b) in what are
otherwise largely similar BIFs (Gourcerol et al., 2015a).
Targeted geochronology suggests that the deposit is
located along the boundary between two distinct
Archean assemblages (ca. 2717 Ma and ca. 2711 Ma)
that are possibly separated by long-lived fault(s) and
splays. The presence of this major structure affecting
the Central BIF points to a large-scale structural-control
on BIF-hosted gold at the Meadowbank deposit and
may explain why only this BIF is mineralized with gold
and not in BIF units that are located away from that
structure (Janvier et al., 2015a,b). It suggests that such
first-order fault zones control the formation and distri-
bution of other auriferous mineralized zones in the area.

The structural setting at Meadowbank is compli-
cated by Paleoproterozoic tectonometamorphic events
superimposed on Archean rocks and fabrics, as
described elsewhere in the western Churchill Province
(e.g. Sherlock et al., 2004; Carpenter et al. 2005;
Pehrsson et al., 2013; Lawley et al., 2015). Previous
research in the Meadowbank area (e.g. Armitage et al.,
1996; Sherlock et al., 2001a,b, 2004; Hrabi et al., 2003)
has indicated that gold was introduced during the sec-
ond phase of regional Proterozoic deformation at ca.
1.85-1.83 Ga. Based on detailed mapping, structural
analysis, and Re-Os geochronology, Janvier et al.
(2015a,b) suggest that gold mineralization occurred
earlier, possibly prior to, or at least very early during
the second phase of regional Proterozoic deformation.
Similarly, the Vault deposit, located approximately 8
km north of Meadowbank, is characterized by finely
disseminated pyrite mineralization hosted in a major
D, shear zone that separates two distinct Archean vol-
caniclastic rock packages (Dupuis et al., 2014) and that
is parallel to the Proterozoic Third Portage thrust
(Hrabi et al.,, 2003). Although entirely shear-zone
hosted, the ore at Vault is spatially associated with a

swarm of Archean (V. McNicoll et al., unpub. data) fel-
sic dykes and sills. Auriferous pyrite at this deposit
records a complex growth history that suggests an
early, pre-main deformation mineralization (Dupuis et
al., 2014), perhaps suggesting a pre- (Archean ?) or
early-thrusting hydrothermal activity.

A similar complex and protracted hydrothermal and
deformation history is suggested for the Meliadine dis-
trict south of Meadowbank, which is located at the
boundary between the Hearne and the Chesterfield
block of the Western Churchill Province (Lawley et al.,
2015) (Fig. 2). Detailed surface and underground map-
ping reveal a very complex structural setting with sev-
eral strain increments and polyphased folding. The ore
zones are associated with high-strain zones or second-
order fault zones, such as the Lower Fault located a few
hundred metres north of the first-order Pyke Fault
(Carpenter and Duke, 2004; Carpenter et al., 2005;
Lawley et al., 2014, 2015). The latter also parallels a
particularly favourable lithostratigraphic setting that
comprises structurally thickened BIF intervals struc-
turally imbricated with turbidite and mafic volcanic
rock packages. Geochronology (zircon and xenotime
U-PDb and arsenopyrite Re-Os dating) suggest that gold
at the Meliadine district was introduced during an early
hydrothermal event(s) (ca. 2.27 and/or 1.90 Ga) that
predates gold remobilization, coupled with arsenopy-
rite recrystallization, during the latest stage of the
Trans-Hudson orogeny at 1.86—1.85 Ga (Carpenter et
al., 2005; Lawley et al., 2015).

Establishing the exact timing of gold mineralization
and metamorphism in BIF-hosted gold deposits repre-
sents a significant challenge. Kelly and Schneider
(2015) used secondary ion mass spectrometry (SIMS)
U-Pb depth profiles on unpolished detrital zircon from
the Musselwhite deposit area to better constrain the age
of hydrothermal activity and metamorphism in the
mine area. Hydrothermal zircon rim ages range from
2788 to 2703 Ma, which is up to 250 million years
younger than igneous zircon cores and possibly repre-
sents the age of a gold-bearing episode in the
Musselwhite deposit area.

Primary Composition, Hydrothermal Alteration,
and Metamorphic Assemblages

The primary chert composition of auriferous BIF inter-
vals does not appear to exert a major control on gold
mineralization, based on LA-ICP-MS analysis at
Meadowbank, Musselwhite and Meliadine (Gourcerol
et al., 2014, 2015a,b). However, ongoing systematic in
situ geochemical analysis of chert samples collected
outward from the gold zones at all three deposits is
expected to provide more data that will help define the
primary depositional setting of the ore-associated BIF
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as well as the hydrothermal footprint of the deposits in
the chert chemistry (Gourcerol et al., 2015b).

The extent and intensity of hydrothermal alteration
in the studied BIF-hosted gold deposits depend on sev-
eral aspects: 1) the setting of the deposit, i.e., domi-
nantly BIF-hosted (Musselwhite and Meadowbank)
versus partly BIF-hosted (Meliadine and Geraldton), 2)
fluid chemistry and the composition of the host rock
and their capacity to react with the fluid (e.g. chert-
magnetite versus garnet-grunerite facies), 3) the meta-
morphic grade, and 4) the state of preservation of the
original distribution and geometry of the hydrothermal
system.

Gold deposits that are dominantly BIF-hosted are
associated with a rather subtle mineralogical
hydrothermal footprint (e.g. local chlorite alteration)
compared with gold deposits that are only partly hosted
in minor BIF units (e.g. large Fe-carbonate alteration
halo). This may in part be due to variations in meta-
morphism grade and host rock types (e.g. poorly reac-
tive chert), but nevertheless represents a fundamental
difference between the two styles of deposits that must
be taken into account when for exploring for BIF-
hosted gold deposits.

In deposits that are only partly BIF-hosted and have
undergone greenschist-facies metamorphic conditions,
gold is quartz+carbonate+tourmaline vein-hosted and
also occurs within hydrothermally altered and sul-
phidized vein selvages containing variable amounts of
disseminated arsenian pyrite and/or arsenopyrite
(Lawley et al., 2015; Toth et al., 2015). Discontinuous
auriferous BIF-hosted sulphide-rich replacements
(pyrite, arsenopyrite, pyrrhotite) of magnetite bands
typify high-strain zones, and/or transposed quartz-sul-
phide stockworks in magnetite and chert bands (T6th et
al.,2013a,b, 2014, 2015; Janvier et al., 2015a,b; Lawley
et al., 2015). Key sulphide mineral assemblages within
BIF, even in minor amounts, represent a potential guide
to gold ore (Boyle, 1979; Phillips et al., 1984; Kerswill,
1993; Bierlein et al., 1998, 2000). Silicification occurs
as quartz (£ carbonate) replacement (flooding) within
BIF and mafic volcanic host rocks. The latter is char-
acteristic of high-grade ore at Meliadine (Lawley et al.,
2015) and Meadowbank (Janvier et al., 2015a,b). In
mafic/ultramafic rocks, a strong and extensive carbon-
ate (ankerite-calcite) alteration is associated with vari-
ous proportions of sericite and sulphides (arsenopyrite-
pyrite-pyrrhotite-galena-chalcopyrite: Lawley et al.,
2015; Toth et al., 2015). The partial to semi-massive
sulphide replacement of magnetite in BIF units is asso-
ciated with sericite-carbonate and/or chlorite replace-
ment surrounding quartz-carbonatetchlorite veins.
Local pervasive chlorite alteration or chlorite «clots»
represent a good visual indicator to mineralization and
occur within auriferous quartz (+ankerite) veins and

mineralized BIF intervals (Janvier et al., 2015a;
Lawley et al., 2015). Hydrothermal chlorite is gener-
ally Fe-rich compared to hydrothermal chlorite and,
where present, occurs with gold within quartz-carbon-
ate veins and hydrothermally altered BIF (Lawley et
al., 2015). In greywacke, mudstone, or intermediate to
mafic volcaniclastic rocks, gold is associated with
pyrite and arsenopyrite in sericite-carbonate (ankerite,
dolomite, or calcite) and sericite+chlorite alteration
selvages around the quartz-carbonatettourmaline+
pyritexpyrrhotite veinlets and is characterized by K,O
gains and associated NayO losses. Such potassic alter-
ation is expressed as hydrothermal sericite or biotite
and is recognized as an important exploration vector at
Meliadine and Geraldton (Lawley et al., 2015; To6th et
al., 2015).

At amphibolite grade, and especially in deposits that
are dominantly hosted in thick Algoma-type BIF units,
the hydrothermal alteration assemblages are commonly
more difficult to visually distinguish from regional
metamorphism due to syn-peak metamorphism
hydrothermal mineral assemblages that are largely sim-
ilar to regional metamorphism-related paragenesis,
which hampers the development of vectors towards
mineralization. In such cases, the use of pathfinder ele-
ments becomes critical for recognizing alteration
haloes (e.g. Lawley et al., 2015). At amphibolite grade,
the ore zones are dominated by stratabound pyrrhotite-
rich (£pyrite) replacements and are locally associated
with silica flooding of the BIF in the high-grade ore
zones. Part of the ore is also hosted in discordant syn-
tectonic grey quartz-pyrrhotitetpyrite veins that cut
chert-magnetite BIF (Oswald et al., 2014, 2015).
Volcanic and volcaniclastic rocks occurring proximal
to the ore zones can display a biotite (carbonate) alter-
ation. The high-grade pyrrhotite-rich ore zones are
associated with Fe-carbonate, Ca-amphibole, and Ca-
Fe clinopyroxene (hedenbergite) minerals and display
a metasomatic/ metamorphic layering delineated by
abundant coarse-grained almandine garnet porphyrob-
lasts, intergrown with fine- to medium-grained gruner-
ite-cummingtonite and biotite (e.g. Musselwhite and
Meadowbank Goose zone: Janvier et al., 2015a,b;
Oswald et al., 2015). Several of the ore-associated min-
erals may also be part of the regional metamorphic par-
agenesis; a careful characterization is instrumental to
distinguish and map the hydrothermal footprint of the
deposit. Silicate minerals such as garnet, grunerite,
ferro-tschermakite, and biotite are found in both
regional metamorphic and ore-related mineral assem-
blages. The differentiation between proximal and distal
alteration assemblages relative to gold mineralization
with regional metamorphism resides partly in mineral
textures, composition, and abundance. For example,
the distal, least altered garnet-grunerite facies at
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Musselwhite contains anhedral to subhedral almandine
garnet whereas typical ore has abundant and coarse,
subhedral to euhedral, fractured red calium-rich alman-
dine garnet with associated pyrrhotite (Moran, 2008;
Kolb, 2011; Oswald et al., 2014, 2015a,b). Pathfinder
elements common to the investigated deposits are Au,
S, Te, As, Cu, and Sb. For example, anomalous path-
finder element concentrations and domains of hydro-
thermally altered rocks can be traced from 10s to 100s
of metres beyond high-grade lodes at Meliadine
(Lawley et al., 2015). Critically, this multivariate
hydrothermal footprint (e.g. S and As) can be mapped
in real time utilizing a conditional probability-based
approach and portable X-Ray Fluorescence (pXRF)
spectrometry (Lawley et al., 2015).

Discussions and Implications for Exploration —
Banded Iron Formation-Hosted Gold

The results from our study at Meliadine and
Meadowbank indicate that gold is not solely Trans-
Hudson in age (1.9—1.8 Ga) but may be associated with
earlier tectonic events. New age determinations also
suggest that the Proterozoic gold metallotect model as
defined by Miller et al. (1994) in fact represents the
end-product of successive auriferous hydrothermal
events and/or younger gold remobilization. A good
understanding of this complex Archean to Paleopro-
terozoic tectonic and metallogenic history is funda-
mental to define efficient exploration models in north-
ern Canada. It also has implications for assessing the
prospectivity of other reworked Precambrian cratonic
margins, which represent prospective settings for
world-class orogenic gold deposits (Lawley et al.,
2015).

Our work indicates or confirms that BIF-hosted gold
zones are the product of several structurally and strati-
graphically controlled phases of gold mineralization
(or remobilization) associated with various generations
of Archean to Proterozoic deformation zones. Ore
zones are concentrated along thickened fold hinges and
strongly attenuated limbs of shallow-plunging folds
(syn- and/or post-ore) as well as second- and third-
order deformation zones (Oswald, 2014, 2015; Téth et
al., 2014, 2015; Lawley et al., 2015). The location of
the ore zones is also strongly influenced by compe-
tency contrasts between sheared ultramafic/mafic vol-
canic rocks versus BIF, or BIF versus siliciclastic
rocks. The layer anisotropy of the host BIFs induces
significant structural complexities pre- and post-gold
deposition; understanding these complexities is critical
to optimize exploration models and mine development
(e.g. Janvier et al., 2015a,b; Oswald et al., 2015; To6th
et al., 2015). The capacity of the rocks to buffer the
gold-bearing hydrothermal fluid (chemical trap) is also
fundamental in the process; in some cases, the ore is

almost entirely (>80%) hosted within a specific com-
petent and highly reactive silicate BIF facies (e.g.
Musselwhite), and indicating that BIF-hosted gold
deposits are not the sole product of ductile deformation
(Oswald et al., 2015). The broader lithotectonic setting
of BIF-hosted deposits is perhaps the area with the
greatest potential for improving regional-scale target-
ing. Understanding the volcano-sedimentary basin
increases the chance of finding the most favourable
host units within a rock sequence that has recorded
polyphase deformation.

Intrusion-Related and Stockwork-
Disseminated Gold Deposits

Diverse styles of gold deposits are commonly spatially
associated with, and/or hosted in intrusive rocks,
including porphyry Cu-Au, syenite-associated dissem-
inated gold, and reduced Au-Bi-Te-W intrusion-related
deposits as well as stockwork-disseminated gold (e.g.
Sillitoe, 1991; Thompson et al., 1999; Rowins, 2000;
Robert, 2001; Goldfarb et al., 2005; Hart et al., 2007).
In the Abitibi greenstone belt, several multi-million
ounce Archean gold deposits, including Canadian
Malartic, Kirkland Lake, Camflo, Young Davidson,
Doyon, Westwood, and the McIntyre Cu-Au-Mo zone
at Hollinger-McIntyre, are spatially associated with
intrusions. A genetic link with intrusions is inferred for
some of these deposits and indicates that there is a
potential for finding such large intrusion-related
deposits in greenstone terranes (Robert, 2001; Robert
et al., 2007; Mercier-Langevin et al., 2012b, and refer-
ences therein; Helt et al., 2014). This hypothesis is sup-
ported by examples located elsewhere in the Superior
Province (e.g. the ~2 Moz Au-Cu Troilus deposit in the
Frotet-Evans belt, and the ~7 Moz Au(-Cu) Cété Gold
deposit in the Swayze belt: Figs. 2, 3). The Superior
Province, due to its exceptional gold endowment, con-
stitutes a prime laboratory to develop geological mod-
els and exploration criteria for such intrusion-related
and stockwork-disseminated deposits. As the genesis
of these «atypical» deposits remains controversial, the
processes responsible for their formation are still
highly debated (e.g. Pyke and Middleton, 1971; Davies
and Lutha, 1978; Mason and Melnyk, 1986; Pilote et
al., 1995; Brisbin, 2000; Robert, 2001; Groves et al.,
2003; Goldfarb et al., 2005; Beaudoin and Raskevicius,
2014; Helt et al., 2014). During the course of the proj-
ect, the key characteristics, and geological and
hydrothermal footprints of some of the best examples
of such gold deposits in the Superior Province were
investigated, highlighting parameters responsible for
their formation and distribution (e.g. Fig. 4). In the
context of this report, the term stockwork-disseminated
is essentially descriptive and does not infer a genetic
process.
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Relative and Absolute Timing of Ore-Forming

Events versus Geological and Structural Settings

Most of the intrusion-related and stockwork-dissemi-
nated gold deposits investigated through the Lode Gold
project (Fig. 2) are located near or within a major fault
zone and its splays, which constitute favourable, but
transient pathways to the upper crust for magma and/or
gold-bearing fluids. The ore-associated intrusions can
be located on either side of these fault zones, as illus-
trated by the Canadian Malartic and Camflo deposits,
which are associated with ca. 2678-2677 Ma quartz
monzodiorite to granodiorite (Canadian Malartic: De
Souza et al., 2015) and with 2680 + 4 Ma quartz mon-
zonite (Camflo: Jemielita et al., 1990) but are located
south and north of the Larder Lake — Cadillac fault
zone, respectively (Fig. 3, Trudel and Sauvé, 1992;
Pilote, 2013). Some of the intrusion-related gold
deposits, which generally consist of stockwork- and
disseminated-style mineralized zones, are entirely or
partly hosted in clastic sedimentary rocks and/or vol-

matic affinities from Ross and Bédard (2009).

canic rocks, whereas others are mainly confined to the
associated intrusion or intrusive complex. The distribu-
tion and perhaps the composition of these intrusions
are potentially linked to early stage extension along the
main faults (e.g. Bleeker, 2012, 2015) and/or associ-
ated to flexures in major fault zone orientation, allow-
ing the magma and ore-bearing fluids to invade the
dilation zones and to form magmatic centres (e.g.
Malartic area).

There is a large spectrum of ages of Archean intru-
sion-related and stockwork-disseminated gold systems
in the Superior Province, and most are associated with
diverse magmatic suites that include gabbro, diorite,
granodiorite, monzodiorite, monzonite, syenite,
tonalite, trondhjemite, granite, lamprophyre/albitite
dykes and lithium, cesium, and tantalum (LCT) peg-
matite dykes (Fig. 5a,b, Table 1). One recurring char-
acteristic is the calc-alkaline to transitional subalkaline
affinity of these ore-associated intrusions (Figs. 4, 5¢).
However, the diversity of the host intrusion’s age
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Table 1. Spectrum of ages and composition of selected deposits interpreted as Archean intrusion-related and/or stockwork-

disseminated Au and Au-Cu deposits and prospects.

Interpreted age(s) of Au

Deposit (U-Pb host intrusion Associated Intrusion(s) Selected References
and/or Re-Os)
Troilus ca. 2782 Ma (U-Pb) diorite and felsic dykes Boily, 1995; Pilote et al., 1995;
Dion et al., 1998; Rowins, 2011
Coté Gold ca. 2740 Ma (U-Pb and Re-Os) low-Al tonalite-diorite complex Katz et al., 2015

Chibougamau Cu-Au ca. 2714 Ma (U-Pb)
Doyon ca. 2698 Ma (U-Pb)

Young-Davidson ca. 2680-2672 Ma (U-Pb)

Kirkland Lake ca. 2675 Ma (Re-Os)
Canadian Malartic 2678-2664 Ma (U-Pb and Re-Os)
Camflo ca. 2680 Ma (U-Pb)

Cu-Au-Mo McIntyre <2689 + 1 Ma (U-Pb); ca. 2672
Ma (Re-Os)

CheeChoo ca. 2612 Ma (U-Pb)

tonalite
diorite to trondhjemite

syenite

alkalic intrusive

monzonite
quartz-feldspar porphyry

tonalite to granodiorite

Pilote et al., 1995, 1997; Dion et
al.,1998; Leclerc et al., 2012

Galley and Lafrance, 2014;
McNicoll et al., 2014

Martin, 2012; Zhang et al., 2014
Ispolatov et al., 2008

granodiorite to quartz monzodiorite De Souza et al., 2015

Jemielita et al. 1990

Corfu et al., 1989; Bateman et al.,
2004, 2005
Fontaine et al., 2015

and composition, and disparate gold events across
the Superior Province highlights that conditions
favourable for gold are not unique. Alternatively,
deposits assigned to the intrusion-related group are
commonly diverse and may include deposits of unre-
lated types, which partially explains the variability of
ore deposits settings and styles (e.g. Sillitoe, 2000).

Superimposed tectonometamorphic events can sig-
nificantly modify the original ore deposit characteris-
tics, mask genetic relationships between intrusions and
gold, and cause significant remobilization of the ore
(e.g. Mercier-Langevin et al., 2012a,b). Moreover,
geochronology and crosscutting relationships reveal
that some deposits are the product of multiple aurifer-
ous hydrothermal and remobilization events. For
example, the sediment-hosted stockwork-disseminated
Canadian Malartic and Roberto deposits are the prod-
uct of multi-phased auriferous events and/or remobi-
lization (Ravenelle et al., 2010; De Souza et al., 2015;
Fontaine et al., 2015). The Canadian Malartic deposit is
hosted in clastic sedimentary rocks and quartz monzo-
diorite to granodiorite dykes and stocks, but the actual
geometry and distribution of the ore zones are con-
trolled by younger brittle-ductile structures associated
with the main regional deformation event (De Souza et
al., 2015). In some cases, the intrusion-related mineral-
ization becomes part of a much larger ore system, as
illustrated by the Mcntyre Cu-Au-Mo zone (2689-
2672 Ma: Mason and Melnik, 1986; Corfu et al., 1989;
Brisbin, 1997; Bateman et al., 2004, 2005) that is
overprinted by the <2673 Ma giant Hollinger-McIntyre
greenstone-hosted orogenic quartz-carbonate vein sys-
tem (Dubé and Gosselin, 2007; Bateman et al., 2008).
Therefore, a good understanding of the relative timing

of the intrusive, tectonic, and ore-forming event(s)
combined with high-precision geochronology become
essential to understand the causative role of the host
intrusion(s) (i.e. active or passive) and the superposi-
tion of events in the formation of the deposits. Both
factors are critical for effective mineral exploration in
such complex geological environments. In very broad
terms, pre-main compressive deformation intrusions
seems to play an active role in the deposits genesis,
whereas early- to syn-main compression intrusions,
which may partly play an active role, seem to also act
as passive hosts (Fig. 4) as the ore is often preferen-
tially associated to structural features as discussed
below.

Distribution and Diversity of Deposit Styles

Mineralization at some intrusion-related deposits is
hosted in sedimentary and volcaniclastic rocks and ore
distribution is controlled, at least in part, by folds,
faults, and associated vein networks or stockworks
(e.g. Canadian Malartic and Roberto). Elsewhere, such
as at the Coté Gold Au(-Cu) deposit, the ore zones are
centred on a multiphase magmatic-hydrothermal brec-
cia, including a mineralized Au-Cu=Mo+Ag hydro-
thermal breccia that intrudes tonalitic (transitional to
calc-alkaline) and dioritic (tholeiitic) phases of the
Chester Intrusive Complex (CIC) (Katz et al., 2015 and
references therein). The magmatic-hydrothermal brec-
cia is itself overprinted by several ore-related hydro-
thermal alteration types (biotite, sericite, silica-sodic).
The overlapping Re-Os age of syn-gold molybdenite
with U-Pb zircon ages for the CIC highlight the spatio-
temporal link between magmatism and gold-bearing
hydrothermal events (Kontak et al., 2013; Katz et al.,
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2015). As such, the Coté Gold deposit shares some
analogies with Phanerozoic porphyry Cu-Au systems
(Katz et al., 2015). At Westwood, intrusion-associated
gold-sulphide veins and gold-rich VMS-type mineral-
ization are considered to represent various components
of an Archean auriferous synvolcanic magmatic-
hydrothermal system (Yergeau et al., 2015 and refer-
ences therein) and is reminiscent, at least in terms of
geometry, of telescoped porphyry-epithermal systems
(Yergeau, 2015; Yergeau et al., 2015). The quartz-car-
bonate-chalcopyrite veins of the former Chester 1, 2, 3
gold deposits, which are located in the immediate
vicinity of the C6té Gold deposit, are also interpreted
as pre-main deformation vein systems (Smith et al.,
2014). The composition and relative timing of forma-
tion of the Chester veins are analogous to the intrusion-
related Doyon and Westwood Zone 2 Extension high-
grade quartz-pyrite-chalcopyrite vein systems.

Some stockwork-disseminated deposits are not
readily associated with intrusions and represent syn-
volcanic gold in the seafloor/subseafloor environment.
For example, at the Rainy River deposit, ca. 2717 Ma
calc-alkaline dacite and rhyodacite host disseminated
pyrite-sphalerite-chalcopyrite mineralized bodies and
minor quartz-sulphide-tourmaline-carbonate veinlets
and stockworks that are transposed in the main folia-
tion (Pelletier et al., 2015). The setting and ore-style at
the Rainy River deposit suggest that it may represent a
subseafloor analogue to Archean gold-rich VMS sys-
tems (e.g. LaRonde Penna, Westwood, and Bousquet 1
deposits; Mercier-Langevin et al., 2015; Pelletier et al.,
2015).

Hydrothermal Alteration, Mineral Assemblages,
and Metallic Signature

To help develop geological and exploration models,
hydrothermal vectors and fertility indicators have been
defined. At Canadian Malartic and Coté Gold, these
include a distal biotite or biotite-calcite dark-colour
assemblages (disseminations and veins), which consti-
tute the largest footprint and earliest alteration, and a
proximal fracture-controlled, light colour to red-pink
pervasive silica-sodic (quartz-albite) and/or potassic
(quartz-microcline) alteration with sericite-carbon-
atexphlogopite, rutile, and pyrite replacement assem-
blage (De Souza et al., 2015; Katz et al., 2015). Traces
of chalcopyrite are present in both the distal and prox-
imal zones at C6té Gold. At present, biotite (Mg#, F,
and Ti content) offers the best potential for mineral
chemistry vectoring (De Souza et al., 2015; Katz et al.,
2015). The whole-rock geochemistry of intrusive and
sedimentary rocks reveals progressive distal to proxi-
mal gains in K,O, NayO, CO,, and S towards mineral-
ization (De Souza et al., 2015; Katz et al., 2015).
Furthermore, at Canadian Malartic, the ore (i.e. >0.3

ppm Au) is associated with the most strongly carbona-
tized rocks. Irrespective of the rock type, molar ratios
(COy/Ca0 and CO,/(CaO+MgO0)) appear to represent
a better proxy to estimate the intensity and style of car-
bonate alteration (e.g. molCOy/molCaO >0.8) than the
raw, whole-rock CO» content in wt% (De Souza et al.,
2015).

At the Westwood deposit, manganiferous (Mn-gar-
net) and potassic (sericite and biotite) alteration haloes
combined with sodium depletion are good indicators of
modified seawater circulation in the volcanic edifice
and VMS potential, whereas, barium and potassium
enrichment (white micas) are associated with intrusion-
related ore zones at the same deposit (Yergeau, 2015;
Yergeau et al., 2015). Quartz-sericite and quartz-
biotite-garnet schist with anomalous Zn, Cu, Au, and
Ag values represent the distal footprint of deformed
and metamorphosed gold-rich polymetallic VMS
deposits in the Doyon-Bousquet-LaRonde district
(Dubé et al., 2007, 2014; Yergeau et al., 2015). At
Rainy River, the ore zones are directly associated with
a diffuse potassic, sericite-dominated alteration.
Manganiferous garnet, chloritoid, and kyanite also
occur, at least locally, proximal to ore zones (Pelletier
et al., 2015). At the metamorphosed Roberto deposit,
the gold-bearing hydrothermal system shows distal cal-
cic metasomatism that increases in intensity toward the
ore zone, where it forms auriferous quartztactinolite+
diopsidetbiotite+arsenopyritetpyrrhotite stockworks
and veinlets. Quartztactinolitexdiopsidetbiotite+
arsenopyritexpyrrhotite vein stockworks and quartz-
dravite-arsenopyrite veinlets contained within micro-
cline, phlogopite, dravite, and arsenopyrite-pyrrhotite
replacement zones comprise the bulk of the ore at the
Roberto zone (Ravenelle et al., 2010; Ravenelle, 2013;
Fontaine et al., 2015 and references therein).

A common feature to some of the studied deposits is
the presence of gold-bearing pegmatite in the deposit’s
vicinity. At Roberto, a series of 2620-2603 Ma LCT
pegmatite locally carries gold (Ravenelle et al., 2010;
Fontaine et al., 2015) and as such could share analogies
with the mineralized pegmatite at Canadian Malartic
(Derry, 1939) and with the auriferous pegmatite that
host some of the mineralized zones at the metamor-
phosed Borden gold deposit (e.g. Probes Mines Ltd,
2014). Both Roberto and Borden are metamorphosed
deposits partly hosted in high-grade metamorphic
rocks and share similar styles of mineralization, includ-
ing a preferential association with deposit-scale fold
hinges and the occurrence of late, locally auriferous
pegmatite.

The metallic signature of the studied deposits is
variable with a Au-Cu-F-Te-Zn + Mo association at
Coté Gold (Katz et al., 2015), a Au-Te-W-Bi-Ag +Pb-
Mo association at Canadian Malartic (De Souza et al.,
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2015), and a Au-Cu-Zn-Ag-Pb association at Westwood
(Yergeau, 2015; Yergeau et al., 2015). Among the stud-
ied deposit, there is an overall good correlation
between Au and Te (>0.6 ppm Te), as shown in Figure
6a. There is an overall weak correlation between Au
and W, although two trends or groups of deposits can
be distinguished in Figure 6b: one with a relatively
good Au-W correlation that corresponds to deposits
that are associated with the main regional deformation
event, and one with a very poor Au-W correlation that
corresponds to deposits interpreted to have been
formed prior to the main regional deformation.
Similarly, two trends can be distinguished in the Au
versus Cu diagram (Fig. 6¢): one with a good correla-
tion between Au and Cu (e.g. pre-main deformation
deposits: Coté Gold, Westwood, Troilus, Mclntyre) and
a low-Cu (<100 ppm Cu) trend with no clear Au corre-
lation (e.g. syn- to late-main deformation deposits:
Camflo, Canadian Malartic, Kirkland Lake).

Pyrite is the most common sulphide in the studied
deposits, with the exception of the Roberto deposit, and
LA-ICPMS element and textural mapping systemati-
cally reveals several generations of pyrite, including
inclusion-poor and inclusion-rich pre-, syn-, and post-

1000000

positive correlation above 0.6 ppm Te. b) W (ppm) versus
Au (ppb), the ellipse includes a group of deposits with a rel-
atively good correlation between Au and W that corre-
sponds to deposits interpreted as associated with the main
regional deformation event(s). ¢) Cu (ppm) versus Au
(ppb), ellipse includes pre-main deformation deposits
showing a good correlation between Au and Cu; other
deposits are characterized by low Cu content (<100 ppm
Cu) with no clear correlation with Au.

ore pyrite (Dupuis et al., 2014; Pelletier et al., 2014,
2015; Gao et al., 2015; Yergeau, 2015), suggesting a
very complex interplay between primary (synsedimen-
tary and synvolcanic) processes and precipitation-disso-
lution episodes related to hydrothermal activity, defor-
mation, and metamorphic recrystallization. Despite
complex relationships, in most of the deposits that were
studied, gold is largely concentrated in the inclusion-
rich pyrite, together with Ag, Sb, Te, Pb, Bi, Zn, Cu, and
Pb (Gao et al., 2015; Pelletier et al., 2015; Yergeau,
2015). Details about paragenesis and trace-metal distri-
bution and associations in pyrite are presented in the
site-specific studies and will be further investigated as
ongoing research (e.g. thesis projects) progresses.

Discussions and Implications for Exploration —
Intrusion-Related Gold Deposits

The Co6té Gold and Canadian Malartic deposits repre-
sent two distinct end-members of intrusion-related and
stockwork-disseminated deposits investigated in detail
over the course of this project. While Coté Gold is a ca.
2740 Ma synvolcanic magmatic-hydrothermal system,
Canadian Malartic represents a 2678-2664 Ma synde-
formation system in which early tectonic (ca. 2678 Ma)
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subalkaline porphyritic quartz monzodiorite and gran-
odiorite intrusions have potentially contributed part of
the metals to the system (De Souza et al., 2015).
Despite distinct settings and origins, both deposits are
associated with stockwork and disseminated-style min-
eralization (Fig. 4). Each deposit is also enveloped by
distal potassic alteration haloes (biotite or biotite-cal-
cite, sericite) that are anomalous in gold and proximal
silica-sodic or silica-potassic alteration assemblages
characterized by the presence of minor amounts of
molybdenite. The presence of Cu and magmatic-
hydrothermal breccia, which commonly characterize
Cu-Au porphyry systems, are notable at the Coté Gold
deposit but absent at Canadian Malartic. In the case of
the Canadian Malartic deposit, combined potassic
(biotite-sericite) and carbonate (calcite) alteration
zones are coincident with brittle-ductile faults, high-
strain zones, and fold hinges. These hydrothermally
altered deformation-corridors represent interesting
sub-kilometre exploration targets in the vicinity of the
Larder Lake-Cadillac fault zone. As such, Canadian
Malartic shares analogies with a group of structurally
controlled stockwork, disseminated, and replacement
sediment-hosted intrusion-related deposits (e.g.
Sillitoe, 1991; Robert et al., 2007).

The results of the ongoing Coté Gold deposit study
define a new and significant early stage gold metallo-
genic event in the Swayze greenstone belt at ca. 2740
Ma (Katz et al., 2015), significantly older than the
gold-rich VMS deposits (ca. 2728 Ma and 2700 Ma),
the syenite-associated gold deposits (ca. 2678 Ma), and
the greenstone-hosted quartz-carbonate vein deposit
(2670-2660 Ma) of the southern Superior Province.
Together with deposits such as the ca. 2790-2780 Ma
reduced porphyry-style Troilus gold deposit in the
Frotet-Evans belt in Northwestern Quebec (Boily,
1995; Pilote et al., 1995, 1997; Dion et al., 1998;
Rowins, 2011), Coté Gold provides a guide for future
exploration associated with early stage composite, sub-
volcanic, low-Al trondhjemite-tonalite-diorite (TTD)
and/or trondhjemite-tonalite-granodiorite (TTG)-intru-
sions in the Superior Province (Katz et al., 2015).

Unequivocal examples of typical porphyry Au or
Cu-Au deposits and Au deposits genetically related to
intrusions in Archean greenstone belts in Canada
remain contentious (Sinclair, 2007). Attributes and
processes driving their formation, including specific
age and/or composition of the fertile magmatic source,
fluid transport, and stratigraphic and structural traps
are still debated (e.g. Sinclair, 1982; Mason and
Melnyk, 1986; Fraser, 1993; Robert, 1994; Sinclair et
al., 1994; Pilote et al., 1995; Brisbin, 2000; Goodman
et al., 2005; Rowins, 2011; Beaudoin and Raskevicius,
2014; Helt et al., 2014; De Souza et al., 2015).
However, several Archean deposits clearly share analo-

gies with porphyry systems, including Troilus (Boily,
1995; Dion, 1998; Sinclair, 2007; Rowins, 2011 and
references therein), the McIntyre Cu-Au-Ag-Mo min-
eralized zones at Hollinger-McIntyre (Griffis, 1962;
Burrows and Spooner, 1986; Melnik-Proud, 1992,
Brisbin, 2000; Bateman et al., 2008), and the porphyry-
type mineralization in the Doré Lake complex (Robert,
1994; Sinclair et al., 1994; Pilote et al., 1995, 1997).
Although the geometry of these ore zones and particu-
larly their relationship to hydrothermal alteration facies
and the geometry of the intrusive complex still need to
be established in greater detail in many of these ancient
systems, and in the absence of key data, such as pres-
sure-temperature estimates and details on terrane-arc
context at the inferred timing of the ore-forming
events, we can nonetheless mention that exploration
models based on Phanerozoic-type examples need to
be adapted. These adapted models must take into con-
sideration possibly slightly different genetic conditions
in Precambrian settings (e.g. Mercier-Langevin et al.,
2012b and references therein), as well as the common
post-ore tectonometamorphic reworking of the original
characteristics, as well as superposition of gold-bearing
systems, which appear to be a common feature of such
deposits in ancient deformed and metamorphosed ter-
ranes (Poulsen et al., 2000; Mercier-Langevin et al.,
2012a,b and references therein).

Fingerprinting Fertile Fault Systems as
Vectors to Large Gold Deposits

The geological parameters controlling the fertility of
major fault zones and the formation, distribution, and
preservation of diverse types of large gold deposits
(greenstone-hosted orogenic quartz-carbonate veins,
syenite-associated disseminated gold, gold-rich VMS,
etc.; Fig. 3) along such structures was identified as a
major knowledge gap in lode gold systems (Robert et
al., 2005; Dubé and Gosselin, 2007; Dubé et al., 2011).
The Timmins gold district is the largest Archean gold
district in the world and represents by far the main
source of gold in Canada (>68 Moz Au) for the last cen-
tury, hosting the largest Canadian gold deposit ever
found (Hollinger-MclIntyre; >36 Moz Au: Gosselin and
Dubg¢, 2005; Dubé and Gosselin, 2007). The Timmins
district, due to its unique endowment, exposure, and
complexity, represents a prime area to gather essential
knowledge on several key topics: 1) the structural evo-
lution and kinematics of large-scale gold-bearing fault
zones that control the distribution of large gold
deposits, including the nature and significance of pre-
ore, early stage deformation; and 2) the tectonic and
metallogenic significance of Timiskaming-type sedi-
mentary basins and their spatial and/or genetic relation-
ship with large fault zones, subvolcanic intrusions, and
large gold deposits (Dubé et al., 2011). Although, the
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focus was on Timmins for the Faults Fertility research
theme, most deposits or areas investigated as part of the
Lode Gold project have also contributed to this theme
because of their location near major deformation zones
and/or metamorphic fronts (e.g. Beauchamp et al.,
2015; De Souza et al., 2015, Fontaine et al., 2015;
Lafrance, 2015; Lawley et al., 2015; Toth et al., 2015).

Deposits Distribution

Irrespective of ore type or style, most large
Precambrian gold systems are distributed along major,
first-order fault zones and their splays (e.g. Miller and
Knight, 1915; Hodgson, 1993; Kerrich and Cassidy,
1994; Groves et al., 1998; Goldfarb et al., 2005; Robert
et al., 2005; Dubé and Gosselin, 2007) or metamorphic
fronts that demarcate the fault zones and characterize
some boundaries between subprovinces (Gauthier et
al., 2007). However, gold is preferentially associated
with second- and third-order compressional reverse-
oblique to oblique, brittle-ductile, high-angle shear
zones that are commonly located within 5 km of the
first-order fault (Robert, 1990). The various sites inves-
tigated in the Superior and Churchill provinces during
the course of the project all support this historical
exploration criterion. These structural corridors repre-
sent the pathways towards higher crustal levels for
hydrothermal fluids and/or magma of diverse composi-
tions, precious and base metal contents and origins.
The fault zones are also responsible for the juxtaposi-
tion and preservation of deposits formed at different
times and at different crustal depths (Poulsen et al.,
2000; Dubé and Gosselin, 2007). For example, the ca.
2698 Ma synvolcanic Westwood deposit and the ca.
2678-2664 Ma Canadian Malartic deposit are located
next to the Larder Lake-Cadillac fault zone, but were
formed at different times and at different crustal levels.
As part of the project, a gold fertility model has been
developed for the two main fertile fault zones
(«breaks») of the Abitibi greenstone belt (Porcupine-
Destor and Larder Lake-Cadillac) incorporating a crit-
ical phase of extension and coeval alkaline magmatism
(Bleeker, 2012, 2015, Lafrance, 2015). According to
this model, the main “breaks” were initiated as deep-
seated, listric, synorogenic extensional faults that were
coeval with a flare-up in «alkaline» magmatism and
were then reactivated as thick-skinned thrusts that
buried the synorogenic clastic rocks (Timiskaming
basins) in their immediate structural footwall; thus
explaining the preservation of gold deposits mainly on
one side (footwall) of the long-lived structures
(Bleeker, 2012, 2015). This model helps explain a
long-standing empirical link between unconformities,
major faults and major gold deposits (Miller and
Knight, 1915; Poulsen et al., 1992; Hodgson, 1993;

Cameron, 1993; Robert, 2001; Dubé et al., 2003, 2004;
Robert et al., 2005; Dubé and Gosselin, 2007).

Deposit Characteristics versus Orogenic
Pressure-Temperature-Time Path

Gold deposits are characterized by their geological set-
ting, style(s) and types of mineralization, and also on
the timing of mineralization relative to the orogenic
pressure-temperature-time path. Several of the studied
deposits are coeval with the main compressive phase of
deformation (orogenic gold) and are all variably
deformed and metamorphosed (prograde and retro-
grade paths). Other deposits are synvolcanic and were
strongly overprinted and modified during younger
deformation and metamorphic events (e.g. Westwood
and Rainy River). Several deposits are syndeforma-
tional, but have recorded younger deformation and
metamorphic events that may have remobilized gold
(e.g. Roberto, Meadowbank, Meliadine, and Hard
Rock). Many gold systems are the result of superim-
posed gold-bearing mineralizing events (e.g. Hollinger-
Mclintyre, Hard Rock, and Roberto), contributing to
their complex geological and hydrothermal footprints.
Moreover, evidence for gold remobilization is common
and in some cases may control the geometry of high-
grade gold ore zones (e.g. Meliadine, Westwood,
Musselwhite, Hard Rock, and Bousquet 2-Dumagami).

Exploration Implications

The occurrence of alkaline magmatism concomitant
with fault-bounded, clastic «Timiskaming-type» basins
is a diagnostic criterion for recognizing potentially fer-
tile major faults (e.g. Bleeker, 2012, 2015). The pres-
ence of «Timiskaming-type» conglomerate not only
provides an indication for the potential presence of a
major fault, it also indicates a favourable level of ero-
sion and thus signals the potential for preservation of
large gold deposits hosted lower in the stratigraphy by
more competent and reactive rocks (e.g. Tisdale
Formation, Timmins; Balmer basalt, Red Lake:
Poulsen et al., 1992; Robert, 2001; Dubé et al., 2003,
2004; Robert et al., 2005; Bleeker, 2012 and references
therein). This is illustrated by the occurrence of such a
panel of synorogenic clastic rocks in the Penhorwood
area of the northern Swayze greenstone belt, 80 km
west of Timmins (Bleeker et al., 2014). This panel sug-
gests that a major fault, most likely the western exten-
sion of the highly fertile Porcupine-Destor fault zone,
is probably nearby and buried these clastic rocks in its
structural footwall during the late thick-skinned thrust-
ing phase (Bleeker et al., 2014). The presence of highly
deformed and metamorphosed Timiskaming-age
polymictic conglomerate, proximal to, or hosting, gold
mineralization at the recent major Borden gold discov-
ery (Probe Minerals, 165 km southwest of Timmins in
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high-grade metamorphic rocks of the Kapuskasing
structural zone), strongly supports the link between
such synorogenic clastic sedimentary rocks, major
fault zones, and large gold deposits. It opens significant
new exploration ground for potential large gold
deposits (Atkinson, 2014). Such a potential has been
earlier emphasized by the correlation of major Archean
gold-bearing fault zones across the Kapuskasing uplift
by Leclair et al. (1993). Using a combination of high-
strained rocks, linear belts of Timiskaming-type con-
glomerate, and calc-alkaline to alkaline igneous rocks,
Leclair et al. (1993) extended the Porcupine-Destor
and Larder Lake-Cadillac fault zones by hundreds of
kilometres east and west of the Kapuskasing structural
zone (Fig. 3), with both major tectonic and exploration
implications. The newly discovered occurrence of
Timiskaming-age polymictic conglomerate immedi-
ately to the north of the Larder Lake-Cadillac fault
zone in the Malartic area adds new key information on
the structural history of the Larder Lake-Cadillac fault
zone and its potential fertility in an area where there are
several Timiskaming-age intrusions and significant
gold deposits (e.g. Camflo, Canadian Malartic: Pilote
et al., 2014). The presence of the Canadian Malartic
deposit immediately south of the Larder Lake-Cadillac
fault zone, the Barnat (Sansfagon and Hubert, 1990)
and Lapa (Simard et al., 2013) deposits within the fault
zone, and the Camflo deposit ~7 km north of the fault
zone highlight that significant gold deposits can
be formed (and preserved) within the footwall and
hanging-wall successions of such major fault zones.
The preservation potential of these deposits depends, in
part, on the amplitude of the throw of the reverse fault-
ing and the level of erosion (e.g. Bleeker et al., 2012,
2015).

In the Musselwhite deposit area, the presence of a
newly discovered polymictic conglomerate in the
upper stratigraphic sequence of the mine may indicate
the presence of a major structure and provide guide-
lines for exploration throughout the North Caribou
greenstone belt, especially if combined with tightly
folded silicate-rich BIF horizons (Oswald et al., 2014,
2015a,b). The past-producing gold mines in the
Geraldton area were all located in the southern sedi-
mentary assemblage, including polymictic conglomer-
ate, and mostly within the kilometre-wide Tombill-
Bankfield deformation zone (Toth et al., 2013). A sim-
ilar setting may also characterize the Meadowbank area
with the presence of Archean, polymictic basal-type
conglomerate. These conglomerate units structurally
overly the Meadowbank host succession, although the
primary geometry of these relict sedimentary basins is
unknown due to a major Paleoproterozoic overprint
(Janvier et al., 2015a,b).

Early massive iron-carbonate veins pre-main-stage
gold mineralization are present at the Hard Rock
deposit in the Beardmore-Geraldton gold district (T6th
etal., 2015), as well as in numerous deposits in Timmins
including Dome, Paymaster, and at the Campbell-Red
Lake deposit in Red Lake (Dubé et al., 2003, 2004).
These veins may represent a key hydrothermal event in
the formation of large gold deposits and illustrate the
protracted nature of hydrothermal activity and more
particularly large-scale CO, metasomatism.

Technology Development

The Lode Gold project was also the opportunity to con-
tribute to the development of advanced analytical and
material characterization methodologies, either as spe-
cific research activities or as components to field-based
and site-specific studies. These include in situ geo-
physical measurements and their correlation with min-
eralogy and geochemistry (Canadian Malartic Mine: El
Goumi et al., 2015), the classification of ore samples
based on whole-rock geochemistry (OSNACA project:
Grunsky et al., 2015), pXRF spectrometry (e.g. Lawley
et al., 2015), and the systematic use of LA-ICP-MS
geochemistry in all site-specific research activities and
a thematic fertility fingerprinting project (Gao et al.,
2015).

In direct collaboration with the Canada Mining
Innovation Council’s footprint project at the Canadian
Malartic Mine (Linnen et al., 2014), variability of rock
physical properties was measured in the open-pit area
to relate lithology and alteration assemblages to physi-
cal properties. The objective of this collaborative
research was to better constrain geophysical surveys on
this type of ore deposit and help define and detect the
footprint of the deposit. The results indicate that no sin-
gle geophysical technique can provide a particularly
useful measure of the presence of hydrothermal alter-
ation or gold content (El Goumi et al., 2015). However,
a combination of decreasing density and magnetic sus-
ceptibility with increasing chargeability coincides with
changes in the alteration assemblages (e.g. carbonate
saturation index), gold concentration, and proximity to
ore, especially in the sedimentary rocks that host >70%
of the ore. A petrophysical proxy has been established
as representative of this gradual hydrothermal mineral-
ization process by assessing composite petrophysical
properties (density, magnetic susceptibility, and
chargeability) and quantifying their principal compo-
nent analysis. Such proxy could potentially improve
the geophysical approach in exploration for such low-
grade bulk-tonnage deposits (El Goumi et al., 2015).

The OSNACA (Ore Samples Normalized to Average
Crustal Abundance) international project is a new
approach jointly developed by the mineral exploration
industry, the Centre for Exploration Targeting,
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University of Western Australia, and the TGI-4 Lode
Gold project to characterize and classify representative
ore samples from a wide spectrum of lode gold deposit
types based on whole-rock geochemistry (Grunsky et
al., 2015). The developed classification scheme, based
on a statistical analysis of chemical concentrations,
consists of a log-centred-ratio transformation of a suite
of 24 ore-associated trace elements, which helps dis-
criminate ore deposit types according to specific trace-
element correlations. This can therefore become an
extra tool to assess exploration potential in both green-
field and brownfield areas by providing another way of
recognizing well known ore types at an early stage.

CONCLUSIONS

The integration of many site studies (Canadian
Malartic, Coté Gold, Geraldton, Meadowbank,
Meliadine, Musselwhite, Rainy River, Roberto,
Timmins, Vault, Wabamisk, Westwood), thematic
research, and the interaction with other TGI-4 projects
(e.g. VMS) has broadened the knowledge base for a
large spectrum of Precambrian gold deposit types and
their footprints at various metamorphic grades, leading
to a more targeted approach in greenfield terranes (e.g.
Rainy River, Wabamisk, and Roberto deposits) while
stimulating a reappraisal of models in mature (brown-
field) districts at depth. The classic Abitibi «orogenicy»
quartz-carbonate vein exploration model used in
Archean terranes for decades is being revised, as there
is clearly a much broader spectrum of gold deposit
types/styles, including “syngenetic/synmagmatic” and
metamorphosed gold deposits that are distinct from the
orogenic model (e.g. Poulsen et al., 2000; Goldfarb et
al., 2005, Robert et al., 2005; Ravenelle et al., 2010), as
well illustrated here. Such a reappraisal has an impact
on exploration models in deformed and metamor-
phosed Precambrian and younger terranes in Canada.

Collectively, the TGI-4 Lode Gold project provides
a wealth of new data and descriptions of selected key
deposits or districts and new greenfield discoveries
(e.g. Wabamisk), as well as ideas and concepts that will
be applicable to exploration and that broadly contribute
to our general understanding of the geological and met-
allogenic evolution of Archean cratons and
Paleoproterozoic belts that represent major sources of
metals worldwide, including most of the gold produc-
tion in Canada. The unique gold endowment, or her-
itage of the southern Abitibi greenstone belt, in addi-
tion to specific ore-forming processes, must also be
taken into account when trying to understand key ore-
forming processes in uniquely endowed areas such as
the southern Superior Province (e.g. Sillitoe, 2008).
The huge amount of gold present in districts such as
Timmins and Doyon-Bousquet-LaRonde may be
related to specific, fundamental geological characteris-
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Figure 7. Schematic section of a convergent margin showing
hypothetical sites of gold preconcentration(s) in the lower
crust and upper mantle that may constitute a common source
of gold for magmatic-hydrothermal and orogenic deposits.
Modified from Sillitoe (2008).

tics in terms of favourable source-rock environments,
gold reservoirs, and/or early gold enrichment (i.e.
provinciality concept: Hodgson, 1993; Hutchinson,
1993; Sillitoe, 2000; Gray and Hutchinson, 2001; Dubé
and Gosselin, 2007; Sillitoe, 2008; Mercier-Langevin
et al.,, 2012b) as summarized on Figure 7. Enriched
gold “reservoirs” could have been tapped at different
times during the evolution of the greenstone belt to
form various types of gold deposits (e.g. Au-rich VMS,
syenite associated Au, orogenic quartz-carbonate Au
veins, etc). In such a model, the major fault zones that
had access to these gold-enriched reservoirs through
time acted as conduits to auriferous hydrothermal flu-
ids and are associated with the development large
deposits and districts. Advances in our understanding
of key deposits and ore systems in the southern Abitibi
belt, which was largely generated through the Targeted
Geoscientific Initiative, puts us into a good position to
tackle a major remaining knowledge gap that is the rea-
son why there is so much gold in such a small part of
Earth’s crust.

Finally, but not the least, the Lode Gold project has
also considerably contributed to the training of highly
qualified personnel for the mineral industry and
research institutions by supporting two visiting fel-
lows, eight doctoral projects, five master’s projects,
and four undergraduate honours’ theses. These talented
young research scientists have directly interacted with
the industry and academia, and gained academic and
hands-on experience to be part of the new generation of
young economic geologists.
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ABSTRACT

Structurally controlled “lode gold” systems within or in proximity to major fault zones (colloquially known
as “breaks”) represent a dominant deposit type in Canada, particularly in the Archean cratons of the
Canadian Shield. This paper describes some of the critical characteristics of these deposits, specifically their
relationship to the major faults and the complicated kinematic history of these faults, and to the panels of
synorogenic clastic (£volcanic) rocks that occur along these faults. The synthesis that emerges is mainly
based on the Timmins area, Canada’s most prolific gold camp, but critical elements apply equally to and
have been ground-truthed in other gold camps, i.e., Kirkland Lake, the Abitibi more generally, the Rice Lake
belt, Yellowknife, and the Agnew camp of the Yilgarn craton. In all of these areas, the key faults cut early
fold-and-thrust structures and were likely initiated as crustal-scale, synorogenic extensional faults in asso-
ciation with a flare-up in synorogenic, typically more alkaline magmatism. Extension, the associated man-
tle-derived magmatism, and the resulting thermal pulse into the lower crust were likely the ultimate drivers
of the gold mineralizing events. Synorogenic extension also minimized post-orogenic uplift, thus playing an
important indirect role in preservation of the upper crustal depositional environments. Following synoro-
genic extension and the initiation of the magmatic and hydrothermal processes that produced the gold sys-
tems, the crustal-scale faults were invariably inverted as thick-skinned thrusts, burying synorogenic basin
remnants and gold deposits in their structural footwall, while deposits were removed or largely eroded from
the structural hanging wall of these thrusts. This thrust inversion thus plays a critical role in the preserva-
tion of the gold endowment and explains the fundamental asymmetry across most of these camps. Gold min-
eralization appears to have peaked during the thrust-inversion stage and subsequent shortening, but had
waned prior to final strike-slip overprinting of the fault zones. The integrated model provides a coherent

guide for identifying and analyzing similar settings in more remote settings of northern Canada.

INTRODUCTION

The majority of gold produced in Canada has come
from Archean cratons embedded within the Canadian
Shield, principally the Superior and Slave cratons.
Within these Archean cratons! economic gold mineral-
ization is known to occur in several different settings
(e.g. Poulsen et al., 2000):

1. Volcanogenic base metal mineralization with
above average gold tenor (e.g. the Doyon-
Bousquet-LaRonde camp: Mercier-Langevin et al.,
2007).

2. Disseminated gold and gold-bearing veins within
and around high-level intermediate to felsic plu-
tons (e.g. Coté Gold: Katz et al., 2015).

3. Gold associated with metamorphism and sulphide
replacement of iron formations (e.g. Lupin,

Meadowbank, and Musselwhite: Lothka and
Nesbitt, 1989).

4. Structurally controlled vein systems within or in
proximity to major fault zones (e.g. Hollinger,
Dome, Pamour, Giant Yellowknife: Hodgson,
1993).

5. Paleoplacer deposits (e.g. some basal conglomer-
ate beds within the Huronian Supergroup, of earli-
est Proterozoic age: Roscoe and Minter, 1993).

Paleoplacer deposits (type 5 above), resulting from
uplift, erosion, and epiclastic concentration of vein-
hosted free gold (type 4), are rare in Canada but world-
wide form perhaps the single largest known gold
resource, the Witwatersrand gold-bearing conglomer-
ate of South Africa (Frimmel et al., 2005). Together,
the five types of gold deposits represent, in essence, the

Bleeker, W., 2015. Synorogenic gold mineralization in granite-greenstone terranes: the deep connection between extension, major faults,
synorogenic clastic basins, magmatism, thrust inversion, and long-term preservation, /n: Targeted Geoscience Initiative 4: Contributions
to the Understanding of Precambrian Lode Gold Deposits and Implications for Exploration, (ed.) B. Dubé and P. Mercier-Langevin;

Geological Survey of Canada, Open File 7852, p. 24-47.
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complete orogenic cycle from initial juvenile crust for-
mation, to partial melting and formation of evolved fel-
sic magmas, to metamorphism and polyphase deforma-
tion and faulting of heterogeneous crust, and finally to
uplift and erosive reworking of that crust. Gold con-
centration thus occurs in different settings and as a
consequence of a number of different processes.
Nevertheless, structurally controlled vein systems
within or proximal to major faults zones (“lode gold
deposits”2) represent a dominant deposit type in
Canada, both in number of deposits and in historic pro-
duction (e.g. Hodgson, 1993). They include the major
deposits in classical mining camps such as Val-d’Or,
Kirkland Lake, Timmins, Red Lake, and Yellowknife.
It is this deposit type that is being illuminated in this
study. It will be shown that the majority of these
deposits are the result of a complex but largely pre-
dictable sequence of processes:

*  Volcano-sedimentary deposition, possibly on the
edge of thinned, somewhat older crust.

» Significant early deformation and imbrication.

» Uplift and onset of synorogenic extension.

» Initiation of the major faults, as crustal-scale exten-
sional faults.

* A coeval flare-up of extension-related alkaline
magmatism.

* Heating of the lower crust and transport of fluids
and magmas up the main faults.

* Formation and deepening of synorogenic clastic
basins (xvolcanic rocks).

* A tectonic switch back to regional shortening.

» Inversion of main extensional faults into thick-
skinned thrust.

» Rapid filling and deformation of synorogenic clas-
tic basins.

» Burial of synorogenic clastic basin remnants, and
gold deposits, in the footwalls of the major
inverted faults.

» Long-term preservation of gold deposits (contin-
gent on sufficient tectonic burial).

» Slow but significant post-orogenic uplift (~10-15
km), exposing gold deposits at the present surface
or bringing them to within minable depth (i.e.
within ~1-3 km of the present surface).

The list above represents a “process chain” of essential
processes, i.e., one is missing and economic gold

deposits either failed to form or are no longer pre-
served. Although this general concept has been recog-
nized before to various extents (e.g. Poulsen et al.,
1992; Cameron, 1993; Hodgson, 1993), the synthesis
presented here argues more explicitly for many of the
critical steps, particularly the role of synorogenic
extension in initiating the key faults; extension-related
magmatism as a likely gold transport mechanism and a
critical determinant of overall gold endowment; and
thrust inversion of the main faults as essential to tec-
tonic burial and successful preservation. Conversely, it
downplays the role of some other factors that have long
been thought to be important, for instance the presence
of ultramafic rocks (komatiite). The model presented
(see also Bleeker, 2012) is the first coherent attempt to
explicitly recognize the role of synorogenic extension
in an area such as the Abitibi greenstone belt in a way
that is consistent with field evidence and first-order
structural and stratigraphic constraints. It also brings
the model for large Archean lode gold deposits closer,
in terms process understanding, to models for major
gold mineralization in younger tectonic environments.
Finally, the model makes strong predictions for how to
search for this class of deposits in less explored parts of
the Canadian Shield.

STRUCTURALLY CONTROLLED VEIN
SYSTEMS WITHIN OR IN PROXIMITY TO
MAJOR FAULT ZONES

Gold deposits hosted by structurally controlled
quartz+carbonate vein systems and their alteration
envelopes, known as lode gold deposits, show a wide
variation in size and styles and occur throughout the
geological record (Goldfarb et al., 2001). They are par-
ticularly prolific in Archean granite-greenstone ter-
ranes, at least those that are not too deeply eroded. As
the quartz veins that host much of the gold represent
structural damage to the host rocks, these deposits are
invariably associated with deformation of the host ter-
ranes, and commonly specific phases of deformation
(e.g. Groves, 1993; Hodgson, 1993; Kerrich and
Cassidy, 1994; Groves et al.,, 1998; Kerrich et al.,
2000). Some of the smaller deposits can be scattered
throughout a deformed host terrane, and represent local
dilations in fold hinges or along minor faults. Hence,
not all deposits of this type are necessarily associated
with major fault corridors. However, in many terranes,
a century of exploration, geological mapping, and mine
production has shown a distinct clustering of deposits

1Long stabilized, ancient, heterogeneous crustal fragments composed of various granitoid rocks and deformed remnants of
volcanic and sedimentary rocks, i.e., “granite-greenstone terrains”, and locally deeper exhumed plutonic infrastructure, i.e.,

“gneiss terrains”.

2Lode: an old English miner’s term for a mineralized vein, vein system, or zone “leading

rocks, i.e., “a lead”.
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Figure 1. Simplified geological map of the central and southern Abitibi greenstone belt, highlighting the major faults and the
distribution of gold deposits (modified after Poulsen et al., 2000; and Dubé and Gosselin, 2007). Abbreviations: CLFZ, Cadillac-
Larder Lake Fault Zone; CBFZ, Casa Berardi Fault Zone; DPFZ, Destor-Porcupine Fault Zone; ILFZ, the Ivanhoe Lake Fault
Zone; MREF, the Paleoproterozoic Matagami River Fault; and PT, the Pipestone Thrust. Towns: Ch, Chapleau; KL, Kirkland
Lake; M, Matheson; R-N, Rouyn-Noranda; T, Timmins. Specifically note the two major fault zones, DPFZ and CLFZ, and the
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strong spatial association with gold deposits, as well as with thin panels of synorogenic clastic rocks (in yellow).

along structural corridors that are the locus of one or
several major faults or fault strands (Fig. 1, Hodgson,
1993; Robert et al., 2005, and references therein). It is
this important subclass of lode gold deposits, and their
spatial and genetic association with the major fault cor-
ridors, that is the specific focus of this paper.

MAJOR FAULT CORRIDORS:
THE “BREAKS”

Early mappers named the dominant fault traces
“breaks”, explicitly recognizing that they represent
major discontinuities in map patterns (e.g. Knight,
1924; Gunning, 1937; Gunning and Ambrose, 1939).
In the Abitibi greenstone belt of northern Ontario and
Quebec, the importance and longevity of these
“breaks” is demonstrated by the simple observation
that few Archean rock units, not even late granites, are
seen to crosscut these faults—i.e., there are few obvi-
ous “stitching plutons”. In the Abitibi belt, the first
rock unit to cut across the “breaks” are approximately
north-trending Paleoproterozoic Matachewan diabase

dykes, the oldest pulse of which has been dated at 2479
+ 4 Ma (Bleeker et al., 2012). In the southern Abitibi
greenstone belt, two major “breaks” are recognized
(Fig. 1): the Destor-Porcupine Fault Zone (DPFZ), and
the Cadillac-Larder Lake Fault Zone (CLFZ). A third
major fault zone and possibly others occur farther north
and south (e.g. Casa-Berardi Fault Zone, CBFZ, see
Fig. 1). Analogous structures are known elsewhere in
the Superior craton and in the granite-greenstone ter-
ranes of other cratons, in each case associated with sig-
nificant gold mineralization, e.g., the Yellowknife
River Fault Zone of the southern Slave craton (e.g.
Bleeker and Hall, 2007), or the Ida Fault Zone and its
along-strike equivalents of the eastern Yilgarn craton
(e.g. Duuring et al., 2012; Mole et al., 2013).

The kinematic history of these major faults is typi-
cally complex, as will be discussed later. Late trans-
pressional deformation has deformed and steepened the
faults such that, in their present attitude, they are steep
to subvertical. Their map traces are typically 100s of
km long and may be somewhat arcuate (Fig. 1). In
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Figure 2. Typical setting of preserved panels of synorogenic clastic rocks in the footwall of a thrust-inverted main fault, either
as (a) a truncated asymmetric panel younging one-way into the main fault, as modeled on the Timmins area, or as (b) a trun-
cated asymmetric footwall syncline with minor preservation of a sheared overturned limb. The main fault is shown in red; bold
white arrows show the younging direction in the clastic panel; and the bold black line is the synorogenic unconformity (u) at the
base of the clastic panel. This unconformity truncates earlier structures in the stratigraphic footwall. In Timmins, these are: axial
planes of early, tight to isoclinal folds (e.g. CTA, Central Tisdale Anticline); and the younger, east-plunging Porcupine Syncline
(PS), both limbs of which are also truncated; shown in yellow is the ca. 2688 Ma Krist Fragmental unit (KF). Small black arrows
are the facing directions projected onto the base of the synorogenic unconformity, demonstrating that two phases of folding
(both the CTA and then the PS) predate the synorogenic unconformity surface (Bleeker, 1995). Note also that the down-dip
extent of the synorogenic panel is determined by the “cut-off line” with the fault plane. This intersection line can be irregular, as
shown in (a). Where the present erosion level reaches below this cut-off line, much of the diagnostic information on the age
and kinematics of the fault is lost. (¢) Down-dropped fault-bounded panel of synorogenic clastic rocks (grey) in a “negative
flower structure”, during late-stage strike-slip movement on the major fault system. This is a potential mechanism how strike-
slip may have contributed to preservation.

some cases the main fault traces have been so distorted
by late deformation that they may not be easily recog-
nized as the key faults (e.g. the Rice Lake belt).

In addition to their association with gold mineraliza-
tion (e.g. Hodgson, 1993), another first-order attribute
of these major fault corridors is the occurrence of pan-
els of synorogenic clastic rocks (Figs. 1, 2), as first rec-

ognized by Knight (1924). A typical occurrence of such
clastic rocks consists of steeply dipping, polymict con-
glomerate and crossbedded sandstone (Fig. 3). At their
stratigraphic base, the clastic rocks unconformably
overlie previously deformed greenstone rocks (e.g.
Burrows, 1924; Hurst, 1939; Wilson, 1962), whereas
towards their stratigraphic top they young into the
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major fault zone. Where the overall structure is not too
complex, it can be shown that the synorogenic clastic
rocks occur in the structural footwall of the main faults,
either as asymmetric truncated panels (Fig. 2a) or as
asymmetric, truncated, footwall synclines (Fig. 2b). In
other words, the synorogenic clastic rocks have been
tectonically buried below the main faults, and these
faults must have acted as thrusts during this phase of
their evolution. These observations are consistent
enough that they cannot be explained as local artefacts
of complicated strike-slip deformation (cf. Cameron,
1993). However, it is not uncommon that late deforma-
tion has steepened the faults to vertical, or even led to
local overturning of the entire geometry, such that a
panel of synorogenic clastic rocks, which originally
was buried below a main fault, now occupies what
appears to be the structural hanging wall of this fault.
Some of these typical complexities are illustrated in
Figure 4, which is modeled on the structural set-up in
Timmins (Bleeker, 1999). An example of highly
deformed conglomerate adjacent to the main fault trace
of the DPFZ in Timmins, showing dip-slip kinematic
indicators, is shown in Figure 5.

THE SPATIAL ASSOCIATION BETWEEN
LODE GOLD DEPOSITS AND MAJOR
FAULT CORRIDORS: IS IT REAL AND

WHAT DOES IT MEAN?

An important question is whether the apparent strong
spatial association between lode gold deposits and
major fault corridors (Fig. 1) is real? This question may
seem naive but is far from trivial. A cycle of gold dis-
covery, additional exploration nearby, drilling and
more discoveries may lead to a spatial pattern that is
biased simply as a function of where money was spent
to drill exploration holes. If the apparent spatial associ-
ation is real, it puts strong constraints on any model
that aims to explain this class of gold deposits. If, on
the other hand, the spatial distribution merely reflects
where money was spent on drilling, it will falsely
inform a possible model. So this question is important.

Figure 3. Representative photographs of synorogenic clastic rocks
from the Timmins area. Photographs are in stratigraphic order from
bottom (a) to top (e). a) Oligomict basal conglomerate of the syn-
orogenic sequence in Timmins, Pamour Mine; sample is domi-
nated by angular to subrounded mafic volcanic clasts, represent-
ing erosion and moderate transport of metavolcanic rocks from the
uplifted volcanic footwall. b) Polymict conglomerate (the “Pamour
Conglomerate”) cut by intersecting quartz veins carrying gold (in
the centre of the picture, with minor sphalerite). ¢) Steeply dipping
turbiditic greywacke that is representative of the middle part of the
sequence in Timmins. d) Close-up of graded greywacke-siltstone
beds; note load casts at the base of the graded bed and ripple lam-
inations near the top of the sand layer. e) Polymict conglomerate
and pebbly sandstones, representative of the upper part of the
sequence. Note the rounded plutonic clast (near the centre), which
contains a pre-depositional deformation fabric.
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Figure 5. Cross-sectional
view of highly deformed con-
glomerate at the stratigraphic
top of the synorogenic con-
glomerate panel in Timmins
(Buffalo-Ankerite open pit),
immediately north of the
steepened thrust fault. View is
towards the west-southwest
(244°), in a vertical section
parallel to the steeply plung-
ing stretching lineation.
Kinematic indicators (low-
angle C-S relationships, and
late shear bands, C’) indicate
that the conglomerate moved
down relative to the older vol-
canic rocks to the south of the
fault. The initial thrust geome-
try has been severely steep-
ened and is in fact slightly
overturned. In a strict sense,
therefore, the deformed con-
glomerate, which initially was
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Figure 4 (opposite page). lllustration of the complex geometric and kinematic history of the main fault(s), modeled on the
Timmins area. The six block diagrams (a to f) are ordered in time, starting with the ca. 2665 Ma thrust inversion of the main
fault and burial of the synorogenic clastic sequence below the main fault plane. a) Thick-skinned thrust-inversion phase, details
as in Figure 2. b) Continued thrust burial, possibly oblique, and steepening of fault plane due to north-south shortening. This
figure shows a slightly deeper cut through the structure than (a). ¢) Transition to sinistral strike slip, and folding (S-asymmetry)
of the steepened thrust plane (red shading). S4 cleavage development in association with the transpressional deformation.
d) Break-through of a new, more planar strike-slip fault (purple shading), isolating the older and folded thrust fault to the north.
In Timmins, the older thrust fault is the Dome Fault, whereas the new strike-slip fault is the main DPFZ trace. e) Late reversal
to dextral strike slip and formation of late Z-asymmetric folds and a ubiquitous northeast-trending crenulation cleavage (Ss).
f) Further deformation of the fault geometry, with local overturning and formation of a subhorizontal crenulation cleavage (Sg).
Note that due to this late deformation, the synorogenic clastic rocks now sit in the apparent hanging wall of the steeply north-
dipping fault. Figures track the position of a gold deposit (yellow ovals) that forms along the fault during thrust inversion.
Whereas the footwall portion (FW) of this deposit is preserved, the hanging-wall portion (HW) is uplifted (b), laterally displaced
(c and d), and ultimately eroded.
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In the Timmins area, the first discovery of gold at
surface was made over a century ago (Doherty, 1986;
Barnes, 1991) and since then numerous deposits have
been found (Table 1), some highly profitable whereas
others had marginal economics and were abandoned.
The entire area has been intensely prospected, for tens
of kilometres away from the main faults. Tens of thou-
sands of test holes have been drilled, and numerous test
shafts have been sunk. Hence, for the wider Timmins
area, there has been enough random testing away from
the faults that the pattern that has emerged is likely to
reflect underlying processes. The same can probably be
said for much of the southern Abitibi and probably also
the Eastern Goldfields of the Yilgarn craton. Elsewhere
the picture may be less mature or “saturated”. It is thus
concluded that for highly endowed belts, such as the
southern Abitibi, the main faults must play a key role in
any comprehensive model for the gold mineralization.

Another important observation serves to amplify
this conclusion. To the north of Timmins, ~20 km north
of the trace of the DPFZ, there occurs another major
fault—the Pipestone fault (Fig. 1). This fault has often
been portrayed as a splay fault of the DPFZ and for this
reason, and for its relative proximity to Timmins, has
seen equally intense prospecting and exploration. Yet
no major correlation with productive gold deposits has
emerged, although there are some minor deposits in the
area. The reason for this distinct difference in gold
endowment of the two fault zones is that they have rad-
ically different origins. The Pipestone fault, renamed
the Pipestone Thrust by Bleeker and van Breemen
(2011), represents an early high-level thrust fault that
was subsequently folded, whereas the DPFZ was initi-
ated somewhat later as a deep-reaching crustal-scale
extensional fault, which was then inverted as a thick-
skinned thrust. Although the folded Pipestone Thrust
(see structural cross-section in Bleeker and van
Breemen, 2011) may have seen some reactivation at
critical times, it lacks the extensional history and the
associated gold endowment. These important differ-
ences, despite both faults having seen a century of
prospecting and drilling, underscore that the spatial
pattern of Figure 1 is sufficiently saturated to be mean-
ingful.

As part of this discussion on the reality of the spatial
distribution, it is useful to introduce yet one other key
observation, one which is not immediately apparent
from Figure 1 because of scale. If one tabulates all the
gold deposits and their production along the DPFZ, at
least for that portion that occurs in Ontario, and one
classifies the deposits as being situated north, within
(or ambiguous), or south of the principal fault trace(s),
it turns out that >>95% of all gold produced has come
from one side of the fault—i.e., the north side (Table
1). For the Porcupine camp proper, essentially ~25-30

km along the DPFZ on either side of Timmins, this sta-
tistic is >99% (Bleeker, 1995). In other words, not only
is the overall spatial association with the major fault
zone robust, but essentially all historic and on-going
gold production has come from one side (north side), or
from within, the fault zone. Combining this key obser-
vation with knowledge of the initial fault geometry
leads to the conclusion that essentially all gold produc-
tion has come from the structural footwall of the main
fault(s), i.e., from the side that also preserves the tec-
tonically buried panels of synorogenic clastic rocks
(Fig. 4).

At the time that the gold-bearing quart+carbonate
veins were emplaced, there is no obvious reasons why
hydrothermal fluids, or the fluid-assisted opening of
veins, would be able to differentiate between footwall
and hanging wall of a major fault zone and fluid con-
duit. The robust observation above, that essentially all
gold was produced from the footwall, therefore must
mean that (1) veins emplaced in the hanging wall were
preferentially uplifted and eroded; and (2) thrust dis-
placement on the principal faults must have outlasted
the peak of gold mineralization. This in turn must lead
to a third conclusion: (3) the transition to late-stage
strike-slip dominated movement, on a steepened fault
trace, largely post-dated gold emplacement. In other
words, the major strike-slip displacement and trans-
pressional deformation that is easily demonstrated on
the faults (in the case of the DPFZ and CLFZ: first
sinistral and then dextral; Bleeker, 1995, 1999) is late
and of little bearing on a detailed genetic model for the
mineralization. Strike-slip deformation is important,
however, in redistributing remaining mineralization on
either side of the faults by possibly tens of kilometres.
In other words, the uplifted and partly eroded roots of
a major mineralized gold system, if still partially pre-
served on the hanging-wall side of a major fault, may
be displaced ~10 to 100 km laterally relative to the
main part of the deposit that is preserved in the foot-
wall. Understanding and quantifying the late strike-slip
history on the faults is thus important for exploration
and for finding possible complements of known
deposits, but it is less important in terms of under-
standing the genetic aspects of the lode gold hydrother-
mal systems.

SYNOROGENIC BASINS AND
THEIR ROLE

The typical setting of a preserved panel of synorogenic
clastic rocks was introduced in Figures 1, 2, and 4. A
reconstructed and generalized stratigraphy of these pre-
served panels is shown in Figure 6, largely based on
observations in Timmins, but augmented by critical
aspects from other localities in the Abitibi greenstone
belt, particularly the Kirkland Lake area (Thomson,
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Table 1. Gold production, to the end of 2013, in the vicinity of the Destor-Porcupine Fault Zone; modified after Bleeker et al.
(2014).

Mine Township Years of Production Tons Milled Production Grade'  Position
(ounces gold) (oz/ton)  relative to
the DPFZ’
Aljo Beatty 1940 2333 42 0.02 N
American Eagle Munro 1911 60 40 0.67 N
Ankerite/March Deloro 1926-1935 317769 61039 0.19 N
Aquarius Macklem 1984, 1988-1989 139 634 27117 0.19 S
Argyll Beatty 1918 12 455 851 0.07 N
Aunor (Pamour #3) Deloro 1940-1984 8482 174 2502214 0.30 N
Banner Whitney 1927-1928, 1933, 1935 315 670 0.13 N
Bell Creek Hoyle 1987-1991, 1992-1994, 576 017 112 739 0.20 N
2011-2013 609 670 74 825 0.13
Black Fox (Glimmer) Hislop 1997-2001, 20092013 5020 823 561 645 0.11 Within
Blue Quartz Beatty 1923, 26, 28, 34 500 81 0.16 N
Bonetal Whitney 1941-1951 352254 51510 0.15 N
Bonwhit Whitney 1951-1954 200 555 67 940 0.34 N
Broulan Porcupine Whitney 1939-1953 1146 059 243 757 0.21 N
Broulan Reef Mine Whitney 1915-1965 2 144 507 498 932 0.23 N
Buffalo Ankerite Deloro 1926-1953, 1978 4993 929 957 292 0.19 N
Buffonta Garrison 1981, 91-92 117013 12 139 0.10 S
Canadian Arrow Hislop 1974-76, 1980-83 303 449 19 140 0.06 S
Canamax Matheson Project Holloway 1988 38 675 5391 0.14 Within
Centre Hill Munro 1967-70 327 007 422 0.001 N
Cincinnati Deloro 1914, 1922-1924 3200 736 0.23 N
Clavos Stock 2005-2007 188 743 24 609 0.13 N
Concordia Deloro 1935 230 16 0.07 S
Coniarum/Carium Tisdale 1913-1918, 1928-1961 4 464 006 1109 574 0.25 N
Croesus Munro 1915-18, 23, 31-36 5333 14 859 2.79 N
Crown Tisdale 1913-1921 226 180 138 330 0.61 N
Davidson-Tisdale Tisdale 1918-1920, 1988 53 221 9739 0.18 N
Delnite Deloro 1937-1964 3 847 364 920 404 0.24 N
(open pit) 1987-1988 56 067 3602 0.06
DeSantis Ogden 1933, 1939-1942, 196 928 35842 0.18 N
1961-1964
Dome Tisdale 19102013 114 624 858 16 361 420 0.14 N
Faymar Deloro 1940-1942 119 181 21 851 0.18 S
Fuller (Vedron) Tisdale 1940-1944 44 028 6566 0.15 N
Gillies Lake Tisdale 1921-1931, 1935-1937 54 502 15278 0.28 N
Goldhawk Cody 1947 636 53 0.08 S
(open pit) 1980 40 000 3967 0.10
Goldpost Hislop 1989 9403 2913 0.31 S
Gold Pyramid Guibord 1911 175 36 0.21 N
Hallnor (Pamour #2) Whitney 1938-1968, 1981 4226419 1 645 892 0.39 N
Hislop (Hislop East) Hislop 1990-91, 1993-95, 1992 346 124 373 0.062 ?

1999-2007,2010-13
Hollinger—Schumacher Tisdale 1915-1918 112 124 27182 0.24

z
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Table 1 continued.

Mine Township Years of Production Tons Milled Production Grade'  Position
(ounces gold) (oz/ton) relative to
the DPFZ’
Hollinger Tisdale 1910-1968 65 778 234 19 327 691 0.29 N
Pamour Timmins Property 1976-1988 2 615 866 182 058 0.07
Holloway Holloway 1993, 95, 962000, 6091 733 946 384 0.16 Within
2011-13
Holloway-Holt Holloway 2007-2010 601778 89 703 0.15 Within
Holt Holloway 1988-2004, 2011-13 9191 442 1409 473 0.15 Within
Hoyle-Falconbridge Whitney 1941-1944, 1946-1949 725 494 71 843 0.10 N
Hoyle Pond Hoyle 1985-2013 9215939 3233793 0.35 N
Hugh-Pam Whitney 1926, 1948-1965 636 751 119 604 0.19 N
Marlhill Hoyle 1989-1991 156 800 30924 0.20 N
McIntyre Pamour Tisdale 1912-1988 37 634 691 10 751 941 0.29 N
Schum. 1988-1989 2549 189 18 260 0.01
(ERG tailings recovery)
McLaren Deloro 1933-1937 876 201 0.23 N
Moneta Tisdale 1938-1943 314 829 149 250 0.47 N
Naybob (Kenilworth) Ogden 1932-1964 304100 50 731 0.17 N
Newfield Garrison 1996 55000 9680 0.18 Within
Nighthawk Macklem 1995-1999 1479 607 175 803 0.12 S
Owl Creek Hoyle 1981-1989 1 984 400 236 880 0.12 N
Pamour # 1 (incl. pits 3,4 Whitney 1936-1999 45 795 863 4 078 525 0.09 N
and 7 and Hoyle) 2005-2011 17 750 312 698 771 0.04
Pamour (other sources)  Whitney 1936-1999 7 416 634 676 645 0.09 N
Paymaster Deloro 1915-1919, 1922-1966 5607 402 1192206 0.21 N
Porcupine Lake (Hunter) Whitney 1937-1940, 1944 10 821 1369 0.13 S
Porcupine Peninsular Cody 1924-1927, 1940, 1947 99 688 27 354 0.27 S
Preston Tisdale 1938-1968 6 284 405 1539 355 0.24 N
Preston NY Tisdale 1933 2800 153 0.05 N
Preston/Porcupine Pet Deloro 1914-1915 1000 314 0.31 N
Preston/Porphyry Hill Deloro 1913-1915 46 312 6.78 N
Ross Hislop 1936-1989 6714 482 995 832 0.15 S
Stock Stock 1989-1994, 2000 821 304 129 856 0.16 Within
Taylor Taylor 2007 19 259 2043 0.11 Within
Timmins West Bristol 2009-2013 2108 651 308 298 0.15 N
Tisdale Ankerite Tisdale 1952 14 655 2236 0.15 N
Tommy Burns/Arcadia Shaw 1917 21 14 0.66 S
Triple Lake McArthur 1932 155 121 0.78 N
Vipond Tisdale 1911-1941 1565 218 414 367 0.26 N
White-Guyatt Munro 1911 50 10 0.20 N
Total 388 599 637 72 537 028 0.19

'Grade: ounces of gold per ton; all tonnages have been converted to imperial units using a conversion factor of 1.1023113.
“Position relative to the Destor-Porcupine Fault Zone (DPFZ): N, north of fault; S, south of fault; Within, within fault zone; ?, ambiguous position or

unknown.

Deposits shown in bold font are within the Porcupine Camp proper, where 99.6% of the ounces produced have come from north of or within the DPFZ.
Including deposits further east (i.e. east of Matheson), ~95% of all gold produced has come from north of or within the DPFZ.

Deposits shown in red occur along the Nighthawk Lake Fault trend, a poorly understood fault trend south of the main DPFZ, and likely a splay thereof.
For the Faymar deposit (shown in blue, Deloro Twp and south of the DPFZ) there is some uncertainty of the true provenance of the quoted production.
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Figure 6. Stratigraphic reconstruction of the preserved panels of synorogenic clastic (+ volcanic-plutonic) rocks below the main
thrust-inverted faults, synthesized from both the Timmins and Kirkland Lake areas. Stratigraphic column and main lithologies
are shown on the left, and tectonic interpretation is given on the right. The overall evolution or “life time” of the synorogenic
basin remnants can be divided into five phases, with a total duration of approximately 20 Myr (see text for discussion). The
basin remnants overlie a synorogenic unconformity at their base, and young up into a thrust-inverted main fault at their strati-
graphic top. The synorogenic processes started with uplift, significant erosion, and the onset of alkaline magmatism. This phase
is only recorded by early alkaline intrusions that predate the unconformity surface. The depositional record started significantly
later, probably when extension-driven subsidence took over. The basin remnants then recorded a cycle of deepening, and then
shallowing and basin filling, the latter indicating the onset of thrust inversion. Final thrust inversion terminates the basin and
places deeper volcanic footwall rocks on top of the tectonically buried basin remnant. Gold deposits were largely uplifted and
eroded from the hanging-wall side of the system, explaining the overall asymmetry in gold distribution (in Timmins >99% of gold
produced from the footwall environment).

1950).3 In the Abitibi, the total “life time” of the syn- 1. Following “D1” deformation: uplift and a flare-up

orogenic basins is about 20 million years, from ca. of synorogenic alkaline magmatism.

2686 Ma to ca. 2665 Ma. Their evolution was initiated 2. Subsidence and initial deposition (and preserva-
immediately following intense folding and imbrication tion) of basal clastic rocks.

of the underlying greenstones, deformation that culmi- 5 On-going extension: basin deepening and episodic

nated at about 2688—2687 Mz_l (“D1” deformatiqn synorogenic magmatism (and volcanism).
phase). In more detail, the evolution of the synorogenic

basin(s) can be divided into five distinct phases (see 4. Sw1tch to renewe d shortemng, leading to fault
Fig. 6): inversion and basin filling.

5. Basin termination and tectonic burial.

3In the Abitibi greenstone belt, the synorogenic conglomerates have long been referred to as “Timiskaming conglomerates”,
in reference to a type locality west of Lake Temiskaming. In the present paper, these rocks are described in terms of more gen-
eral processes and hence preference is given to the adjective “synorogenic” rather than a locality (and time) specific term.
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Phase 1: Uplift and Flare-Up of Alkaline
Magmatism (ca. 2687-2685 Ma)

The first major deformation of the volcanic stratigra-
phy resulted in two responses: 1) major uplift and
emergence of deformed and imbricated greenstones
and overlying turbidites; and 2) a switch to and sudden
flare-up of alkaline magmatism. These processes are
also seen in modern mountain belts following major
orogenic phases. The uplift and ensuing subaerial ero-
sion created an unconformity surface that cuts through
the early fold structures. The earliest clastic deposits
that overlie this unconformity surface were probably
ephemeral and were removed by additional uplift and
erosion. The depositional record, therefore, did not
start until about 5 million years later (see Phase 2
below). The flare-up of alkaline magmatism is
expressed as early lamprophyre and syenite dykes and
high-level stocks, the earliest of which have been dated
at 2687-2686 Ma (Frarey and Krogh, 1986; Barrie,
1990). In Wawa, along strike to the west of Timmins,
ultramafic lamprophyre produced vent-facies rocks and
brought mantle xenoliths and diamonds to the surface
(Stachel et al., 2006; Wyman et al., 2006). South of
Timmins, a major pluton of quartz syenite to alkali
granite, dated at 2686 Ma (Frarey and Krogh, 1986)
intrudes across early folds (Fig. 7a). Although verifica-
tion of this age is in progress, the aggregate of existing
ages indicates without much doubt that the transition to
synorogenic processes had occurred by 2687-2686
Ma. As pre-folding rocks are known to be as young as
2690-2688 Ma (e.g. Corfu et al., 1989; Corfu, 1993;
Ayer et al., 2003), this leaves a remarkable short time
span (~1 million years) for the intense folding of the
volcanic stratigraphy.

Phase 2: First Deposition and Preservation of
Basal Clastic Rocks (ca. 2680 Ma)

Following uplift and erosional down-cutting of the syn-
orogenic (angular) unconformity surface, the deposi-
tional record started at ca. 2680 Ma, typically with
local lenses of regolithic breccia or oligomict angular
conglomerate, followed by polymict conglomerate
(Fig. 3a,b). In Timmins, these basal conglomerate units
are only on the order of 10-20 m thick, giving way
quickly to fine-grained, thinly bedded siltstones. This
must reflect basin widening (e.g. from a river to a
larger basin or delta), a receding shoreline, and possi-
bly basin deepening.

Phase 3: Ongoing Extension, Basin Deepening,
and Episodic Magmatism (ca. 2680—-2672 Ma)

The middle part of the synorogenic sequence is domi-
nated by greywackes and mudstones with turbiditic
layering (Fig. 3¢,d). Evidently, these sedimentary rocks
were deposited in a more extensive and deepening

basin, below wave base (~100 m, dependent on the size
of the basin and wave amplitude). This stratigraphic
signal is interpreted in terms of relatively rapid deep-
ening in response to ongoing extension. This interpre-
tation may also explain the ongoing alkaline magma-
tism, which in the Kirkland Lake area produced tra-
chyte lava and pyroclastic rocks (e.g. Mueller et al.,
1994). Farther east, near Larder Lake, a thin laminated
iron formation is deposited at this stage of basin evolu-
tion, intercalated in dark green siltstone and intruded
by synorogenic mafic dykes. In Timmins, this middle
part of the sequence culminates in several metres of
black mudstone.

Phase 4: Switch to Renewed Shortening,
Leading to Fault Inversion and Basin Filling
(ca. 2672-2669 Ma)

Following the deposition of siltstones and mudstones
in the middle part of the sequence, a coarsening-
upward trend is observed with a return of pebbly sand-
stone and polymict conglomerates (Fig. 3e), and also
well developed crossbedded sandstones (e.g. the Three
Nations Formation in Timmins). This coarsening-
upward trend is interpreted as the end of extension and
a switch to renewed compression, which led to rapid
filling of the basin with coarser polymict and quartz-
rich detritus. It seems likely that the major faults were
being inverted as thrusts, leading to uplift of a moun-
tain front to the south of Timmins (and also to the south
of Kirkland Lake). In Timmins, paleocurrents in these
upper sandstone and conglomerate units are unidirec-
tional, from east to west, and suggest axial transport in
front of the rising mountain front. In Kirkland Lake,
spectacular polymict conglomerates and crossbedded
sandstones at the top of the section, interpreted as allu-
vial fan deposits, show paleocurrents up the dip from
south to north, away from the main fault trace of the
CLFZ that lies to the south (i.e. transverse). Both in
Timmins and in Kirkland Lake, the youngest detrital
zircons that make it into these uppermost clastic rocks
are 2669 Ma (e.g. Ayer et al., 2005; Bleeker and van
Breemen, 2011; see also Krogh, 1993).

Phase 5: Basin Termination and Tectonic
Burial (shortly after 2669 Ma)

The uppermost alluvial fan deposits are overlain, struc-
turally, by the main fault planes, the DPFZ in Timmins
and the CLFZ in Kirkland Lake, respectively. This rela-
tionship, now steep and “on end”, is interpreted as
inverted faults having overridden the synorogenic
basin remnants, from south to north, and thus terminat-
ing their depositional history. The exact timing of this
basin termination is not known in detail but the excel-
lent agreement of youngest detrital zircon ages, at ca.
2669-2667 Ma, from several basin remnants across the
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Figure 7 (above and on the following pages). Six time-sequential structural-stratigraphic sections across the southern Abitibi
belt and the main fault planes, illustrating the inception of the main faults as synorogenic extensional faults, and their subse-
quent inversion as thick-skinned thrust faults. Only critical elements are shown, and details are not to scale. Overall view is
towards the west (modified from Bleeker, 2012). Abbreviations: Au, gold; CLFZ, Cadillac-Larder Lake Fault Zone; DPFZ, the
Destor-Porcupine Fault Zone; u, the synorogenic unconformity at the base of the clastic panels. a) Simplified section showing
the early fold-thrust belt architecture affecting the south-central Abitibi greenstone belt, Timmins area, at ca. 2688—2687 Ma,
just prior to the flare-up of alkaline magmatism. Porcupine Group greywacke turbidites are being fold- and thrust-imbricated
with older volcanic rocks. Major thrust slices, such as the Kidd-Munro terrane, are emplaced on top of the structural pile. Overall
vergence of these early folds is towards the west (southwest). There is no indication at this stage that the major “breaks”, such
as the DPFZ, were present. Timing is constrained by the 2686 Ma Adams pluton south of Timmins (shown in dashed outline)
cutting across tightly folded stratigraphy deeper in the section.

Abitibi, suggests that it occurred shortly thereafter.
Alternatively, no plutonic zircons younger than ca.
2669 Ma were available to provide a monitor of even
younger depositional ages and a later timing of basin
termination. The faults that terminated the synorogenic
basins, and tectonically buried small basin remnants in
their structural footwall, must have acted as major
thrusts at this stage of their evolution. They emplaced
deeper, older, and previously deformed volcanic rocks
on top of the uppermost alluvial fan conglomerates.

The key faults were probably moderately steep,
thick-skinned thrusts that were inverted from earlier
extensional faults. These characteristics make them
ideal deep-reaching fluid conduits for the advection of
gold-bearing hydrothermal fluids. The thick-skinned
thrust inversion had two important, and linked, conse-
quences: 1) major thrust movement deeply buried the
synorogenic basin remnants in their footwall, preserv-
ing them against substantial post-orogenic erosion; and
2) at the same time, substantial uplift of the hanging
wall brought deeper rocks, and gold deposits, to the
surface and exposed them to erosion. It is this footwall
(preservation) versus hanging-wall (uplift and erosion)
asymmetry that explains the distribution of gold
deposits in Timmins (and Kirkland Lake) with >99% of
all the gold having been produced from the northern
footwall side of the principle fault systems.

SYNTHESIS: AN INTEGRATED MODEL

Here the main elements of an integrated model are out-
lined that explains essentially all the key observations.
This is done most easily by means of a time sequence
(from old to young) of six schematic sections (Fig. 7a-
f). This sequence starts at ca. 2688 Ma (Fig. 7a) with
the onset of major deformation in the volcanic stratig-
raphy and immediately overlying Porcupine Group tur-
biditic greywackes (Bleeker and Parrish, 1996). There
is no indication, either from the distribution of strati-
graphic rock units and facies, or from structures, that
the principal faults (DPFZ and CLFZ) were present at
this time. The sequential sections then illustrate the
onset of extension and the inception of the main faults
(Fig. 7b); uplift and somewhat later formation of the
synorogenic clastic basin(s); a subsequent switch back
to regional shortening and inversion of the main faults
as thick-skinned thrusts (Fig. 7¢); tectonic burial of
synorogenic basin remnants below the faults (Fig.
7d,e); and final degeneration of the fault system to late-
stage strike slip (Fig. 7).

In some of the later structural sections, the distribu-
tion of gold deposits (yellow stars in Fig. 7) and the
overall envelope to gold mineralization (bold yellow
outline in Fig. 7) are shown. The envelope to gold min-
eralization is simply a function of two key parameters:
1) vertical: gold deposition is concentrated in the near-
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Figure 7 continued. b) Formation of synorogenic clastic basins at ca. 2680 Ma. Rapid deepening of these basins, as well as
the sudden flare-up of alkaline magmatism, suggests a link with extension and upper mantle processes (delamination?). The
major “breaks”, i.e., the DPFZ in the north and the CLFZ further south, were likely initiated at this time as crustal-scale exten-
sional faults, listric to the south. Numerous syenitic plutons were emplaced and lithospheric thinning increased the heat flow
into the lower crust. During this extensional deformation, composite granitoid batholiths, such as the Round Lake batholith, rose

diapirically, their ascent aided by additional extensional shear zones.

surface environment where pressure and temperature
gradients were highest, and low confining pressures
allowed the dilation and opening up of veins systems;
and 2) horizontal: because the faults acted as principal
conduits for hydrothermal fluids from deep reservoirs,
gold mineralization peaks in proximity to the fault
traces. The resulting envelope is fundamentally asym-
metric because the fault system is asymmetric; and this
asymmetry increased during thrust inversion, with
uplift of the structural hanging walls. In the final sec-
tion, now also incorporating the complications
imposed by significant strike-slip, the distribution of
gold deposits (yellow stars in Fig. 7f) is projected as
accurately as possible and reflects the statistic that
>99% of gold has been produced from within or north
of the principal faults, i.e., from the structural footwalls.

The schematic sections also highlight the distribu-
tion of synorogenic magmatic rocks, both syenite suite
intrusions (and minor extrusives) and lamprophyre
dykes, with an origin that was likely tied to extension
and perturbations of the mantle lithosphere (delamina-
tion?). Prolific syenite suite magmatism likely played a
critical role, at some level, in overall gold transport
from the upper mantle and deep crust; although final

fluids likely represented mixtures of both magmatic
fluids and metamorphic fluids (see also Cameron,
1993). At the camp scale, overall gold endowment
probably scales with the intensity (or volume) of syn-
orogenic magmatism.

DISCUSSION
Why is Extension so Important?

It is useful to return to this question, because the
answer is complicated. Empirically, as well as from an
understanding of younger gold deposits, there is often
a direct or indirect connection with synorogenic alka-
line magmatism (e.g. Richards, 1995). Furthermore,
the switch to more alkaline synorogenic magmatism
represents a change in overall tectonic regime, from
steady-state subduction or accretion to a regime of
extension. The onset of extension is often linked to per-
turbations of the mantle lithosphere, and it is these per-
turbations that are fuelling the alkaline magmatic flare-
up (Fig. 7b). Although far from a perfect analogue for
Archean lode gold deposits, the very large Carlin gold
province of the western USA (Cline et al., 2005) is
important in this respect. This province has a long tec-
tonic pre-history of 1-2 billion years, but gold miner-
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Figure 7 continued. c¢) Transition from extension to renewed north-south shortening at ca. 2670 Ma, with the major breaks
being inverted as thick-skinned thrusts, overriding and burying remnants of the synorogenic clastic basin in their footwalls.
Rising mountain fronts were flanking the basin remnants on their south side, shedding alluvial fans to the north. Conglomerate
and crossbedded fluvial sandstone filled the basin. This stage is dated by precise ages (2669 Ma) on detrital zircons that were
captured in the uppermost alluvial fan conglomerates. Yellow stars show the position of gold deposits forming along the faults,
which acted as the principal fluid conduits. The bold yellow envelope outlines the favourable ground for gold mineralization, its
asymmetry being a function of the intrinsic asymmetry of the fault system. Gold deposits formed near the synorogenic surface

lower crust and upper mantle

and in proximity to the inverted extensional faults.

alization only initiated in the Paleocene when exten-
sion and coeval magmatism overprinted the broad
active margin of western North America (e.g. Cline et
al., 2005). Extension is also critical because it creates
or reactivates relatively simple, deep-reaching faults
that provide ideal conduits for advection of gold-bear-
ing hydrothermal fluids from large fluid-generation
zones in the deep crust or even upper mantle (e.g.
Bierlein et al., 2006). Furthermore, extension leads to
thinning of the crust and lithosphere, rapidly increasing
the geothermal gradient. This leads to fluid generation
in the lower crust. Finally, extension has a subtle but
critical link to final preservation. As gold deposition is
strongly concentrated in the upper crust (at synoro-
genic time; Fig. 7b,c), potential deposits are sensitive
to the degree of post-orogenic uplift. A scenario of mul-
tiple phases of crustal shortening will only thicken the
crust and lead to substantial post-orogenic uplift, and
thus erosion of the mineralized upper -crust.
Synorogenic extension counter-balances orogenic
thickening and minimizes post-orogenic uplift, thus

leading to preservation of the gold depositional sites in
the shallow crust.

Thrust Inversion—Why is it Important?

The answer to this question is straightforward and
revolves largely around preservation. As gold deposi-
tion is strongly skewed towards the upper crust (at syn-
orogenic time), this upper crustal section needs to be
preserved. Tectonic burial, with thick-skinned thrust
burial of upper crustal sections in the footwall below
the main faults, is a very efficient process. The synoro-
genic clastic rocks can be thought of as a proxy for the
surface at synorogenic time (e.g. Fig. 7¢). Their pres-
ence indicates successful burial of the mineralized
upper crustal section and thus long-term preservation.
The synorogenic conglomerate and the underlying
unconformity, long recognized empirically as being
important (e.g. Hodgson, 1993; Robert, 2001), do not
play any more significant, deeper, process role; they
simply indicate (1) preservation of the optimum crustal
level; (2) proximity to a major fault that achieved this
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Figure 7 continued. d) Deep burial and steepening of the basin remnants underneath the thick-skinned thrusts. Deeper exhu-
mation of the southern structural hanging walls is indicated by generally deeper tectono-stratigraphy and larger plutons being
exposed south of the faults. Substantial thrust motion has now also offset the mineralization envelope (see bold yellow lines),
increasing the asymmetry across the faults system. Continued north-south shortening steepened all structures to near vertical,
and likely also reactivated other discontinuities (e.g. the earlier Pipestone Thrust). Locally the basin remnants and bounding
structures were overturned, leading to confusing kinematics (see inset; see also Figs. 4 and 5). Approximate positions of gold
deposits are again indicated by yellow stars. Note their strong asymmetry with respect to the main faults. Bold arrows (white)
indicate the overall younging direction in the fundamentally asymmetric panels of synorogenic clastic rocks captured below the

faults (i.e. structural footwall).

preservation—i.e., a major fault with significant late-
stage thrust motion, and likely an inverted extensional
fault; and (3) the overall asymmetry of the fault sys-
tem—i.e., preserved footwall versus uplifted hanging
wall (Fig. 7c,d,e).

Diapirism?

Late-stage diapirism and rapid sinking of intervening
greenstone keels between composite granitoid domes is
another process that could achieve efficient tectonic
burial and thus long-term preservation of upper crustal
synorogenic environments (Bleeker, 2002a,b; Lin et
al., 2013). Indeed some gold deposits may owe their
fluid generation and subsequent preservation to this
process. In general, however, the diapir model would
predict that synorogenic clastic sections young away

from rising diapirs, whereas in the Abitibi greenstone
belt, where diapirs are present (e.g. Round Lake
batholith, Fig. 7), the opposite is observed. Also,
diapiric granitoid domes are lacking in many localities
along the laterally extensive principal fault traces.
Thrust inversion and associated tectonic burial is there-
fore the more general mechanism.

When Did Gold Mineralization Peak and the
Relevance of Strike Slip?

Although many gold camps show a diversity of
deposits, and likely some variation in the timing of
gold emplacement, simple crosscutting relationships
often argue for a relatively late emplacement of the
gold vein systems, from the time of first emplacement
of synorogenic plutons hosting disseminated mineral-
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Figure 7 continued. e) This section shows an important variant on the previous section, now incorporating one or more duplex
structures within the thrust architecture of the overall synorogenic basin panel below one of the faults (CLFZ). Duplex structures,
or stacked thrust slices, are a common consequence of thrust faulting. Slivers of footwall volcanic rocks (highlighted in green)
have been incorporated in these thrust slices, creating the observed interleaving of altered mafic-ultramafic volcanic rocks (e.g.
Piché Group in Quebec) and synorogenic clastic rocks along some of the faults. Note also the deep tectonic burial of the lead-
ing edge of the synorogenic basin panel (and associated gold deposit) below the southern fault. This is essentially the position
of the newly discovered Borden Lake gold deposit in the deeply exhumed Kapuskasing Zone near Chapleau (see Fig. 1).

ization to late sub-horizontal veins systems that must
post-date much of the steepening of the synorogenic
clastic sequences. At the scale of the Abitibi greenstone
belt, however, the critical statistic that >95% of all gold
comes from one side of the fault systems must mean
that most of the gold was emplaced prior to the cessa-
tion of the thrust inversion and well prior to the final
transition to strike-slip dominated fault motion.

Hydrothermal fluids coming up along a steep fault
conduit do not differentiate between footwall and
hanging wall, and gold distribution would likely occur
on either side. If the fault zone is mainly one of strike
slip, gold mineralization would merely be translated
sideways and there is no mechanism to favour preser-
vation largely on one side of the fault systems. In fact,
strike-slip faulting does not have any preservational
aspect and does not explain the systematic deep burial
of the synorogenic clastic rocks.

Given that the historical production figures are so

strongly skewed (>95% from footwall or within faults),
most if not all the gold must have been emplaced either
during the extensional phase or during the subsequent
thrust-inversion phase, with very little additional gold
emplacement during the strike-slip phase. Late-stage
strike-slip fault offsets just rearranged the remaining
gold endowment laterally—thus complicating the
overall picture—but cannot have contributed to overall
gold endowment. One exception may involve the for-
mation of “negative flower structures” along some of
the major faults, dropping down fault slices during late
strike-slip movement, and thus possibly contributing to
preservation of higher structural levels (Fig. 2c¢).

Delayed Gold Mineralization Relative to
Extensional Drivers?
Although the detailed timing of gold-bearing quartz

vein systems is incompletely known, even in places
like Timmins, it seems likely that most of the vein sys-
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Figure 7 continued. f) Degeneration of the fault systems to strike-slip fault zones. Major strike-slip fault planes (in blue), now
typically mapped as “the breaks”, broke through to minimize local asperities. Locally the fault planes may follow and overprint
the earlier steepened thrust structures, but elsewhere they deviate from and isolate the main thrust faults in separate slices,
such as the Dome Fault in the Dome Mine, Timmins. Hence, in some cases the fault trace referred to as “the break” is actually
not the most important fault of the system. Staying with the example of the Dome Mine near Timmins (illustrated above), it is
the Dome Fault (red) that is the key structure and it is mineralized. In contrast, the DPFZ (in blue) broke through later, further
to the south, and is a barren strike-slip fault zone. Both in Timmins and Kirkland Lake there is evidence for early sinistral strike-
slip, followed by a latest phase of dextral strike-slip deformation (not shown here, but see Fig. 4e). Net offsets, determined by
matching pairs of the most likely piercing points on either side of the principal faults, indicate large sinistral net displacements

(e.g. ~10-100 km).

tems came in during the thrust-inversion phase given
the ubiquitous observation of shear veins with reverse
kinematics (e.g. Colvine et al., 1988). Yet, the overall
engine driving the gold mineralization—i.e., extension,
faulting, extension-related magmatism, and the ensuing
thermal pulse—was initiated earlier. Why this apparent
delay of approximately 10 to 15 million years? The
most likely answer to this important question is that
thermal processes, particularly at somewhat larger dis-
tance scales, have a time delay due to the slow thermal
conductivity (or diffusivity rather) of silicate rocks.
Thermal effects of the extension-related magmatism
and initial thinning of the lithosphere may only have
reached their maximum at a time when the tectonic
regime had already switched back to compression. So,

while significant volumes of fluid were still being gen-
erated deep in the crust, the main faults were already
being reactivated as thick-skinned thrusts. Hence the
observed time delay. Nevertheless, there likely were
some early high-level epithermal deposits, or late-stage
magmatic deposits in syenite suite plutons, that formed
during the peak of extension (Fig. 7b). The delicately
banded ankerite veins of the Dome Mine, i.e., the
“Kurtz veins” with colloform growth forms indicating
open-space filling (e.g. Rogers, 1982), were likely part
of an early, synextensional mineralizing phase. Being
emplaced early during the extensional phase, the veins
experienced the initial uplift and were partially eroded
into the synorogenic debris of the basin. Clasts of
ankerite veins have been reported from the overlying
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conglomerate at the Dome Mine (Dubé and Gosselin,
2007).

CONCLUSIONS

A comprehensive model has been developed that
explains the intricate relationships between major
faults, remnants of synorogenic basins, the distribution
of major gold deposits, and the fundamental asymme-
try in this distribution relative to the fault traces. In
detail, the model is based on extensive observations in
the classic Timmins and Kirkland Lake gold camps,
Ontario, but it has been tested in other areas such as the
Yellowknife belt, Northwest Territories, and the
Agnew-Wiluna belt, Western Australia. The model
explicitly recognizes the role of synorogenic extension
in an area such as the Abitibi greenstone belt in a way
that is consistent with field evidence and first-order
structural and stratigraphic constraints.

Synorogenic extension initiated the major faults,
and was intimately linked to upper mantle processes, a
flare-up in alkaline magmatism, increased heat flow
into the lower crust, and synorogenic basin develop-
ment. Synorogenic extension also helps to minimize
post-orogenic uplift, thus contributing to preservation
of upper crustal environments where gold mineraliza-
tion is concentrated. Later inversion of the deep-reach-
ing extensional faults, as thick-skinned thrusts, tecton-
ically buried and preserved the upper crustal sections,
including gold deposits and synorogenic basin rem-
nants, in the structural footwall of the principal faults.
Significant uplift of the hanging walls of these faults
removed synorogenic rocks and gold deposits from that
side of the faults. This explains the fundamental asym-
metry in the distribution of gold deposits, with >99%
of the gold having been produced from the footwall
side in an area such as Timmins. Similarly, in
Yellowknife and the Agnew camp, all gold production
has come from the footwall side. Preservation of this
marked asymmetry across the principal fault traces
must mean that gold mineralization likely was initiated
during extension and then peaked before the end of the
thrust inversion phase. Late-stage strike-slip, although
important in all these areas, has no mechanism to
explain this asymmetry in gold distribution. It merely
complicated the overall picture by having redistributed
remaining mineralization laterally.

Extension, mantle-related magmatism, increased
heat flow, and the formation of major faults as crustal-
scale fluid conduits, probably represent the overall
engine that drove the gold mineralization events. At the
belt scale, gold endowment probably scales with the
volume of synorogenic (alkaline) magmatism (see also
Spooner, 1991). As many of the vein systems were
emplaced during thrust inversion, the apparent delay
between peak extension and peak gold mineralization

(~10-15 Myr) was likely caused by the slow thermal
diffusion in the lower crust.

How can these new insights be used to more effec-
tively explore more remote parts of the Canadian
Shield? A straightforward approach would assess all
the conglomerates and major faults across the north
against the model describe herein. Where the occur-
rence of demonstrable synorogenic conglomerates
“intersects” (in a Venn diagram sense) with major
faults: what is the local asymmetry of the system?
What is the footwall versus hanging wall? Next, the
granitoid rocks in promising areas would need to be re-
evaluated. Are there any mantle-derived synorogenic
plutons (e.g. syenite, monzonite, quartz-monzonite)?
Are there any coeval lamprophyre dyke swarms? And
what is the overall degree of post-orogenic uplift?
Areas that pass all these test should then be reassessed
in terms of the gold content in surficial materials
(stream and lake sediments, and till). With a more com-
plete understanding of these systems, advanced explo-
ration will be able to focus on the most productive part
of the systems, i.e., the structural footwalls.
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ABSTRACT

The Larder Lake-Cadillac deformation zone (LLCDZ) is a major deformation zone within the southern
Abitibi subprovince of the Archean Superior Province. It hosts several gold deposits, including the Cheminis
and the giant Kerr Addison — Chesterville deposits in Ontario. The two deposits occur along a strongly
deformed band of Fe-rich tholeiitic basalt and komatiite of the Larder Lake Group (ca. 2705 Ma), bounded
on both sides by younger, less deformed, Timiskaming turbidite (2680-2670 Ma). Gold was emplaced dur-
ing D> closure of an extensional Timiskaming basin, following the formation of early F¢ folds. D, defor-
mation was a progressive compressive deformation event that began with regional F» folding and the for-
mation of a regional S cleavage, and ended with the localization of the deformation along the band of older
volcanic rocks, the formation of the LLCDZ, and the introduction of gold during south-side-up reverse-slip
faulting along the LLCDZ. The presence of weakly deformed syenite dykes suggests a minor magmatic con-
tribution to the gold-bearing hydrothermal fluids. Thus, gold was deposited as hydrothermal fluids flowed
upward along the LLCDZ during D2 south-side-up shearing.

INTRODUCTION

The Larder Lake - Cadillac deformation zone (LLCDZ)
can be traced from Val D’Or, Quebec, to Matachewan,
Ontario, in the southern Abitibi subprovince of the
Archean Superior Province. The deformation zone gen-
erally follows the contact between sedimentary and
alkaline volcanic rocks of the Timiskaming Group
(26802670 Ma: Ayer et al., 2005) to the north and
older volcanic rocks of the Larder Lake Group (ca.
2705 Ma: Corfu et al., 1989) to the south (Fig. 1). East
of Larder Lake, it leaves this contact and is localized
along a 100-350 m wide band of ultramafic rocks and
Fe-rich tholeiitic basalt of the Larder Lake Group,
between two panels of Timiskaming turbidite. The
giant Kerr Addison — Chesterville deposit and the
smaller satellite Cheminis deposit occur within this
band of deformed volcanic rocks. The objectives of the
study are to determine the relative chronology and the
structural and lithological controls on gold mineraliza-
tion at the Cheminis mine and highlight implications
for the formation of lode gold deposits along the
LLCDZ.

RESULTS

The earliest deformation feature in the Timiskaming
rocks in the Cheminis mine area is the presence of Fy

folds. These folds, which lack an axial plane cleavage,
are refolded by regional F, folds with a sericitic and
chloritic, axial planar, S, cleavage, which strikes east
to east-northeast and dips steeply (75-85°) to the south
or north. Sy cleavage becomes more pronounced in the
band of Larder Lake volcanic rocks, where it is associ-
ated with a strong, steeply plunging, mineral stretching
lineation and asymmetrical internal structures (S-C
fabrics, asymmetrical strain shadows), suggesting
south-side-up movement along S, (Ispolatov et al.,
2005, 2008). This band of localized shearing and
intense deformation represents the LLCDZ. During
later dextral trans-current reactivation of the LLCDZ,
S, cleavage is overprinted by asymmetrical, Z-shaped
F3 folds with an axial planar S5 slaty/crenulation cleav-
age.

Gold in the LLCDZ is associated with disseminated
pyrite in altered Fe-rich tholeiitic basalt (“flow ore™)
and with quartz carbonate veins in highly altered fuch-
site-carbonate ultramafic schist (“green-carbonate
ore”) and turbidite (Thompson, 1941; Kishida and
Kerrich, 1987; Smith et al., 1993). Fe-rich tholeiitic
basalt underwent extensive ankerite alteration (up to
65% of the rock) and sericitization, resulting in sericite
largely replacing metamorphic chlorite. Pyrite occurs
as small disseminated grains (<1 mm) parallel to S,

Lafrance, B., 2015. Structural and lithological controls on gold mineralization at the Cheminis mine: Implications for the formation of gold
deposits along the Larder Lake - Cadillac deformation zone, Ontario, In: Targeted Geoscience Initiative 4: Contributions to the
Understanding of Precambrian Lode Gold Deposits and Implications for Exploration, (ed.) B. Dubé and P. Mercier-Langevin;

Geological Survey of Canada, Open File 7852, p. 49-54.
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Figure 1. Simplified geological map of the Larder Lake-Cadillac deformation zone from Kirkland Lake to the Ontario — Québec
provincial border, showing the location of the Cheminis mine. Modified after Ispolatov et al. (2008).

and as large cubes (up to <5 mm) that are surrounded
by and truncate S cleavage (Fig. 2a). Strain shadows
around pyrite cubes are filled with ankerite, quartz and
sericite (Fig. 2b), which also occur as inclusions within
the pyrite cubes. Gold grains are present as inclusions
within pyrite and along grain boundaries of both dis-
seminated and cube pyrite. Green fuchsitic-carbonate
ultramafic schist consists of fuchsite, ferroan dolomite,
magnesite, and quartz, replacing all primary and/or
metamorphic minerals. Gold is associated with grey
quartz-carbonate veins that are boudinaged, folded, and
transposed parallel to S, cleavage. Syenite dykes are
parallel to S, in fuchsite-carbonate ultramafic schist,
and they are weakly foliated parallel to S,. Turbidite-
hosted mineralization consists of an alteration halo of
ankerite, sericite, arsenopyrite and pyrite surrounding
fibrous quartz-carbonate veins.

DISCUSSION

The relative chronology of gold mineralization and
structural evolution of the LLCDZ can be interpreted
from microstructural relationships. In fuchsite-carbon-
ate ultramafic schist, quartz-carbonate veins associated

with gold mineralization are folded and transposed par-
allel to S, cleavage, suggesting that mineralization was
deposited either before or early during D, deformation.
In Fe-rich tholeiitic basalt, S, cleavage is either trun-
cated by pyrite grains or wraps around pyrite grains that
have strain shadows infilled with hydrothermal alter-
ation minerals. These textural relationships and the
association of the gold with pyrite suggests that the gold
mineralization was emplaced during D, deformation.

Syenite dykes are surrounded by rocks with a strong
S, foliation but are only weakly foliated parallel to S,.
This suggests that the dykes were emplaced either prior
to or late during Dy deformation, as deformation along
the LLCDZ became localized in the surrounding
weaker ultramafic rocks. The dykes have a similar
trace element geochemistry as intramineral albitite
dykes at the Kerr-Addison mine (Smith et al., 1993).
The latter dykes are interpreted to have been emplaced
late during the development of the main foliation along
the LLCDZ (Smith et al. 1993). Thus, magmatic fluids
may have contributed to the hydrothermal system at
Cheminis, as Smith et al. (1993) suggest at Kerr
Addison. However, as only three syenite dykes have
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Figure 2. a) Drill core showing a coarse-grained pyrite cube
overgrowing S2 foliation in an altered Fe-rich tholeiitic basalt.
b) Photomicrograph of altered Fe-rich tholeiitic basalt show-
ing a pyrite cube truncating S2 and surrounded by strain
shadows filled with quartz. Natural light.

been mapped at Cheminis, this contribution could only
have been a minor component of the hydrothermal
fluid system.

The migration of hydrothermal fluids and alkaline
magmas could have begun before D, deformation
along an early syn-depositional normal fault that con-
strains the Timiskaming basin to the south (Dimroth et
al., 1982; Cameron, 1993; Mueller et al., 1994; Bleeker,
2012). During the closure and shortening of the
Timiskaming basin, the fault was reactivated forming
the reverse, south-side-up LLCDZ during D, deforma-
tion (Bleeker, 2012). The main phase of gold mineral-
ization was emplaced during this contractional D;
event, as hydrothermal fluids flowed upward along the
structure (Card et al., 1989; Hodgson and Hamilton,
1989; Cameron, 1993).

IMPLICATIONS FOR EXPLORATION

The LLCDZ remains an excellent target for new gold
discoveries. Within the LLCDZ, detailed mapping of

the intensity of ankerite and sericite alteration is war-
ranted, as both are directly associated with gold miner-
alization (Poulsen et al., 2000; Robert et al., 2005;
Dubé and Gosselin, 2007). Slivers of Fe-rich tholeiitic
basalt enclosed by more ductile ultramafic schist are
favourable targets because the more ductile ultramafic
schist was likely less permeable and could have
focused or restricted the flow of hydrothermal fluids
into the more competent Fe-rich tholeiitic basalt
(Ispolatov et al., 2008). Zones with a strong foliation,
stretching lineation, and asymmetrical shear sense indi-
cators are also worthy of further study as they represent
zones of more intense shear and permeability, which
may have acted as channels for the migration of
hydrothermal fluids.
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ABSTRACT

Algoma-type banded iron formations (BIFs) are chemical sedimentary rocks in Archean greenstone belts
that comprise alternating layers of iron-rich minerals and chert and are generally interstratified with bimodal
submarine volcanic rocks. However, the geological setting for Algoma-type BIF deposition remains equiv-
ocal due to the overprinting effects of post-depositional deformation and metamorphism, and the absence of
modern analogues for comparative studies. Recent studies suggest the abundance of rare earth elements and
yttrium (REE+Y) in chert bands may reflect the primary BIF geochemical signature and therefore may con-
strain geological settings favourable for BIF deposition.

In this study, the results of LA-ICP-MS analysis of chert at three BIF-hosted gold deposits are presented
to assess whether epigenetic gold mineralization is preferentially developed within a particular geochemi-
cal type of BIF. Three deposits were studied: 1) the Meadowbank deposit (Churchill Province); 2) the
Meliadine gold district (Churchill Province); and 3) the Musselwhite deposit (Superior Province). The
results of this study, which explores REE and yttrium as tracers of depositional processes for Algoma-type
BIF, suggest that chert bands record either (1) interaction of seawater with Fe-oxyhydroxides, as suggested
by heavy REE enrichment coupled with La and Y enrichment; (2) high-temperature (>250°C) hydrothermal
fluids, as suggested by positive Eu excursions; and/or (3) hydrogeneous contamination, which is suggested
by relatively consistent REE concentrations and a chondritic Y/Ho ratio. Moreover, the pH conditions of the
water column at the time of BIF deposition are evaluated using Ce/Ce* as a pH proxy, with acidic condi-
tions associated with positive Ce/Ce* anomalies. This data set does not suggest there is a chemical prefer-

ence of the studied BIF for epigenetic gold mineralization.

INTRODUCTION

Algoma-type banded iron formation (BIF) is thinly
bedded, chemical sedimentary rocks comprising alter-
nating layers of iron-rich minerals and chert. These
rocks are typically intercalated with Eoarchean to late
Paleoproterozoic volcano-sedimentary sequences
within greenstone belts (Goodwin, 1973; Bekker et al.,
2010). Based on their sedimentary and geochemical
features, a restricted basin under the influence of sea-
water and hydrothermal vent fluids is one potential BIF
depositional setting (e.g. Bolhar et al., 2005; Ohmoto et
al., 2006). In this model, the iron-rich minerals precip-
itated contemporaneously with hydrothermal vent flu-
ids to form siderite and various iron oxyhydroxides.
These primary minerals are diagenetically transformed
to hematite, magnetite, iron silicates, and sulphides,
which characterize the type BIF mineral assemblage.
The interbedded chert horizons are considered to

reflect (1) periods of hydrothermal quiescence; (2) a
temporary decrease in the contribution of the
hydrothermal fluid (Bolhar et al., 2005; Thurston et al.,
2011); (3) hydrothermal precipitates from vent fluids
(Allwood et al., 2010; Thurston et al., 2011); and/or (4)
the products of secondary replacement (Hanor and
Duchac, 1990).

In this study, we explore the chert geochemistry at
three BIF-hosted gold deposits (the ~4 Moz Au
Meadowbank deposit, hosted by the 2.71 Ga Woodburn
Lake greenstone belt; the >2.8 Moz Au Meliadine dis-
trict, hosted by the 2.6 Ga Ennadai-Rankin greenstone
belt; and the ~6 Moz Au Musselwhite deposit, hosted
by the 2.9-3 Ga North Caribou greenstone belt; Fig. 1).
The BIFs at each of these deposits are either interca-
lated with mafic to ultramafic volcanic rocks or associ-
ated interflow sediments. These three gold deposits
were selected to validate and refine the restricted-basin

Gourcerol, B., Thurston, P.C., Kontak, D.J., Coté-Mantha, O., and Biczok, J., 2015. Depositional setting of Algoma-type banded iron for-
mation from the Meadowbank, Meliadine, and Musselwhite gold deposits, /n: Targeted Geoscience Initiative 4: Contributions to the
Understanding of Precambrian Lode Gold Deposits and Implications for Exploration, (ed.) B. Dubé and P. Mercier-Langevin;
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Figure 1. Localization of the three deposits investigated in this study. The Meadowbank deposit and the Meliadine gold district
are within the Churchill Province, west of Hudson Bay; the Musselwhite deposit is within the Superior Province, south of Hudson

Bay (after Wheeler et al., 1996).

model as a depositional setting for Algoma-type BIFs
by using the geochemical signature of the chert bands
as a proxy for the primary signature of ocean water
chemistry and hydrothermal vent fluids. In detail, this
hypothesis was tested by (1) defining the role of chem-
ical reservoirs (i.e. seawater, hydrothermal fluids, and
terrestrial detritus) in chert deposition; and (2) using
redox-sensitive rare earth elements (REE) + Y to assess
the oxygenation state of the water column during chert
precipitation.

ANALYTICAL METHODS AND
DATA TREATMENT

The BIF samples collected for the study included (1)
37 samples from drillcore and outcrops from the
Meadowbank deposit (i.e. West IF, Central BIF, East
BIF); (2) 40 samples in the Meliadine deposit area (i.e.
Pump, F-Zone, and Discovery); and (3) 23 samples
from the Musselwhite deposit (i.e. chert-magnetite
(4B), garnet-grunerite-(chert) (4EA), garnetiferous
amphibolite (4E), and garnet-biotite schist (4F) facies)
(Fig. 1). Polished thin sections (100 um thick) were
examined, using both transmitted and reflected light
microscopy, and selected material was studied in more
detail using the scanning electron microscopy with X-

ray microanalysis (SEM-EDS) to select the chert bands
with minimal amounts of detrital mineral inclusions
and other contaminants related to alteration, diagene-
sis, metamorphic, or ore-forming events.

The trace element and REE analyses of the chert
were obtained using a Resonetics Resolution M-50
laser ablation instrument coupled to a Thermo X-Series
IT quadrupole inductively coupled plasma mass spec-
trometry (ICP-MS) at the Geochemical Fingerprinting
Laboratory at Laurentian University, Sudbury, Ontario
following the protocol of Kamber and Webb (2007). As
chert bands have very low concentration of REE, spot
analyses may be below the limit of detection for many
elements. Thus, in order to circumvent this issue, line
traverses using both 140 and 190 pm beam diameters
with a repetition rate of 10 Hz and an energy density of
7 J/em? were used to obtain data that is above the
detection limit. However, the line traverse method
increases the influence of any detrital contaminants,
either as inclusions or minerals disseminated along the
traverse line. Therefore, the Queensland alluvial shale
composite (MUQ) was used to normalize the REE+Y
values to attenuate the influence of potential terrige-
nous input. The MUQ composition represents a mixed
bimodal felsic and mafic volcanic provenance (Kamber
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Table 1. Estimated detection limits for elements and rare
earth elements referred to in this study.

Element Estimated Element Estimated Element Estimated

LOD (ppm) LOD (ppm) LOD (ppm)

Li 0.011 Y 0.006 Pb 0.004
Be 0.086 Zr 0.010 Th 0.005
Si 43.522 Nb 0.007 U 0.003
Sc 0.025 Mo 0.035 Ho 0.004
Ti 0.072 Ag 0.005 Er 0.012
\% 0.007 Cd 0.071 Tm 0.004
Cr 0.111 In 0.005 Yb 0.016
Mn 0.062 Sn 0.006 Lu 0.003
Fe 0.202 Er 0.012 Hf 0.011
Co 0.005 Tm 0.004 Ta 0.004
Ni 0.050 Yb 0.016 w 0.016
Cu 0.042 Lu 0.003 Au 0.015
Zn 0.021 Hf 0.011 Tl 0.002
Ga 0.007 Ta 0.004 Pb 0.004
As 0.028 w 0.016 Th 0.005
Rb 0.004 Au 0.015 U 0.003
Sr 0.005 Tl 0.002

et al., 2005), which acts as a proxy for the expected
average terrigenous input from a typical bimodal
greenstone belt into the Archean ocean (e.g. Bolhar et
al., 2005; Thurston et al., 2011).

The elemental concentrations reported in this study
represent the integrated signal over the length of the
traverse. The element list used for each analysis
included the 14 REEs in addition to Li, Be, Si, Sc, Ti,
V, Cr, Mn, Fe, Co, N1, Cu, Zn, Ga, As, Rb, Sr, Zr, Nb,
Mo, Ag, Cd, In, Sn, Sb, Cs, Ba, Hf, Ta, W, Tl, Pb, Th,
and U. The NIST 612 glass standard was analysed at
the beginning and at the end of each line traverse. The
data interpretation presented below focuses on samples
that yielded REE concentrations that are consistently
above the analytical detection limits (Table 1).

RARE-EARTH AND YTTRIUM
SYSTEMATICS

The presence and abundance of REE+Y in chert bands
may represent a primary signature, which can be influ-
enced by one or more processes: 1) precipitation from
open marine seawater (e.g. Bau and Dulski, 1996);
2) precipitation from vent-sourced hydrothermal fluids
(e.g. Danielson et al., 1992; Allwood et al., 2010); and
3) chemical inheritance due to replacement of primary
BIF minerals (e.g. Hanor and Duchac, 1990). Chert
geochemistry is also strongly dependent on the extent
of terrigenous detritus (Alexander et al., 2008) and
oceanographic processes (e.g. phosphate circulation
and precipitation).

Several studies have shown that the REE+Y system-
atics of Archean seawater is analogous to the modern
ocean (Fig. 2; e.g. Bau and Dulski, 1996; Lawrence
and Kamber, 2006; Thurston et al., 2011). It follows,
therefore, that the shale (i.e. MUQ) normalized
REE+Y pattern from the Archean seawater will be
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Figure 2. Upper crust MUQ-normalized REE patterns illus-
trating the chemical signatures of the two modern settings
relevant to this study: ambient seawater and hydrothermal
vent fluid (data from Bau and Dulski, 1996).

characterized by (1) a depletion in light rare earth ele-
ments (LREE) relative to heavy rare earth elements
(HREE); (2) a super-chondritic Y/Ho ratio (i.e. >27),
yielding a positive Y/Y*\yo anomaly, commonly
between 40 and 90; and (3) a slightly positive La
anomaly (La/La*y;;o between 1.15 and 1.3).
Moreover, as the chemistry of Archean seawater was
also influenced by volcanism, water-rock interaction
(Veizer, 1988), and the contribution of high-tempera-
ture (>250°C) hydrothermal fluids (Fig. 2; Bau and
Dulski, 1996; Kamber et al., 2004), these processes are
characterized by variable, but well developed positive
Eu anomalies (Fig. 2; Kamber et al., 2004).

Metamorphism and ore-forming processes (i.e. epi-
genetic fluids) may remobilize REE+Y and conse-
quently alter the primary signature of chert bands.
Therefore, the REE+Y signature of seawater and
hydrothermal vent fluids will not be detected in MUQ-
normalized profiles, as this paper addresses, thus a
careful selection of samples was done prior to analyti-
cal studies.

DISCUSSION

Rare Earth and Yttrium Systematic
Characteristics

Meadowbank Area

Data for chert samples from the Central BIF, East BIF,
and West IF within the Meadowbank area (Gourcerol et
al., 2014) show relatively uniform REE+Y patterns that
include a slight to moderate enrichment in HREE, rel-
ative to LREE and MREE (Nd/Ybyyq = 0.05-0.54),
that are associated with slight to moderate positive La,
Y, and Eu anomalies (La/La*y;yo = 0.89-4.65,
Y/Y*muq = 0.88-1.96, Ew/Eu*\ ;g = 1.25-5.12) and
super-chondritic to chondritic Y/Ho values (Y/Ho =
24.2-53.72) (Fig. 3). These observations record the

59



60

B. Gourcerol, P.C. Thurston, D.J. Kontak, O. Cété-Mantha, and J. Biczok

MUQ-Normalized

a) 100 T T T T T T T T T T T T T T T
gol
@
N
® 101F
£
—
o
Z
c
-
= 102}
—— AMB-126222 —A— AMB-126225 —— AMB-126230
—O— AMB-126223 —— AMB-126226 —O— AMB-126231
—¥— AMB-126224 —0— AMB-126227 —A— AMB-126232
10’3 T T T T T T T T T T T T T T T
La Ce Pr Nd SmEu Gd Tb Dy Y Ho Er Tm Yb
102 E
¢
1E
- 101 E
3 :
N F
© 100
£ :
—_
o L
< 101E
g 3
- C
= qo2
103 —®— AMB-126233 —A— AVB-128328 _o ’
: —O— AMB-126234 —B— AMB-128329 _¢ mg:gggg;
104 —¥— AMB-126235 —0— AMB-128330

La Ce Pr Nd SmEu Gd Tb Dy Y Ho Er Tm Yb
influence of ambient seawater and high-temperature
(>250°C) hydrothermal fluids during chert deposition.
Some of the notable departures of the data from the
expected pattern are discussed below and in this con-
text we note that enrichments in particular elements
serve as proxies for other influences: Sr for C and
hence apatite, Ga for Al and thus detritus, and Zr for
zircon (representing felsic ash), all of which are con-
firmed by petrographic study.

A group of samples from the East BIF (samples
AMB-126241 and AMB-126243; Fig. 3b) and the West
IF (samples AMB-128330, AMB-128331, and AMB-
128332; Fig. 3c) show relatively flat REE patterns
(Pr/Smy;yo = 0.79-1.03) associated with chondritic
Y/Ho values (Y/Ho = 26.02-36.71). Enrichments in Sr
(i.e. 27.9-55 ppm, Fig 3b; and 64.9-1090 ppm, Fig.
2¢), Zr (i.e. 0.97-2.17 ppm, Fig. 3b; and 19.1-43.4
ppm, Fig. 3c), and variable amounts of Th (i.e.
1.055-4.2 ppm, Fig. 3¢) and Ga (i.e. 16.04-27.8 ppm,
Fig. 3c) relative to the bulk of samples is illustrated for
most of samples from the West IF. Two samples from
the Central BIF (samples AMB-126223 and AMB-
126231; Fig. 3a) show depletion in LREE relative to
HREE, but moderate to flat patterns for the MREE and
HREE, which are associated with chondritic Y/Ho val-
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Figure 3. MUQ-normalized REE patterns for BIF-hosted
chert from different parts of the Meadowbank area: a) Central
BIF, b) East BIF, and c) West IF.

ues (Y/Ho = 24.2-32.41) and enrichment in Zr (i.e.
104.9-183 ppm), Ga (i.e. 6.83—-141.4 ppm), Sr (i.e.
20.4-95.2 ppm), and Th (i.e. 1.22-7.7 ppm). These
numbers suggest variable amounts of detrital contami-
nation during chert deposition. The presence of apatite
in chert bands from different BIFs, as revealed in SEM
images, could explain the elevated Sr values, as it is a
proxy for Ca, and suggests, therefore, that the West IF
chert chemistry is more affected by sulphate (apatite)
deposition. Moreover, zircon and monazite were seen
in SEM images of samples AMB-126223 and AMB-
126231, which may account for the strong enrichment
in Zr and anomalous HREE enrichment in chert from
the Central BIF.

Meliadine Gold District

Data for chert samples from the Pump, F-Zone, and
Discovery deposits within the Meliadine gold district
yield variable REE+Y patterns (Fig. 4). Chert samples
at Pump yield LREE-depleted patterns (Nd/Ybyyq =
0.06—-0.75), sub-chondritic to chondritic Y/Ho values
(Y/Ho = 11.44-32.53), variable La and Y concentra-
tions (La/La*\qyq = 0.08-1.11, Y/Y*\yq = 0.54-1.13),
and positive Eu anomalies (Euw/Eu*y;;o = 2.17-6.13)
(Fig. 4a). These results suggest that chert precipitated
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from high-temperature (>250°C) hydrothermal vent
fluids. The Y/Ho ratios for most of the samples are
lower than chondritic values (i.e. 27) and correspond
with negative La and Y anomalies, which together rep-
resent compositions that are unlike that of modern
ocean water.

All chert samples at F-Zone show LREE-depleted
patterns (Nd/Ybyyq = 0.16-0.59). In detail, samples
MELO15 and MELO17 yield slightly anomalous
HREE-depleted concentrations (Nd/Ybyyg = 1.19-
7.21) and slightly to strongly enriched La, Y, and Eu
concentrations (La/La*\;yo = 1.00-1.43, Y/Y*\1yo =
1.05-1.35, Ew/Eu*\jyq = 2.12-8.14; Fig. 4b). These
trace-element patterns are characteristic of high-tem-
perature (>250°C) hydrothermal vent fluids and/or sea-
water. In contrast, all samples yield chondritic Y/Ho
values (Y/Ho = 25.25-36.34) and Sr enrichment (i.e.
6.5-30.6 ppm) that suggest detrital input and possible
primary apatite grains.

Chert samples from the Discovery deposit are
LREE-depleted (Nd/Ybyyyq = 0.11-0.87) (N.B. except
sample MEL-027: Nd/Ybyq = 12.89) (Fig. 4¢). Slight
to moderate La, Y, and Eu enrichments (La/La*MUQ =
0.69-2.1, Y/Y*\jyq = 0.80-1.28, EwEu*\;yq = 1.05-
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Figure 4. MUQ-normalized REE patterns for BIF-hosted
chert from different parts of the Meliadine gold district:
a) Pump, b) F-Zone, and c) Discovery.

7.46) are also typical of most samples (N.B. except for
sample MEL-038: La/La*\jyq = 0.47, Y/Y*\jyq =
0.85, Ew/Eu*\yq = 2.13) (Fig. 4c). The Y/Ho ratios
vary from sub-chondritic to chondritic (Y/Ho =
18.23-37.48). These chemical features are typical of an
input of seawater and/or high-temperature (>250°C)
hydrothermal vent fluids during chert deposition. Most
of the samples exhibit chondritic Y/Ho values associ-
ated with Sr enrichment (i.e. 0.3—177 ppm) and moder-
ate Ga enrichment (i.e. 1.32-7.04 ppm). In contrast,
samples MEL-038, MEL-039, and MEL-040 yield
trace-element concentrations (+ elevated Ca) that are
consistent with detrital contamination. Sample MEL-
038 yielded elevated Y/Ho ratios that correspond to
depletion in La and Y concentrations, which was also
reported for some chert samples from the Pump
deposit.

Musselwhite Area

Data for chert samples from the chert-magnetite (4B
facies; Fig. 5a), the garnetiferous amphibolite (4E
facies; Fig. 5b), the garnet-grunerite-(chert) (4EA
facies; Fig. 5¢), and the garnet-biotite schist (4F facies;
Fig. 5f) within the Musselwhite area were reported by
Gourcerol et al. (2015). These samples exhibit rela-
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Figure 5. MUQ-normalized REE patterns for chert samples from BIFs in different parts of the Musselwhite area: a) unit 4B —
oxide-dominant facies samples, b) unit 4E — garnetiferous amphibolite samples, c) unit 4EA — garnet-grunerite samples,
excluding samples E599660, E599665, and E599666, and d) unit 4F — biotite-garnet schist samples.

tively uniform REE+Y patterns, except for the 4F
facies (Fig. 5d). Most chert sampled from the 4B facies
are HREE enriched (Nd/Ybyyq = 0.04-0.66), yield
slight to moderate positive La, Y, and Eu anomalies
(La/La*MUQ = 08—149, Y/Y*MUQ = 087—149,
Euw/Eu*\jyq = 2.6-3.61), and chondritic Y/Ho values
(Y/Ho = 22.13-44.01) (Fig. 5a). These concentrations
may record seawater and/or high-temperature (>250°C)
hydrothermal vent fluids during chert deposition.
Variable detrital input is also suspected based on the
chondritic Y/Ho values. Sample E599656 differs from
the majority of samples by its negative La and Y anom-
alies (La/La*\yq = 0.21, Y/Y*\yq = 0.51) and very
low Y/Ho value (i.e. 9.79), which could reflect precip-
itation of chert under the influence of high-temperature
(>250°C) hydrothermal vent fluid with variable seawa-
ter input. It should be noted that samples E599655 and
E599668 are Sr-enriched, (i.e. 848.8 ppm and 150.8
ppm, respectively), which may be due to the presence
of carbonate minerals in the chert. The presence of car-
bonate in the LA-ICP-MS traverse is illustrated by
stronger depletion in LREE relative to HREE.

The two samples from the 4E facies show LREE
depletion (Nd/Ybyyq = 0.39-0.7), are slightly to mod-
erately La, Y, and Eu enriched (La/La*y;;o = 0.7-1.66,
Y/Y*muq = 0.98-1.23, EwEu*\yq = 2%3 —-2.6), and
yield super-chondritic to chondritic Y/Ho values (Y/Ho
= 25.71-32.8) (Fig. 5b). These seem to record seawa-
ter, high-temperature (>250°C) hydrothermal fluid
and/or a minor detrital input during chert deposition.

The chert samples from 4EA facies are characterized
by relatively flat to slightly fractionated patterns with
LREE enrichment (Nd/YbMUQ= 0.39-0.7), except for
samples E599654 and E599659 that show depleted
HREE patterns LREE (i.e. Nd/YbMUQ = 1.51-2.04)
and are associated with positive Eu anomalies
(EwEu*\jyq = 2.34-3.97) (Fig. 5c). Considering the
La and Y anomalies and Y/Ho values, two groups of
samples are present: (1) samples E599654, E599659,
and E599667 show positive La and Y anomalies
(La/La*MUQ = 151—302, Y/Y*MUQ = 12—207) and
super-chondritic Y/Ho ratios (Y/Ho = 29.86— 55.91;
Fig. 5c¢); and (2) samples E599660, E599665, and
E599666 show negative La and Y anomalies
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(La/La*\iyq = 0.04-0.12, Y/Y*\qyq = 0.22-0.71) and
very low Y%{o ratios (Y/Ho = 4.11-16.52; Fig. 5c¢).

These results suggest that a seawater and/or high-
temperature (>250°C) hydrothermal vent-fluid compo-
nent is recorded within chert bands for the first group
of samples, whereas the second group likely precipi-
tated from high-temperature (>250°C) hydrothermal
vent fluid with variable seawater influence, which is
similar to the Meliadine samples.

The chert bands within the garnet-biotite schist (4F)
facies are geochemically anomalous compared to chert
at the other studied deposits. The former samples show
variable, but elevated LREE and MREE enrichments
(Pr/ Smypyq = 0.18-0.83) and only moderately posi-
tive Eu anomalies (Ew/Eu*y\jyq =1.08-1.94) are noted
(Fig. 5d). This facies is distinguished from the others
by its REE+Y signature and, furthermore, is similar to
the argillite studied by Thurston et al. (2011), which
documented only a weak hydrothermal-fluid influence.

Assessing the Influence of High-Temperature
Hydrothermal Fluids

Most chert samples from Meadowbank, Meliadine, and

Musselwhite show the influence of seawater and high-
temperature (>250°C) hydrothermal fluids. In this sec-
tion, we calculate a binary mixing line between seawa-
ter and hydrothermal fluids in order to explore the rel-
ative importance of these fluids in chert deposition.
The two end-members of this mixing line are repre-
sented in Figure 6: 1) seawater composition from the
North Pacific (Alibo and Nozaki, 1999); and 2) an
Archean hydrothermally precipitated chert sample (i.e.
sample 06PCTO001M; Thurston et al., 2011). Modern
vent fluids were not used for mixing models due to
geochemical differences between these fluids and
Archean greenstone belt hydrothermal fluids (SiO,-
rich, Fe-poor, and highly alkaline fluids, which differ
from the modern Fe-rich and acidic hydrothermal flu-
ids; Shibuya et al., 2010).

Most of the samples in this study fall on the mixing
line despite some samples exhibiting high Sm/YDb ratios
(Fig. 6). The Sm/Yb ratio is particularly sensitive to
high-pressure residual magmatic or metamorphic phases,
such as amphibole and garnet, which may reflect the
presence of some of these phases in chert bands derived
from eroding source rocks during BIF formation.
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At Meadowbank, samples from the Central BIF sug-
gest an input from the high-temperature fluid of
1-11%, versus 3—16% for the East BIF and 0-16% for
the West IF (Fig. 6a). It is notable that samples from the
southern part of the West IF show a very low hydrother-
mal-fluid input based on their flat REE patterns. At
Meliadine, most samples record a moderate hydrother-
mal influence (2-3% for the Discovery zone, 4-28%
for the F-Zone, 3-22% for the Pump zone) during chert
precipitation (Fig. 6b). At Musselwhite, input from the
high-temperature fluid was generally low during chert
formation, at 0—15% for the 4B facies, 4—7% for the 4E
facies, 2—11% for the 4EA facies, and 0-5% for the 4F
facies (Fig. 6¢). The 4F facies samples seem to record
more restricted influence by hydrothermal fluids,
which is consistent with a slightly positive Eu anomaly.

The data suggest that chert geochemistry records
ambient seawater and hydrothermal vent fluids for the
majority of samples at all three of the studied BIF-
hosted gold deposits. However, a number of samples
from Pump, Discovery (sample MEL-038), and
Musselwhite (samples E599656, E599660, E599665,
and E599666) yield very low Y/Ho ratios associated
with negative La and Y anomalies, which may repre-
sent a detrital input.

Sources and Influence of Detrital
Contamination

The REE data for most chert samples from
Meadowbank, Meliadine, and Musselwhite reflect the
influence of seawater and some detrital contamination,
as illustrated by their flat REE patterns (Pr/Smy;0 =
1) and chondritic Y/Ho ratios (i.e. Y/Ho = 27). %Ve
emphasize that samples were normalized to MUQ,
which we expect is a reasonable proxy for detritus dur-
ing BIF deposition in the greenstone belt environment.
This detrital contamination is key to understanding the
depositional setting for Algoma-type BIF and thus the
validity of REE+Y systematics. Therefore, to estimate
the influence of the detrital component, a mixing line
was calculated using the seawater composition from
the North Pacific referred to above (Alibo and Nozaki,
1999) and MUQ (Kamber et al., 2005) as the two end-
members (Fig. 7). The MUQ composition represents a
suitable estimate of the composition of the most prob-
able detrital contamination of cherts in Archean green-
stone belts due to its basalt-dominant bimodal prove-
nance. Prior to discussing the data in Figure 7, we note
that the reason for the bulk of the samples plotting
below the mixing line is due to the influence of the
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high-temperature hydrothermal vent fluids input (i.e.

For samples from Meadowbank (Fig. 7a), the detri-
tal influence on the REE chert chemistry is estimated at
8—100% for the Central BIF, 50-100% for the East BIF,
and 30-100% for the West IF. Thus, these data indicate
the East and West IF seem to record the most detrital
contamination, whereas the REE composition of East
and Central BIF appear to extends towards seawater
compositions, which is consistent with the previous
plot (Fig. 6a). All the Meadowbank samples are located
either on the mixing line or below it (Fig. 7a), suggest-
ing that detritus contributed to the chert REE signature
in addition to seawater and a high-temperature
hydrothermal fluid.

Some of the Meliadine samples (Fig. 7b) are distin-
guished by their low Y/Ho ratios, in particular the data
from the Pump zone and samples MEL-025 and MEL-
038 from the Discovery zone. Considering only sam-
ples located on, or directly below the mixing line, the
detrital influence during chert deposition is estimated
at 60—100% for Discovery, 65—-100% for the F-Zone,
and 85-95% at Pump. All of the F-Zone samples and
most samples from Discovery (except samples MEL-
025 and MEL-038) are located either on or below the
mixing line, which suggests a detrital component along
with variable contributions from seawater and high-
temperature hydrothermal fluids (Fig. 7b).

At Musselwhite, chert samples are distinguished by
their low Y/Ho ratios, especially for units 4B, 4EA, and
4F (Fig. 7¢), which is similar to what is seen in some of
the Meliadine samples. A detrital influence of approxi-
mately 40-100%, 80-100%, and 0-85% is estimated
for units 4B, 4E, and 4EA, respectively when consid-
ering only samples located on or directly below the
mixing line. According to the data, unit 4EA seems to
be less affected by detrital contamination than the other
facies and unit 4B shows the strongest influence of
hydrothermal fluids.

The estimated influence of a detrital component as
indicated above cannot be considered quantitative;
however, it still indicates that for those chert samples
that suggest up to 100% of MUQ contamination, there
is some chemical indications of seawater influence
(positive La and Y anomalies). These data, therefore,
suggest chert precipitation occurred in a seawater envi-
ronment associated with high-temperature hydrother-
mal venting fluids and some detrital input. Importantly,
these data illustrate that the influence of only trace
amounts of clastic detritus in the chert bands may be
enough to dominate the bulk REE content and signa-
tures of the chert.

Though the anomalous sub-chondritic Y/Ho ratios
for Meliadine and Musselwhite samples are inconsis-

tent with a detrital contamination, the ratios could indi-
cate particle scavenging in the water column at the time
of chert deposition. Scavenging may have involved Fe-
oxyhydroxide minerals and may explain slightly sub-
chondritic ratios for the chert bands (rather than Mn-
oxyhydroxide in an Archean context; e.g. Minami et
al., 1998; Bau, 1999; Kawabe et al., 1999). According
to Bau (1999), Fe-oxyhydroxide precipitates, which are
introduced by hydrothermal discharge in seawater, dis-
play less positive or even negative La and Y anomalies
associated with a M-type lanthanide tetrad effect
(Masuda et al., 1987). As a result, the association
between low Y/Ho ratios and negative La and Y anom-
alies appears to record Fe-oxyhydroxide within the
chert bands.

Influence of Fe-Oxyhydroxide Precipitation
and Information about pH Precipitation

As previously suggested, some of the Meliadine and
Musselwhite samples may reflect co-precipitation of
chert and Fe-oxyhydroxide minerals (i.e. low Y/Ho
ratio associated with negative La and Y anomalies;
Bau, 1999). These Fe-oxyhydroxides may have formed
under the influence of a dynamic pH shift during the
mixing of alkaline hydrothermal fluids with acidic to
neutral Archean seawater, which can precipitate Fe3*
out of Fe2*-rich seawater under anoxic conditions
(Shibuya et al., 2010), and/or by biological oxidation
of Fe2* onto the seafloor by photoautotrophic bacteria
(i.e. Kappler et al., 2005; Konhauser et al., 2005). In
order to explore the potential role played by Fe-oxyhy-
droxide minerals on chert geochemistry, mixing lines
were calculated using the Alibo and Nozaki (1999) sea-
water composition, Fe-oxyhydroxide precipitates, and
graphitic mudstone from Meliadine (the KMG unit) as
end-members (Fig. 8). Fe-oxyhydroxide precipitated
under experimental conditions from acidic seawater
(Bau, 1999) and Fe-oxyhydroxide precipitates under
experimental conditions from alkaline solutions
(Kawabe et al., 1999) were selected as end-members
representing a range of seawater conditions. The KMG
samples are graphitic mudstone representing carbon
biomass, possibly reflecting biological oxidation of
Fe2,

The Meadowbank samples represent interaction of
acidic seawater with Fe-oxyhydroxides (Fig. 8a),
which produced the observed positive La and Y anom-
alies.

At Meliadine, most samples are located in the sea-
water domain except for the samples from the Pump
deposit and samples MEL-025 and MEL-028 from the
Discovery zone, which are located in the Fe-oxyhy-
droxide domain and thus confirm their presence in
chert bands (Fig. 8b). Samples located in the seawater
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domain suggest interaction of seawater and Fe-oxyhy-
droxide. In this deposit, two mechanisms for precipita-
tion of Fe-oxyhydroxide are proposed: 1) influence of
a dynamic pH shift between alkaline hydrothermal flu-
ids and acidic-neutral seawater; and 2) biological oxi-
dation of Fe2.

At Musselwhite, three groups are present. The first
group reflects the interaction of seawater with Fe-oxy-
hydroxide and may reflect precipitation under variable
pH conditions (Fig. 8¢). The second group reflects pre-
cipitation of Fe-oxyhydroxide by biological oxidation
(Fig. 8c). And finally, the third group could represent
Fe-oxyhydroxide precipitation under acidic conditions
(e.g. Bau, 1999) (Fig. 8c).

Given anoxic Archean seawater, the shale-normal-
ized REE+Y patterns for Archean seawater will differ
from modern seawater, which shows a well developed,
negative Ce anomaly resulting from the oxidation of
Ce™3 to Ce™ (Planavsky et al., 2010). However, Bau
(1999) experimented with the scavenging of dissolved
REE+Y by precipitating Fe-oxyhydroxide at pH rang-
ing from 3.6 to 6.2 and ambient oxygen content, and
demonstrated that in the presence of Fe-oxyhydroxide,
pH has a more important impact on Ce than oxygen. At

pH < 5, oxidative scavenging of Ce is favoured in the
presence of Fe-oxyhydroxide and generates a positive
Ce anomaly (Fig. 9), whereas at pH > 5, the REE+Y
systematics shows a negative Ce anomaly (Fig. 9).
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Figure 9. Plot of MUQ-normalized REE+Y patterns for
experimentally produced Fe-oxyhydroxide precipitates at
variable pH values (data from Bau, 1999).
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Therefore, in theoretically acidic to neutral Archean
seawater (e.g. Grotzinger and Kasting, 1993; Holland,
2003), the REE+Y systematics will display a weak
negative Ce anomaly even in anoxic conditions.

Based on the previous statement, samples from the
Pump zone, samples MEL-025, MEL-028 from the
Discovery zone, and the second group of samples from
Musselwhite, which may indicate interaction of Fe-
oxyhydroxide from bacteria and seawater, show nega-
tive Ce anomalies that may reflect precipitation at a pH
> 5, whereas most samples from the three deposits that
are associated with positive Ce anomalies may reflect
precipitation of Fe-oxyhydroxide at a pH < 5.

IMPLICATIONS FOR EXPLORATION

Based on the results and conclusions summarized
herein, it does not appear that the primary depositional
setting of the BIFs is a key ingredient for gold miner-
alization. This conclusion likely relates to the fact that
the gold mineralization in each of these deposits occurs
as part of an epigenetic event(s) during regional oroge-
nesis; instead the dominant factor for such BIF-hosted
gold deposits is the Fe-rich nature of the host, which is
similar in all the BIF settings studied. However, our
systematic sampling outward from the gold zones at all
three deposits should provide a hydrothermal footprint
in the chert chemistry, which will be defined in future
stages of this project. These latter data can then be used
to evaluate the influence of gold mineralizing fluids in
Algoma-type BIFs.

FUTURE WORK

In the near future, the KMG samples will be analysed
for their §13C signature, which will provide more
insight into their nature of formation and origin.
Furthermore, chert samples from the Beardmore-
Geraldton gold deposit area and some additional sam-
ples from Musselwhite deposit will be analysed and
interpreted in the same manner as the other samples
above and a depositional setting will be defined.
Moreover, a potential hydrothermal footprint at both
the regional- and macroscopic-scale will also be
defined where feasible (i.e. respectively at Beardmore-
Geraldton and Meliadine).
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ABSTRACT

The Musselwhite world-class Au deposit is hosted in polydeformed amphibolite-facies banded iron forma-
tion of the Opapimiskan-Markop metavolcanic assemblage, part of the Mesoarchean North Caribou green-
stone belt (northwestern Superior Province). The deposit is located approximately 2 km west of the tectonic
boundary with the gneissic Island Lake Domain. Major and trace element geochemical data show that the
South Rim and Opapimiskan-Markop metavolcanic assemblages have variable magmatic affinities and
diverse normalized rare earth element patterns. The bulk of the Au at Musselwhite is hosted in silicate-rich
banded iron formation and occurs in association with stratabound pyrrhotite replacements and associated sil-
ica flooding, with local discordant quartzEpyrrhotite veins. The ore zones are associated with D, high-strain
zones that are preferentially developed along hinges and strongly attenuated fold limbs of tight F; folds. The
layered anisotropy induced by the presence of competent banded iron formation layers in mafic and ultra-
mafic volcanic rocks has clearly influenced the rheological response to deformation at all scales, and hence
played an important role in Au-bearing fluid flow and ore formation and distribution. A new U-Pb prelimi-
nary age of 2666 Ma on late-M; monazite provides a minimum age constraint for the regional D, meta-
morphic/deformation event to which most of the Au mineralization at Musselwhite is associated.
Reappraisal of stratigraphic relationships, supported by U-Pb geochronology, indicates that the mine stratig-
raphy is inverted and is part of the overturned limb of a kilometre-scale F; syncline, which is in agreement
with multiple occurrences of mesoscopic refolded F folds. Previously unrecognized regional F; folding,
which is strongly overprinted by the dominant D, deformation, has influenced the distribution and geome-
try of the banded iron formation, which hosts the bulk of the Au at Musselwhite, and provides new vectors
for regional exploration. Future work will focus on additional documentation of mineral chemistry and
microscopic textural relationships, as well as further analyses of lithogeochemical data in order to ultimately
define key exploration vectors for iron formation-hosted Au deposits in other Precambrian terranes.

INTRODUCTION

The Goldcorp Musselwhite mine is located near
Opapimiskan Lake, 475 km north of Thunder Bay,
within the North Caribou greenstone belt, which is part
of the North Caribou Terrane of the western Superior
Province (Thurston et al., 1991; Fig. 1). Production
started in 1997 and had reached over 4 Moz of gold
with total proven and probable reserves of 1.85 Moz as
of December 31, 2013 (www.goldcorp.com).

This research project at Musselwhite, a component
of the Targeted Geoscience Initiative 4 (TGI-4) Lode

Gold project of Natural Resources Canada, is con-
ducted in collaboration with Goldcorp Inc., the Ontario
Geological Survey and the University of Ottawa. It
aims at understanding the structural, lithological, and
geochemical controls on the formation and distribution
of the banded iron formation-hosted Au mineralization.
Another objective is to define the geochemical foot-
print of the hydrothermal system in order to develop
improved geological and exploration models for simi-
lar deposit types in the North Caribou greenstone belt
and elsewhere in Precambrian terranes (Dubé¢ et al.,
2011).

Oswald, W., Castonguay, S., Dubé, B., McNicoll, V.J., Biczok, J., Malo, M., and Mercier-Langevin, P., 2015. Geological setting of the
world-class Musselwhite gold mine, Superior Province, northwestern Ontario: implications for exploration, /n: Targeted Geoscience
Initiative 4: Contributions to the Understanding of Precambrian Lode Gold Deposits and Implications for Exploration, (ed.) B. Dubé
and P. Mercier-Langevin; Geological Survey of Canada, Open File 7582, p. 69—84.
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Figure 1. a) Simplified tectonostratigraphic map of the North Caribou greenstone belt and surrounding area (geology modified
from McNicoll et al., 2013; geochronological data from Breaks, 2001; McNicoll et al., 2013; Van Lankvelt, 2013). b and c)
Location of the study area and terranes of the western Superior Province (insets modified from Rayner and Stott, 2005; Stott

et al., 2010).

This report presents a brief summary of the current
status of the ongoing multidisciplinary research being
conducted at Musselwhite. Our investigation of the dis-
tal and proximal settings of Au mineralization and of
the relative and absolute chronology of events at
Musselwhite comprises a major surface, underground,
and drill-core mapping component, including sampling
for petrographic and geochemical analyses. The study
of the Musselwhite deposit (Oswald et al., 2014a,b),
which builds on previous studies at deposit scale (e.g.
Hall and Rigg, 1986; Couture, 1995; Isaac, 2008;
Moran, 2008), also includes targeted geochronology
across most of the Opapimiskan Lake area (McNicoll
et al., 2013, submitted) to establish the age of the host-
rock successions and the major structural and meta-
morphic episodes, to put our work into a regional con-
text, and to address key questions that cannot be read-
ily resolved at deposit scale. Other specific ongoing
research activities at Musselwhite or its vicinity (e.g.
Kalbfleisch, 2012; Van Lankvelt et al., 2013; Duff,

2014; Gourcerol et al., 2015) involve geochronology,
structural mapping, metamorphic petrology, and litho-
geochemistry, which will collectively contribute to a
better understanding of the evolution of the North
Caribou greenstone belt and its bounding structures
and assemblages.

REGIONAL AND LOCAL
GEOLOGICAL SETTING

The North Caribou greenstone belt is located south-
southwest of the Island Lake domain (Fig. 1), in the
central part of the North Caribou Terrane, which is con-
sidered the core of the western Superior Province
(Percival et al., 2007). Regional-scale mapping pro-
grams and studies (Breaks et al., 1985; Piroshco et al.,
1989; Breaks and Barlett, 1991; Breaks et al., 1991,
2001; Thurston et al., 1991) have defined various
lithostratigraphic assemblages in the North Caribou
greenstone belt (from northwest to southeast; Fig. 1a):
the Agutua Arm metavolcanic assemblage; the
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Figure 2. a) Geological map of the Opapimiskan Lake area and major structural features, with locations of the surface expo-
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metasedimentary and metavolcanic rocks of the
Keeyask metavolcanic assemblage; the metasedimen-
tary rocks of the Eyapamikama assemblage; the North
Rim metavolcanic assemblage; the South Rim meta-
volcanic assemblage; the Opapimiskan-Markop
metavolcanic assemblage (OMA); the Zeemel-Heaton
metasedimentary assemblage (ZHA); and the Forester-
Neawagank metavolcanic assemblage. The greenstone
belt is surrounded by the tonalite-trondhjemite-gran-
odiorite (TTG)-type batholiths of the North Caribou
pluton (NCP) and the Schade Lake gneissic complex
(SLGC), both comprising several intrusive phases
dated between 2.87 and 2.84 Ga, and by the smaller,
composite, ca. 2730-2723 Ma Southern batholith (Fig.
1; Biczok et al., 2012).

The Musselwhite deposit host succession consists of
the South Rim metavolcanic assemblage and the under-
lying OMA, which structurally overlies the ZHA (Fig.
2a). The whole succession is folded by a northwest-
trending, F, synform-antiform pair (i.e. East Bay
Synform and West Antiform). The OMA comprises
two main iron formations, i.e., the Northern iron for-
mation (NIF) and Southern iron formation (SIF), both
intercalated with, from structural top to bottom, calc-
alkaline, felsic to intermediate volcanic rocks, tholei-
itic, mafic volcanic and subvolcanic rocks, and tholei-
itic, komatiitic basalt and ultramafic volcanic rocks.
The structurally uppermost iron formation sequence
(NIF) hosts the bulk of the economic Au mineralization
(Fig. 2b).
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Three main phases of regional deformation have
been documented (Breaks et al., 1985, 1991; Piroshco
and Shields, 1985) The earliest event, Dy, consists of
tight to isoclinal mesoscopic folds, associated with a
penetrative S; foliation, which is commonly subparal-
lel to bedding or layering (Breaks et al., 2001). D», the
dominant regional phase of deformation, consists of
open to isoclinal shallowly northwest-plunging folds,
coupled with a steeply dipping axial-planar foliation
(S»), commonly obliterating D; fabrics. In the project
area, rocks are affected by strong, eastward-increasing
D, deformation that culminates in a major fault zone at
the contact with the Schade Lake gneissic complex
(Fig. 2a). D3 deformation structures are heteroge-
neously developed and consist of asymmetric broad
open or chevron folds, locally accompanied by a steep
southwest-trending S3 crenulation cleavage. Major,
probably long-lived or reactivated fault or shear zones
commonly mark lithostratigraphic boundaries in the
greenstone belt and overprint contacts with surround-
ing batholiths (Figs. 1, 2; Breaks et al., 2001).

The regional metamorphic grade varies from middle
to upper greenschist facies in the northern part of the
belt, near Eyapamikama Lake (Breaks and Bartlett,
1991), to middle amphibolite facies around
Opapimiskan Lake and further east (Breaks et al.,
1985). According to Hall and Rigg (1986), peak
regional metamorphism occurred during the later
stages of Dj.

RESULTS
Methodology

Detailed geological and structural mapping was carried
out using a high-resolution GPS (AshTech Promark
800) on a selection of five stripped exposures, which
allowed for increased speed of data collection as well
as overcoming the challenge of structural measure-
ments on iron formations. This latter issue was
resolved during underground mapping by measuring
fabrics and structures with respect to the surveyed ori-
entation of mine workings. Systematic logging and
sampling of drill core has also been completed on a set
of sections across the deposit to link geological and
structural mapping information with petrographic data,
mineral chemistry, and whole-rock lithogeochemistry.

Mine Stratigraphy

Geological mapping (Fig. 3; see also Oswald et al.,
2014a,b), description of drill core, and lithogeochemi-
cal data have refined the stratigraphy of the deposit
(Fig 4). Previously defined units of the Opapimiskan
metavolcanic assemblage (Fig. 4a; Hollings and
Kerrich, 1999) have been geochemically characterized.
Volcanic rocks from the “Avol” are dominantly dacitic
with a calc-alkaline affinity (Fig. 4b,c). The “Bvol”

package comprises tholeiitic mafic rocks with three
contrasting rare earth element (REE) signatures: one
with light REE enrichment and two flat-profile groups
with different REE enrichment relative to primitive
mantle values (Fig. 4d). The “Basement Basalts” con-
tain ultramafic rocks with a transitional to calc-alkaline
affinity and light REE enrichment, intercalated with
ultramafic rocks of tholeiitic affinity and flat normal-
ized REE patterns, calc-alkaline intermediate rocks
showing strong light REE enrichment, and tholeiitic to
slightly calc-alkaline mafic rocks showing various
degrees of light REE enrichment. Four samples of
basalt and komatiitic basalt of the lowermost section of
the OMA were collected close to the boundary with the
ZHA (Fig. 2a); they have tholeiitic affinity and exhibit
flat normalized REE patterns.

The NIF comprises garnet amphibolite and garnet-
biotite schist (unit 4E and 4F, Fig. 4a), which, although
not banded iron formation sensu stricto, contain over
15 wt% total Fe;O3 (Fig. 4d) and are thereby consid-
ered iron formation (James, 1954). Unit 4F includes a
thin quartz-feldspar-biotite volcaniclastic interval (unit
6). These units structurally overlie the more typical
banded iron formation, including a silicate (i.e. garnet-
grunerite) facies (unit 4EA), a clastic chert-magnetite
facies (unit 4Bc), a chert-magnetite facies (unit 4B),
and a chert-grunerite facies (unit 4A). A sulphide-rich
meta-argillite (unit 4H) forms the structural base of the
NIF sequence (Fig. 4a). The Al,O3 content of samples
is used in ternary projections (Fig. 4e) as a proxy for
detrital input (Klein, 2005); the hydrothermal input is
mainly defined by a positive Eu anomaly, whereas a
weakly to strongly positive Y anomaly characterizes
the seawater input (Fig. 4f). Following Moran (2008),
REE+Y data was chondrite (C1)-normalized and was
also normalized to the mudstone of Queensland (MUQ);
Kamber et al., 2005; Fig. 4f) to minimize the detrital
REE signature and to emphasize potential hydrother-
mal and seawater inputs (Baldwin, 2011).

The study of the chert component of the iron forma-
tions at Musselwhite and in other BIF-hosted deposits
(e.g. Meadowbank Mine, and Meliadine district,
Nunavut) by Gourcerol et al. (2014, 2015), which is
complementary to our work, aims to establish if there
is specific geochemical signature for BIF that contains
Au mineralization and whether a hydrothermal foot-
print can be detected.

Structure

Complementing the work of Hall and Rigg (1986) 2 to
3 km west of the Musselwhite Mine, our surface and
underground mapping has documented structures and
fabrics related to the three phases of regional deforma-
tion and provides comprehensive insights about
polyphase structural styles and geometric relationships
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IF =
linear structural data.

and their significance for gold mineralization (Oswald
et al., 2014a,b,c). The West Antiform Trench 1, Esker
Docks exposure, and Trench 4 are located in a domain
of lower intensity D, deformation, which provides a
favourable context to document earlier structures that
include penetrative, northeast-southwest-trending, S;
foliation (Fig. 5a), refolded F; folds (Fig. 5b), and
locally, evidence of soft-sediment deformation.

iron formation; po = pyrrhotite; gz = quartz; st = staurolite. d) Stereographic projection (lower hemisphere) of planar and

Shallowly northwest-plunging upright F, folds have
deformed D structures and produced type 3 F;/ F, fold
interference pattern in the West Antiform area. The
expression of the axial-planar northwest-trending S;
foliation is lithology-dependent (Fig. 5c¢). In a rela-
tively low-intensity D, deformation domain, it is
developed as a spaced cleavage in igneous rocks and as
a more penetrative foliation in iron formation. In areas

75



W. Oswald, S. Castonguay, B. Dubé, V.J. McNicoll, J. Biczok, M. Malo, and P. Mercier-Langevin

b1
M gA wL 13 o4 A AQ dL P9 N3 ws PN id e0 el | owﬁmwmwwﬁﬂwﬂoo A :%memmwww@
o1s|a) Jassa| ‘Alejuawipas £ «sxool
JSeIoI|Is paulelB-aul4 m._%,w%__mmm
S)00J Oljewen)n g «jeseq
oL Jamo»
sa1o.} 4|N @Y} Jo sadojaaus ajyoid A+33Y G
(1) o
Slelol %00 S0%d  %ou O O%N OO OBWN OuW 0 £0%-4094£0%4 E02UV OIS mwﬁv v
«N.Au\/%m\\\»/ o K4 0001 omw . sjun 0101qqeb 3
\ / i //%7 \ /..R\ / vir @ spagJajul Alejuswipas yim
oz W \ loooz I UOI}eWw.o} ol 8)lIBUNIB-8pIXO v/ g
\ / {W/‘& e YoL-1JaY9 ‘UOIBLLIO} UOI
0'¢ \\—000e aouanbaes uonew.oy uoll 8y} ajjeubew-payd You-apIxQ
< ] < \ ) ul sindul Jeyemess pue [ewiaylolpAy
\ 0y —% 4. oo'oy ‘lelap Jo uonejuasaidal Aleusa) €)
0'G 0005
. ) HY = V¥ av - SMOJ} dljewe)n «jjeseq
A o.wv 0009 ogy< Vay= 4y - 3Iv Q 9)isepue J_mwmm_ jusweseg»
4% .
0002 seioe} JIN 8u} jo sjyoid sjuswiele Jofe (p oyIBIE-BIoW YoL-e11ouLAd HY
N7 gA wl J3 oH AQ qL PO N3 WS PN Id 80 BT NTgA Wl 3oHAQdL PO N3 WS PN 4d 20 €1 [ owewesnaoy || |ZZooommmmmen
vo "0 ) oyewenin ag uonewo} uol! sjusUNIB-LeyD LI EEEEEEEEEEEE
[ oyew ag
> [ erepawsiul g
L dljewelyn |oAg
oyew (pepueq o} pejeulwel)
jong uoljew.o} uol ayjeubew-pay) av
o /=
fony [——]
(a7) yeseg JomoT + $)004 SNoaub|
(ag) yeseq juswoseg 1on8 + 101y VINO 3y} w_o sadojeAus
ool ool aoid I3 UNd (D
(wdd) az AlZ
0000y 00'0SE 0000 00052 00Q0C 000SL 0000L 0005 00Q 00°00} 0001 00 uoyew.o; uoll ogh
anuejoyL ayjeubew-payo onsen
joAy O zpue | qld SHON-N o< o
IS[9} UBBYOLY ® uoljew.oy uoll ayusunib-jpules vy m
0 s 50 FHOW-N® 1’0
oz loag ¢ o = oAy O
aziong e W = 1SIY9S 8)1|0INE)SFA)N0Ig-1auleD) 1y
ez joAg ¢ M dclorg e W Juswipaselaw Jedsplaj-zuenp 9
= qg long & . ajjoqiydwe jouies)
AP | joAg ¢ o ez org e auljesje-o[en ol El4
€8¢ o)Ap | loAg ¢ SpoqIell
eqsy v gaa v Areyuswipes g Jjeseq onIe|oy L loAg
aLagy cag v %ﬂ%
eLagy qLag v - sy001
. eLag v 2IsI9} uestly ool SMO ‘sny o11j0Ay-oBI0EQ loAY
1B “(661) HoLEE % UBSTTO Jale SPUSI) UOEUOROEY PUB 3] (6002) Pieped 1 SOy woy weiberp Auye ojewdeyy (4

41 uiaysnog

aouanbas (4|N) uonewao4 Uol] UIBYLION

A
BN 6062 AP dIso4

A
BN L962>

- A
« BN L8162

BN €58¢>

76



Geological setting of the Musselwhite gold mine, northwestern Ontario: implications for exploration

/" “axial planar S,
‘x g i i LY {

4

a Fo fold hinge (Esker Docks exposure). b) F1/F2 fold interference pattern (type 3) in cherty garnet-biotite schist (Esker Docks
exposure). c¢) Part of the West Antiform exposure illustrating the contrast in the development of the S foliation in the chert-
magnetite iron formation and the adjacent ultramafic rocks, overprinted by F2 folds.

of strong D, overprint, Sy is penetrative in all rock
types and is associated with boudinaged beds in chert-
magnetite iron formation. Strain features suggest that
D, deformation in the mine area was dominated by
flattening and minor shearing with dextral and east-
side-up components of motion. D3 deformation mostly
consists of open or chevron-type folds. Two possibly
conjugate sets of S3 crenulation cleavage are oriented
ENE-WSW and NNE-SSW. Field evidence reveals that
Sz cleavage is unevenly developed in the BIF units,
and it is preferentially developed near and within high-
strain zones in volcanic rocks.

Mineralization and Alteration

The crosscutting relationships of multiple vein genera-
tions are documented here. The earliest vein type

includes barren, glassy, white to grey, quartz veins,
which are thought to be early-D; (Fig. 5c). Three vein
types are associated with D, structures: 1) grey, quartz-
dominated, pyrrhotite- and carbonate-bearing, aurifer-
ous veins with a variably developed calc-silicate alter-
ation halo; 2) milky white quartz-carbonate veins that
can be auriferous or barren; and 3) barren, sugary-tex-
tured, calcite-dominated, quartz-carbonate late-D;
veins. D3-related veins, which are usually barren, white
to greyish, and quartz-dominated, remobilized Au and
sulphides locally where they cut pre-existing mineral-
ized structures.

Characteristics of the mineralized zones have been
documented by logging of drill core and underground
mapping (Oswald et al., 2014a). As previously pro-
posed for the West Antiform zone by Hall and Rigg

Figure 4 (opposite page). a) Detailed stratigraphic column of the mine sequence (geochronological data from McNicoll et al.
(2013)). b) Left plot: magmatic affinity diagram from Ross and Bédard (2009) using Zr/Y versus Th/Yb, and right plot: fraction-
ation trends after McLean and Barrett (1993) using Zr versus TiO> for the least altered drill-core samples. ¢) Rare earth ele-
ment (REE) profile envelopes of igneous rocks samples from the mine sequence (normalized to primitive mantle from Sun and
McDonough, 1989). d) Average values for major elements of the least altered drill-core samples of each Northern Iron
Formation (NIF) facies. e) Ternary projection of NIF drill-core samples showing the relative importance of detrital input
(Alo03/(A203+total FexO3)x15), hydrothermal input (Eu anomaly), and seawater input (Y anomaly) for each facies. Black arrow
shows the overall trend. f) Mudstone of Queensland (MUQ)-normalized REE+Y profile envelopes of the least altered drill-core
samples of each NIF facies (normalized to MUQ from Kamber et al., 2005). See Figure 4e for colour legend.
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(1986), the mineralized zones at Musselwhite show
close spatial relationship with the D, deformation-
related high-strain zones and adjacent lower pressure
areas, such as F; fold hinge zones, supporting the syn-
D, timing of Au mineralization, in association with sul-
phides such as pyrrhotite. Two end-members of ore can
be distinguished: quartz-flooded zones with over 50%
quartz and zones of strong pyrrhotite replacement (up
to 40% pyrrhotite).

The 11780N Crosscut on level 770 exposes one of
the PQD ore zones (Figs. 2b, 6a), which represents typ-
ical high-grade ore in the 4EA facies and its relation-
ships with D; structures. A D; strain gradient, similar
to that mapped at kilometre-scale between the West
Antiform area and the mine area, is documented at
decametre-scale underground and in drill core, where
Au mineralization mainly occurs in high-strain zones,
but likewise in adjacent low-pressure areas, such as
fold hinges (Fig. 6a,b). Lithological control on sul-
phide precipitation and associated Au deposition is also
evidenced by the contrast in intensity of pyrrhotite
replacement and/or quartz-flooding between the gar-
net-grunerite facies (unit 4EA) and the chert-magnetite
facies (unit 4B) of the iron formation (Fig. 6¢). Ore-
grade mineralization in chert-magnetite iron formation
only occurs in zones of high strain, intense transposi-
tion, and that contain numerous fault-fill laminated
quartz-pyrrhotite veins.

Typical Au ore in the garnet-grunerite iron forma-
tion (Fig. 6d) mainly comprises smoky grey to black
quartz veins and/or quartz flooding with pyrrhotite and
iron carbonate. Pyrrhotite is the dominant sulphide
associated with Au mineralization. Chalcopyrite is very
rarely present in hand samples. Arsenopyrite is also
only locally present, and does not correlate with ele-
vated Au grades. In garnet-grunerite layers, pyrrhotite
occurs as very fine-grained aggregates along foliation
planes and in pressure shadows and filling fractures of
coarse-grained dark red almandine porphyroblasts.
Boudinaged chert bands, quartz veins, or quartz-flooded
layers contain dark green, fine-grained amphibole,
biotite, and local clinopyroxene, likely hedenbergite.

Silicate minerals, such as garnet, grunerite or ferro-
tschermakite, and biotite are found in both regional
metamorphic and ore-related mineral assemblages.
Documentation of the different mineral textural rela-
tionships is critical to understanding the series of event
that occurred. In this regard, garnet is a particularly
important phase, as it is present in many lithologies and
in various textural contexts (Fig. 7a). Differences
between proximal and distal Au mineralization are
partly illustrated in garnet textures. For example, the
distal, least altered 4EA facies (Fig. 6e) comprises
anhedral to subhedral almandine garnet, whereas typi-

cal ore contains coarse-grained, subhedral to euhedral,
red almandine garnets (Fig. 6d).

Geostatistical analysis of the lithogeochemical data
(e.g. binary and ternary plots, principal component
analysis (PCA), correlation coefficient calculations)
shows that Au is associated with Ag, Se, Te, and Cu, in
addition to total-sulfur and loss-on-ignition compo-
nents (Fig. 7b,c). The weaker correlation of CaO and
CO,, compared to an average greenstone-hosted oro-
genic deposit (Dubé and Gosselin, 2007), may denote
the overprint of Au-bearing structures by calcite-rich
structures, which were documented in underground
mapping and in drill-core analyses. As proposed by
Davies et al. (1982), CO,/Ca0O and CO,/CaO+MgO
molar ratios will be used to investigate the carbonate-
alteration intensity, as these ratios take into account the
availability of Ca and Mg in the altered rock protolith.
The absence of As (as well as Sb, Bi, and Pb) in the
trace metals associated with Au is noteworthy as it is
usually abundant in orogenic Au deposits (Pitcairn et
al., 2006; Dubé and Gosselin, 2007). The distinct, iso-
lated signature of SiO; suggests that multiple parame-
ters have influenced its distribution in the iron forma-
tion (primary chert, barren early quartz vein, Au-bear-
ing silica-flooding, etc.).

DISCUSSION
Stratigraphy and Structure

Detailed surface mapping in the Musselwhite area
reveals that early (D) deformation had a major influ-
ence on the geometry and regional distribution of
prospective BIF horizons. Tight to isoclinal F; folds
are refolded, and locally obliterated by D, folds and
fabrics, which dominate the regional structural pattern.
The presence of local metric to decametric F; folds
suggests they occur at regional-scale. New U-Pb
geochronology (Fig. 4; McNicoll et al., 2013) indicates
that unit 6 and unit 4F of the Northern BIF are both
<2967 Ma, and the structurally overlying felsic tuff
(Avol unit) of the South Rim assemblage yielded an
age of 2978.7 Ma. Coupled with regional geological
data, this data confirms that the mine sequence is over-
turned and occurs along the northern overturned limb
of a kilometre-scale F; fold, with an inferred axial
plane located along Zeemel Lake (Fig. 2a). New U-Pb
isotope dilution thermal ionization mass spectrometry
(ID-TIMS) geochronology results have also uncovered
a ca. 60 to 110 Ma age difference between the OMA
(<2967 to >2909.4 Ma) and the adjacent ZHA (<2853
Ma) in the mine stratigraphic succession (Fig. 4;
McNicoll et al., 2013, submitted). Drill-core descrip-
tions show this major gap or boundary is marked by
increased strain intensity and carbonate alteration.
Regional mapping (Fig. 2) suggests that this sheared
contact likely delineates an early, D thrust fault, which
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Figure 7. a) Photograph of drill-core sample containing three types of garnet (Gt): fine-grained, anhedral to subhedral, pale pur-
ple almandine distributed along the main foliation; coarse, subhedral, red almandine associated with pyrrhotite (po) in a quartz-
dominated vein; and coarse, anhedral, pink to orange almandine associated with a calcite-rich veinlet. b). Principal component
analysis (PCA) diagram for major elements and trace metals in the garnet-grunerite iron formation samples (4EA) using fac-
tors 1 and 2. c¢) Close-up of (b) showing the distinct association of trace metals with Au and S. d) Microphotograph of a garnet
porphyroblast with a core containing folded inclusion trails marking an early fabric. e) Microprobe map of CaO content (percent)
of the same garnet porphyroblast, note the halos of CaO enrichment concomitant with changes in orientation of inclusion trails.

may have reactivated a pre-existing unconformity.

The D, deformation is younger than 2846 Ma, which
is the maximum age of the deformed ZHA (McNicoll
et al., 2013). The D, deformation also deforms the mar-
gins of the 2870-2850 Ma North Caribou pluton and
the 2860-2840 Ma Schade Lake gneissic complex
(Breaks et al., 2001; Fig. 1). Competency contrast with
the enclosed supracrustal rocks have induced strain

partitioning during D, deformation and, thus, influ-
enced the distribution and geometry of the BIF units
during Au mineralization.

Recent geochronological work along the major
shear zones of the area (Kelly et al., 2015) suggests that
major faulting at ca. 2.75 to 2.71 Ga was followed by
transpressive shear at ca. 2.60 to 2.56 Ga, and by late
reactivation of pre-existing fault zones (e.g. Markop



Geological setting of the Musselwhite gold mine, northwestern Ontario: implications for exploration

shear zone: Fig. 1), occurring as late as 2.45 Ga. Field
observations suggest this late reactivation event could
correspond to the D3 features that have been mapped in
the present study area.

Mineralization and Alteration

Iron formations are extremely reactive to S-bearing flu-
ids, thus Fe and S tend to combine to form pyrrhotite,
which is the most abundant Au-associated sulphide at
Musselwhite. The abundance of ore-related pyrrhotite
at Musselwhite may originate from the metamorphic
recrystallization of pyrite to pyrrhotite (Tomkins,
2010) or, more likely, because increasing metamorphic
conditions favoured the crystallization of pyrrhotite
during Au mineralization. Given the empirical correla-
tion between pyrrhotite content and Au grade (1%
pyrrhotite = 1 ppm Au; W. McLeod, pers. comm.,
2011) and the high Pearson correlation coefficient
between Au and S in preliminary geochemical data
(0.5-0.8), Au was most probably transported as
thiocomplexes (Au(HS),™ or AuHSy; e.g. McCuaig and
Kerrich, 1998), and released during pyrrhotite crystal-
lization. In the silicate facies of the iron formation (unit
4EA), Fe is thought to have been derived from the
breakdown of grunerite into Ca-amphibole, likely
ferro-tschermakite and actinolite, which contain less
Fe. In the adjacent clastic chert-magnetite facies of the
iron formation (unit 4Bc), the large amount of mag-
netite provides a significant source of Fe to form
pyrrhotite along with Fe-carbonate, especially ankerite.
These replacements are interpreted to reflect the CaO
enrichment usually associated with the alteration halo
of orogenic Au mineralization (Dubé and Gosselin,
2007 and references therein).

The successive development of grunerite, alman-
dine, and clinopyroxene indicate lower to mid-amphi-
bolite-facies metamorphic conditions in iron formation
(Klein, 2005). Relative timing of mineralization is best
constrained by relationships with the structure and
metamorphic paragenesis. Euhedral garnet porphyrob-
lasts, e.g., at the Esker Docks exposure, have cores
indicating a pre-existing foliation (S or early S,; Fig.
7d), and are characterized by an intermediate corona
that recorded a subsequent progressive deformation,
probably D5, associated with increased Ca content
(Fig. 7e). Euhedral outer rims that overprint the main
S, foliation indicate late to post-D, growth and suggest
that peak metamorphic temperature occurred during
the latter stages of D, deformation. In high-grade
zones, Au is present as inclusions and as fracture-fill-
ing in garnet porphyroblasts or in pressure-shadows
developed along garnet crystals, suggesting that Au
mineralization, or its local remobilization, occurred
after the initiation of garnet porphyroblast crystalliza-
tion during active D, deformation.

Stable isotope data (Isaac, 2008), coupled with the
trace element signature of Au mineralization (e.g. Ag,
Cu, Se, Te; Fig. 7b,c), suggest that the Musselwhite
deposit is compatible with the metamorphic end-mem-
ber of the greenstone-hosted Au deposit group (i.e. ore-
fluids that are mainly of metamorphic origin; cf. Dubé
and Gosselin, 2007). Syn-D; major compression (flat-
tening-dominated) of rheologically contrasting units in
the mine area induced the development of discrete sub-
vertical high-strain zones in the iron formation, along
with intense folding. Preliminary interpretations of our
observations and data suggest that Au-bearing fluids
were channelled into the high-strain zones and also
migrated into adjacent F, fold hinge zones, which con-
stituted areas of lower pressure suitable for trapping
gold mineralization. Moreover, the Fe-rich, highly
reactive 4EA NIF unit caused the destabilization of the
Au-transporting agents and facilitated Au precipitation
(a chemical trap). So, the rheological contrasts between
the NIF and the surrounding igneous rocks (lithologi-
cal/stratigraphic trap), at amphibolite-facies condi-
tions, and its high-iron content (a chemical trap)
explains the preferential deposition of Au in the iron
formation at Musselwhite.

Biczok et al. (2012) published Sm-Nd isotopic
analyses on several euhedral, red, almandine garnets
spatially associated with Au that yielded a preferred
age of 2690 = 9 Ma, which is interpreted as the age of
Au mineralization at Musselwhite. Newly acquired U-
Pb SHRIMP (Sensitive High Resolution Ion
Microprobe) in situ analyses of monazite grains in the
garnet-biotite schist (unit 4F), conducted within this
project, give a preliminary age of 2666 + 6 Ma, which
is interpreted to represent the timing of peak metamor-
phism. Analyzed monazite grains were located in the
biotite matrix and in inclusion-poor outer rims of gar-
net porphyroblasts that appear to have grown during
late- to slightly post-D, deformation, similar to the out-
ermost rim of the garnet in Figure 6d. Given this rela-
tionship and the strong link between metamorphic par-
agenesis and mineralization, this monazite age is inter-
preted as a minimum age for the main Au mineraliza-
tion event. As the Dy deformation is younger than 2846
Ma, the bulk of the gold mineralization is bracketed
between 2846 and 2666 Ma.

IMPLICATIONS FOR EXPLORATION

The interpretation of kilometre-scale Fy folding in the
Opapimiskan Lake area has implications for the loca-
tion and geometry of prospective iron formation hori-
zons and may thus provide new regional exploration
targets. A strong Dj strain gradient is documented in
supracrustal rocks of the North Caribou greenstone
belt, increasing northeastward toward the tight F» fold
hosting the Musselwhite deposit and culminating at the
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tectonic contact with the Shade Lake gneissic complex
of the Island Lake Domain. This major first-order tec-
tonic boundary, the early stage unconformity and/or
thrust fault at the contact between the Opapimiskan-
Markop and the adjacent Zeemel-Heaton assemblages,
and the recently documented presence of polymictic
conglomerate in the upper stratigraphic sequence (Fig.
1) are all critical features typically found in greenstone-
hosted orogenic Au districts (e.g. Goldfarb et al., 2005;
Robert et al., 2005; Dubé and Gosselin, 2007, Bleeker,
2012 and references therein). They provide targets for
exploration throughout the greenstone belt, especially
where associated with second-order D, structures
affecting highly reactive BIF.

FUTURE WORK

Variations in mineral assemblages and chemistry
between distal (barren) and proximal (mineralized)
iron formation facies characterize the hydrothermal
footprint of the deposit. Garnet porphyroblasts are
present in various lithologies (Fig. 4a) and display mul-
tiple growth phases (Fig. 7d,e). Future work will
include additional petrographic description to investi-
gate relationships and timing of mineral growth.
Mineral chemistry will also be used to better under-
stand individual element variations in whole rock lith-
ogeochemical data, such as the decoupling between
Mn that is contained in the garnet cores, and thus iso-
lated from subsequent hydrothermal events, and Mg
that is contained in the matrix amphibole.

Ongoing spatial analysis and integration of the lith-
ogeochemical database will allow characterization of
the distribution and relative timing of the various types
of alteration present at Musselwhite. Targeted LA-ICP-
MS elemental mapping of sulphide minerals (cf. Cabri
and Jackson, 2011) from samples of the ZHA will also
document the evolution and distribution of trace metals
during metamorphism and deformation, as was com-
pleted previously on pyrite nodules from an argillite
unit of the West Antiform area (Jackson et al., 2013).

Multiple occurrences of polymictic conglomerates
within the ZHA have been recently documented and
subsequently sampled for geochronology study. The
results will need to be interpreted in light of the geo-
logical setting of each outcrop and will likely impact
the current stratigraphic model in the Opapimiskan
Lake area.
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ABSTRACT

Renewed exploration activities in the Beardmore-Geraldton belt in the Archean Superior Province, north-
western Ontario, produced large stripped outcrops and new drill cores that revealed a wealth of new infor-
mation on the structural and lithological settings of gold mineralization in this past-producing mining camp.
The aims of this project are to establish the key geological parameters that controlled the genesis and dis-
tribution of gold mineralization in the area and to define geological and exploration models that incorporate
the revised knowledge of the geological and structural setting, relative timing, mineralogical characteristics
and geochemical footprints of the gold mineralization to fill in knowledge gaps about the gold distribution
and geometry in the belt. The Beardmore-Geraldton belt consists of 0.15 to 10 km-wide panels of Archean
metasedimentary rocks alternating with 1 to 5 km-wide panels of metavolcanic rocks. The older, ca. 2725
Ma metavolcanic panels are in fault contact with the younger metasedimentary panels. The deposition of the
sedimentary rocks started at <2700 Ma, as indicated by the youngest detrital zircons dated from the Central
and Southern Metasedimentary units and was complete by 2694.0 + 1.0 Ma, the crystallization age of the
crosscutting quartz-feldspar porphyry.

The Beardmore-Geraldton belt underwent four deformation events. During D; deformation, the
metavolcanic-metasedimentary sequences and the quartz-feldspar porphyry were thrust-imbricated and
folded by F| folds. The D event occurred between 2694 Ma, the age of the quartz-feldspar porphyry dyke
in Geraldton, and 2690 + 1 Ma, the age of the post-D; Croll Lake stock. During D, deformation, south-to-
north shortening, regional-scale, west-plunging F> folds and axial-planar, east-trending, steeply dipping S,
foliation were formed. The S, foliation has been folded by S-shaped F3 folds that are associated with an
east-trending, spaced axial-planar S3 cleavage, indicating a previously unrecognized Ds sinistral shear event
in the belt. These three deformation events were overprinted by a D4 dextral transpression event. In the
Beardmore-Geraldton belt, gold mineralization is typically hosted by mudstone, sandstone, banded iron for-
mation and quartz-feldspar porphyry. Gold mineralization is commonly associated with locally auriferous
quartz-carbonate veins. The mineralized quartz-carbonatettourmaline vein selvages are characterized by
semi-massive sulphide-sericite-carbonate replacement alteration halos where hosted in banded iron forma-
tion. A similar alteration halo is present in veins that are hosted in mudstone, sandstone and quartz-feldspar
porphyry, although the sulphides are less abundant than when the veins are hosted in banded iron formation.

At least two gold-mineralizing events, including possible remobilization, took place during the tectonic
evolution of the belt. Gold-rich quartz-carbonate+tourmaline veins and the associated sericite-carbonate-
sulphide alteration halos are folded by F; folds, suggesting that the first gold-bearing event is related to the
early phases of the D deformation. East-northeast- to east-trending, locally auriferous quartz-carbonate-
tourmaline-sulphide veins cut F; fold hinges but are folded by S-shaped F3 folds, suggesting a second, early
D3 auriferous episode in the district. Northwest-trending sulphide-rich veins, which cut across early D3 tour-
maline-rich veins and are folded by gentle Z-shaped F4 folds, may also have carried or remobilized some
gold mineralization during D4 dextral transpression. An increase in gold grade is associated with elevated
As, Te, Sb, and W concentrations and sericitization index. It is hoped that the new data and interpretation
generated as part of this project will contribute to further mineral exploration success by defining new struc-
tural targets and establishing geochemical footprint vectors.

Toéth, Z., Lafrance, B., Dubé, B., McNicoll, V.J., Mercier-Langevin, P., and Creaser, R.A., 2015. Banded iron formation-hosted gold miner-
alization in the Geraldton area, northwestern Ontario: Structural setting, mineralogical characteristics, and geochronology, /n: Targeted
Geoscience Initiative 4: Contributions to the Understanding of Precambrian Lode Gold Deposits and Implications for Exploration, (ed.)
B. Dubé and P. Mercier-Langevin; Geological Survey of Canada, Open File 7852, p. 85-97.
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Figure 1. Regional geological map of the Beardmore-Geraldton greenstone belt (modified after Lafrance et al., 2004 and ref-

erences therein). Abbreviations: BS =

Beardmore syncline; NSU, CSU, SSU =

Northern, Central, and Southern

Metasedimentary units; NVU, CVU, SVU = Northern, Central, and Southern Metavolcanic units; PLSZ = Paint Lake Shear

Zone; TBD = Tombill-Bankfield Deformation zone.

INTRODUCTION

The Beardmore-Geraldton belt (BGB) is a transitional
terrane at the boundary between the Quetico and the
Wabigoon subprovinces in the western Superior
Province, northwestern Ontario (Devaney and
Williams, 1989). Over 4.1 million ounces of gold were
produced from several deposits between 1933 and
1970, after which mining ceased in the area (Pye, 1952;
Horwood and Pye, 1955; Mason and McConnell, 1982;
Mason and White, 1986). Renewed exploration has
significantly increased the known gold resources in
Geraldton. Premier Gold Mines Ltd. delineated an
additional 4.87 Moz and 2.74 Moz in indicated and
inferred resource categories, respectively, and, at the
time this paper was written, is planning open-pit oper-
ations on two of the deposits (Press Release on July &,
2014; www.premiergoldmines.com).

In order to better define the controls on gold miner-
alization and thereby refine existing geological and
exploration models, new research activity was initiated
in the BGB as part of the Lode Gold project of the
Targeted Geoscience Initiative 4 program (TGI-4) of
Natural Resources Canada (Dubé et al., 2011). The
main objective of the project was to determine the geo-
logical parameters that controlled gold mineralization
in the BGB and their relative timing, thereby con-
tributing to a better understanding of lode gold
deposits. Our specific objectives were to (1) determine
the structural and lithological setting of the deposits;

(2) characterize the geochemical footprint of the gold
mineralization and its associated hydrothermal alter-
ation envelope; (3) interpret the chronology of gold-
mineralization event(s) relative to the tectonic evolu-
tion of the belt; and (4) develop tectonic and metallo-
genic models for the belt.

REGIONAL GEOLOGY

The BGB consists of six, east-trending, intercalated
metavolcanic and metasedimentary units, which are
separated by dextral shear zones (Fig. 1). The Northern
(NVU), Central (CVU) and Southern Metavolcanic
(SVU) units formed in back-arc, island arc, and
oceanic crust environments, respectively (Tomlinson et
al., 1996). The Northern (NSU), Central (CSU), and
Southern (SSU) Metasedimentary units consist domi-
nantly of polymictic conglomerate (NSU), conglomer-
ate and turbiditic sandstone interbedded with Algoma-
type banded iron formation (CSU), and turbiditic sand-
stone interbedded with polymictic conglomerate and
banded iron formation (SSU) (Pye, 1952; Horwood
and Pye, 1955; Mackasey, 1975, 1976; Barett and
Fralick, 1985; Devaney and Fralick, 1985; Devaney
and Williams, 1989). From north to south, the metased-
imentary units represent alluvial fan or braided-plain
fluvial environments (NSU), subaqueous fan and/or
prodelta environments (CSU), and submarine fan
and/or basin-plain environments (SSU) (Mackasey,
1975, 1976; Barrett and Fralick, 1985; Devaney and
Williams, 1989; Fralick and Pufahl, 2006).
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Previous structural studies documented three tec-
tonic events across the BGB. The D; deformation is
interpreted as a regional thrusting event, which imbri-
cated the metavolcanic and metasedimentary units dur-
ing closure of foreland basin, the Quetico subprovince,
between the converging Wabigoon subprovince and the
Wawa subprovince (Devaney and Williams, 1989;
Williams, 1990). Outcrop-scale, isoclinal, F; folds with
no associated cleavage formed during D deformation
(Williams, 1986, 1987a,b, 1989, 1990; Devaney and
Williams, 1989; Lafrance et al., 2004), which was
bracketed between 2696 + 2 Ma, the youngest detrital
zircon age in the Central and Southern Metasedimen-
tary units (Hart et al., 2002; Fralick et al., 2006) and
2691 +3/_5 Ma, the crystallization age of a crosscutting
quartz feldspar porphyry dyke (Anglin, 1987; Anglin et
al., 1988; Lafrance et al., 2004). During the D, south-
to-north shortening, the BGB underwent tight, upright,
regional F, folding producing an east-trending, steeply
dipping, axial-planar S; cleavage and a steeply plung-
ing mineral stretching lineation (Ly) (Lafrance et al.,
2004). During D3 dextral transpression, the unit-
bounding thrust faults were reactivated as dextral shear
zones and a second regional cleavage formed axial-pla-
nar to asymmetrical, west-plunging F3 folds (Lafrance
et al., 2004). During the same progressive deformation
event, F3 and S3 were refolded and overprinted by Z-
shaped F5 folds and axial-planar S3- crenulation cleav-
age (Lafrance et al., 2004; DeWolfe et al., 2007).

Gold in the area occurs in quartz-carbonate veins
and their hydrothermal alteration selvages. Previous
work indicates that the veins are parallel to S3 and over-
print F; and F3 fold hinges, and thus were interpreted to
have been formed during the D3 dextral transpression
(Pye, 1952; Horwood and Pye, 1955; Beakhouse, 1984;
Anglin and Franklin, 1985; Macdonald, 1988; Kresz
and Zayachivsky, 1991; Lafrance et al., 2004; DeWolfe
et al., 2007). Our work in the belt indicates that some of
these interpretations may need to be revisited.

STRUCTURAL EVOLUTION OF THE
BEARDMORE-GERALDTON BELT

Detailed mapping and description of 8 large stripped
exposures, including lithology, primary texture, struc-
ture, veining, alteration and mineralization, were com-
pleted to improve the understanding of the relative tim-
ing of the gold mineralization, as well as the deforma-
tion history of the Beardmore-Geraldton belt. Mapping
was aided by the use of a differential GPS, which
proved to be essential for taking precise structural
measurements on magnetic banded iron formation.
Seven of these exposures are located south of
Geraldton (Fig. 2), and the other is located west of
Road 801, in the western part of the Beardmore-
Geraldton greenstone belt (Fig. 1).

The complex, polyphased tectonic evolution of the
BGB is summarized in Table 1. Excellent examples of
F; folds (Fig. 3a) with an axial-plane S| cleavage are
present in several outcrops. S cleavage, which had not
been recognized in previous studies, is expressed as a
spaced, chlorite-defined cleavage parallel to bedding in
metasedimentary rocks, as a continuous chloritic cleav-
age in mafic dykes (Fig. 3b), and as a strong crenu-
lated, spaced cleavage (with an average spacing of ~1
mm) defined by sericite in quartz-feldspar porphyry
dykes within the hinge of F; folds (Téth et al., 2013a).
During the D, compression, F; folds and the S; axial-
planar foliation were refolded by regional, east-trend-
ing F» folds and overprinted by the associated S, axial-
planar cleavage (Fig. 3c) (Lafrance et al., 2004; Toth et
al., 2013a, 2014b). S; cleavage is folded by tight to
open S-shaped F3 folds with an axial-planar, east-
trending, and steeply dipping, S3 crenulation cleavage
(Fig. 3d). These structures formed during a previously
unrecognized D3 sinistral transcurrent shearing event
(Toth et al., 2013a). The D4 dextral shearing event (D3
of Lafrance et al., 2004) resulted in the formation of Z-
shaped F4 drag folds and an S4 axial-planar cleavage
(Fig. 3e) (Téth et al., 2013a, 2014b). The S4 cleavage
is folded by Z-shaped F4 folds and overprinted by an
Sy foliation in shear zones (Fig. 3f) (Lafrance et al.,
2004; DeWolfe et al., 2007).

GOLD MINERALIZATION

Numerous samples were collected from stripped out-
crops and drill core to characterize the host rocks, the
nature of the gold mineralization and the associated
hydrothermal footprint in the Geraldton area. Styles of
gold mineralization differ according to their host rocks.
In mudstone and sandstone, auriferous quartz-carbon-
atettourmaline veins are surrounded by a strong yel-
low-brown sericite-Fe-carbonate-sulphide+chlorite
alteration halo (Fig. 4a) (Toth et al., 2013b, 2014b). In
magnetite-rich banded iron formation, gold is associ-
ated with semi-massive sulphide-sericite-carbonate+
chlorite alteration selvages surrounding quartz-carbon-
atetchlorite veins (Fig. 4b) (Toth et al., 2013b). When
hosted in quartz-feldspar porphyry, the auriferous
quartz-carbonatettourmaline veins are surrounded by a
well developed sericite-iron-carbonate-sulphide alter-
ation halo (Fig. 4c) (Téth et al., 2013b, 2014b).
Regardless of host rock, the dominant sulphide is
pyrite; however, arsenopyrite, pyrrhotite and chalcopy-
rite are also present (Toth et al., 2013b). Where
arsenopyrite is present, the sulphides are zoned with a
greater abundance of pyrite occuring next to the vein
margins and a greater abundance of arsenopyrite fur-
ther away from the vein margins (T6th et al., 2013b).
Gold occurs as fracture-fills or as inclusions in pyrite
and arsenopyrite grains, but is also present as free
grains in the veins (Téth et al., 2013b).
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Figure 2. Simplified geological map of the Geraldton area showing the location of the mapped exposures (geology modified
after Horwood and Pye, 1955, and Pye, 1952). The red rectangle in the inset shows the regional-scale location of the study
area. Universal Transverse Mercator (UTM) co-ordinates are based on North American Datum 1927 (NAD27), zone 16.

Table 1. Summary of deformation and gold mineralization events in the Beardmore—Geraldton greenstone belt (Lafrance et al.,
2004; Toth et al., 2013a, 2014a,b). Abbreviations: ACW = anticlockwise; CW = clockwise; QFP = quartz-feldspar porphyry.

Regional Description of Structures
Deformation . .
Style Folding Foliation
Gold mineralization
Dj thrusting Isoclinal, recumbent Fy folds; Strong; appears in some mafic dykes and QFP;
up to 1 m in amplitude bedding-parallel in sedimentary rocks
D; north-south  Tight upright regional F, folds; East-trending, steeply-dipping S;;
compression plunge: 20—70°W; axial-planar to F; folds;
amplitude up to several km parallel or slightly CW/ACW of bedding
Gold mineralization (or remobilization)
Dj sinistral Tight to open S-shaped F3 folds; East-trending, steeply-dipping S3;
transcurrent amplitude up to 10s of cm axial-planar to F3
shear Gold mineralization (or remobilization)
Dy dextral Z-shaped F4 folds; East-northeast-trending, steeply-dipping regional Sy;
transpression  plunge: 20—60°W; axial-planar to Fy;
(D3 in Lafrance amplitude up to several km oriented ACW to bedding
et al., 2004) Dextral east-trending shear zones localized along S, and lithological contacts
Z-shaped F4' drag folds over- Sinistral-slip Sy crenulation clevage;
printing foliation in shear zones axial-planar to Fy
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5 "".

Figure 3. Structural elements in the Beardmore-Geraldton greenstone belt (Lafrance et al., 2004; DeWolfe et al., 2007; Téth et
al., 2013a, 2014b). The yellow-outlined red arrows indicate north on each photograph. a) F1 folds refolded by west-plunging F»
folds in banded iron formation. b) Strong chloritic S1 cleavage folded by F» folds and overprinted by S, and S4 foliation in a
mafic dyke. ¢) Tight S-shaped F> folds with axial-planar S, foliation folding bedding (Sp) in banded iron formation. d) S, cleav-
age folded by S-shaped F3 folds that are overprinted by S, foliation. e) Chloritic S, foliation folded by Z-shaped F4 folds and
overprinted by axial-planar S4 cleavage. f) In shear zones, S4 foliation is folded by another Z-shaped F4 fold generation that

has axial-planar Sg sinistral-slip cleavage.

There were two main gold-mineralizing events that
occurred during deformation. Iron-carbonatized beds
and quartz-carbonate+tourmaline veins are folded by
F folds (Fig. 5a). Some of these early quartz-carbon-
atertourmaline veins are surrounded by a strong
sericite-carbonate-sulphide alteration halo (Fig. 5b)

and commonly yield gold values between 2 and 15g/t
(B. Cleland, Premier Gold Mines Ltd. pers. comm.,
2014), suggesting that the first gold mineralization
event occurred at the onset of the D thrusting (T6th et
al., 2014b). Other banded iron formation-hosted
quartz-carbonate veins associated with traces of pyrite
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Figure 4. Photographs of mineralization styles. a) Auriferous
quartz-carbonate-tourmaline vein surrounded by intense
sericite-carbonate-pyrite alteration in turbiditic mudstone and
sandstone (MST). b) Semi-massive pyrite-sericite replace-
ment alteration surrounding a quartz-carbonate vein in
banded iron formation (BIF). The semi-massive pyrite
replacement yielded 65.1 g/t Au. c) Auriferous quartz-car-
bonate-tourmaline veins surrounded by sericite-carbonate-
sulphide alteration in quartz-feldspar porphyry (QFP).
Abbreviations (Siivola and Schmid, 2007): Au = gold; cb =
carbonate; py = pyrite; qtz = quartz; ser = sericite; tur = tour-
maline.

replacement cut the limbs of F; folds but are folded in
the hinge of the same folds (Fig. 5¢), suggesting that
gold-bearing veins were emplaced throughout Dy

deformation. East-northeast- to northeast-trending
tourmaline-rich (Fig. 5d) and auriferous quartz-carbon-
ate-tourmaline-sulphide veins (Fig. 5e) and their car-
bonate-sericite-pyrite alteration halo cut F; fold hinges
and are folded by S-shaped F3 folds (Toth et al.,
2014b). These northeast-trending veins have an anti-
clockwise relationship with Sp, which is consistent
with sinistral shearing parallel to S, during a syn-Dj3
reactivation of the S, foliation. This suggests that the
second gold-mineralizing event is syn-D3 deformation
(Toth et al., 2014b). These results differ from previous
studies that proposed a late-D4 dextral transpression
timing for the gold mineralization in the BGB
(Lafrance et al., 2004; DeWolfe et al., 2007). Some
quartz-sulphide veins, which fill northwest-trending
tension gashes that cut across northeast-trending tour-
maline-dominated veins, are folded by gentle Z-shaped
F4 folds (Fig. 5f) and were likely emplaced during D4
dextral shear (T6th et al., 2014b). Similar auriferous
veins were described in the western part of the BGB
(DeWolfe et al., 2007), implying a possible third gold-
bearing event, or a syn-D4 remobilization of gold.

GEOCHRONOLOGY

U-Pb Sensitive High Resolution Ion Microprobe
(SHRIMP 1I) analyses of detrital zircon grains were
completed at the Geological Survey of Canada (GSC)
Geochronology Laboratory in Ottawa. Representative
conglomerate and sandstone samples from the three
BGB metasedimentary units and a sandstone sample
from the Quetico Subprovince near the boundary with
the BGB were selected for analysis. An auriferous
quartz-feldspar porphyry dyke was dated using high-
precision U-Pb isotope dilution thermal ionization
mass spectrometry (ID-TIMS) techniques at the GSC.
A gold-mineralized arsenopyrite-rich sample was dated
using the Re-Os isotopic system in an attempt to
directly date the gold-mineralizing event. These analy-
ses were completed using isotope dilution negative
thermal ionization mass spectrometry (ID-NTIMS)
methods at the Canadian Centre of Isotopic
Microanalysis (CCIM), University of Alberta.

Over three hundred U-Pb detrital zircon analyses
reveal very similar age distributions in all samples. In
the CSU and SSU sandstone samples, the youngest
dominant detrital zircon populations were dated at ca.
2700 Ma. The youngest dominant zircon populations in
the sandy matrix of the NSU conglomerate and the
Quetico sandstone were determined to be ca. 2711 Ma
(Té6th et al., 2014a). These U-Pb ages are consistent
with the previous interpretation of the BGB as a transi-
tional terrane between the Wabigoon and Quetico sub-
provinces (Devaney and Williams, 1989; Williams,
1990; Fralick et al., 2006). The deposition of the
metasedimentary units therefore started at <2700 Ma
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F, axial plane z;

-

Figure 5. Field relationships between hydrothermal activity including gold mineralization events and the deformation history of
the Geraldton area (T6th et al., 2014b). The yellow-outlined red arrows indicate north on each photograph. a) Early quartz-car-
bonate-tourmaline vein folded by F1 and refolded by F» folds in quartz-feldspar porphyry in the hinge of Hard Rock anticline.
b) Gold-mineralized quartz-carbonate-tourmaline veins surrounded by intense sericite-carbonate-pyrite alteration that has been
folded by F1 and refolded by F; folds. ¢) Quartz-carbonate vein surrounded by traces of sulphidic alteration cuts across a F1
fold hinge and is folded by a F4 fold. d) Northeast- to east-northeast-trending tourmaline-rich veins cutting across a F» fold
hinge. e) Gold-mineralized, east-northeast- to east-trending, quartz-carbonate-tourmaline vein cuts across a F» fold hinge and
is locally folded by S-shaped F3 folds. f) Northwest-trending quartz-pyrite vein (outlined by yellow) cuts across a northeast-
trending tourmaline-rich vein (outlined by white) and is gently folded by a Z-shaped F4 fold.

and ceased by 2694.0 £ 1.0 Ma, the crystallization age
of the crosscutting quartz-feldspar porphyry that was
sampled at the Porphyry Hill exposure south of
Geraldton. The D; deformation event is younger than

the 2694.0 + 1.0 Ma quartz-feldspar porphyry, as indi-
cated by its internal folding, but it is older than ca. 2690
+ 1 Ma (Corfu, 2000), the age of the post-D Croll Lake
stock that cuts the thrusted Northern Metavolcanic
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(NVU), Northern Metasedimentary (NSU), and Central
Metavolcanic units (CVU) (Kresz and Zayachivksy
1991) at the eastern boundary of the BGB.

Conglomerate in the NSU and SSU differ in clast
composition and detrital zircon ages from Timiskaming
conglomerate in the Abitibi greenstone belt, which
contains alkali volcanic rocks (Bass, 1961; Legault,
1993) and that was deposited between 2676 and 2670
Ma (Ayer et al., 2005). Nevertheless, both the
Timiskaming and the BGB conglomerates formed in
similar, alluvial, fluvial and deltaic environments and
represent similar regional-scale processes, such as syn-
tectonic continental island arc-fed sedimentation
(Mackasey, 1975, 1976; Barrett and Fralick, 1985;
Devaney and Williams, 1989; Mueller et al., 1994;
Born, 1995; Ayer et al. 2002; Fralick and Pufahl, 2006).
The Timiskaming-like sedimentary rocks and the
underlying unconformity are considered important fea-
tures in many lode gold systems because they mark the
beginning of major tectonic events that form pathways
for gold-mineralizing hydrothermal fluids (Dubé and
Gosselin, 2007).

A gold-mineralized sandstone sample (BGBZT
2013 362; 7.42 g/t Au) with abundant arseno-pyrite
was collected from drillhole MM276 for Re-Os
geochronology, yielding an age of 2579 + 25 Ma. Lead
isochron dating of pyrite samples collected from min-
eralized felsic porphyry bodies yielded a similar age of
2560 Ma (Anglin, 1987; Anglin and Franklin, 1989).
These ages are not likely to represent the true radi-
ogenic age of any of the gold-mineralizing phases
because the tectonic evolution of the BGB is thought to
have ceased much earlier, and no further processes
have been identified that could have been responsible
for such a late gold-bearing event. The meaning of the
Re-Os age presented by this study will be further
examined by detailed petrographic analysis to achieve
a better interpretation.

HYDROTHERMAL FOOTPRINT
(PRELIMINARY RESULTS)

A total of 216 samples were collected from drillholes
and mapped exposures to characterize the footprint of
the hydrothermal auriferous system in the Geraldton
area. The samples were analyzed for major oxides, 46
trace elements, CO», total S, Au, As, Bi, Se, Sb, Te and
FeO by Activation Laboratories Ltd. in Ancaster,
Ontario.

As expected, there is a strong positive correlation
between Au and total S, which is in agreement with the
presence of pyrite in the ore zones (Toth et al., 2013b).
In addition, higher Au grades are typically accompa-
nied by anomalous As and Te values (To6th et al.,
2013b). Gold is generally, but not exclusively, associ-
ated with high sericite alteration index values

(K70/(K70+Nay0); Saeki and Date, 1980). Samples
with elevated Au values are typically enriched in Sb as
well, but elevated Sb values are not restricted to Au-
mineralized samples, suggesting that Sb has a larger
footprint than Au. Gold and W commonly show a pos-
itive correlation. However, non- to weakly mineralized,
banded iron formation samples yielded higher W val-
ues than samples from the semi-massive sulphide
replacement zone flanking iron-carbonate quartz veins
in the iron formation.

MODEL FOR THE RELATIVE
CHRONOLOGY BETWEEN
HYDROTHERMAL ACTIVITY,
GOLD MINERALIZATION, AND
DEFORMATION EVENTS

The new data and interpretation presented herein sug-
gest a much more complicated deformation and miner-
alization history than previously proposed. Quartz-
feldspar porphyry dykes intruded the sedimentary
rocks prior to any deformation (To6th et al., 2013a,
2014b). The first gold mineralization event involving
iron-carbonate alteration and gold-mineralized quartz-
carbonate-tourmaline veins were emplaced parallel to
bedding at the onset of D deformation and were sub-
sequently folded by F folds (Toth et al., 2014b) (Stage
1-2 on Fig. 6). Another set of quartz-carbonate veins,
which are associated with a pyrite replacement halo,
cut across Fi fold hinges but are themselves folded
when located in the F; fold hinges, which suggests
late-D timing for their formation. If these veins and
their alteration halo carried gold, it would then imply
that the first gold-bearing event might have extended
throughout D (Stage 2 on Fig. 6). During the D, north-
south compression, Fy folds and the first gold-bearing
structures were refolded by regional F, folds, without
significant hydrothermal activity (Stage 3 on Fig. 6).
East-northeast- to northeast-trending tourmaline-domi-
nated veins cut across F, fold hinges and are locally
folded by F3 folds; therefore they were introduced dur-
ing early Dj sinistral shear (Stage 4 on Fig. 6) (Toth et
al., 2014b). The second gold-mineralizing event
occurred early during D3 deformation and is character-
ized by a set of northeast- to east-trending quartz-car-
bonate-sulphide-tourmaline+gold veins (Stage 4 on
Fig. 6) (Toth et al., 2014b). Some short, northwest-
trending quartz-sulphide-bearing tension gashes cut
across northeast-trending tourmaline-rich veins and are
folded by F4 folds, suggesting a syn-D4 timing of
emplacement (Stage 5 on Fig. 6) (To6th et al., 2014b).
Based on analogies with the western part of the BGB
(DeWolfe et al., 2007), these syn-D4 veins might be
gold-bearing (T6th et al., 2014b). The geometry of
auriferous veins, documented to be parallel to S4 and
overprinting F, and F4 fold hinges (Pye, 1952;
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Figure 6. Summary of the hydrothermal activity, gold mineralization and deformation events in the Geraldton area (based on
Téth et al., 2014b). Stage 1. Iron-carbonate alteration and gold-mineralized quartz-carbonate-tourmaline veins were emplaced
at the beginning of D1 deformation. Stage 2. Oblique quartz-carbonate veins were emplaced late during D1 deformation, but
before the final closure of F4 folds. Thus, these veins are also folded by F4 folds in the fold hinges. Stage 3. Formation of
regional F2 folds by (re)folding older structural elements. Stage 4. Tourmaline-rich and auriferous quartz-carbonate-sulphide-
tourmaline vein sets were introduced early during D3 sinistral shear. Stage 5. Northwest-trending quartz-sulphide veins were
emplaced syn-D4. Analogies from the BGB suggest that these veins might also carry gold.

Horwood and Pye, 1955; Beakhouse, 1984; Anglin and
Franklin, 1985; Macdonald, 1988; Kresz and
Zayachivsky, 1991; Lafrance et al., 2004; DeWolfe et
al., 2007), suggests that the majority of the gold miner-
alization was introduced during Dj3 sinistral shear. The
syn-D1 and syn-Dj3 timing of gold emplacement differs
from that of other greenstone belts (e.g. Timmins-Val
d’Or, Red Lake), where the bulk of the quartz-carbon-
ate veining-related gold mineralization is commonly
considered as having been emplaced during a main D,
deformation event (Robert and Poulsen, 2001; Dubé et
al., 2002; Robert et al., 2005).

IMPLICATIONS FOR EXPLORATION
This study presents detailed mapping of newly stripped

outcrops and drill-core analysis placing new con-
straints on and interpretations of the chronology and
structural setting of gold mineralization in the BGB.
Based on this evidence, mineral exploration should
focus on east- to northeast-trending vein systems
emplaced in sinistral shear zones, rather than in late
dextral shear zones. All the gold mineralization is
expected to be deformed due to successive progressive
deformation and mineralizing events. The early, syn- to
late-D1 auriferous veins will be strongly discontinuous
and folded, whereas younger veins emplaced during
the second, early to syn-D3 mineralizing event occur
as parallel veins that were locally S-folded during D3
deformation and Z-folded during D4 deformation. Both
mineralization events produced similar mineralogy and
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alteration halos and each deformation event is
favourable for locally remobilizing gold.

FUTURE WORK
Future work includes the following:

* Additional optical and SEM petrography to fully
characterize the mineralogical assemblages associ-
ated with the gold mineralization, in all host rock
types;

* LA-ICP-MS study on mineralized samples to iden-
tify different generations of pyrite and arsenopyrite
and the element associations related to gold,

» Final assessment of geochemical data;

* Submission of manuscripts to peer-reviewed jour-
nals about the structural geology of the BGB and
the chronological, structural setting, and footprint
of the gold mineralization in the BGB.
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ABSTRACT

The Meliadine gold district comprises a combination of orogenic greenstone- and BIF-hosted gold miner-
alization. The largest gold deposits (Tiriganiaq, Wesmeg, Normeg, F Zone, Pump, Discovery, and Wolf) are
cospatial with the northwest-trending Pyke Fault and its inferred east-trending splays, which cut amphibo-
lite- to greenschist-facies rocks within the Rankin Inlet greenstone belt. New U-Pb detrital zircon ages sug-
gest that turbiditic and mafic volcanic host rocks at Tiriganiaq were deposited <2.66 Ga. In contrast, a
polymictic conglomerate south of the Pyke Fault, which is not known to host gold, yielded Paleoproterozoic
U-Pb detrital zircons and was deposited at <2.50 Ga. These new ages confirm that the Rankin Inlet green-
stone belt comprises intercalated Archean to Paleoproterozoic supracrustal successions. Deformed
Paleoproterozoic conglomerates suggest that the Archean to Proterozoic Rankin Inlet stratigraphy was
reworked during the Trans-Hudson Orogeny (1.9-1.8 Ga).

Gold in the district is associated with hydrothermally altered and sulphidized BIF and fault-fill quartz
(= ankerite) veins. Hydrothermal alteration and pathfinder element enrichment (As-Te-Bi-Sb) can be
mapped following a multivariate and probabilistic approach for 10s to 100s of meters beyond BIF-hosted
replacement-style mineralization. Coarse-grained and idioblastic arsenopyrite crystals occur within and at
the margins of folded quartz (+ ankerite) veins and are also a good visual gold indicator. Gold is paragenet-
ically late and occurs at arsenopyrite grain boundaries and/or as fracture fills. Clusters of gold inclusions
coincide with recrystallized and sieve-textured arsenopyrite domains. These microtextures suggest that sul-
phide recrystallization liberated gold that was redistributed, at least locally, into low-strain microtextural
sites along with other precious- and base-metals during a late fluid-assisted and deformation/metamorphic-
driven remobilization. We propose that remobilization was concurrent with the growth of xenotime at ca.
1.86 Ga (new U-Pb ages), which postdates arsenopyrite and occurs together with gold in low-strain micro
textural sites. New Re-Os arsenopyrite model ages range from 2.3 to 1.8 Ga and document a hitherto unrec-
ognized pre-1.86 Ga hydrothermal and sulphide history. The range of Re-Os model ages tends to support
partial open-system behaviour and/or mixing of disparate arsenopyrite generations that are evident from
microtextures and in situ element mapping. Replicate analyses of the two most Re-rich and homogeneous
arsenopyrite samples yield Re-Os model ages at ca. 2.27 and 1.90 Ga. We speculate that gold at the
Meliadine gold district was initially introduced at 2.27 Ga and/or 1.90 Ga along with arsenopyrite and was
subsequently remobilized, coupled with arsenopyrite recrystallization, during the Trans-Hudson Orogeny at
1.86-1.85 Ga.

INTRODUCTION

The Meliadine Gold District (MGD) research activity
represents one component of the Banded Iron
Formation (BIF)-hosted deposits subproject within the
Lode Gold project of the Targeted Geoscience
Initiative (TGI)-4 program (Dubé et al., 2011).
Research at the MGD is conducted in close collabora-

tion with Agnico-Eagle Mines Ltd. and focuses on fur-
ther defining the setting, age, and hydrothermal foot-
print at this emerging gold district (2.8 Moz contained
gold within an indicated and inferred resource of 5.8
Moz; www.agncioeagle.com). Prior to this study, the
metallogenic model at the MGD emphasized a rela-
tively late gold history (Carpenter and Duke, 2004;

Lawley, C.J.M., Dubé, B., Mercier-Langevin, P., McNicoll, V.J., Creaser, R.A., Pehrsson, S.J., Castonguay, S., Blais, J.-C., Simard, M.,
Davis, W.J., and Jackson, S.E., 2015. Setting, age, and hydrothermal footprint of the emerging Meliadine gold district, Nunavut, /n:
Targeted Geoscience Initiative 4: Contributions to the Understanding of Precambrian Lode Gold Deposits and Implications for
Exploration, (ed.) B. Dubé and P. Mercier-Langevin; Geological Survey of Canada, Open File 7852, p. 99-111.
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Carpenter et al., 2005). The model was based, in large
part, on hydrothermal monazite U-Pb ages (1.85 Ga)
that were interpreted to be cogenetic with gold at the
Tiriganiaq deposit and correlative with the Trans-
Hudson Orogeny (THO; 1.9—-1.8 Ga; Carpenter et al.,
2005). The apparent link between gold and late west-
trending shear zones was taken as further evidence of
late gold introduction at the MGD (Carpenter and
Duke, 2004). However, the gold fertility of pre-THO
structures was undocumented. Published geochronol-
ogy for the Rankin Inlet greenstone belt was also lim-
ited to U-Pb zircon dating of a felsic band (originally
interpreted as a porphyritic rhyolite) intercalated with
mafic volcanic rocks at ca. 2.66 Ga (Tella et al., 1996).
This sample was collected south of the major gold-
bearing structure in the MGD (i.e. the Pyke Fault; Fig
1) and thus the ages of the rocks hosting the gold
deposits remained speculative.

In this contribution, we briefly outline TGI-4 field
and laboratory results that further constrain the setting,
age, and hydrothermal footprint at the MGD. Critically,
we document a hitherto unrecognized pre-1.85 Ga
hydrothermal history at the MGD. The implications of
‘early’ auriferous hydrothermal activity to ongoing
mineral exploration are also briefly discussed.

RESULTS AND DATA ANALYSIS
Setting
Regional Setting

West of Hudson Bay, the Western Churchill Province
(WCP) is broadly divided into the Rae and Hearne cra-
tons separated by the cryptic and polyorogenic
Snowbird Tectonic Zone (Hoffman, 1988). However,
more recent work has further subdivided the WCP into
the Central Hearne subdomain and the Chesterfield
Block (Berman et al., 2007, 2013; Pehrsson et al.,
2013a, b). These authors placed the MGD at the bound-
ary between the Central Hearne and the Chesterfield
Block. Cratonic boundaries are widely recognized as
first-order controls on the distribution of gold deposits
and represent significant exploration targets.

Host Rocks

The MGD host rocks were originally assigned to the
Rankin Inlet Group (Bannatyne, 1958) and later
referred to as the Rankin Inlet greenstone belt (e.g.
Aspler and Chiarenzelli, 1996). The district is domi-
nated by volcanic rocks (basalt, andesite, and rare rhy-
olite), interflow volcaniclastic rocks and, more rarely,
graded-bedded greywacke-siltstone-mudstone succes-
sions, quartzite and BIF. Metamorphosed and
deformed granitic to tonalitic intrusions are interca-
lated with these supracrustal rock packages. Mafic vol-
canic and volcaniclastic rocks, known locally as the

Wesmeg formation, represent the two main rock types
at Wesmeg, Normeg, F Zone, and Pump and constitute
the footwall at Tiriganiaq (Figs. 1-3). Graded-bedded
greywacke-siltstone-mudstone rock assemblages are
interpreted as turbidite sucessions and are known
locally as the Sam and Tiriganiaq formations (Fig. 3a,
b; Carpenter and Duke, 2004). Turbidite sequences
comprise the hanging wall at Tiriganiaq and represent
the dominant host rock at Discovery. Algoma-type BIF
is interbedded with mafic volcanic and volcaniclastic
rocks (i.e. oxide facies; Wesmeg, Pump, and F Zone
deposits) and a greywacke-siltstone-chloritic mudstone
rock assemblage (i.e. silicate facies; Tiriganiaq and
Discovery deposits). Oxide-facies BIF is significantly
more chert-rich than silicate-facies BIF.

Structure

The structural history of the MGD is broken into four
distinct phases of deformation (Fig. 3a; Carpenter and
Duke, 2004; Carpenter et al., 2005). The earliest rec-
ognizable deformation event (D) lacks a clear cleav-
age although it is linked to bedding-parallel thrusting
and folding that may have resulted in the initial juxta-
position of volcanic-sedimentary packages (Tella et al.,
1992; Carpenter and Duke, 2004). The largest gold
deposits occur along the Pyke Fault and its associated
splays (e.g. Lower Fault at Tiriganiaq; Figs. 1, 2).
Carpenter and Duke (2004) have proposed that these
faults may have developed during this earliest defor-
mation event; however, the timing and nature of Dy,
and especially its relationship to gold, remain poorly
constrained.

A second deformation increment (D,) resulted in
bedding-parallel folding and thrusting and a penetra-
tive northwest-trending foliation (S,: 285/59;
Carpenter and Duke 2004). This deformation event was
likely coupled with shearing and reactivation of the
Pyke Fault and associated west-trending fault splays
(e.g. Lower Fault; Carpenter and Duke, 2004). TGI-4
fieldwork along the newly constructed all-season road
between the town of Rankin Inlet and the Meliadine
exploration camp identified that recumbent and isocli-
nals folds (F,?) were refolded during D, to produce the
dominant map pattern south of the Pyke Fault (Fig. 1;
akin to Fig. 2 of Tella et al., 1992).

The dominant regional foliation (S,) predates a
west-trending cleavage (S;) that is best developed
within turbidite and represents the dominant fabric
geometry at Tiriganiaq. Northeast-plunging regional- to
outcrop-scale Z-shaped folding may have developed
during this D5 event (Carpenter and Duke, 2004). The
relationship between asymmetric folding and D5 reacti-
vation of the Pyke and Lower faults and gold forms the
basis for the late gold metallogenic model at the MGD
(Carpenter and Duke, 2004; Carpenter et al., 2005).
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Figure 2. Simplified cross section showing the Tiriganiaqg, Normeg, and Wesmeg deposits (courtesy of Agnico-Eagles Mines
Ltd.). Section highlights folded BIF and turbidite (Sam and Upper Oxide formations) in the hanging wall at Tiriganiaq. Ore zones
and BIF are transposed and axial planar to folds and are also parallel to the Lower Fault. Gold-rich intervals at Wesmeg locally

occur along ultramafic and mafic volcanic (i.e. Wesmeg Formation) contacts.

At Tiriganiaq, auriferous quartz (+ ankerite) veins
are tightly folded, boudinaged, and transposed parallel
to the main fabric (265/65N; Fig. 4a—d), which could
represent (1) a locally penetrative S5 fabric, developed
subparallel to the west-trending and steeply dipping
Lower Fault (Carpenter and Duke, 2004; Carpenter et
al., 2005); (2) the main regional foliation (S,) trans-
posed into a west-trending orientation by Ds strain
(Miller et al., 1995); or (3) a composite S,-S; fabric.
The dearth of clear S,-S; relationships underground at
Tiriganiaq makes distinguishing between these possi-
bilities equivocal. However, S, .., is axial planar to
tight folds in turbidite (Fig. 3b) and BIF, which is
unlike S3-S, relationships distal to Dy shear zones (Fig.
3a). This relationship likely reflects transposed bed-
ding adjacent to D5 shear zones (e.g. Lower Fault), but
could also suggest that the main deposit fabric at
Tiriganiaq represents the dominant regional foliation
(S,) transposed into a west-trending orientation.

Asymmetric porphyroclasts and boudinaged quartz
veins, coupled with the geometry of en echelon exten-
sion quartz (+ ankerite) veins in the Tiriganiaq deposit
structural hanging wall, suggests a component of
reverse sense of motion during the main phase of

deformation. This reverse component of motion post-
dates, or was synchronous with, auriferous quartz
(£ ankerite) veining (Fig. 4a—d). The main quartz vein
at Tiriganiaq occurs within the Lower Fault and is
interpreted as a fault-fill vein type (Fig. 4a, c; i.e., lam-
inated appearance; included slivers of mylonitized wall
rock; stylolites). Attendant flat-dipping extensional
veins are also tightly folded, transposed by the main
deposit fabric, and commonly occur as rootless folds
(Fig. 4a). This suggests that these fault-fill and exten-
sional quartz-ankerite veins were emplaced in an active
deformation zone and thus contrast with the post-defor-
mational vein timing (late D) proposed by Carpenter
et al. (2005).

The final phase of deformation, Dy, is characterized
by a northwest- to north-trending crenulation cleavage
(S4) and kink bands, which are best developed in fissile
turbidite and mafic volcaniclastic successions (Fig. 3a).
The late crenulation cleavage is generally steeply dip-
ping and produces a strong vertical intersection lin-
eation on S, foliation planes. This final phase of defor-
mation does not significantly modify earlier structures,
is not associated with mineralization, and likely post-
dates the introduction of gold (Carpenter and Duke,
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Figure 3. a) Turbidite showing three foliations (S>—S4) reported by Carpenter and Duke (2004). b) Turbidite bedding at
Tiriganiag. The main deposit fabric (Sy or S3) is axial planar to folded turbidite bedding at Tiriganiag. ¢) BIF intercalated with
mafic volcanic rock. d) Refolded BIF outcrop at Discovery. e) Polymictic conglomerate deposited <2.50 Ga. Conglomerate com-
prises muscovite schist, quartzite, metadiorite, and metabasalt clasts set in a siltstone matrix. f) Conglomerate deposited <2.66
Ga. The conglomerate comprises quartzite and tonalite/granodiorite clasts set in a siltstone matrix. g—h) A gabbroic dyke cut-
ting the turbiditic host rocks at Discovery. The dyke is folded and transposed parallel to the main deposit fabric (S; or S3). A zir-
con age of ca. 1.81 Ga obtained from the dyke most likely records the timing of metamorphism, or a hydrothermal event, as
opposed to its emplacement age. i) Massive to foliated equigranular gabbroic dyke cutting turbiditic host rocks at Tiriganiaq. A
U-Pb zircon crystallization age of ca. 90 Ma was obtained from this sample, significantly younger than any known magmatic
activity in the Rankin Inlet region (Davis and Miller, 2001; N.B. veins were excluded prior to sample crushing).
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2004). A deformed <2.155 Ga conglomeratic horizon
south of the Pyke Fault is transposed parallel to the
main regional foliation (S;) and suggests that the
Rankin Inlet Group was significantly reworked during
the THO (Davis et al. 2008).

Structural Controls at the Tiriganiaq Deposit

Most of the mineralized zones (i.e. lodes) at the
Tiriganiaq deposit are oriented parallel to the west-
trending Lower Fault (Fig. 2), which is situated a few
hundred metres to the north of the Pyke Fault (Fig. 1).
These predominantly west-trending ore zones consist
of folded quartz-carbonate-sulphide veins that cut sul-
phidized BIF and intercalated turbiditic rocks (Figs. 2,
4g). The 1100-1350 lodes are type examples of this
mineralization style and extend into the Tiriganiaq
hanging wall (Fig. 2). Auriferous quartz (+ ankerite)
veins within these lodes are predominately west- to
west-southwest-trending and subparallel to the main
deposit fabric at Tiriganiaq. The 1000 lode is hosted
within the Lower Fault and corresponds to a wide (1-2
m) fault-fill quartz vein (Fig. 4a) that is folded, boudi-
naged, and transposed parallel to the main deposit fab-
ric (Fig. 4a—d). Subordinate northwest- and north-
trending quartz veins also host gold and are also folded
by the main deposit fabric near the Lower Fault at
Tiriganiaq. Mineralized BIF is tightly S-folded, proba-
bly during D,, and further sheared especially along the
Lower Fault, either late during D,, and/or during D5
dextral shearing (Fig. 2). Late movement along the
Lower Fault cuts the southern limb of this S-shaped
fold (Fig. 2). Two high-grade ore shoots are recognized
at Tiriganiaq: (1) one ore trend plunges approximately
45° to the east and may correspond to the intersection
between the main west-trending shear fabric and the
axes of northeast-plunging folds (D3?), and (2) a sec-
ond ore trend plunges approximately 25° to the west,

which parallels the hinge zone of the tightly S-folded
BIF (Fig. 2).

Age
Regional U-Pb Zircon Geochronology

Six samples from the Rankin Inlet greenstone belt were
targeted for U-Pb zircon dating (Lawley et al., in prep).
Detrital zircons were analyzed from sedimentary and
volcaniclastic samples using the SHRIMP (Sensitive
High Resolution Ion Microprobe). Two of these sam-
ples (turbiditic hanging wall and mafic volcaniclastic
footwall) host the Tiriganiaq deposit and yield detrital
zircons with ages that range from 2.94 to 2.66 Ga,
which suggests that both host rocks at Tiriganiaq were
deposited <2.66 Ga (Lawley et al., in prep). A gabbroic
dyke that cuts meta-turbiditic rocks at the Discovery
deposit yield zircon crystals that were dated at ca. 1.81
Ga (U-Pb SHRIMP). This gabbroic dyke at Discovery
(Fig. 3h; ‘feather’ gabbro of Carpenter and Duke,
2004) is folded and transposed parallel to the main foli-
ation (Fig. 3g), which suggests that this fabric and the
main MGD map pattern is the result of
Paleoproterozoic reworking. However, zircons from
this folded dyke are clearly metamict and contain sig-
nificant common Pb. These zircon textures and compo-
sitions suggest that the zircon ages record the timing of
metamorphism, or a hydrothermal event, rather than
the crystallization age of the gabbroic dyke. A second
gabbroic dyke that cuts meta-turbiditic host rocks at the
Tiriganiaq deposit was dated at ca. 90 Ma (U-Pb ID-
TIMS; Isotope Dilution-Thermal Ionization Mass
Spectrometry; Fig. 3i). This crystallization age is sig-
nificantly younger than any known Phanerozoic mag-
matism in the Rankin Inlet region (e.g. ca. 214 Ma kim-
berlite; Davis and Miller, 2001).

Two conglomerates were also dated south of the
Pyke Fault. One of these samples is polymictic and

Figure 4 opposite. a) Underground photo of the 1000 lode at Tiriganiaq (photo credit to Agnico-Eagle Mines Ltd.). The main
quartz vein occurs at the Lower Fault and is interpreted as a fault-fill vein. Dragging of the main fabric in the hanging wall is
consistent with a reverse sense of motion postdating or synchronous with veining. Attendant extension veins are transposed
and folded by Smain (S2/S3?). b) Underground photo of the 1000 lode at Tiriganiaq (photo credit to Agnico-Eagle Mines Ltd.).
The main deposit fabric is parallel to transposed bedding. Auriferous quartz veins are folded and transposed. ¢) Underground
wall photo at Tiriganiag showing the high-grade 1000 lode (Smain is dipping towards the viewer). The main quartz vein is trans-
posed, folded, and boudinaged parallel to Smain- d) Underground photo of transposed, folded, and boudinaged quartz
(x ankerite) veins structurally above the 1000 lode at Tiriganiag. e) Underground photo of lamprophyre dyke cutting mafic vol-
canic and quartz veins at Tiriganiaqg. This dyke is apparently undeformed and clearly cuts Spyain. Lamprophyre dykes in the MGD
may be correlative with the 1.833 Ga Christopher Island Formation (Rainbird et al., 2006) and could suggest that the main
regional foliation is 21.833 Ga. f) Core photo of a quartz vein and alteration halo at Pump. Arsenopyrite is concentrated within
the vein’s alteration halo along with chlorite-sericite-calcite. g) Core photo of a high-grade BIF interval at Tiriganiag showing
folded quartz veins and associated idioblastic arsenopyrite. h) Core photo of a folded quartz (+ ankerite) and gold vein at Wolf.
Smain appears axial planar to the fold. Idioblastic arsenopyrite crystals occur peripheral to the vein. i) Core photo of a folded
quartz vein at Wesmeg. Idioblastic is concentrated within folded chloritic bands. j) Core photo at Wolf that highlights the chal-
lenge of unravelling the gold history in metamorphosed deposits. Gold occurs within a tightly folded quartz (+ ankerite) vein.
Smain is axial planar to the folded vein; however, a late pyrrhotite-quartz-calcite fracture cuts the folded quartz veins and could
be associated with the gold. k) Core photo of a deformed quartz-ankerite-gold vein cutting BIF at Tiriganiaq. A late pyrite-rich
fracture cuts the auriferous quartz vein (abbreviations: Ank = ankerite; Aspy = arsenopyrite; BIF = banded iron formation; Chl
= chlorite; lamp = lamprophyre; Po = pyrrhotite; Py = pyrite; Qtz = quartz).
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contains pebble- to boulder-sized clasts comprising
muscovite schist, quartzite, granodiorite/tonalite, and
metabasalt hosted by a metasiltstone matrix (Fig. 3e).
The polymictic conglomerate yields detrital zircon
ages that range from 3.37 to 2.50 Ga, suggesting that
this conglomerate was deposited <2.50 Ga and con-
firms that Paleoproterozoic, or younger, sedimentary

:éréphltic Lower Faulti|

successions are intercalated and folded with
Neoarchean volcanic rocks comprising the Rankin
Inlet greenstone belt (Davis et al., 2008). The second
dated conglomerate comprises pebble- to cobble-sized
clasts of quartzite and granodiorite/tonalite (Fig. 3f)
and yields detrital zircon ages that range from 2.86 to
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2.66 Ga, which suggests that this conglomerate was
deposited at <2.66 Ga (Lawley et al., in prep).

Deposit U-Pb Xenotime Geochronology

Two auriferous quartz (+ ankerite) vein samples cutting
BIF and turbidite host rocks at Tiriganiaq were targeted
for in situ U-Pb xenotime dating. Both samples were
also dated via Re-Os arsenopyrite geochronology and
compliment previously reported U-Pb monazite ages for
the same deposit (Carpenter et al., 2005). Dated xeno-
time crystals postdate arsenopyrite (i.e. occur at
arsenopyrite grain boundaries and fill arsenopyrite frac-
tures) and yield a colinear array with an upper intercept
Concordia age at 1862 + 29 Ma (lower intercept = 117
+ 660 Ma; Mean Square Weighted Deviate, MSWD =
1.1; n = 15; 9 xenotime crystals). This upper intercept
age is in excellent agreement with a weighted average
207pp/206ph age for all analyses at 1858 + 10 Ma
(MSWD = 1.1, n = 15; 9 xenotime crystals). Both age
determinations are also in broad agreement with the pre-
viously reported preferred weighted mean 207Pb/206Pb
monazite age at 1854 = 6 Ma (MSWD =1, n = 18;
Carpenter et al., 2005). Undated ultrafine xenotime
inclusions within arsenopyrite may represent an older,
but undefined hydrothermal phosphate event(s) or could
suggest that arsenopyrite crystals are locally <1.86 Ga.

Deposit Re-Os Arsenopyrite Geochronology

Arsenopyrite samples were collected from Tiriganiaq,
Pump, F Zone, and Discovery. These samples share a
similar paragenesis and occur with high-grade gold
intervals at each of the targeted deposits (Fig. 4d—i).
Gold fills arsenopyrite fractures and occurs at
arsenopyrite crystal boundaries that, coupled with LA-
ICP-MS in situ element mapping (Lawley et al., 2014a,
b), provides evidence for late gold mobility and possi-
ble gold remobilization into low-strain microtextural
sites. Arsenopyrite samples yield low Re-contents
(0.5-6 ppb, n = 15) and are generally highly radiogenic
(i.e. the Os isotopic composition is dominated by radi-
ogenic 1870s). Re-Os model ages range from 2.3 to1.8
Ga and point to complex Re-Os systematics that cannot
be interpreted within the context of a single and coge-
netic arsenopyrite sample suite. Replicate analyses of
the two most Re-enriched samples yield the most uni-
form Re-Os model ages at 1899 + 6 Ma (MSWD = 0.5,
n =3) and 2269 + 25 Ma (MSWD =6, n=5; Lawley et
al., submitted a), respectively, whereas replicate
analyses of Re-poor aliquots (<1 ppb) yield variable
Re-Os model ages between these two end-members.

We speculate that these homogeneous and repro-
ducible Re-Os arsenopyrite ages are geologically
meaningful and that arsenopyrite crystallization is sig-
nificantly older than hydrothermal xenotime at ca. 1.86
Ga. If correct, new Re-Os ages are broadly concurrent

with the Arrowsmith (2.4-2.3 Ga) and Snowbird (1.90
Ga) orogens (Berman et al., 2013) and record a hitherto
unrecognized pre-1.86 Ga hydrothermal history at the
MGD. Gold was likely introduced at ca. 2.27 and/or
1.90 Ga, whereas monazite and xenotime ages at ca.
1.86 Ga likely date phosphate and gold remobilization
concomitant with the THO. Heterogeneous Re-Os
arsenopyrite ages between 2.3 and 1.8 Ga could reflect
partial open-system behaviour or mixing of disparate
arsenopyrite generations that are evident from element
mapping (Lawley et al., 2014b).

Hydrothermal Footprint

Fluid-rock interaction produces geochemical and min-
eralogical effects that can extend far beyond the eco-
nomically viable portions of a hydrothermal ore
deposit. This ‘hydrothermal footprint’ holds great
promise as an exploration tool to vector from barren
rock to high-grade gold ore and is a key tool in the
search for new BIF-hosted gold deposits in metamor-
phosed and complexly deformed environments. As part
of TGI-4 research at the MGD, we extended the prob-
abilistic mapping approach, initially developed for
geochemical survey studies, to hydrothermal footprint
vectoring in the subsurface (Lawley et al., submitted
b). Our conditional probability-based approach pro-
vides a framework to delineate domains of multivariate
pathfinder-element enrichment and hydrothermally
altered rock that extend 10s to 100s of meters beyond
the gold ore zones. These anomalous domains occur in
hanging wall and footwall rock devoid of gold (<5 ppb)
and thus provide a possible vector to high-grade ore. At
Tiriganiaq, hydrothermally altered and anomalous
pathfinder-element concentrations extend for at least
200 m beyond the gold ore zone (Lawley et al., sub-
mitted b). We demonstrate that the accuracy and preci-
sion of portable X-Ray Fluorescence (pXRF) spec-
trometry on drill-core surfaces is sufficient to map mul-
tivariate hydrothermal footprints from the rock record
in unprecedented detail and at a fraction of the cost and
time compared to whole-rock analyses (Lawley et al.,
submitted b).

MULTISCALE IMPLICATIONS
FOR EXPLORATION

Gold typically occurs in late fractures and other late
and low-strain microtextural sites at orogenic deposits,
which are the end-product of repeated hydrothermal
stages linked to fluid-pressure cycling and episodic
fluid infiltration in an active deformation zone (e.g. the
fault-valve model; Sibson et al., 1988). Gold is
expected to precipitate in multiple stages throughout
this complex hydrothermal and deformation history
and yet it typically occurs as the latest mineral phase at
the microscale. This classic ore texture is the subject of
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continued controversy and has been taken as evidence
for (1) the relatively late timing for the bulk of the gold;
(2) remobilized gold that was liberated from early and
gold-rich sulphides and then redistributed during later
fluid-assisted metamorphic and/or structural events;
and/or (3) a mixture of these processes. Each scenario
requires a tailored mineral exploration strategy and
thus the absolute age of gold represents a key uncer-
tainty for mineral explorationists. In the case of meta-
morphosed deposits, the current textural setting of gold
is of great importance for defining deposit-scale ore
shoots, but it likely reveals very little on how gold was
initially introduced, which has major impacts on local-
to regional-scale exploration models.

The late gold paragenesis at the MGD, coupled with
U-Pb hydrothermal monazite ages at ca. 1.85 Ga, led to
an inferred late gold model and a genetic link with the
THO (1.9-1.8 Ga). Critically, the previous gold model
implied that (1) MGD auriferous quartz veins are rela-
tively undeformed; (2) idioblastic arsenopyrite crystals
associated with gold are late and largely postdate the
main regional foliation; and (3) late D5 structures are
prospective for gold, whereas D, folding and thrusting
predate gold and thus were considered unprospective
(Carpenter and Duke, 2004; Carpenter et al., 2005).
Tiriganiaq and Pump are associated with D5 east-trend-
ing shearing and Z-folding, respectively, and thus rep-
resent type examples of the late gold model (Fig. 1).

The link between gold and late reworking at the
MGTD is also supported by recent studies at other BIF-
hosted gold deposits within the WCP (e.g. Three
Bluffs, Davies et al., 2010; Meadowbank, Sherlock et
al., 2004). Each of these studies proposed a genetic link
between gold and the THO. This tectono-thermal event
represents the latest Paleoproterozoic orogenic phase
that is recorded across large swaths of the WCP.
Accordingly, the Trans-Hudson Paleoproterozoic
Metallotect has been tentatively correlated from north-
ern Nunavut to Saskatchewan and Manitoba (e.g.
Davies et al., 2010). In contrast, the gold fertility and
prospectivity of orogenic episodes and fault-networks
that predate the THO were undemonstrated.

Reproducible replicate analyses of the two most Re-
rich samples yield the least evidence for disturbance
and potentially record a pre-1.86 Ga gold-bearing sul-
phide history. If correct, arsenopyrite crystals may have
initially crystallized concomitant with the Arrowsmith
and/or Snowbird orogenies along with early arsenopy-
rite (i.e. 2.27 and/or 1.90 Ga). Gold was likely intro-
duced along with early arsenopyrite and then remobi-
lized during the later stages of the THO (i.e. 1.86—1.85
Ga). Late gold enrichment is also demonstrated by in
situ LA-ICP-MS trace element mapping and spot
analyses (Lawley et al., 2014b).

Idioblastic arsenopyrite crystals are also concen-
trated at the margins and within the halo of folded and
transposed auriferous quartz (+ ankerite) veins at each
of the studied deposits. At Tiriganiaq, the main aurifer-
ous quartz vein, which occurs along the Lower Fault
and shares similarities with fault-fill veins, is folded,
boudinaged, and transposed subparallel to S, ,;, (Fig.
4a, ¢). Smaller scale quartz (£ ankerite) veins are also
tightly folded and transposed subparallel to S ., in
Tiriganiaq hanging wall and footwall rocks (Fig. 4b, d).
Dated arsenopyrite crystals within and at the margins
of these veins are wrapped by the bedding-parallel fab-
ric and locally contain quartz strain fringes that point to
post-crystallization strain across the MGD. These field
and core observations at Tiriganiaq and the other
deposits are at odds with the late gold metallogenic
model proposed by Carpenter et al. (2005).

The ‘early’ gold model proposed here suggests that
the Proterozoic Gold Metallotect as defined by Miller
et al. (1994) in fact comprises several temporally dis-
tinct gold-bearing events. Differentiating between
these events represents a critical step for effective min-
eral exploration. For example, the geometry of gold
deposits is likely to have undergone variable degrees of
structural reworking dependent, in part, on their timing
relative to the WCP’s polyorogenic Paleoproterozoic
history and the extent of structural reactivation during
each orogenic phase.

In the case of the MGD, the suggested pre-1.86 Ga
hydrothermal and deformation history likely represent
key factors in understanding the current geometry and
occurrence of gold at the MGD, but are obscured by
overprinting metamorphic/hydrothermal/deformation
events related to the later stages of the THO. A meta-
morphosed, folded, and transposed gabbroic dyke at
Discovery (Fig. 3h) contains metamict zircons that
have been dated at ca. 1.81 Ga, which likely record the
timing of metamorphism or a hydrothermal event, as
opposed to its emplacement age. Undeformed lampro-
phyre dykes cut the main deposit fabric and folded
quartz veining at Tiriganiaq (Fig. 4e) and, if correlative
with the ca. 1.833 Ga Christopher Island Formation
(Rainbird et al., 2006), provide a minimum age for the
main deposit fabric (Carpenter and Duke, 2004;
Carpenter et al., 2005). The deformed <2.155 Ga con-
glomerate south of the Pyke Fault further supports
reworking from 2.155 to 1.833 Ga (Davis et al., 2008).

The MGD thus represents one of the few global
examples of Proterozoic gold hosted at a reworked
Archean cratonic margin. This geodynamic setting is
distinct from classic orogenic gold deposits, which are
hosted by Neoarchean granite-greenstone terranes that
are broadly coeval (e.g. 10s Myr; Dubé and Gosselin,
2007) with auriferous fluids and spatially associated
with terrane-bounding faults. At these deposits, gold is
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intricately linked to basin development and subsequent
reactivation during crustal shortening is linked to con-
vergent tectonics and consanguineous metamorphism.
An important corollary to this observation is that
Neoarchean greenstone belts are also favourable gold
exploration targets after reworking during much
younger and overprinting tectono-thermal events. We
consider that Archean basins, once formed, provide a
crustal architecture (ground preparation) that facilitates
subsequent reactivation and thus Archean fault net-
works represent zones of long-lived structural weak-
ness. Archean basins in the WCP also comprise
favourable host-rocks (e.g. mafic volcanic rocks, tur-
bidite sequences, and BIF) that differ from granitoids
and Proterozoic basins, which are comparatively gold-
poor in the WCP. Together these apparent structural
and lithostratigraphic gold controls likely contribute to
the similar setting of Paleoproterozoic WCP gold dis-
tricts to their Archean equivalents.
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ABSTRACT

The Canadian Malartic Mine consists of an Archean low-grade bulk tonnage gold deposit (reserves of
10.7 Moz Au @ 0.97 g/t) hosted by clastic metasedimentary rocks of the Pontiac Group and subalkaline por-
phyritic quartz monzodiorite and granodiorite located immediately south of the Larder Lake—Cadillac Fault
Zone. The quartz monzodiorite and granodiorite yield syn-Timiskaming U-Pb zircon ages of 2677 and
2678 Ma, respectively. Gold mineralization is characterized by zones of quartz-carbonate vein stockwork
and disseminated pyrite with a Au-Te-W-S-Bi-Ag+Pb+Mo metallic signature. These ore zones are domi-
nantly oriented subparallel to the northwest-striking S, foliation and to the east-striking and south-dipping
Sladen Fault, thus forming northwest-southeast and east-west mineralized trends. Molybdenite from high-
grade ore yielded a Re-Os age of ca. 2664 Ma. In both the sedimentary rocks and the quartz monzodiorite,
the proximal and distal alteration zones are characterized by the presence of calcite and ferroan dolomite,
respectively. In the sedimentary rocks, the ore zones show a wide distal biotite alteration halo with proxi-
mal assemblages comprising albite and/or microcline. The quartz monzodiorite comprises a distal hematitic
alteration zone that is overprinted by proximal microcline + albite + quartz replacement zones. This study
suggests that at Canadian Malartic deposit, the gold mineralization and its distribution are largely controlled
by D, faults, shear and high-strain zones developed in the hinge zone of F» folds, and by the Sladen Fault.
A 2678 Ma syn-Timiskaming magmatic-hydrothermal early phase of gold mineralization can be inferred
by the metallic signature or the ore, the presence of mineralized stockworks, the potassic alteration
(biotite/microcline), and association with porphyritic intrusions. The main characteristics of the Canadian
Malartic deposit is thus best explained by syn-D, deformation gold (ca. 2670-2660 Ma) superimposed onto,
or remobilized from, a gold-bearing magmatic/hydrothermal system related to Timiskaming-age porphyritic
intrusions emplaced along a major fertile fault zone.

INTRODUCTION

The Canadian Malartic open pit mine consists of an
Archean low-grade bulk tonnage gold deposit (10.7
Moz Au, in 343.7 Mt @ 0.97 g/t Au; Belzile and
Gignac, 2011) located in the Malartic mining district in
the Abitibi region of Quebec (Figs. 1 and 2). The open
pit mine was put into production in 2011 and is being
developed on the grounds of three past-producing
underground mines that exploited the same auriferous

presence of disseminated and stockwork mineraliza-
tion, along with vein-hosted gold in turbiditic metased-
imentary rocks and porphyritic intrusions (Sansfagon
and Hubert, 1990; Trudel and Sauvé, 1992; Helt et al.,
2014; De Souza et al., in press). In the Abitibi green-
stone belt, stockwork and disseminated sulphide min-
eralization are common features of Archean Au and
Au-Cu deposits associated with, and/or hosted by
Timiskaming-age (2680-2672 Ma) quartz-feldspar
porphyry (Robert, 2001). Such deposits have been

hydrothermal system but at average ore grades varying
between 3.3 and 4.9 g/t (Trudel and Sauvé, 1992). The
Canadian Malartic gold deposit is characterized by the

interpreted either as genetically related to the por-
phyritic intrusive host rocks (Sinclair, 1982; Robert,
2001; Helt et al., 2014), or as structurally controlled

De Souza, S., Dubé, B., McNicoll, V.J., Dupuis, C., Mercier-Langevin, P., Creaser, R.A., and Kjarsgaard, .M., 2015. Geology, hydrother-
mal alteration, and genesis of the world-class Canadian Malartic stockwork-disseminated Archean gold deposit, Abitibi, Quebec, In:
Targeted Geoscience Initiative 4: Contributions to the Understanding of Precambrian Lode Gold Deposits and Implications for
Exploration, (ed.) B. Dubé and P. Mercier-Langevin; Geological Survey of Canada, Open File 7852, p. 113-126.
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Figure 1. Simplified geological map of the Abitibi greenstone belt. Inset shows the location of the Superior Province. Adapted

from Dubé and Gosselin (2007) and Poulson et al. (2000).

and, at least in part, contemporaneous with the main
phase of deformation (Sansfacon and Hubert, 1990;
Trudel and Sauvé, 1992; Fallara et al., 2000; De Souza
et al., 2013, in press; Zhang et al.,, 2014). At the
Canadian Malartic Mine, calculated oxygen and hydro-
gen isotopic composition studies led to contrasting
hypotheses on the origin of the Au mineralizing
hydrothermal fluids, which are currently interpreted
either as of magmatic (Helt et al., 2014) or metamor-
phic (Beaudoin and Raskevicius, 2014) origin. In this
context, one of the main objectives of this project is to
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understand the geological parameters that control the
distribution, genesis, and geological footprint of intru-
sion-associated gold deposits in deformed and meta-
morphosed Archean terranes.

The Canadian Malartic gold deposit is located
within (Barnat zone) and immediately to the south
(Canadian Malartic, Sladen and East Malartic zones) of
the Larder Lake-Cadillac Fault Zone, which delineates
the contact between the Abitibi Subprovince to the
north and the Pontiac Subprovince to the south (Fig. 2).
The fault zone is marked by volcanic and plutonic

East Malartic 1938-70 and 1979-81: 3.12 Moz
Malartic Goldfield 1939-65: 1.97 Moz
Sladen-Barnat 1938—81: 1.33 Moz

Canadian Malartic 1935-65: 1.18 Moz

Malartic Rand

Malartic

Canadian Malartic open pit mine
~ o2

-
-~

Fourniere

Lac Fourniéere Pluton Lake  78°01'W
| |

Figure 2. Geological map of the Malartic district showing the main past-producing gold mines and gold showings (yellow dots).
The dash-dotted line corresponds to the staurolite isograd in the Pontiac Group sedimentary rocks. Geology is from this study
and from Sansfagon and Hubert (1990), Fallara et al. (2005), Grant et al. (2005), Pilote (2013), and Pilote et al. (2014). The
final expected configuration of the Canadian Malartic open pit mine is shown in red. The gold production data for the past-pro-
ducing East Malartic, Sladen-Barnat, Canadian Malartic, and Malartic Gold Fields are from Trudel and Sauvé (1992). LLCFZ:

Larder Lake — Cadillac Fault Zone.
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Location of the shafts of the past-producing mines: C = Canadian Malartic, E = East Malartic, S = Sladen-Barnat.

mafic-ultramafic rocks of the Piché Group (Fig. 2;
Card, 1990; Daigneault et al., 2002). As in the Kirkland
Lake and Timmins districts, Timiskaming-age polymic-
tic conglomerate units have been recently identified
immediately to the north of the Larder Lake-Cadillac
Fault Zone and were dated at <2676 and 2678 Ma by
Pilote et al. (2014). The Canadian Malartic gold
deposit is mostly hosted by turbiditic greywacke and
mudrock of the Pontiac Group (ca. 2685-2682; Davis,
2002) and by Timiskaming-age, ca. 2677-2678 Ma,
porphyritic quartz monzodiorite to granodiorite intru-
sions (Helt et al., 2014; De Souza et al., in press). The
metamorphic grade increases rapidly southward in the
Pontiac Group (Sansfacon and Hubert, 1990; Benn et
al., 1994), from the biotite-chlorite zone along the
southern contact of the Larder Lake-Cadillac Fault
Zone, to garnet and staurolite zones within about 2 km
to the south (Fig. 2). In the Malartic district, structural
studies have shown that the Pontiac Group has under-
gone polyphase deformation and comprises a north-
east-trending bedding-parallel S; foliation overprinted
by a northwest-striking S cleavage that represents the
dominant foliation in the mine area (Sansfagon and
Hubert, 1990; Desrochers and Hubert, 1996; De Souza
et al., in press).

GEOLOGY OF THE
CANADIAN MALARTIC GOLD DEPOSIT

The Canadian Malartic open pit mine is mainly hosted
by sedimentary rocks of the Pontiac Group (~70%; Fig.
3), which show a metamorphic paragenesis that com-
prises biotite, muscovite, oligoclase, chlorite, and epi-
dote. Pyrite, pyrrhotite, ilmenite, magnetite, monazite
and apatite are also present in variable proportions.
These rocks are relatively weakly strained and show
well preserved sedimentary structures. Sixty-five indi-
vidual detrital zircon grains were collected from a sam-
ple of coarse-grained greywacke. The youngest U-Pb
dating of which suggests a maximum age of ca. 2685
Ma (De Souza et al., in press), an age constraint simi-
lar to the one obtained by Davis (2002).

At the mine site, sedimentary rocks of the Pontiac
Group are cut by dykes and sills of various composi-
tions, all of which are known to show some evidence of
hydrothermal alteration and to host, at least locally,
ore-grade gold mineralization. These intrusive rocks
include porphyritic quartz monzodiorite and granodior-
ite, intermediate and felsic dykes, and widespread lam-
prophyre dykes.

The quartz monzodiorite is mostly located in the
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northern and western parts of the deposit and repre-
sents the main mineralized intrusive phase in the mine
(Fig. 3). It is magnetite- and titanite-bearing and con-
sists of perthitic orthoclase phenocrysts embedded
within an equigranular groundmass composed of pla-
gioclase, biotite, hornblende, epidote, quartz, and mus-
covite, with minor apatite, zircon, and ilmenite (Fig.
4a). The quartz monzodiorite can further be divided
into low- and high-TiO; subtypes that are characterized
by average TiO, values of ~0.34 and ~0.49 wt%,
respectively. The low-TiO, subtype has normative
compositions intermediate between quartz monzodior-
ite and granodiorite, but is referred to as quartz monzo-
diorite throughout the text. The porphyritic granodior-
ite is mostly present at the Gouldie zone (Fig. 3) and
consists of 4 mm to 1 cm perthite phenocrysts that are
set in an equigranular groundmass of quartz, plagio-
clase, muscovite, biotite, microcline, apatite, epidote,
titanite, and pyrite. Molybdenite is locally present in
the porphyritic granodiorite as disseminated flakes in
the igneous groundmass, in “blue” quartz veins, or in
molybdenite-pyrite-quartz veins.

Several samples of intrusive rocks were collected
for U-Pb geochronology. The porphyritic quartz mon-
zodiorite has yielded zircon and titanite ages of 2677
Ma and 2676 Ma, respectively, whereas zircons from
the Gouldie zone granodiorite were dated at 2678 Ma.
One felsic dyke from the open pit has yielded a zircon
age of 2677 Ma. Thus, despite differences in composi-
tion of the intrusive rocks, geochronological studies
indicate that the magmatic event(s) centred in the
Malartic area happened in a restricted syn-
Timiskaming 2678-2676 Ma time interval.

Structural Setting

In the mine area, Sy is generally northwest-trending,
northeast-dipping (65-90°) and is axial planar to Fj
open to closed folds that plunge steeply toward the east
(Fig. 4b). F, folds form antiformal syncline and syn-
formal anticline pairs, which are interpreted as the
result of refolding of F; overturned folds. The S; foli-
ation is only locally preserved in F; fold hinge zones
and consists of a folded penetrative schistosity marked
by white mica. The mine area has been divided into
northern and southern structural domains based on the
orientation of bedding relative to the S; cleavage (Fig.
3). The southern and northern domains represent the
hinge zone and the long limb of a mine-scale S-type F;
fold, respectively. Figure 5a also illustrates the distri-
bution and geometry of the ore zones relative to the
main structural features and host rocks. The east-trend-
ing Sladen Fault dips moderately to steeply (45-80°)
toward the south and intersects the Piché Group in the
eastern part of the deposit, where it is interpreted to
locally mark the southern limit of the Larder Lake-

Cadillac Fault Zone (Sansfagon and Hubert, 1990). The
Sladen Fault varies from a ~10 m-wide planar brit-
tlexductile deformation and alteration zone, to a ~100
m-wide fault zone comprising multiple subsidiary
faults with evidence of both ductile and brittle strain
increments. Banded porphyroclastic mylonite facies
are present but discontinuous along and within <3 m
into the footwall of the Sladen Fault, in the quartz mon-
zodiorite. Hydrothermally altered fault breccia is also
locally present, mostly in the quartz monzodiorite, and
quartz breccia veins are common along the main fault
segments in the sedimentary rocks. Cataclasite is
locally superimposed on deformed and altered rocks
and a 10 cm- to 2 m-wide zone of brittle deformation
containing fault gouge, brecciated rock, and dismem-
bered quartz veins generally marks a late fault plane.

Mineralization, Alteration, and Re-Os Dating

In the Canadian Malartic deposit, gold occurs mostly as
<20 pm free gold grains and inclusions in pyrite, which
are distributed in stockworks and veins (Fig. 4c) as
well as disseminated in the altered host rocks (Fig. 4d).
Gold is associated with trace amounts of Te-W-Bi+Ag
and locally Mo+Pb (De Souza et al., in press). The min-
eralization is distributed according to two main trends
forming east-west and northwest-southeast ore zones
(Fig. 3). At the surface, the dominant east-west trace of
the Sladen ore zone coincides with the position of the
Sladen Fault and gold is hosted by quartz monzodiorite
and by sedimentary rocks along and adjacent to the
fault (Fig. 5). The surface trace of the northwest-south-
east mineralized trend is subparallel to the S; cleavage.
These northwest-trending ore zones dip steeply to mod-
erately toward the northeast and are mainly hosted by
sedimentary rocks and local dykes or sills. Mineralized
rocks contain up to 5% disseminated pyrite with trace
amounts of chalcopyrite, galena, scheelite, and tel-
luride minerals. Molybdenite and sphalerite are locally
present. Molybdenite from sedimentary rock-hosted
high-grade gold mineralization was selected for Re-Os
dating and yielded an age of ca. 2664 Ma.

Au-Related Veins

Among the different vein types documented during this
study, three are closely related to auriferous hydrother-
mal alteration, and are present in the sedimentary rocks
and in the quartz monzodiorite (V1, V,, and V3 veins).
The V4 and V5 veins are barren and post-date mineral-
ization.

The V1 veins are 1 mm to 3 cm in width, have low
gold values (9 ppb to 0.44 ppm Au), and pre-date the
main ore-forming stage. They are mainly composed of
quartz with minor amounts of pyrite, albite, calcite,
galena, molybdenite, biotite, and chlorite. The V; veins
are related to the main stage of gold mineralization and
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Figure 4. Field photographs. a) Least-altered quartz monzodiorite of the Sladen zone. b) F; folds in massive to laminated
greywacke and mudstone of the Pontiac Group showing S, pressure-solution cleavage. Younging direction is to the northwest.
c) Stockwork of V2 veinlets and disseminated gold mineralization in altered greywacke. d) Proximal alteration in greywacke with
ferroan dolomite coloured blue using carbonated staining technics. Notice the local presence of calcite (pinkish/purple) in
biotite-rich zones. e) V> quartz veinlets with biotite-rich pyritized selvages in a distal alteration zone in sedimentary rocks.
Veinlets are formed perpendicular to bedding. f) Proximal alteration zone in quartz monzodiorite, footwall of the Sladen Fault.
g) High-grade laminated V3, quartz vein in D> high-strain zone cutting the stratification at a high-angle. See Figure 7a for location.
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are present in all rock types. These veins are 1 mm to 1
cm in width, generally show biotite selvages, and are
composed of various proportions of quartz, calcite, fer-
roan dolomite, biotite, microcline, albite, chlorite,
pyrite, and ankerite (Fig. 4c) with trace amounts of
chalcopyrite, tellurides, gold, and scheelite. These V;
veins occur as stockworks (Fig. 4c¢), as filled fractures
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Figure 5. a) Section across the main ore zones. The angular
relationship between Sy and Sg is illustrated. b) Section
across the Sladen ore zone and Sladen Fault. Altitude and
northing are given in metres and the outline of the main ore-
bodies are modified from Belzile and Gignac (2011). Same
legend for (a) and (b). See Figure 3 for the location of the
sections.

and faults subparallel or at low-angle relative to the S,
cleavage (Fig. 4¢), or in some cases as crenulated vein-
lets at high-angle to S,. The presence of deformed and
undeformed V, veinlets suggests that they were
emplaced syn- to late-D».

The V3 veins cut V, veins and can be divided into
three distinct subtypes: V3,, V3p, and V.. The V3,
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veins are discontinuous, have well to poorly defined
margins and in some cases are related to silica flooding
of the host rocks. The V3, veins consist of fine-grained
white to grey saccharoidal quartz with finely dissemi-
nated pyrite and locally abundant molybdenite. The
V3 quartz-pyritetgalena veins are known to host high-
grade Au values of up to 42.3 ppm. They form 1 cm- to
2 m-thick fault-fill laminated and breccia veins. The
V3. veins are mostly present in the quartz monzodior-
ite and granodiorite, and form 1 cm- to 30 cm-wide
extensional veins that are dominated by quartz with
variable proportions of coarse albite, muscovite,
ankerite, calcite, biotite, pyrite, chlorite, and minor
amounts of hematite, rutile, K-feldspar, tourmaline,
galena, scheelite, native free gold, tellurides, and chal-
copyrite. Derry (1939) described these veins as “peg-
matitic”, since grain size can reach up to 5 cm. Our
analyses of such V3 veins have yielded gold values of
0.013 to 6.7 ppm.

Distal and Proximal Hydrothermal Alteration
Assemblages

Both the sedimentary and intrusive rocks are character-
ized by distal and proximal hydrothermal alteration
assemblages with mineral compositions that are
strongly influenced by the composition of the protolith.
The main types of alteration that were documented are
widespread carbonate alteration (calcite + ferroan
dolomite + ankerite) and sulphidation of the sedimen-
tary and intrusive rocks. Biotite and K-feldspar potas-
sic alteration is also important, whereas albitization
and silicification are mostly developed in the sedimen-
tary and intrusive rocks, respectively. Distal alteration
zones are in excess of ~150 m. The proximal alteration
haloes are up to 30 m wide, but larger zones containing
almost continuous stockwork and/or proximal replace-
ment zones over 70 m have also been documented.

In the sedimentary rocks, distal assemblages are
composed of biotite, white mica, plagioclase, with
minor amounts of pyrite and calcite (Fig. 4e). The car-
bonate and pyrite contents increase toward proximal
alteration and ore zones. Carbonate minerals are
mostly present in the greywacke facies and are almost
absent from mudstone. The proximal assemblage in the
sedimentary rocks is light beige and composed of fine-
grained (5-20 um) albite and/or microcline with
ferroan dolomite, calcite, quartz, phlogopite, and
minor white mica (Fig. 4d). Phlogopite is F-rich (0.2—
1.4 wt% F) and is absent from pervasively altered sed-
imentary rocks. Both the distal and proximal assem-
blages occur within D, high-strain zones, as replace-
ment-style alteration controlled by protolith composi-
tion, and as selvages to V; and V3, veins.

In the quartz monzodiorite, distal and proximal
alteration assemblages are best developed in the high-

TiO; subtype. The distal assemblage consists of a dark
grey to reddish facies comprising calcite, hematite,
biotite, and microcline, as well as magnetite, pyrite,
chlorite, and rutile pseudomorphs after titanite and
ilmenite. The proximal alteration consists of grey to
pinkish (+ hematite) microcline, albite, quartz, ferroan
dolomite, rutile + calcite assemblages that vary from
vein selvages to a pervasive hydrothermal replacement
(Fig. 4f). A fine-grained cherty subtype of the proximal
grey alteration shows relict feldspar phenocrysts
obscured by alteration, recrystallization, and by the
local development of a mylonitic fabric.

At the Gouldie zone, hydrothermal alteration of the
granodiorite is widespread and largely controlled by
the presence of sheeted V3 quartz veins and stock-
works, whereas fresh granodiorite is seldom preserved.
The dominant alteration facies is greenish to white-
coloured and represented by a mineral assemblage con-
sisting of calcite, ferroan dolomite, white mica, albite,
microcline, quartz, pyrite and rutile. V3 veins often
show bleached selvages that are mainly composed of
feldspar, quartz, and carbonate. Although in trace
amounts overall, molybdenite is locally abundant in
quartz veins, disseminated in the altered granodiorite,
or as coating fractures.

Mass gain/loss in KO, NayO, and SiO; was calcu-
lated according to the isocon method of Grant (1986)
for a set of samples collected from surface outcrops of
the Sladen zone distributed ~150 m to the west and east
of the section shown in Figure 5b. In the footwall of the
Sladen Fault, the distal alteration assemblage hosted by
the quartz monzodiorite shows negligible NaO varia-
tion and low K5O increase of approximately 0 to +45
wt% related to variable Au values of <0.005 to 1.25
ppm. In the immediate footwall of the Sladen Fault, the
proximal alteration assemblage shows marked increases
in K»O (+80 to +360 wt%) and SiO; (+30 to +250 wt%)
and leaching of NajO (-2 to -80 wt%). In the sampled
area, intense alteration of sedimentary rocks is mostly
restricted to ca. 2 m within the hanging wall of the
Sladen Fault, where sedimentary rocks are character-
ized by strong NayO enrichment (+40 to +330 wt%)
and K5O leaching in proximal altered zones (-15 to -40
wt%). Molar CO,/CaO and CO,/(CaO+MgO) ratios for
these same samples suggest that, irrespective of the host
rock type, ore-grade gold values (i.e. >0.30 ppm) are
present in the samples with strongest carbonatization
(molCOy/(molCa0O) >0.8; Fig. 6a), and that the wt%
CO, content is largely dependent on the nature of the
protolith and its capacity to react with the gold-bearing
CO»-rich fluid (Fig. 6b; e.g. Davies et al., 1982, 1990).

Characteristics of the Northwest-Southeast-
and East-West-Trending Ore Zones

Northwest-southeast-trending ore zones include the P,
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A, Gouldie, and Gilbert zones, which show relatively
similar alteration types and are discordant relative to
bedding and to intrusive rocks. The P zone is, however,
partly stratabound and controlled by the geometry of
the folded strata (e.g. Sansfacon et al., 1987). The
Gilbert and A zones are subparallel, dip northward, and
represent the main northwest-southeast-trending ore
zones.

In the Gilbert zone, auriferous alteration zones are
distributed in a series of subparallel, planar north-
northeast-dipping D, high-strain zones varying from
5 cm to 3 m wide and developed at a high-angle to the
folded bedding and felsic feldspar-phyric sill-like
intrusions (Fig. 7a). The high-strain zones show closed
to locally tight fold hinges that are dismembered by
sets of parallel brittle faults filled by V, veinlets.
Auriferous V3 veins are present in some of the high-

strain zones and yield up to 33.4 ppm Au (Fig. 4g).
Distal and proximal alteration assemblages are present
in the Gilbert zone as selvages of the V, veinlets and
within high-strain zones, with gold values up to 6.11
ppm. The porphyritic felsic sill yields low gold values
(<0.3 ppm) and shows minor carbonatization and sul-
phidation (mainly pyrite). An east-northeast-plunging
mineral lineation with a steep pitch (~60—-80°) is locally
marked by biotite and by quartz fibres in V3, veins
(Fig. 7a). Kinematic indicators are scarce in the high-
strain zones, but the dragging and displacement of the
faulted dykes, together with the local occurrence of
back-rotated quartz-vein boudins suggest a dominant
top-to-the-southwest reverse sense of shear.

As shown in Figure 5a, the A-zone is centred on a
D, fault zone that hosts V3, and V3, veins and clearly
cuts south-dipping to subvertical dykes in the Pontiac
Group. This fault zone also coincides with the transi-
tion from the northern to the southern structural
domains. From the surface down to a depth of approx-
imately 100 m, the A zone is marked by a sharp inflex-
ion from a shallow to a steep dip. Considering the inter-
preted reverse sense of motion along D, faults, this
inflexion can be interpreted as a dilational bend/jog
structure or relay zone that may have acted as a prefer-
ential lower pressure fluid pathway during mineraliza-
tion.

At the Gouldie zone, gold is distributed along and
parallel to a north-dipping, west-northwest-trending,
approximately <5- to 8-m-wide, D, high-strain zone
formed at high-angle to the bedding in a F, hinge zone
(Fig. 7b). This mineralized zone is continuous for >500
m along-strike toward the east-southeast and intersects
a porphyritic granodiorite intrusion at its northwestern
extremity. In the sedimentary rocks, the Gouldie zone
shows typical alteration zonation with light-coloured
proximal alteration and disseminated pyrite associated
with V; veinlets and V3, veins. However, V3}, veins
are extensive and are locally up to 2 m wide. Detailed
mapping has also revealed that D, faults and shear
zones follow lamprophyre dykes, possibly due to com-
petency contrasts between the dykes and the host rocks
(Fig. 7b). The steep to moderate pitch (55-75°) of the
northeast-plunging mineral lineation in the high-stain
zone and the geometry of the quartz fibres in the quartz
veins suggest a reverse sense of shear with a sinistral
slip component (De Souza et al., in press).

Along east-west-trending ore zones, the quartz mon-
zodiorite to the north of the Sladen Fault is strongly
altered to proximal assemblages along the main fault
segments. The distal alteration assemblage is developed
as an alteration halo up to 100 m into the footwall of
the Sladen Fault (Fig. 5b) and as selvages of V; veins.
The main Sladen ore zone dips steeply to the south but
westward it becomes shallow dipping at depth.
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DISCUSSION OF GENETIC MODELS

Compiled U-Pb ages and data presented herein clearly
indicate that Timiskaming-age 2677-2678 Ma quartz
monzodiorite and granodiorite, which host part of the
mineralization at the Canadian Malartic Mine, were
intruded into the Pontiac Group (ca. 2685-2682 Ma)
metasedimentary rocks prior to D, main phase defor-
mation and metamorphism in the southern Abitibi
Subprovince (i.e. 2670-2660 Ma; Ayer et al., 2005;
Robert et al., 2005, and references therein). An early
magmatic-hydrothermal gold mineralization event, as
originally proposed by Issigonis (1980), can be
inferred based on the presence of widespread potassic
alteration (microcline and biotite), the Au-Te-W-
Bi+Ag+Mo+Pb metallic signature of the ore (e.g.
Goldfarb et al., 2005; Hart, 2007), and by the spatial
association of mineralization with porphyritic intru-
sions. Moreover, the Canadian Malartic deposit shares
analogies with the structurally controlled sedimentary
rock-hosted intrusion-related deposits, as described by
Robert et al. (2007), especially in terms of host rock,
metallic signature and alteration (feldspar, sericite, car-
bonate and biotite), but also because such deposits are
commonly located in the core of anticlines cut by high-
angle faults in proximity to a crustal scale fault.
However, a simple magmatic-hydrothermal model at
Canadian Malartic cannot entirely explain the north-
west-southeast and east-west distribution of the ore
zones, nor the interpreted chronology of mineralization
relative to deformation and magmatism. Field evidence
suggests that at least part of the alteration assemblages,
disseminated orebodies, and vein networks are associ-
ated with widespread brittle and brittle-ductile struc-
tures formed as a result of D, deformation. V; veins
emplaced along the S; cleavage and fractures/faults
axial planar to F folds, together with the presence of
quartz veins (V3,3 and V3.), filling fractures, and faults
at high angle to folded bedding, are indicative of gold-
bearing hydrothermal fluids invading D, structures. A
syndeformation stage of gold mineralization is also
compatible with the ca. 2664 Ma Re-Os molybdenite
age, which overlaps with the inferred age of the
regional main phase D, deformation as well as with the
bulk of lode gold mineralization (2670-2660 Ma) in
the southern Abitibi (e.g. Ayer et al., 2005; Robert et
al., 2005; Dubé and Gosselin, 2007). The D, deforma-
tion model is compatible with the widespread carbon-
ate alteration that typifies a large number of gold
deposits along the Larder Lake-Cadillac and Destor-
Porcupine fault zones in the Abitibi greenstone belt
(e.g. Dubé and Gosselin, 2007 and references therein).
The main characteristics of the Canadian Malartic
deposit are thus best explained by syn-D, deformation
gold (ca. 2670-2660 Ma) superimposed onto, or partly
remobilized from, an early gold-bearing magmatic/

hydrothermal system related to Timiskaming-age por-
phyritic intrusions emplaced along a major fertile fault
zone. Moreover, aside from the gold being mostly
hosted by turbiditic clastic sedimentary rocks, the
Malartic deposit exhibits several common features of
Archean orogenic gold deposits (cf. Goldfarb et al.,
2005), including a combination of widespread carbon-
ate alteration, overall low Cu, Bi, Zn and Pb contents,
CO,, K70, NayO, and S hydrothermal metasomatism,
and the spatial association with brittle-ductile faults
and shear zones. Also, as illustrated by the distribution
of the orebodies and the underground workings of the
past-producing mines, the Sladen Fault has played a
major role in the formation of the Canadian Malartic
deposit, and represents one of the main conduits for the
rising gold-bearing hydrothermal fluid(s). The close
relationship between mineralization and a brittle fault
next to the Larder Lake-Cadillac Fault Zone, as well as
the association with calc-alkaline porphyritic intru-
sions emplaced in sedimentary rocks, the hydrothermal
carbonate alteration and the positive correlation
between Au and Te are similar to key features of the
giant syenite-hosted Kirkland Lake gold deposit
located further west along the Larder Lake-Cadillac
Fault Zone (e.g. Ispolatov et al., 2008 and references
therein).

IMPLICATIONS FOR EXPLORATION

As it is the case for the Canadian Malartic deposit and
for most greenstone-hosted lode gold deposits, the
proximity to a major fault and the association of por-
phyritic intrusions, carbonatized mafic to ultramafic
rocks, and Timiskaming-like fluvial/alluvial sedimen-
tary rocks are key geological parameters for the forma-
tion and preservation of major deposits (Poulsen et al.,
1992; Hodgson, 1993; Goldfarb et al., 2005; Robert et
al. 2005; Dubé and Gosselin, 2007; Bleeker, 2012).
The identification of such key geological parameters is
thus of major importance in exploration targeting. The
lack of known gold mineralization more than ~2-3 km
south of the Pontiac-Piché contact, which also corre-
sponds to the transition from biotite zone metamor-
phism and brittle to brittle-ductile deformation, to
higher grade garnet and staurolite zone metamorphism
and dominantly ductile deformation, may also help to
underline prospective gold corridors south of the
Larder Lake-Cadillac Fault Zone. In this context, the
Sladen Fault and brittle-ductile D, faults formed in fold
hinges and along short limbs of drag folds, have proven
to represent fertile hydrothermal conduits for the circu-
lation of gold-bearing fluids. Alteration haloes in
excess of 150 m that include a distal assemblage with
calcite in variable amounts in both the sedimentary
rocks and quartz monzodiorite, also provide useful
vectors for exploration. The Au-Te-W-Bi+Ag metallic
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signature of the ore and the potassic component of the
alteration assemblages (biotitetmuscovite and K-
feldspar) are key features that can also be applied in
geochemical prospecting.
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ABSTRACT

The rock physical properties of samples from the Canadian Malartic gold deposit in the Abitibi greenstone
belt of Quebec have been measured to relate lithology and alteration assemblages to physical properties con-
trasts, and to provide geological interpretation of geophysical survey analyses for this type of ore deposit.
Disseminated gold deposits are seldom directly characterized by a clear geophysical signature. However, we
propose that a geophysical characterization of such ore deposits can be achieved by combining cost-effec-
tive geophysical surveys to identify zones of interest for gold exploration. This study has shown that the
metasedimentary rocks and porphyritic intrusions that host the gold mineralization show similar variations
in rock physical properties, probably because both rock types have similar geochemical and mineralogical
compositions. However, the intrusive rocks show both magnetic and non-magnetic phases, and have a
slightly lower density than metasedimentary rocks. Hydrothermal alteration produced continuous trends for
magnetic susceptibility, density, and electric chargeability, but with no apparent variation in magnetic rema-
nence and resistivity. These trends of decreasing density and magnetic susceptibility and increasing charge-
ability are correlated with alteration facies (carbonate saturation index), gold concentration, and proximity
to ore. Based on this correlation, a principal component analysis petrophysical proxy has been established
to represent this gradual hydrothermal mineralization process. This petrophysical proxy is a valid estima-
tion of the variability of the rock physical properties inside the actual pit area of the Canadian Malartic
deposit. Based on composite geophysical surveys (gravity, magnetic, and induced polarization) and inver-
sion of the surface data for rock physical properties at depth, a petrophysical proxy, such as presented here,
could help target zones of interest for orebodies similar to that at Canadian Malartic.

INTRODUCTION

Rock physical properties allow integration of geologi-
cal and geophysical data and constitute an essential ele-
ment of Common Earth Models (McGaughey, 2006).
In the geological environment of a hydrothermal ore
system, petrophysical characterization can play a key
role for predicting geophysical methods that will be
useful in mineral exploration.

The goal of this Geological Survey of Canada —
Targeted Geoscience Initiative 4 (TGI-4) study is to
define mutual relationships between physical proper-
ties (density, porosity, magnetic susceptibility and
remanence, electrical resistivity and chargeability) and
the local geological setting (lithology, alteration, struc-
tures, and metamorphism), to integrate data in geolog-
ical models, and to constrain geophysical inversions.
The project also aims to identify which combination of
geophysical methods will give the best exploration
results. This contribution presents a suite of rock prop-
erty measurements from the Canadian Malartic low-
grade, bulk-tonnage gold deposit and discusses impli-

cations for improvements in the use of geophysical
methods in gold exploration.

The Archean Abitibi greenstone belt (700 km by 200
km) is located within the Superior Province and is
known to host world-class gold and base metals
deposits (Fig. 1; Poulsen et al., 1992, 2000; Robert et
al., 2005; Dubé and Gosselin, 2007). The tectonic con-
tact between the Abitibi and Pontiac subprovinces is
marked by the Larder Lake - Cadillac Fault Zone,
which is delineated by highly strained mafic and ultra-
mafic rock slivers belonging to the Piché Group
(Robert, 1989; Card, 1990; Daigneault et al., 2002).
The Canadian Malartic gold deposit, which is located
immediately to the south of the Larder Lake - Cadillac
Fault Zone, is mainly hosted by turbiditic greywacke
and mudstone of the Pontiac Group and by
Timiskaming (2677-2678 Ma) porphyritic quartz mon-
zodiorite with local granodiorite intrusions (Fig. 2;
Sansfacon and Hubert, 1990; De Souza et al., 2013, in
press; Helt et al., 2014). In the mine area, the Pontiac
Group was metamorphosed to biotite-chlorite facies
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Figure 1. Simplified geological map of the Abitibi greenstone
belt. The Canadian Malartic gold deposit is identified by a red
dot. The inset shows the location of the Abitibi belt within the
Superior Province (red). Map is adapted from Dubé and
Gosselin (2007) and Poulson et al. (2000).

and has undergone polyphase deformation with a dom-
inant S, pressure-solution cleavage that is related to the
formation of open to tight F, folds and is northwest-
striking and north-dipping (Fig. 2; Sansfagon and
Hubert, 1990; De Souza et al., 2015, in press). The ore-
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bodies are characterized by the presence of stockwork
and disseminated gold mineralization. Ore minerals
include disseminated pyrite (~ <5%) with traces of tel-
luride, galena, chalcopyrite, sphalerite, and molybden-
ite. The main orebodies define northwest-southeast and
east-west trends that correspond, respectively, to the
orientation of the dominant S, foliation and to the
Sladen Fault. The latter is a south-dipping brittle-duc-
tile structure that controls the distribution of the east-
west-trending ore (Sansfagon and Hubert, 1990; De
Souza et al., 2015, in press). The main auriferous
hydrothermal alteration types documented at Canadian
Malartic are widespread carbonate alteration (cal-
citet+ferroan dolomite), albitization, potassic alteration
(biotitetmicrocline), and local silicification (De Souza
et al., 2015). The least altered sedimentary rocks and
the quartz monzodiorite are composed of biotite-mus-
covite-oligoclase-chlorite + pyrite-epidote-ilmenite-
pyrrhotite-magnetite and orthoclase-oligoclase-quartz-
biotite-hornblende-epidote-muscovite-magnetite-titan-
ite assemblages, respectively. Distal alteration in the
sedimentary rocks comprises biotite, calcite, mus-
covite, and pyrite, whereas proximal alteration consists
of albite and/or microcline, quartz, carbonate (ferroan
dolomite+calcite), phlogopite, rutile, and pyrite.
Phlogopite is however absent in pervasively altered
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Figure 2. Geological setting of the Canadian Malartic gold deposit hosted by rocks of the Piché and Pontiac groups. Blue cir-
cles show the location of the drillholes that were sampled for rock physical properties measurements (adapted from De Souza
et al., 2013).
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on the British Columbia Rock Physical Property Database (3388 samples; Enkin, 2014). Density and magnetic susceptibility
histograms show variations in metasedimentary (teal-green circles) and intrusive (salmon-pink circles) rocks.

rocks. Distal and proximal alteration assemblages in
the quartz monzodiorite are composed of albite-K-
feldspar-quartz-biotite-calcite-rutile-magnetite-pyrite-
hematite and microcline-albite-ferroan dolomite- cal-
cite-pyrite-rutile, respectively. Field relationships, the
nature of the various alteration types, and the geometry
of the Au-related veins suggest that gold is largely con-
trolled by syn-D; structures and by the Sladen Fault
(De Souza et al., 2015, in press). However, the Au-Te-
W=+Bi-Ag-Mo-Pb geochemical signature of the ore, the
presence of stockwork-disseminated Au mineraliza-
tion, and molybdenite together with potassic alteration,
suggest that some of the gold might have been intro-
duced during an early phase of magmatic-hydrothermal
alteration that was followed by gold remobilization or
a second-stage of gold introduction during D, defor-
mation (De Souza et al., 2013, 2015, in press; Helt et
al., 2014).

RESULTS AND DATA ANALYSIS

The physical properties were measured for 179 rock
samples collected for the TGI-4 project from the
Canadian Malartic mine. The collection of core sam-
ples was selected from holes drilled within the open pit
area (Fig. 2) and is representative of the host litholo-
gies, alteration assemblages, and various ore zones.
The rock physical properties summarized in this report

are publically accessible in the Canadian Rock
Physical Property Database, which is published as a
Geological Survey of Canada Open File.

Enkin et al. (2012) describe in detail the measure-
ment protocols and methods. All measurements were
conducted on paleomagnetism-size subsamples (2.5
cm diameter, 2.2 cm long cylinders). Samples were sat-
urated with distilled water under vacuum and saturated
bulk density was then measured by the weight in air-
weight in water method, and porosity was derived from
the difference between the dry and water-saturated
weights. Magnetic susceptibility was measured using a
Sapphire Instruments SI2B susceptibility metre and
magnetic remanence was measured with an Agico JR5-
A spinner magnetometer. Electrical resistivity and
chargeability (Newmont standard time-domain decay)
were derived from the complex impedance spectrum
measured using a Solartron 1260 Frequency Response
Analyser. Gold assays for 139 samples of the collection
are also presented.

Magnetic and Density Properties

Metasedimentary rocks are weakly magnetic, with
magnetic susceptibilities mostly spanning the range
2x%10-5 to 5%10-4 SI and density varies from 2.65 to
2.85 g/cm3 (Fig. 3). Unlike typical ore rocks containing
high concentrations of sulphide and oxide minerals
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Figure 4. Bivariate diagram of porosity (log scale) and elec-
tric resistivity (log scale) revealing their negative correlation.
Symbol size related to gold concentration is not correlated
with neither porosity nor resistivity for metasedimentary (teal-
blue) and intrusive (salmon-pink) rocks.

with densities well above 3.0 g/cm3, disseminated ore
zones in the Canadian Malartic deposit have densities
that rarely deviate from those of felsic minerals. The
biplot of density against magnetic susceptibility does
not align along the paramagnetic trend (Henkel, 1994)
typical for sedimentary rocks (Fig. 3). Rather, the
lower density samples (<2.7 g/cm3) have magnetic sus-
ceptibilities that are anomalously lower by an order of
magnitude.

The porphyritic intrusive rocks, mostly least altered
quartz monzodiorite or altered quartz monzodiorite,
display the typical bimodal magnetic susceptibility dis-
tribution of rocks belonging to Henkel’s (1994) mag-
netic and paramagnetic trends, around 10-2 and 10-4 SI,
respectively (Fig. 3). The densities have a restricted

range of value of between 2.63 and 2.71 g/cm3. The
porosity was seldom above 1%, which is typical of
metamorphosed environments, but we note that the
median porosity of porphyries, 0.46%, is more than
twice that of the sedimentary rocks, 0.22% (Fig. 4), and
density increases with decreasing porosity.

The samples are unoriented, so we can only describe
the magnitude rather than direction of the magnetic
remanence. The Koenigsberger ratio, Ky, which
describes the relative magnitude of magnetic rema-
nence to induced magnetism, is almost always below
unity for the higher susceptibility ferromagnetic-trend
of the intrusive rock samples. The implication is that
the rocks that dominate aeromagnetic survey map
anomalies can be modelled accurately using the mag-
netic susceptibility without regard to the remanence.
For the weakly magnetic paramagnetic-trend samples,
30% have Ky above unity but are too weak to
markedly affect aeromagnetic results.

Electrical Properties

While porosity does not contribute much to variations
in density, it does show a clear inverse correlation with
the electrical resistivity (Fig. 4). Such porosity control
indicates that these rocks conduct electricity domi-
nantly by ionic conduction through their porosity-per-
meability rather than by galvanic conduction though
networks of sulphide and oxide minerals.

Measurement of electric chargeability is important
in disseminated ore systems because induced polariza-
tion methods can, in principle, detect the unconnected
sulphide (conductive) and oxide (semi-conductive)
minerals, as they play the role of electric capacitors
interrupting the flow of ions through the rock perme-
ability. In the Canadian Malartic deposit, chargeability
has a unimodal distribution with a rather low median
Newmont chargeability of 5 ms. The 15% of samples
with relatively high chargeability (>10 ms) tend to
have lower magnetic susceptibilities (<4x10-4 SI), but
are otherwise unrelated to the other measured physical
properties (Fig. 5).

DISCUSSION AND MODELS

Linking Rock Physical Properties to
Hydrothermal Alteration

Native gold and sulphide concentrations are low at the
Canadian Malartic deposit and the rock physical prop-
erties of the mineralized zones are largely controlled by
the mineralogy and texture of the auriferous alter-
ations. Geophysical targeting of such disseminated
gold deposits can thus be achieved indirectly by exam-
ining rock physical properties of disseminated sulphide
alteration and ore zones.

Whole-rock geochemical data give limited informa-
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tion about mineralogy, but can be used to estimate min-
eral and alteration behaviour based on simple geo-
chemical combinations, geochemical ratios, indexes,
and assumptions. We make the initial assumption that
sulphur concentration is dominated by pyrite. Gold in
the Canadian Malartic deposit is hosted as free gold
grains and inclusions in pyrite. Fieldwork and core log-
ging indicate that increasing sulphur and gold contents
follow the alteration pathway, from distal to proximal
alteration zones.

Atypical of most geological environments, both
density and porosity become lower with increasing sul-
phur and gold concentration. The increase in dense
minerals, including pyrite, is apparently offset by an
increase in less dense silicate and carbonate minerals.
Along with the reduction in porosity, there is a slight
increase in electrical resistivity of a factor 2 (Fig. 4). A
small proportion (15%) of samples has Newmont
chargeabilities above 10 ms, a threshold above which
they can usually be imaged using induced polarization
surveys. Most of the high-chargeability samples con-
tain relatively high Au and S concentrations.

The porphyries display a bimodal magnetic suscep-
tibility. The highly magnetic samples show low-sul-
phur content, and therefore pyrite content, and have
chargeabilities mostly below 10 ms (median below 5
ms), which could be due to low pyrite and high mag-
netite content (Fig. 5). The low-magnetic samples con-
tain higher sulphur, and therefore higher pyrite content.
Chargeabilities are medium but trend toward higher
values with increasing sulphur. The trend for magnetic
to non-magnetic samples showing increasing values for
chargeability is most likely linked to the destruction of
primary magnetite and the increasing pyrite content.

In the sedimentary rocks, the distal to proximal alter-
ation assemblages exhibit a trend from low-chargeabil-
ity + medium-magnetic susceptibility to high-charge-
ability + low-magnetic susceptibility, which is related
to increasing pyrite and gold content. The drop in mag-
netic susceptibility and increase in chargeability is pos-
sibly related to sulphidation, with destruction of mag-
netite and precipitation of pyrite. Further mineralogical
and petrographic analyses should be undertaken to test
this interpretation.

A Physical Properties Proxy for Gold
Concentration and Hydrothermal Alteration

One of the major goals of the petrophysical study of
rocks from a mineral deposit is to delineate rock prop-
erties of the ore zones that can be detected from surface
geophysical surveys. It has long been noted that geo-
physical methods have been unsuccessful in delineat-
ing the Malartic deposit (Wares and Burzynski, 2011).
Indeed the results of the current study reveal that the
petrophysical contrasts in this collection are quite subtle.
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Figure 5. Bivariate diagram of chargeability versus magnetic
susceptibility illustrates that highly auriferous samples have
physical properties of higher chargeability and low magnetic
susceptibility.
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We propose that a more useful petrophysical proxy
for gold mineralization is obtained by combining mul-
tiple physical rock properties, including density, mag-
netic susceptibility, and chargeability, rather than focus-
ing individually on a single rock physical property.

As gold concentration in the metasedimentary rocks
is roughly correlated with the electric chargeability and
anti-correlated to the density and magnetic susceptibil-
ity, we performed principal component analysis (PCA)
on these three physical properties. Since electric resis-
tivity is largely independent of gold concentration, and
there was no advantage to including that extra variable.
Although gold concentrations are not used in the cal-
culation, they will be used to test the validity of the
result. Specifically, we used a robust principal compo-
nent analysis (Campbell, 1980), with a “low outlier
rejection” criterion, as enabled in the geochemical
analysis program i0GAS®, which was developed by
Reflex. Logarithmic transforms were first applied to
the magnetic susceptibility and electric chargeability.
The maximum eigenvector, or first PCA component,
corresponds to the least-squares line that best fits the
data. The proposed proxy is the projection of the meas-
ured (density, LOG(susceptibility), LOG(chargeabil-
ity)) values along that axis:

(1) PCA = -0.6268*(dens-2.74)-
0.622*LOG(susc/1.64x10-4) +1.26*LOG(chrg/5.42)
where density (dens) is measured in g/cm3, magnetic
susceptibility (susc) in SI units, and Newmont conven-
tion electric chargeability (chrg) in ms.

The plotted LOG (gold concentration) function of
PCA (Fig. 6) shows that the proxy tracks most of the
variation. The correlation coefficient is not strong
(R=0.65), but with the removal of the furthest outliers,
the correlation coefficient jumps to (R=0.84). The cor-
relation with LOG (sulphur concentration) is however,
less pronounced: R=0.62 and increases to R=0.71 after
the furthest outliers are expelled. The suggestion is that
a preliminary zonation of gold concentration can be
accomplished using only surface geophysical measure-
ments to target exploration drilling.

The direct linkage between geochemical, mineralog-
ical and petrophysical data would be the base for inno-
vative direct, remote, cost-effective methods that could
be implemented for gold exploration in greenstone
belts. In fact, the intensity and nature of alteration in
such environments can be monitored by the combina-
tion of the carbonate saturation index (CSI) and the
chlorite-carbonate-pyrite index (total Fe) (CCPI). The
CSI corresponds to the molar ratio of CO,/(CaO+
MgO+FeO) and is calculated as

(2) CSI=(CO,/44.0095)/
(Ca0/56.0774+Mg0/40.3044+FeO/71.8444)

where C needs to be reported as CO;, Fe can be
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Figure 6. Bivariate diagrams of the petrophysical principal
component analysis (CPA) parameter versus (a) gold and (b)
sulphur concentration as a proxy for mineralization.

expressed either as FeO or Fe;O3 (Kishida and Kerrich,
1987). While, the calculation of CCPI (Large et al.,
2001; Gemmell, 2007) is determined as
(3) CCPI=100*(MgO+FeO)/(MgO+Nay,O+FeO+K,0)

where FeO is total (FeO + FeyO3) content of the rock.
The alteration indices (CSI and CCPI) and the petro-
physical proxy are completely independent from each
other but their correlations demonstrate that they mon-
itor the same hydrothermal alteration processes related
to gold mineralization.

Our proposed petrophysical proxy displays a strong
positive correlation with CSI with R=0.71, which
increases to R=0.73 if furthest outliers are removed. It
is, however, negatively correlated with CCPI (R=
-0.52), but would be strongly correlated if we reject the
magnetic porphyry outliers (R=-0.8) (Fig. 7).
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The implication is that gold and sulphide content are
associated with alteration which lowers the density and
magnetic susceptibility but increases the electric
chargeability. Although pyrite represents the main ore
mineral, it is usually present in minor amount (<5%)
and associated with a decrease in Fe of the biotite and
breakdown of magnetite in the proximal alteration
zones. As aresult of hydrothermal alteration and inter-
action with a CO;-rich fluid, biotite/phlogopite, plagio-
clase, epidote, titanite, magnetite, and ilmenite release
Fe, Mg, and/or Ca that contribute in part to the forma-
tion of carbonate minerals and pyrite, which results in
increasing the CSI, whereas increases of K and/or Na
are associated with albite and microcline formation,
which results in lowering the CCPI. This breakdown of
magnetite and Ca-Fe-Mg silicate phases to form pyrite
and less dense carbonate, quartz, and feldspar can be
linked to the decreasing trends of magnetic susceptibil-
ity and density and increasing chargeability in the
auriferous hydrothermally altered rocks. Thus petro-
physical properties can be used to identify dissemi-
nated sulphide gold mineralization and related alter-
ation.

IMPLICATIONS FOR EXPLORATION

Compilation of rock physical properties in national and
international databases provides an important tool for
mineral exploration. Geological processes that are usu-
ally inferred from difficult and costly chemical and
mineralogical analyses can be derived from rapid, non-
destructive, and inexpensive petrophysical measure-
ments. These measurements contribute to the under-
standing of the physical change of rocks in ore systems
due to alteration, structures, and other geological
changes.

In order to assess the subtle change of physical prop-
erties in the Canadian Malartic deposit area, a tentative
forward modelling of a simple geological model com-
posed of a porphyry body intruded in metasedimentary
rocks has been accomplished using the software pack-
age Potent®, which provides an interactive framework
for 3-D modelling of magnetic and gravity data. A sim-
ple 100 m3 sphere, representing the non-magnetic
quartz monzodiorite mineralized body, has been
assigned typical rock physical properties of mineral-
ized samples (magnetic susceptibility = 10-4 SI and
density =2.65 g/cm3), and the host metasedimentary
rocks have been assigned magnetic susceptibility =
8x10-4 SI and density = 2.75 g/cm3. The forward
model has taken into account parameters of the geo-
magnetic field (intensity=57489 nT, inclination =
75.4°; declination=-18.3°) without including magnetic
remanence. The results shows that a subtle negative
magnetic anomaly of -20 nT and a negative gravity
anomaly of -0.17 mgal is to be expected if the top of the
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Figure 7. Bivariate diagrams showing the correlation
between the principal component analysis (PCA) parameter
(petrophysical proxy) versus the alteration indices (a) car-
bonate saturation index (CSI) and (b) chlorite-carbonate-
pyrite index (CCPI).

body occurs at the surface. If the body is buried (100 m
depth), the magnetic anomaly is less than 1 nT and the
gravity anomaly is less than -0.02 mgal (Fig. 8).

Rock physical properties not only allow one to cor-
relate and integrate geology to geophysics, but also can
also allow one to optimize geophysical exploration for
ore systems by defining the cost-effective geophysical
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Figure 8. Two-dimensional magnetic and gravity forward
modelling of a non-magnetic porphyry (100 m3) intruded into
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using geomagnetic field parameters of magnetic field inten-
sity of 57489 nT, declination of 18.3°, and inclination of
75.4°.

methods to implement. For the Canadian Malartic
deposit area, no single geophysical technique, as
demonstrated by forward modelling of gravity and
magnetic surveys, can provide anomalies that are a use-
ful measure of mineralization or gold content.
However, a proxy can be developed through a combi-
nation of gravity, magnetic, and induced polarization
survey results. We recommend this combination to
define exploration targets over low-density, low-mag-
netic, and highly chargeable areas. The relationship
between the PCA proxy and the different styles of
hydrothermal alteration (distal and proximal) with link-
age to gold concentration is presented here. Thus, a
limit has been established between (1) a background
level of gold associated with negative PCA values,
including fresh rocks plus distal alteration and (2) a
mineralized area with elevated gold concentrations
associated with proximal alteration and positive PCA
values. Distal alteration has no positive PCA value;
petrophysically it is similar to fresh rocks, even if min-
eralogical differences exist (Fig. 9). The mineralogical
and petrophysical border between fertile and non-fer-
tile alteration is most likely the existence of hydrother-
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mal biotite, as most of the Fe issued from biotite break-
down is going to be a combined with S to form finely
disseminated pyrite, which is a good indicator of eco-
nomic auriferous zones. A good knowledge of rock
physical properties is important to constrain inversions,
which allows for a better understanding of the correla-
tions between the geological and geophysical data with
fewer misleading results. A frequency-domain spectral
induced polarization survey is recommended in this
setting where time-domain induced polarization fails to
discriminate between different conduction modes
related to alteration types and mineral assemblages
containing gold.

FUTURE WORK

Linking rock physical properties parameters to miner-
alogical data is our next step in order to refine and clar-
ify integrated interpretations based on geochemical
analyses. The integration of mineralogical and petro-
graphic data with rock physical properties could lead to
consistent and strong mineral, geochemical proxies for
rock physical properties. A rock physical proxy for gold
exploration in greenstone belts will also be improved.
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ABSTRACT

The recently discovered Coté Gold deposit, located in the southeast limb of the Swayze greenstone belt,
Abitibi Subprovince, is an Archean low-grade, high-tonnage Au(-Cu) deposit. The deposit is hosted by the
2741 Ma Chester intrusive complex (CIC), a high-level, multi-phase, laccolithic-shaped synvolcanic intru-
sion composed of several tonalite and diorite phases. Although a close temporal and spatial relationship
exists between the phases of the CIC, whole-rock geochemistry on least-altered samples suggests they are
petrogenetically unrelated. Notably, the tonalite phases are characterized chemically as low-Al type, which
is atypical of the tonalite-trondhjemite-granodiorite suites in the Archean Superior Province and elsewhere,
but typical of primitive arc submarine environments. The mineralized system at the Coté Gold deposit is co-
spatial with a multi-phase, magmatic-hydrothermal breccia body that contains multiple brecciation events
and matrices and is overprinted by several alteration types (biotite, sericite, silica-sodic). Whole-rock geo-
chemistry indicates that the deposit is Au(-Cu) only and is relatively depleted in other elements (e.g. As, F,
Bi, Te). The overlap of Re-Os dates on syn-gold-deposition molybdenite (2739 + 9 Ma) with the 2741 Ma
CIC is consistent with field observations that suggest an overlap of magmatic and hydrothermal events. The
results of this study have defined a new significant early stage gold metallogenic event in the Abitibi
Subprovince at 2740 Ma and the deposit provides a guide for future exploration in other composite, sub-
volcanic, low-Al intrusions in the Archean.

INTRODUCTION

The recently discovered (2009/2010) Coté Gold
deposit, located in the Archean Swayze greenstone
belt, Abitibi Subprovince of northern Ontario, is a
large-tonnage, low-grade Au(-Cu) deposit with an indi-
cated resource of 269 Mt averaging 0.88 g/t Au (7.61
M oz) and an inferred resource of 44 Mt averaging 0.74

significance of this discovery and initial study resulted
in further studies, which included Ph.D. and M.Sc. the-
ses that focused on a full characterization of the deposit
and a structural synthesis of the ore system and sur-
rounding area. The work is supported financially and
logistically through Iamgold Corporation with funding
for a comprehensive lithogeochemical and U-Pb

g/t Au (1.04 M oz) at a 0.3 g/t Au cut-off grade
(IAMGOLD, 2013). The discovery of the Coté Gold
deposit initiated a deposit-scale study that was under-
taken as part of the Discover Abitibi Initiative. This
study provided the first description of the host rocks
and related alteration types and mineralization, whole-
rock and alteration geochemistry, stable isotope geo-
chemistry and U-Pb and Re-Os geochronology
(Kontak et al., 2013). Two U-Pb zircon samples
yielded ages of 2741.1 £ 0.9 and 2738.7 + 0.8 Ma for a
tonalite and tonalite breccia, respectively, which over-
laps with two Re-Os molybdenite dates (avg. 2739 + 9
Ma), one sample of which contained coarse gold. The

geochronological study funded from Geological
Survey of Canada through the TGI-4 Lode Gold
Project. This article focuses on the aspects of the proj-
ect associated with the TGI-4 mandate and therefore
includes a general description of host rocks, nature and
style of alteration and mineralization, U-Pb zircon
geochronology, and geochemistry.

RESULTS AND DATA ANALYSIS

Geology of the Coté Gold Deposit

The Au(-Cu) Cété Gold deposit is located in the south-
ern limb of the Swayze greenstone belt (SGB), part of
the gold-rich Abitibi Subprovince (Fig. 1). The SGB

Katz, L.R., Kontak, D.J., Dubé, B., and McNicoll, V.J., 2015. The Archean C6té Gold intrusion-related Au(-Cu) deposit, Ontario: A large-
tonnage, low-grade deposit centred on a magmatic-hydrothermal breccia, In: Targeted Geoscience Initiative 4: Contributions to the
Understanding of Precambrian Lode Gold Deposits and Implications for Exploration, (ed.) B. Dubé and P. Mercier-Langevin;

Geological Survey of Canada, Open File 7852, p. 139-155.
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Figure 1. Simplified geological map of the Abitibi Subprovince showing the major gold deposits and fault zones. Red star shows
the location of the Cété Gold deposit. Modified from Dubé and Gosselin (2007) and Poulson et al. (2000).

(2750-2670 Ma) contains many of the stratigraphic
assemblages and structures typical of the southern
Abitibi greenstone belt (AGB) based on lithology and
geochronology criteria (Ayer et al., 2002; van Breemen
et al., 2006). Several, regionally extensive, D (ca.
2697-2675 Ma) high-strain zones transect the SGB.
The D, deformation in the SGB, like in the AGB, is
inferred to have been synchronous with the generation
of orogenic style gold mineralization (Heather, 2001;
van Breemen et al., 2006). Metamorphic grade within
the southern Abitibi greenstone belt ranges from sub-
greenschist to greenschist. Peak metamorphism is esti-
mated to have occurred from 2677 to 2643 Ma (Powell
et al., 1995).

The deposit is hosted by the ca. 2741 Ma Chester
intrusive complex (CIC), a multi-phase, locally lay-
ered, laccolithic-shaped, synvolcanic intrusion com-
posed of tonalite and diorite (Fig. 2). The deposit is
centred on a magmatic-hydrothermal breccia body that
intrudes tonalitic and dioritic rocks.

The CIC intruded into the mafic volcanic rocks of
the Arbutus Formation, which forms the basal forma-
tion in the Chester Group. The formation consists of
low-K tholeiitic pillow basalts, mafic flows, and sills.

The Yeo Formation forms the upper formation in the
Chester Group and overlies the CIC (Fig. 2). The Yeo
Formation consists of intercalated felsic and intermedi-
ate volcanic rocks, clastic sedimentary and volcani-
clastic rocks, iron formation and Fe-rich sedimentary
rocks. The felsic and intermediate volcanic rocks range
from poorly sorted to well bedded, monolithic and het-
erolithic lapilli to volcanic breccia tuffs, feldspar crys-
tal ash tuffs, massive aphanitic flows and feldspar +
quartz phyric flows (Heather, 2001). Three previous U-
Pb zircon dates were obtained from felsic lapilli tuffs at
2739 £ 2 and 2734 + 2 Ma (Heather and Shore, 1999a,b),
and 2739 £ 1 Ma (van Breemen et al., 2006; Fig. 2).
Previous geochemical studies have interpreted the Yeo
Formation to be the eruptive equivalent of the CIC
(Heather et al., 1996; Berger, 2012).

The Chester Group is equivalent to the Pacaud
Assemblage in the Abitibi greenstone belt. The Chester
Group is inferred to have both ensimatic ocean basin
and arc signatures (Ayer et al., 2002; van Breemen et
al., 2006).

Host Rocks

The deposit is hosted by several phases of tonalite and
diorite sills that display complex cross-cutting relation-
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ships. Based on their relative timing and variable
chemistry, five distinctive intrusive phases have been
identified: (1) tonalite I; (2) diorite; (3) aphyric to
quartz and/or plagioclase porphyritic quartz diorite; (4)
tonalite II; and (5) hornblende-plagioclase + quartz
pegmatite. The Coté Gold deposit is centred on a min-
eralized magmatic-hydrothermal breccia body that
intrudes tonalite and diorite rocks (Fig. 3a, c). Drill-
core logging and detailed mapping of select exposures
(e.g. North Breccia outcrop; Fig. 4) have established
the basis for the relative timing of intrusive phases and
the current nomenclature presented below.

Tonalite I, which forms sills with 10s to 100s of
metres of apparent thickness, is a light grey, massive,
equigranular rock composed of fine- to medium-
grained plagioclase and quartz (Fig. 5a), with rare pla-
gioclase or quartz phenocrysts. Accessory minerals
include titanite, zircon, apatite, rutile, ilmenite, tour-
maline, monazite, and xenotime. This unit has a hypid-
iomorphic granular texture with rare development of
granophyre (Fig. 5b) and miarolitic cavities (Fig. 5c).
Plagioclase has oscillatory zoning, polysynthetic twin-
ning and rarely sieve textures. Miarolitic-like cavities
include quartz + sulphide, quartz-chlorite and quartz-
plagioclase types that are typically oblate in shape and
range from <5 mm to 10s of cm in diameter.

The diorite phase comprises sills of 5 to <150 metres
in apparent thickness that intrude tonalite I and can be
exhibit chilled margins. The contact between the dior-
ite and tonalite I is commonly brecciated and, where
this occurs, is termed a magmatic breccia with tonalite

clasts in a dioritic matrix. The diorite is dark-green,
massive to rarely foliated, equigranular to inequigranu-
lar and medium- to coarse-grained (Fig. 5d). The dior-
ite contains variable amounts of plagioclase, amphi-
bole, titanite, magnetite and ilmenite with accessory
apatite, zircon, and tourmaline. This unit rarely has a
granophyric texture and plagioclase shows primary
oscillatory zoning and polysynthetic twinning.

Aphyric to quartz and/or plagioclase porphyritic
quartz diorite consists of sills that range from 5 to
<150 m in apparent thickness and intrudes into diorite.
Quartz diorite is dark- to light-green, inequigranular,
medium- to coarse-grained and is massive; locally it
contains quartz phenocryst and rarely porphyritic pla-
gioclase (Fig. 5e). The unit consists of plagioclase,
amphibole, quartz, titanite, magnetite and ilmenite with
accessory apatite, zircon, and tourmaline. The plagio-
clase contains primary oscillatory zoning, polysyn-
thetic twinning and granophyric texture occurs.

The contact relationships of diorite and quartz dior-
ite phases are variable, with both sharp and diffuse con-
tacts. In both cases, diorite or quartz diorite clasts are
present along the contact which gives a breccia texture
whereby the more leucocratic quartz diorite matrix host
melanocratic diorite clasts (Fig. 5e). This commonly
observed cross cutting relationship suggests that diorite
evolved over time, fractionating to more leucocratic
quartz diorite.

Tonalite II forms sills of a few metres to 100s of
metres in apparent thickness and is mineralogically and
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Figure 4. a) Geological map of the North Breccia outcrop showing the relative timing of the main geological units in the Cété
Gold deposit. The locations of samples used for U-Pb zircon geochronology are indicated with stars. b) Field photograph of
tonalite Il cutting diorite. ¢) Field photograph showing the hornblende-plagioclase pegmatite intruding along the contact

between the diorite and tonalite Il. Book for scale is 19 x 12 cm.

texturally similar to tonalite I, but differs in terms of
relative timing. The diorite and quartz diorite have
sharp contacts with the older tonalite I phase and has
transitional to sharp contacts with the younger tonalite
II phase (Fig. 4b). The nature of the shape of the dior-
ite clasts (millimetre- to metre-size; angular, rounded
and scalloped contacts) in tonalite II suggests emplace-
ment of tonalite Il before the complete crystallization
of dioritic phases.

Hornblende-plagioclase + quartz pegmatite is the
least abundant magmatic phase and generally occurs as
small dykes of <I m in apparent thickness. This unit is
spatially associated with diorite and quartz diorite and
has sharp to diffuse contacts with these phases (Fig.
4c). These pegmatitic dyke rocks are dark- to light-
green, very coarse-grained (up to 2.5 cm) and
inequigranular to massive. The mineralogy consists of
plagioclase, hornblende, quartz, titanite, magnetite and
apatite. Granophyric texture occurs and plagioclase is
characterized by oscillatory zoning and polysynthetic

twinning. This phase contains rare acicular amphibole
grains (Fig. 51).

Tonalite and diorite phases are intruded by a miner-
alized, sill-like magmatic-hydrothermal breccia body
(~1200 m north-south and ~600 m east-west), on which
the Au(-Cu) deposit is centred. The breccia body is
complex, as both magmatic and hydrothermal variants
occur as indicated by the nature of the matrix. Three
types of matrices occur: (1) magmatic matrix with a
dioritic mineralogy consisting of plagioclase-amphi-
bole + quartz (Fig. 5g) and rarely an evolved diorite
consisting of quartz-plagioclase-biotite; (2) a rare
amphibole-rich hydrothermal matrix consisting of
amphibole-quartz + biotite + carbonate + sulphides;
and (3) a biotite-rich hydrothermal matrix. The biotite-
rich breccia can be subdivided into three types based
mainly on mineralogy and texture: (i) a biotite-quartz +
epidote & carbonate + pyrite + chalcopyrite + allanite &
magnetite, (ii) a biotite-quartz-magnetite-pyrite-chal-
copyrite-carbonate + allanite + apatite, and a (iii)
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Figure 5. Drill-core and thin-section photographs showing the major rock types in the Cété Gold deposit. Width of drill core is
4.5 cm. a) Diorite intruding and brecciating (<5 m) tonalite I. b) Granophyric texture, which is common in the tonalite (Qtz =
quartz, Pl = plagioclase). ¢) Miarolitic cavity in tonalite lined by carbonate (Cb) and filled with quartz. d) Section of homoge-
neous, medium-grained and equigranular melanocratic diorite. ) Contact between quartz diorite and quartz porphyritic diorite
showing textural evidence for magma mingling. f) Hornblende-plagioclase-quartz pegmatite with acicular-textured amphibole
grains. g) Section of magmatic breccia with tonalite clasts in a dioritic matrix. h) Section of biotite-rich hydrothermal matrix with
clasts of tonalite.

biotite-quartz-carbonate-pyrite-chalcopyrite + mag-
netite + apatite (Fig. 5h).

The magmatic and biotite-rich hydrothermal breccia
types can also be discriminated using geochemical
parameters such as Zr/TiO, and CaO. The magmatic
breccia is characterized by having relatively lower
Zr/TiOy and elevated CaO values, thus similar to the
chemistry of the diorite, whereas relatively higher
Z1/TiO, and lower CaO values indicate a hydrothermal
breccia. Using these indices (CaO and Zr/TiO,), along
with petrographic evidence, the data indicates an
apparent zoning of breccia types exists in the deposit
with the magmatic component occurring in the south
and the biotite-rich hydrothermal breccia occurring in
the north (Fig. 3d).

The division of breccia matrices in the deposit is
also reflected in different metal associations, as illus-
trated in Figure 3d. The magmatic breccia is character-

ized by an Au + Cu = Mo association whereas the
biotite-rich hydrothermal breccia is characterized by a
Au-Cu = Mo + Ag association. There is, however, an
overall lack of elemental associations in the C6té Gold
deposit. Several bivariant elemental plots indicate there
is no obvious correlation of Au mineralization with Cu,
Mo, Te, F, Bi, or As in tonalite and diorite rocks (Fig.
6). However, in the breccia unit Au has a moderate pos-
itive correlation with Cu and Te, and a weak correlation
with F.

The breccia body is characterized by the presence of
tonalite [ and 1II clasts. Rare dioritic clasts occur in the
magmatic breccia. Tonalite, diorite, quartz diorite and
hornblende-plagioclase pegmatite clasts are angular to
rounded and variably sized, with dimensions from
<1 mm to rarely >1 m in apparent length, and sharp to
diffuse contacts. The breccia is typically matrix sup-
ported, but can rarely be clast-supported.
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Figure 6. Binary element plots for all units in the C6té Gold deposit. The diagrams show that there is generally a poor correla-
tion of all the elements with Au exception of the breccia unit where Au has a moderate association with Cu (correlation coeffi-
cient, R, of 0.76), moderate Au-Te association (R of 0.65) and weak Au-F association (R of 0.33).

Dyke Rocks

A variety of late, post-CIC dyke rocks cut the deposit.
The dyke rocks are minor in total abundance and range
in age from syn-SGB formation to post-deformation in
age. Dyke rocks are not abundant in the deposit and are
typically unmineralized. The dyke rocks include
feldspar + quartz porphyries, lamprophyre dykes and
dioritic dykes, biotite-chlorite-quartz-carbonate dykes,
diabase dykes, and tectonic breccias.

Geochemistry of Tonalitic and Dioritic Phases

A total of 455 samples were sampled to characterize
the lithogeochemistry of the Coté Gold deposit.
Included in the sample suite were major rock types,
dykes, temporally-related volcanic rocks, as well as all
alteration types and mineralization styles. Included in
this summary herein are the least-altered tonalite and
diorite samples. Table 1 presents a summary of analy-
ses used in this study. The whole-rock geochemical
data were obtained at Activation Laboratories,
Ancaster, Ontario.

The intrusive rocks from the CIC are classified on
the basis of their normative mineralogy (QAP) and the
Zr/TiO, versus SiO; plot (Fig. 7a). In terms of their
bulk compositions tonalite rocks equate to dacite and
rhyolite. Some of the tonalite samples are notably
enriched in silica (>74% SiOy; Fig. 7a). The tonalite
samples equate to the low-Al type (<15 wt% Al,O3)
based on their Al;O3 contents at 70 wt% SiO; (Fig. 7b;
Barker, 1979). This is atypical for these rocks, as the
majority of Archean TTG are of high-Al type (>15

wt% Al»O3). The tonalite phases of the CIC have a
range in terms of their Zr/Y versus Y ratios which
equates to FII or FIlla rhyolites (Fig. 7¢). Importantly,
the FII- and FIII-type rhyolites have been noted to be
prospective for volcanic associated base-metal miner-
alization (Lesher et al., 1986). Tonalite samples contain
a calc-alkaline to transitional affinity (Fig. 7d), with
one tonalite sample plotting in the tholeiitic field.

The least-altered tonalite I and II are both character-
ized by relatively flat REE patterns with low (La/Yb)N
ratios (Fig. 7e) and have moderate negative Eu anom-
alies (EuN/Eu*) of 0.30 to 0.77 and 0.27 to 0.63,
respectively. In multi-element mantle-normalized plots
tonalite I and II display similar patterns. Tonalite I and
II display strong negative Ti, Eu P, Sr, with moderate
Nb and Ta with variably negative Rb and Ba anomalies
and positive Zr and Pb anomalies (Fig. 7f). The pro-
nounced negative Eu anomalies and low Sr contents for
both tonalite phases indicate plagioclase-dominated
fractionation. On average, higher Ba, Sr and Ti occurs
in tonalite I, which may be due to the presence of dior-
ite clasts which are absent in tonalite I. These diorite
clasts were originally amphibole-rich, but amphibole
can be altered to biotite (Fig. 71).

The diorite samples plot in the basalt to andesite
field and quartz diorite samples plot in the andesite to
dacite field in the Zr/TiO; versus SiO; plot (Fig. 7a). In
terms of their normative mineralogy the quartz diorite
phases rarely extend into the tonalite field as horn-
blende tonalites (Fig. 7a). Diorite is tholeiitic in nature
and quartz diorite is tholeiitic to transitional in nature
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Table 1. Average compositions of least altered major rocks (Fig. 7d). Both diorite and quartz diorite differ from a

from the Chester intrusive complex. transitional to calc-alkaline nature for the tonalite sam-
Rock Type  Tonalite | Diorite Tonalite I ples.
Avg STD No. Avg STD No. Avg STD No.

The least altered diorite and quartz diorite have

i:zoég Z:SZ S:gg g fi:; ?gg 12 :;2; fgg 2 listric- or concave-shaped downwards LREE profiles
Fe203 025 023 5 193 087 15 077 048 5 with low La/YbN ratios and display weak negative Eu
FeOT 022 021 5 174 078 15 069 043 5 anomalies (EuN/Eu* = 0.43 to 0.89; Fig. 7g), hence
MnO 001 001 6 012 004 15  0.03 001 6 they contrast markedly with the REE patterns for the
Mgo 040 047 6 387 148 15 085 033 6 tonalites. The multi-element mantle-normalized pat-
CaO 187 095 6 798 171 15 269 068 6 i L :
Na20 519 069 6 384 052 15 497 096 6 terns for diorite and quartz diorite show weak negative
K20 060 014 6 066 046 15 098 041 6 Ti and Zr, moderate Rb, Ba, Nb, Ta, K, Sr, P anomalies
TiO2 0.315 0.017 6  1.489 0.471 15 0532 0.311 6 and weak positive Pb anomalies (Fig. 7h). The mantle-
P205 0.05 0.00 3 031 023 15 007 0.03 6 normalized patterns for diorite differ from tonalite, the
LOI 145 075 6 229 094 15 145 042 6 most obvious being the opposing Zr anomalies.

Total 99.97 067 6 100.19 0.53 15 99.47 0.79 6

Total S 0.08 0.06 5 0.07 0.10 14 0.05 0.04 5 . . .

COs 085 051 6 080 060 15 063 038 6 Post-Emplacement Veining and Alteration

Cs 02 00 4 06 09 11 05 04 6 Several types of magmatic-hydrothermal alteration are
Rb 16 5 6 22 24 15 33 14 6 spatially associated with mineralization at the Co6té
Ba 119 64 6 T4 8 15 272 175 6 Gold deposit. In paragenetic sequence, the dominant
Th 793 264 6 268 121 15 735 236 6 ) . ) .

U 180 033 6 094 064 15 185 044 6 rrpn;rals asgoplated to these .alteratl-ons are amphlbo.le,
Nb 71 20 6 91 40 15 121 70 86 biotite, sericite, quartz-albite, epidote and chlorite
Ta 085 016 6 075 073 15 089 009 6 (after biotite).

:b ! 12 3 2 9 3 1.9 Amphibole alteration is rare in the deposit and
r 103 43 6 254 72 15 160 76 6 ; . . .

Zr 269 32 6 141 51 15 259 46 6 occurs as a variety of amphibole-rich veins and brec-
% 271 51 6 411 156 15 434 244 6 cias. Amphibole-bearing veins include amphibole,
La 487 197 6 1957 824 15 12.83 391 6 amphibole-quartz, amphibole + apatite + ilmenite +
ge 124-3362 g-gi g 585-2528 233;98 12 2-;? 1216224 g titanite + pyrite + chalcopyrite assemblages (Fig. 8a).
Nd 1169 422 6 3558 1445 15 2996 10.59 6 Thgse veins cross cut the tonalite, diorite and the mag-
Sm 375 126 6 812 304 15 08 315 6 matic breccia and,. therqfore, 'post-date magmatic
Eu 066 032 6 176 064 15 019 021 6 events. These amphibole-rich veins appear to be spa-
Gd 443 128 6 7.81 288 15 672 342 6 tially restricted to the south of the deposit and represent
Tb 081 023 6 127 045 15 123 071 6 the earliest hydrothermal alteration type associated
Dy 496 125 6 761 270 15 7.73 457 6 with Au mineralization.

Ho 1.02 023 6 149 0.53 15 1.55 091 6

Er 310 0.68 6 433 145 15 465 265 6 Biotite alteration is ubiquitous throughout the
Tm 049 010 6 065 022 15 074 043 6 deposit and alters all intrusive phases. The biotite
Yb 321 057 6 422 143 15 472 27 6 assemblage consists of biotite + quartz + magnetite +
Lu 0.437 0.060 6  0.605 0.196 15  0.647 0.355 6

epidote =+ allanite + carbonate + pyrite = chalcopyrite =
pyrrhotite =+ titanite. This alteration assemblage occurs
in the biotite-rich hydrothermal breccia (Fig. 8b), as
disseminations in tonalite and diorite (Fig. 8c), in
stockwork zones (Fig. 8d) and in sheeted veins (Fig.
8e). The biotite in the matrix of the biotite-rich
hydrothermal breccia is not the result of alteration, but

Major elements as oxides in wt%, trace in ppm; Avg = average

Figure 7 (opposite page). Whole-rock geochemistry of least altered samples of tonalitic and dioritic phases of the Chester
intrusive complex. a) A Zr/TiO2 versus SiO plot (Winchester and Floyd, 1975) for samples of diorite and tonalite, which was
used to classify them chemically. Abbreviations: Alk-Bas = alkaline basalt, Bas/Trach/Neph = basanite/trachytes/nephelinite,
Com/Pan = comendite/pantellite, Sub-AB = subalkaline basalt. The inset diagram shows the same samples plotted in the
quartz-alkali feldspar-plagioclase (QAP) rock classification scheme. The pink shaded area shows tonalitic samples and the blue
shaded area shows dioritic samples. Abbreviations: TT = tonalite-trondhjemite field and D = diorite/gabbro and quartz dior-
ite/gabbro field. b) Plot of SiO, versus Al,O3 with the fields after Barker (1979) showing that the tonalite conforms to the low-
Al type. ¢) Samples of tonalite plotted in the Y versus Zr/Y diagram, which shows their Fll or Fllla affinity. d) Samples of tonalite,
diorite, and quartz diorite plotted on a Y versus Zr diagram; the fields for different magma associations from Galley and Lafrance
(2014). e) Chondrite-normalized REE plot for samples of tonalite | and Il. f) Multi-element mantle-normalized diagram for sam-
ples of tonalite | and Il. g) Chondrite-normalized REE plot for samples of diorite and quartz diorite. h) Multi-element mantle-nor-
malized diagram for samples of the different diorite and quartz diorite. The CI chondrite normalizing and primitive mantle val-
ues used are from Sun and McDonough (1989).
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