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Abstract
In the Abitibi subprovince of the Superior craton, Canada, recognition of intrusion-related gold deposits is 
improving, but their formation remains poorly understood. The recently reopened Lac Bachelor deposit in the 
northeastern part of the Abitibi subprovince is located on the edges of a syenitic complex, and this deposit is an 
example of a highly fractionated, Fe-Mg–poor, quartz-syenite to alkali-granite centered deposit. Gold is associ-
ated with pyrite in localized alkaline, fluorine, and hematite-rich metasomatized zones in magnetite-rich host 
rock. Minor mineralization is present in a quartz vein stockwork on the edges of the syenitic complex.

A genetic model is proposed, wherein alkaline-oxidized magma, which favors sulfur and gold solubility and 
transport, migrates through the crust via major and subsidiary faults. The presence of miaroles, transolvus, and 
low-temperature crystallization conditions confirms the shallow emplacement of the magma. The high fluorine 
content of the magma, which lowers both viscosity and solidus temperature, favored the shallow emplacement 
of the magma and permitted the development of a long-lived magmatic-hydrothermal system. Oxygen and 
hydrogen isotopes, miaroles filling, and mineralized zone paragenesis confirm that oxidized hydrothermal fluids 
were exsolved from the magma. The planar geometry of the metasomatized ore zones indicates that hydrother-
mal fluid circulation and metasomatism reactions occurred preferentially in high permeability pathways, such 
as preexisting faults in the host rock. The redox contrast between the oxidized magmatic-hydrothermal fluid 
and the intermediate volcanic host rock caused sulfide precipitation and gold deposition. This genetic model is 
applied to the Abitibi subprovince and other Archean cratons.

Introduction
Archean greenstone belts host a wide range of gold deposits, 
including those that are late orogenic and intrusion related 
(Groves et al., 2003). Intrusion-related deposits have been 
recognized for more than 40 years (e.g., Franklin and Thorpe, 
1982; Hattori, 1987; Sillitoe, 1991) and have since increased 
in economic importance. The largest producing gold deposits 
mined in Canada and in Australia since 2012—the Canadian 
Malartic in the Abitibi subprovince, and Boddington in the Yil-
garn craton—are both associated with late-Archean intrusive 
rocks, from subvolcanic calc-alkaline tonalite-trondhjemite-
granodiorite (TTG) to late syntectonic monzonite-syenite, 
belonging to the sanukitoids clan (Hattori, 1987; McCuaig et 
al., 2001; Robert, 2001; Galley, 2003; Duuring et al., 2007; 
Jébrak, 2011; Helt et al., 2014; De Souza et al., 2015; Jébrak 
and Fayol, 2015). However, they were not always identified 
as such because of their close spatial relationship to faults, 
epigenetic structurally hosted lode gold deposits (Kerrich, 
1993), or orogenic gold deposits (Groves et al., 1998). The lat-
ter may overprint preexisting intrusion-related deposits (e.g., 
Canadian Malartic: Helt et al., 2014; De Souza et al., 2015; 
and Beattie: Bigot and Jébrak, 2015), making early intrusion-
related mineralization difficult to recognize.

In the Abitibi subprovince, several gold deposits (e.g., Beat-
tie, Douay, Canadian Arrow) define a group of hydrothermal 
systems centered on late-Archean alkaline intrusions in the 
vicinity of late clastic sedimentary basins along major structural 
fault zones (Robert, 2001; Table 1). Based on the geochemistry 
of the intrusions, mineralization setting, and magnetic signa-
ture, these deposits can be divided into two groups, which are 
exemplified by the Beattie (Quebec) and the Canadian Arrow 

(Ontario) deposits (Fayol et al., 2016). The Beattie syenite 
has a high ferromagnesian content, with abundant magnetite 
and a slightly fractionated rare earth element (REE) pattern. 
Gold is associated with disseminated pyrite within the intru-
sion and concentrated in late shear zones (Bigot and Jébrak, 
2015). The Canadian Arrow intrusion has a lower ferromag-
nesian content, displays a low magnetic signature on regional 
surveys, and reveals a more highly differentiated magmatic 
process. The mineralization is concentrated along hematized 
discontinuities at the interface between the pluton and mafic 
volcanic host rocks. Although metasomatized ore zones are 
planar and sit on preexisting faults, gold is mainly associated 
with pyrite in K-Na-hematite–rich replacement zones, rather 
than in quartz veins characteristic of orogenic gold deposits 
(Lavigne, 2011).

In order to improve understanding of the genesis of such 
intrusion-related gold deposits, several parameters must be 
better constrained. First, the petrological, geological, and P-T 
characteristics of the intrusion need to be analyzed in order to 
identify key parameters leading to the development of an effi-
cient hydrothermal system that allows gold deposition. Then, 
the timing of gold precipitation with regard to magmatic 
events has to be analyzed, and, finally, if the link between 
magmatism and gold is established, the chemical characteris-
tics of the magmas and their role in gold transportation must 
be deciphered.

This paper provides a description of the geology and metal-
logeny of the Lac Bachelor deposit, which presents numerous 
characteristics of typical pluton-associated mineralization. The 
deposit is located in the northeastern part of the Abitibi sub-
province, near the intersection between a major and unusual 
northeast-southwest structure, the Wedding-Lamarck defor-
mation corridor and the east-west Opawica-Guercheville 
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fault (Graham, 1957; Buro, 1984; Lauzière, 1989), which is 
also host to the Lac Shortt deposit (Fig. 1; Morasse, 1988; 
Prud’homme, 1990; Brisson, 1998; Nadeau et al., 2014). The 
deposit was reopened in 2011 by Metanor Resources Inc. 
after a successful exploration campaign that evaluated the 
Lac Bachelor gold resources at 6,558 kg (210,857 oz). The 
first ingot was produced in 2012, and the mine is currently 
in production to a depth of 696 m. Its new underground 
access allowed the authors to precisely study the relation-
ships between the mineralized zones and the intrusion, using 
petrography, geochemistry, and stable isotope analysis of 
quartz veins. 

Geologic Setting
The Lac Bachelor gold deposit is located in the Caopatina-
Desmaraisville segment of the Abitibi subprovince, near 
Desmaraisville, Québec (Fig. 1). The Archean volcanic 
stratigraphy consists of the Obatogamau Formation and the 
Wachigabau Member (Sharma et al., 1987). The 1- to 3-km-
thick Obatogamau Formation comprises massive, pillowed, 
and brecciated basalts, with feldspar phenocrysts to megac-
rysts (Midra, 1989; Daigneault et al., 1990). The Wachigabau 
Member is less than 1 km thick, and consists of intermedi-
ate to felsic flows and pyroclastic rocks within the Obatoga-
mau Formation (Sharma et al., 1987). At Desmaraisville, 
owing to the paucity of outcrops, the stratigraphy is poorly 
known. However, the geologic environment is constrained 
by observations at the Coniagas volcanogenic massive sulfide 
(VMS) deposit (Doucet et al., 1994, 1998), 3 km east of the 
Lac Bachelor deposit. This Zn-Pb-Ag VMS deposit produced 
718,465  tonnes (t), grading 10.77% Zn, 1% Pb, 0.05% Cu, 
and 183 g/t Ag (Allard et al., 1972; Doucet et al., 1998). It is 
hosted by a 280-m-thick volcaniclastic sequence composed of 
massive, brecciated, and pillowed basaltic to andesitic flows 
and massive, stratified, and bedded lapilli tuffs. These units 
strike northeast and are steeply dipping and overturned. The 
main sulfide lens is a well-laminated sulfide ore zone, parallel 
to the regional bedding. It is interpreted to be the result of 
two explosive-effusive volcanic cycles in a submarine environ-
ment, with a volcanic center proximal to the Coniagas deposit 
(~2730 Ma; Doucet et al., 1994, 1998). 

The Lac Bachelor gold deposit is located near two small sedi-
mentary basins (Doucet et al., 1995; Fayol et al., 2012) that are 
filled by Lac Bachelor and Auger sediments to the north and 
south, respectively (Fig. 1). These formations are composed 
of polygenic conglomerate, graywacke, siltstone, turbidite, and 
tuffs (Graham, 1957; Sharma and Lauzière, 1983; Doucet, 
1993). Their stratigraphic position is uncertain, but they have 
been considered to be equivalent to the Haüy Formation in 
the Chapais area (Goutier and Melançon, 2010). The Haüy 
Formation is dated at 2692 ± 3 Ma (David et al., 2007) and 
is considered to be the Timiskaming sediment equivalent in 
northern Abitibi, despite being approximately 20 m.y. older 
than in the southern Abitibi (Thurston et al., 2008; Goutier 
and Melançon, 2010; Leclerc et al., 2011, 2012). Due to the 
polygenic composition of the Lac Bachelor conglomerates, 
both Lac Bachelor and Auger sedimentary rocks are consid-
ered to fill late-orogenic successor “Timiskaming-like” basins 
in the same ways that east-west detritic basins mark the major 
Cadillac-Larder Lake and Porcupine-Destor fault zones.
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The felsic intrusions of the Abitibi subprovince have been 
categorized into three main groups depending of their rela-
tion to volcanism and tectonism: (1) ca. 2730–2700 Ma syn-
volcanic TTG intrusions; (2) ca. 2700–2692 Ma syntectonic 
granodiorite, rare tonalite, and monzodiorite plutons; and 
(3) ca. 2690–2670 Ma late-tectonic intrusions (Chown et al., 
1992, 2002). These late- to posttectonic stocks have a mon-
zonite to syenite composition and are often associated with 
lamprophyres and locally with carbonatites (e.g., Lac Shortt, 
Nadeau et al., 2014). The Lac Bachelor gold deposit is located 
at the edges of the late- to posttectonic O’Brien syenite stock 
complex (Graham, 1957; Buro, 1984; Morasse, 1988; Lauz-
ière, 1989; Prud’homme, 1990; Brisson, 1998; Fayol et al., 
2013; Nadeau et al., 2014) that intrudes the andesites and 
volcaniclastic rocks of the Obatogamau Formation.

The NE-trending Wedding-Lamarck deformation corridor 
extends over at least 150 km, from the Abitibi-Opatica bound-
ary to Lebel-sur-Quévillon (Fig. 1). This deformation zone, 
initially defined as the “Opawica fault” (Sharma and Lacoste, 
1981), was later described as the Lamarck fault: a late brittle 
structure with an apparent sinistral movement (Charbonneau 
et al., 1983; Daigneault, 1996). However, recent studies based 
on geophysical data suggest a 25-km-wide ductile deforma-
tion corridor overprinted by a late sinistral fault (Faure, 2011; 
Fayol et al., 2012; Harris and Bédard, 2014). The Bouguer 
gravity anomaly shows a high-density contrast between the 
west and east sides of the corridor. This suggests that the 
Wedding-Lamarck deformation corridor is a deep crustal 
structure that separates denser, more mafic crust to the west 
from a less dense block to the east (Fayol et al., 2012; Har-
ris and Bédard, 2014). It is now interpreted as an early N-S 
crustal structure, the “proto-Wedding-Lamarck,” which was 
cut by E-W–oriented regional shear zones with an appar-
ent dextral offset (Fayol, 2016). Due to dextral displacement 
along these shear zones, the previously N-S–oriented crustal 

margin displayed a “stairlike” shape. During later N-S com-
pression, these stairlike shaped crustal heterogeneities local-
ized the deformation and induced the NE-SW orientation of 
the actual Wedding-Lamarck deformation corridor. The last 
recorded movements indicate that the Wedding-Lamarck 
deformation corridor is a brittle-ductile sinistral shear zone 
(Faure, 2011; Fayol et al., 2012; Harris and Bédard, 2014). In 
this evolution model, the Opawica-Guercheville deformation 
zone may be an early ductile dextral shear zone that was reac-
tivated under brittle-ductile conditions. Vertical movement of 
this steeply dipping shear zone was also observed in the field 
(Daigneault, 1996; Brisson, 1998). 

Sampling and Analytical Techniques
Sampling and observation of the intrusive rocks, mineraliza-
tion, veins, and alteration zones were mainly done under-
ground, at levels 6 to 14 on the western margin of the O’Brien 
stock. Whole-rock lithogeochemical analyses were completed 
at Acme Analytical Laboratories in Vancouver, Canada. Sam-
ples were crushed, fused with lithium meta/tetraborate, and 
dissolved in nitric acid. More precise analyses were performed 
for Au and other volatile elements with aqua regia digestion. 
Major and trace elements were then determined by induc-
tively coupled plasma-mass spectrometry (ICP-MS) and ICP-
optical emission spectroscopy (OES). F concentrations were 
obtained by NaOH fusion, water digestion, and acidification, 
followed by the potentiometric method. 

Petrographic observations were done with a Leica DMLP 
transmitted-reflected light-polarizing microscope. Detailed 
characterizations were performed at the UQAM scan-
ning electron microscopy (SEM) laboratory using a Hitachi 
TM3000 (LV-SEM) with energy-dispersive X-ray spectrom-
etry (EDS) and backscattered electron (BSE) imaging.

Hydrogen and oxygen isotope concentrations were mea-
sured for 22 samples representing six types of quartz veins. 
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Analyses were processed on bulk fluid samples at the Queen’s 
University Facility for Isotope Research (Canada). Oxygen iso-
topes were measured using a Thermo-Finnigan DeltaPlusXP 
continuous-flow isotope ratio mass spectrometer (CF-IRMS) 
on quartz. Hydrogen isotopes were measured on fluid inclu-
sions in quartz using a Thermo-Finnigan thermo-combustion 
elemental analyzer (TC/EA) coupled to a Thermo-Finni-
gan DeltaPlus  XP CF-IRMS. Both δD and δ18O are given 
in per mil, relative to Vienna-standard mean ocean water 
(V-SMOW), with 3‰ and 0.1‰ precisions, respectively.

Deposit Geology
Gold was first discovered on the eastern margin of the 
O’Brien stock in autumn 1946 by O’Brien Gold Mines Ltd. 
Following this discovery, exploration was conducted both at 
the surface and underground until 1982, when Bachelor Lake 
Gold Mines Inc. reached commercial production (Darling 
and Lafontaine, 2011). 

The Lac Bachelor mine has had past production 
of 869,418  t at 4.66 g/t grade, equivalent to 4,054 kg 
(130,338 oz) of gold extracted between 1982 and 1989. In 
the last resource estimate, prior to current production, the 
total proven and probable resources for the Lac Bachelor 
deposit and its immediate extension zones were estimated 
at 843,722 t at 7.38 g/t, for a total of 6,226 kg (200,177 oz, 
NI 43-101; Darling and Lafontaine, 2011). 

The Lac Bachelor deposit is located at the western limit 
of the O’Brien syenitic complex; however, the initial discov-
ery was at the eastern side of the intrusion. Known mineral-
ization is mainly hosted in three almost planar replacement 
zones within the andesites and volcaniclastic rocks that are 
intruded by the O’Brien stock. Minor mineralization is also 
found within the intrusion itself, both disseminated and in 
stockwork.

Host rock

Andesites and volcaniclastic rocks of the Obatogamau Forma-
tion consist of massive, brecciated, and pillowed basaltic to 

andesitic flows and massive, stratified, and bedded lapilli tuffs 
(Graham, 1957; Doucet et al., 1994). This volcanic assem-
blage trends SSW to SW and dips ~70° to 80° NW. These vol-
canic rocks are aphanitic to fine grained; locally, centimetric 
feldspar phenocrysts or amygdules are present.

Volcanic lavas are characterized by up to 70% euhedral 
Mg-chlorite, sericite, actinolite, epidote (1–5%), and a fine 
quartz-feldspar matrix. Volcaniclastic rocks present the same 
mineral assemblage; however, the proportion of mafic miner-
als is less, and there are more felsic minerals and fragments. 
The above-mentioned mineral assemblage is characteristic 
of lower greenschist metamorphism of intermediate volcanic 
rocks. Very fine magnetite with hematite edges and pyrite are 
present locally.

The use of immobile elements on the Zr/TiO2 vs. Nb/Y 
diagram (Winchester and Floyd, 1977; Fig. 2) indicates that 
volcanic flows and volcaniclastic rocks have similar andesitic 
basalt to andesite composition. REEs normalized to primi-
tive mantle profiles (Fig. 3) are almost flat, with slight frac-
tionation and a negative Eu anomaly. This low fractionation is 
consistent with the andesitic and basaltic composition of a tho-
leiitic melt. The tholeiitic affinity of the volcanic rocks along 
with the presence of pillows and volcaniclastic rocks suggest a 
submarine environment with a proximal volcanic center with 
both effusive and explosive activity (Doucet et al., 1994).

Lamprophyre dikes ranging from a few centimeters to a 
meter in width cut host rock and mineralized zones. Protero-
zoic gabbro dikes as wide as 5 m and hundreds of meters long, 
striking NNE and dipping 30° E, cut both host rock and min-
eralized zones (observed in the mine and Lauzière, 1989). 

O’Brien syenitic complex 

The O’Brien syenitic complex is a 0.6 km2 oval-shaped intru-
sion (Fig. 1). Oriented N-S, its maximum length is 1.3 km and 
its width is about 0.5 to 0.6 km. The intrusion is not exposed at 
the surface, but is apparent on aeromagnetic images as a low 
magnetic zone surrounded by a 500-m-wide, highly magnetic 
halo within the volcanic rocks (Fig. 4; Fayol et al., 2016). The 
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only access available is at the western margin of the intrusion, 
in a few galleries of the Lac Bachelor mine. Previous studies 
were able to access several historical drill holes that are no 
longer available (Graham, 1957; Buro, 1984; Lauzière, 1989). 
At level 6 (corresponding to 270 m in depth), the O’Brien 
stock contact is exposed for over 150 m from west to east. The 
contact is exposed sporadically from 350 to 620 m at depth in 
four levels. In previous studies, the main part of the intrusion 
was described as an equigranular to porphyritic albite-granite 
(Graham, 1957) or an equigranular to porphyritic granodio-
rite to granite, mainly composed of plagioclase, K-feldspar, 
quartz, and hornblende in its central part, with later aplitic 
and porphyritic dikes (Buro, 1984; Lauzière, 1989).

Access to the O’Brien stock is currently limited to its west-
ern margin. Three main facies can be observed: (1) porphy-
ritic, (2) equigranular, and (3) aplitic. The porphyritic facies 
is the most abundant. The equigranular facies represents the 
oldest phase of the intrusion. Both porphyritic and equigran-
ular facies are cut by centimeter- to decimeter-wide aplite 
dikes, oriented NNE and NNW, and steeply dipping to the 
west (Fig. 5). The spatial distribution of these facies remains 
poorly known due to the paucity of exposure. Detailed min-
eralogy is given in Table 2. Depending on the intensity of the 
hematite dust alteration, the color of the intrusion varies from 
pale to intense pink. Locally, intense carbonate alteration pro-
duces a beige color.

Petrography

The porphyritic facies (Fig. 5a) corresponds to a quartz-
syenite with albite and K-feldspar phenocrysts in a finer 
quartz-feldspar matrix. Albite and K-feldspar are mostly 
euhedral with Carlsbad and polysynthetic twins. Perthite is 
very common. Feldspars represent 75 to 95% of the rock. 

Quartz is always anhedral, with undulose extinction. The 
finest minerals show sutured grain boundaries indicative of 
recrystallization. Quartz represents 5 to 20% of the rock. 
The mafic minerals (<3%) are anhedral Fe-Mg chlorite and 
hydrothermal biotite. They may replace the hornblende 
observed by Lauzière (1989) in the center of the intrusion. 
Accessory minerals—purple fluorite, subhedral fluorapatite 
(ca. 4% F, SEM-EDS measurement), barite, euhedral zircon, 
titanite, and rutile—represent less than 1% each (Fig. 5h). 
Rare metallic minerals are disseminated. Pyrite has a subhe-
dral to euhedral cubic shape. Chalcopyrite is rare and subhe-
dral. Magnetite and hematite represent up to 1% of the rock. 
Magnetite is either skeletal or cubic, with hematite edges. 
Rare visible gold is present as isolated grains of less than 500 
μm. Sericite is present in the porphyritic facies as very fine 
needles in feldspars and, rarely, as coarser intergranular flakes 
in the matrix, and thus represents a strong sericitic altera-
tion (Fig. 5d-f). Slight carbonate alteration occurred as rare 
anhedral carbonate, mainly dolomite and, more rarely, calcite 
crystals. Some centimeter-size miaroles (Fig. 5g) are indica-
tive of a shallow emplacement. They encompass fluorite, 
fluorapatite, barite, calcite, and muscovite. In the O’Brien 
porphyritic facies, zircons are homogeneous. According to 
Pupin (1980), zircon shape is dependent on both the tem-
perature (T index) and agpaicity (A index) of the crystallizing 
magma. Their elongated and prismatic shape with bevelled 
pyramidal edges (Fig. 5i) corresponds to a G  type (Pupin, 
1980) with a T index of 300 and an A index equal to 700, 
the former indicating a temperature of 650°C, and the latter 
being characteristic of alkaline intrusions.

The equigranular, alkali-granite facies (Fig. 5b) is char-
acterized by equigranular albite, K-feldspar, and quartz. 
Albite and K-feldspar are mostly euhedral, with Carlsbad 
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and polysynthetic twins. Feldspars represent 65% of the 
rock. Quartz (35%) is always anhedral, with undulose extinc-
tion. Sericite is present in the equigranular facies as very 
fine needles in feldspars and, rarely, coarser intergranular 
flakes, and thus represents strong sericitic alteration. Acces-
sory minerals—purple fluorite, euhedral zircon, titanite, and 
rutile—represent less than 1% each. Rare metallic minerals 
are disseminated. Pyrite has a subhedral to euhedral cubic 
shape and is porous. Chalcopyrite is rare and subhedral. Very 
rare and fine galena occurs. Magnetite-hematite association is 
either skeletal or in inclusion in the pyrite. Slight carbonate 
alteration is indicated by rare anhedral carbonate crystals.

Aplites (Fig. 5c) are characterized by albite and K-feldspar 
phenocrysts (30%) in a finer quartz-feldspar matrix. They 
have a quartz-syenite to syenogranite composition. Albite and 
K-feldspar are mostly euhedral with Carlsbad and polysyn-
thetic twins. Perthite is very common. All together, feldspars 

represent 70 to 80% of the rock. Quartz is always anhedral 
with undulose extinction. The finest minerals show sutured 
grain boundaries indicative of recrystallization. Quartz rep-
resents 10 to 20% of the rock. Very rare oval-shaped quartz 
grains are present. Mafic minerals (<2%) consist of anhedral 
Fe-Mg chlorite and hydrothermal biotite. Accessory miner-
als—purple fluorite, subhedral fluorapatite, barite, euhedral 
zircon, titanite, and rutile—represent less than 1% each. Rare 
metallic minerals are disseminated. Pyrite has a subhedral 
to euhedral cubic shape. Chalcopyrite is rare and subhedral. 
The magnetite-hematite association represents up to 2% of 
the rock. Magnetite is either skeletal or cubic with hematite 
edges. Sericite (1–2%) is present in aplite as very fine nee-
dles in feldspars and, rarely, as coarser intergranular flakes in 
the matrix, and thus is evidence of strong sericitic alteration. 
Slight carbonate alteration occurred, evidenced by rare anhe-
dral calcite crystals.
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Fig. 5.  O’Brien stock: A) porphyritic facies with fluorite; A) equigranular facies; C) aplite cutting through the porphyritic 
facies and a quartz-fluorite vein; D-F) O’Brien stock samples in thin sections showing altered and zoned alkali-feldspars, 
hydrothermal biotite, zircon, carbonates, fluorite, and pyrite; G) miarolitic cavity filled with fluorite, apatite, carbonate, barite, 
and muscovite; H) pyrite and fluorite; and I) SEM images of a “G-shape” zircon from the intrusion. Afs = alkali-feldspars, 
Ap = apatite, Brt = barite, Bt = biotite, Cb = carbonate, Fl = fluorite, Ms = muscovite, Py = pyrite, Zrn = zircon.
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All three facies were affected by hydrothermal alteration, 
especially sericitic alteration of feldspars and martitization of 
magnetite. Undulose extinction and sutured grain boundaries 
of quartz indicate that the O’Brien syenitic complex under-
went postsolidus strain that caused quartz annealing.

The western margin of the O’Brien stock consists of a 
swarm of apophyses and aplite dikes cutting through the vol-
canic rocks. Contacts are either intrusive or faulted, and vol-
canic rocks in the nearby area are strongly altered to hematite. 
Hematite-altered intrusive rocks of the O’Brien stock have a 
distinctive red color and a low magnetic susceptibility that is 
less than 1.10–3 SI (Fayol et al., 2016). The alkaline granitic 
magma has intruded the volcanic rocks under brittle-ductile 
conditions and has been emplaced by at least two pulses. This 
timing is confirmed by the relationship between intrusion 
phases and quartz veins.

Geochemistry

Alteration and the presence of veinlets in the O’Brien stock 
samples have to be considered when interpreting the geo-
chemical analyses of the three O’Brien stock facies. Geo-
chemistry based on major elements is strongly affected by the 
presence of small quartz veinlets in the samples. An overes-
timation of the SiO2 percent is a result, and thus a shifting 

of the data in diagram along a SiO2-based axis is predictable. 
Therefore, a multidiagram approach was used. First, the cal-
culation of the CIPW norm followed by a Streckeisen plot 
(Fig. 2) clearly indicates that the O’Brien stock has a com-
position that ranges from quartz-syenite and syenogranite for 
the porphyritic and aplite facies to alkali-granite for the equi-
granular facies; this is consistent with petrographic observa-
tions. The use of immobile elements on the Zr/TiO2 vs. Nb/Y 
diagram (Winchester and Floyd, 1977; Fig. 2) confirmed the 
syenitic composition of the O’Brien stock. All O’Brien facies 
have high fluorine content. The mean of 12 samples is F = 
1.659+1

–1
18
07

0 ppm. The O’Brien stock has an alkali-calcic to alka-
line affinity.

The REE diagram (Fig. 3a) shows that REE patterns are 
similar for all O’Brien samples, without distinction between the 
three facies. Fractionation between light REEs (LREEs) and 
heavy REEs (HREEs) is significant, spanning two orders of 
magnitude. There is no europium anomaly. The spider diagram 
normalized to primitive mantle (Fig. 3b) shows strong negative 
Nb, Ta, and Ti anomalies. The porphyritic and the aplitic facies 
of the O’Brien stock are rich in Ba (Ba >1,000 ppm) and Sr 
(Sr >400 ppm) (Table 3). The O’Brien stock displays most of 
the characteristics of the more evolved sanukitoids, sensu lato 
intrusions, as defined by Laurent et al. (2014).

Table 2.  Detailed Mineralogy of the Three Facies of the O’Brien Stock

         Porphyritic quartz-syenite                 Aplite          Equigranular alkali-granite

 Description Size (μm)  % Description Size (μm) % Description Size (μm) %

Afs Euhedral-porphyritic: 500–7,500 75–95 Euhedral-zoned;  400–5,000 30 Euhedral:  400–1,000 65
 perthite, polysynthetic,    porphyritic: perthite,    polysynthetic, 
 Carlsbad, Mc   polysynthetic,    Carlsbad, Mc
    Carlsbad, Mc
Qtz Anhedral 200–1,500 2–10 Anhedral  25–125 1–5 Anhedral 400–1,000 35
Qtz-Afs Anhedral Qtz: sutured  25–50 5–10 Subhedral Afs;   25–75 Afs40–50
Matrix grain boundaries   anhedral Qtz: sutured   Qtz10–20
    grain boundaries
Fl Anhedral 100–750 <1 Anhedral  <1 Anhedral to subhedral  50–500 <1
Brt Anhedral  50–100 <1 Anhedral  10–20 <1
Ap Subhedral 100–250 <1 Subhedral  50–125 <1
Ser/Ms Needles in Afs,  <25 1–3 Needles in Afs,  <25 1–2 Needles in Afs,   25–125  1
 rarely in the matrix  25–250  rarely in the matrix   rarely in the matrix
Bt Anhedral to subhedral 125–500 <2 Subhedral 125–1,500 <1
Fe-Mg-Chl Anhedral to subhedral 100–250 <1 Subhedral 125 <1
Cb Anhedral   <1    Intergranular, anhedral  50–1250  1
Zr Euhedral  25–125 <1 Euhedral  25–125 <1 Euhedral  50–125 <1
Ttn Euhedral  25–100 <1 Euhedral  25–250 <1 Euhedral  50–100 <1
Rt Anhedral  25–500 <1 Anhedral  50 <1 Anhedral  10 <1
Mag-Hem Skeletal or cubic   50–250 to <1 Skeletal or cubic 125 <2 Skeletal and  25–125 <1
 Mag-Hem 500–1000  Mag-Hem   inclusions in Py
Py Subhedral, cubic  50–150 <1 Subhedral, cubic  25–125 <1 Subhedral, cubic, porous  25–300 <1
Ccp Subhedral 250–500 <1    Subhedral 250–500 <1
Gn    Anhedral   5–10 <1 Anhedral   5–10 <1
Gold Disseminated <500 <1
Au-Ag-Te

Note: Porphyritic and aplite facies have the same composition; the equigranular facies contains more quartz
Abbreviations: Afs = alkali-feldspar, Ap = apatite, Brt = barite, Bt = biotite, Ccp = chalcopyrite, Chl = chlorite, Fl = fluorite, Gn = galena, Hem = hematite, 

Mag = magnetite, Mc = microcline, Ms = muscovite, Py = pyrite, Qtz = quartz, Rt = rutile, Ser = sericite, Subh = subhedral, Ttn = titanite, Zrn = zircon
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Faults

Three families of faults are observed in the Lac Bachelor 
mine:

1. The Waconichi (WAC) faults trend ENE, and are 70° SE 
dipping. They form decametric- to few meter-wide shear 
zones, and are sometimes mineralized (A zone); they are 
pre- to synmineralization. Lauzière (1989) divided the 
Waconichi fault family into two groups: the WAC (N 70°–
60° SE) and the WAC’ (N 50°–80° SE), but this division 
was not confirmed by our observations;

2. The Transversal (T) faults consistently strike NNE, are 
subvertical, and slickenside striation in a few instances 
indicates probable dextral movement along these faults;

3. The Transversal (T’) faults consistently strike NW to N, 
are subvertical, and slickenside striation in a few instances 
indicates sinistral movement along these faults. 

T and T’ fault poles fit on a same large circle; the mean 
angle between T and T’ planes is 60° (i.e., between ca. 40°–
80°). These two families of faults therefore appear to be 
conjugate, and the implied maximum principal stress (σ1) is 
oriented ENE-WSW. They are very abundant, and cut min-
eralized zones. The width of “Transverse” faults varies from a 
centimeter to a few decimeters; a chlorite matrix is common. 
These faults record a brittle tectonic event occurring during 
late to postmineralization.

Mineralization styles

In the Lac Bachelor deposit, gold is associated with both zones 
of pervasive metasomatism and porphyry-style stockwork. The 
historical and present gold production comes primarily from 
Main, B, and A planar metasomatized ore zones in the volca-
nic host rocks at the western margin of the O’Brien stock. The 
porphyry-style stockwork mineralization makes only a minor 
contribution to the total gold production. 

Planar metasomatized ore zones: Main, B, and A planar 
replacement zones extend from the western margin of the 
O’Brien stock for over 500 m in the volcanic host rocks (Fig. 
4). These replacement zones are located within the highly 
magnetic aureole that surrounds the O’Brien stock. 

The Main zone is almost planar, trending north 110° and 
dipping 60° south. This zone, mined from level 1 to 14, 40 to 
620 m deep, and over 500 m in length, is in contact with the 
western edge and dikes of the intrusion at almost all levels. 
The average thickness is 3 m. The B zone is almost planar, 

trending north 115° and dipping 80° south. This zone is mined 
from level 11 to 14, 470 to 620 m deep, and has over 200 m 
of lateral extension. The width is similar to that of the Main 
zone, about 3 m. Main and B zones intersect at level 13; the 
exposure did not allow precise determination of the relative 
crosscutting relationship. The A mineralization trends north 
70° to 80° and dips 50° south; it corresponds to the Waconichi 
fault system. It is recognized and mined from level 4 to 14 
(180–620 m); however, the grade is lower than in Main and 
B zones, with the best grades occurring at intersections with 
these zones.

Contacts between mineralized zones and the host rocks are 
sharp; the intensity of the hematite alteration (red ore) and 
gold grades decreases within less than a meter of the con-
tact. Locally, brown breccia (breccia ore) and quartz veinlets 
extend within the host rocks over few meters. Main and B 
zones are cut by the Waconichi fault system that trends north 
80° and strikes 50° to 60° SE.

Mineralogy: Alteration assemblages appear similar in the 
Main and B zones; these zones are known to have the same 
7.6 g/t grade (Darling and Lafontaine, 2011). The main ore-
body is an intense red color and has an aphanitic to fine-grained 
matrix with disseminated pyrite (Fig. 6). Locally, the orebody 
is brown rather than red due to local carbonate alteration. The 
matrix is composed of very fine grains (<10 μm) of quartz, and 
as much as 70 to 90% K-feldspar and albite. Very rare albite 
and K-feldspar phenocrysts are present. The remaining 10 to 
30% consists of dolomite, fluorapatite, Mg-chlorite, sericite, 
magnetite, hematite, rutile, and very rare tourmaline (uvite, 
SEM-EDS determination), zircon, and REE minerals (Ce-F-
LREE silico-calcic and Ce-phosphate; SEM-EDS). Locally, 
the carbonate alteration can reach 30%.

A minor volume of ore appears in brecciated, beige-colored 
rocks. This “breccia-type ore” occurs in contact with quartz-
syenite dikes, and at some contact zones between the red-type 
ore and the host rocks. The carbonate alteration, chiefly dolo-
mite, is more intense than in the red-type ore and occurs as 
veinlets; otherwise, the mineralogy is similar.

Sulfides include pyrite, with very rare chalcopyrite and 
pyrrhotite. Three pyrite types are identified (Fig. 6, Table 4) 
based on grain size, shape, and porosity: 

1. P1: Fine to coarse pyrite, 60 μm to 2 mm, highly porous, 
and euhedral. These display a wide range of inclusions: (1) 
subhedral to euhedral minerals: K-feldspar, albite, quartz, 
carbonate, Fe-Mg chlorite, fluorapatite, fluorite, barite, 

Table 4.  Pyrite Classification (SEM-EDX observations and analyses) 

  P1 P2 P3
Size  60 μm–2 mm >60 μm <60 μm

Shape  Subhedral to euhedral Subhedral to euhedral Anhedral to subhedral: plane-parallel, truncated edge

Porosity  High Low Non- to slightly

Inclusions ≤100 μm Qtz, anhedral, empty pores  Empty pores
 2–20 μm Kfs, Ab, Cb, F-Ap, Fl, Ccp, REE Kfs, Ab, Qtz, empty pores
 1–4 μm Brt, Po, Gn
 1–2 μm Au-Ag (9:1), petzite Petzite

Mineral abbreviations: Ab = albite, Anh = anhydrite, Brt = barite, Cb = carbonate, Ccp = chalcopyrite, F-Ap = fluorapatite, Fl = fluorite, Gn = galena, Kfs = 
K-feldspar, Po = pyrrhotite, Qtz = quartz, REE = rare earth element mineral
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Fig. 6.  Metasomatized mineralized zones: A) typical metasomatized ore zone; B) yellow staining enhancing the K-feldspar 
alteration and late brecciation by quartz veins in the Main zone; C) breccia in the Main zone, reddish colors are due to 
hematite dust; D) P1 pyrite with inclusions of K-feldspar, apatite, barite, and quartz-SEM; E) P2 pyrite-SEM; F) P3 pyrite-
SEM; G) anhydrite inclusions in P1 pyrite; H-I) native gold associated with fluorite and P1 pyrite with Ce-REE mineral and 
K-feldspar inclusions. Porphyry-style mineralization: J) well-developed stockwork and aplites in the volcaniclastic rocks; K) 
stockwork of hematite, quartz-fluorite, and quartz veins in the porphyritic facies of the O’Brien stock; and L) quartz-fluorite-
pyrite laminated vein in the porphyritic facies of the O’Brien stock. Anh = anhydrite, Ap = apatite, Brt = barite, Chl = chlorite, 
Fl = fluorite, Hem = hematite, Kfs = K-feldspar, Py = pyrite, Qtz = quartz.
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anhydrite, REE minerals; (2) sulfides: chalcopyrite, pyr-
rhotite, galena; (3) gold-bearing minerals: Au-Ag, Te-Au-
Ag petzite, and some empty pores; 

2. P2: Fine to coarse pyrite, greater than 60  μm, slightly 
porous, subhedral to euhedral. These have gangue min-
eral (K-feldspar, albite, quartz) and rare Te-Au-Ag petzite 
inclusions; some pores are empty; 

3. P3: Very fine pyrite, less than 60  μm, non- to slightly 
porous, anhedral to subhedral. They display rare empty 
pores. When subhedral, they present a cubic or plane-par-
allel shape, with truncated edges.

Free gold occurs as nuggets (<100 μm) in the mineralized 
zone matrix, at pyrite edges, and as inclusions within pyrite. 
These grains are Ag poor, 9:1 Au/Ag ratio, with no telluride. 
The Au-Ag ratio was measured on a few grains using an SEM-
EDS; this is consistent with metallurgical recovery at the mine 
(Au/Ag ≈ 8:1; Metanor Resources, pers. commun.).

The planar metasomatized ore zones are cut by several 
veinlets: (1) chlorite ± carbonate veinlets cut P1 pyrites, (2) 
quartz tensile veins cut chlorite ± carbonate veinlets, and (3) 
carbonate veinlets cut all the previous ones. 

Alteration: In order to characterize the alteration in the ore 
zones, mass balance calculations were performed. Mineral-
ized zones have the same REE profile as the altered volcanic 
host rocks (Fig. 3) and are considered to be metasomatized 

andesites and volcaniclastic rocks. In order to quantify gain 
and loss of elements with metasomatism, the less altered vol-
canic sample (based on microprobe observations and low LOI) 
is used as a precursor and the Grant isocon method is applied, 
where Al2O3 and TiO2 are considered immobile (Grant, 1986, 
2005; Fig. 7). Two groups are identified: (1) red-type ore and 
(2) breccia-type ore. The same pattern of major elements gain 
and loss is displayed by the two ore types. Almost systematic 
loss in Fe2O3, MgO, and CaO occurs, except in the Main zone 
for some higher grade samples where there is a CaO gain. 
There is a systematic SiO2 gain, reflecting the silicification 
within the mineralized zones. Na2O and K2O are also added; 
however, there is an inverted correlation between these alkali 
elements; there is either an important Na2O or K2O gain but 
not both at the same time. In extreme cases, an important 
K2O or Na2O gain induces an Na2O loss or K2O smaller gain, 
respectively. Therefore, the total alkali (K2O + Na2O) gain is 
a better indicator of alkali alteration than the individual K2O 
and Na2O gain/loss. The difference between the two ore types 
is based on LREE and HREE mobility. The red-type ore has 
a strong REE enrichment whereas the breccia-type ore has 
none to slight REE enrichment. However, those variations 
are very local and the system is not zoned. For the red-type 
ore, the REE gains show atypical distribution. The LREE 
gains are decreasing from La to Eu; HREE gains are increas-
ing from Eu to Lu. This REE mobility is not explained by 
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Fig. 7.  Relative gain and loss in the mineralized zone compared to the less altered volcanic host rocks. Grant isocon method 
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classic mineral trapping where REE evolution is usually linear. 
Such atypical REE distribution remains poorly understood, 
although Monecke et al. (2011) suggested that it could result 
from unusual REE fractionation between liquid and vapor 
phases during a hydrothermal event in the presence of fluo-
rine. Thus, the Ce-Nd-La-Pr-F-silico-calcic mineral observed 
in ore zones might have formed from LREE-enriched fluids.

Porphyry-style mineralization: The contact between the 
O’Brien stock and the host rocks is characterized by the 
presence of a well-developed stockwork (Figs. 4, 6). Four 
main vein types are distinguished (Table 5), presented here 
in chronological order: (1) rare massive hematite veins with 
feldspar selvages; (2) quartz only; (3) quartz with crypto-
crystalline assemblage edges; (4) quartz-fluorite-pyrite-(Au) 
veins. Quartz only and quartz-fluorite-pyrite-(Au) veins are 
equally present, and they account for about 90% of the veins. 
Most of these veins are narrow and long (1–4 cm × 1–6 m). 
However, a few quartz-fluorite-pyrite-Au veins are thicker 
and laminated (i.e., 10–45 cm width), due to repeated open-
ing events. Hematite veins are usually smaller, less than 2 m 
long. Hematite veins precede almost all other veins. Most 
often, quartz-only veins are cut by the quartz-fluorite-pyrite-
(Au) and quartz-cryptocrystalline mineral veins. The largest 
quartz-fluorite-pyrite-(Au) veins crosscut all others, and rep-
resent the latest event. Narrow aplites have mutually crosscut-
ting relationships with all these veins; this is the latest felsic 
magmatism event.

Stereographic projection (Fig. 8) shows that the poles of the 
quartz-only veins fit on an almost E-W large circle; these veins 
trend NNW-SSE and are almost vertical. The poles of the 
quartz-fluorite and quartz-cryptocrystalline mineral veins also 
fit on a large circle, indicating that they probably formed at 
the same time, under the same stress conditions. These veins 
portray a wide range of orientations and dips, but three main 
families are inferred: (1) northwest veins; (2) north-northeast 
veins and (3) east veins. They cross each other in the southeast 
quadrant of the stereographic plot (Fig. 8). These three fami-
lies have a fanlike distribution. The formation of these tension 
veins can be explained by applying a Hertzian stress model 
(Fig. 8c). As explained by Chai and Lawn (2005), the stress 
induced by a spherical object acting upon on a brittle object 
forms cracks with a conical distribution. Fluid pressure then 
causes the extension of these cracks to form tension veins. By 
analogy with this experiment, we propose that the emplace-
ment of late plutonic phases into the volcanic and earlier 
plutonic phases is responsible for the initial push (Hertzian 
stress), and initiates cracking. Hydrothermal fluids then filled 
these cracks, and the fluid pressure caused the extension of 
these tension veins.

The quartz vein stockwork developed in two steps: (1) 
quartz-only veins parallel to the intrusion edges, possibly 
formed by the contraction of the magma during crystalliza-
tion; and (2) quartz-fluorite and quartz-cryptocrystalline min-
eral veins, possibly formed as tension veins due to both pluton 
expansion and an increase in fluid pressure, allowing fractures 
to occur at a lower stress state.

Vein paragenesis in the porphyry stockwork of the Lac 
Bachelor mine appears to be clearly different from that in 
the classic Au-Cu porphyries described in Cordillera geol-
ogy (Gustafson and Hunt, 1975; Sillitoe, 2010). The “M vein” 

equivalents are composed of hematite rather than magne-
tite. They are then crosscut by the quartz and quartz ± fluo-
rite ± pyrite ± (Au) veins, which lack selvage alteration and 
could be interpreted as the “A veins” in terms of chronology; 
however, the mineral association is different. B and D veins 
are absent; Sillitoe (2010) previously noted such an absence in 
Au-rich porphyries. Variations in the abundance and facies of 
veins have also been observed in the Middle-Lower Yangtze 
River Valley intracontinental copper porphyry deposits (Zhou 
et al., 2015).

Paragenetic sequence: The paragenetic sequence (Fig. 9) 
is deduced from the mineralogy of metasomatized gold-rich 
zones, mineral relationships, such as inclusions and alteration, 
and the crosscutting vein relationships described in the pre-
vious section. The hydrothermal activity is divided into five 
stages.

1. Early silification: Early silicification formed small, slightly 
deformed quartz veins in the replacement zones. 

2. Potassic pervasive metasomatism: Fluid then circulated 
through the volcanic host rocks along preexisting east-west 
discontinuities; the pervasive potassic alteration is char-
acterized by the formation of magnetite and K-feldspars, 
which are then oxidized.

3. Martitization: This is the martitization of magnetite and 
hematite dusting stage. Oxidized F-rich fluids circulated 
and many accessory minerals (fluorite, barite, fluorapatite) 
precipitated into those replacement zones. 

4. Sulfidation: Pyrite- and gold-bearing minerals then pre-
cipitated. At the same time, quartz ± fluorite ± crypto-
crystalline assemblage ± pyrite ± (Au) formed at the 
O’Brien stock-volcanic rocks contact. 

5. Late brecciation and sericite-carbonate retrograde assem-
blage: Finally, there was retrograde sericitization, meta-
somatized ore zones were brecciated, and late quartz ± 
carbonate ± chlorite veins formed. 

Rare large (30–50 cm) and long (≥10 m) white quartz veins 
with fragments of both intrusion and mineralized zones cut-
ting through both host rocks and syenitic dikes represent a 
late hydraulic brecciation event. 

Temperature estimate and fluid source: See (1994) studied 
fluid inclusions of quartz and fluorite in the O’Brien stock 
and mineralized zones. Two coexisting fluids, carbonic and 

Table 5.  Characteristics of the Porphyry-Style Veins

 Width Length
Vein type (cm) (m) Filling Timing

1. Hematite 1–3 <2 Massive hematite,  —   feldspar edges

2. Quartz 1–5 1–3 Bulk quartz    —
3. Quartz 1 0.2–1,  Bulk quartz,       —  rarely  cryptocrystalline
  up to 6 assemblage edges

4. Quartz- 1–4 1 Bulk quartz      —fluorite- 15–45 2–5 Laminated,            —pyrite-(Au)   bulk quartz
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aqueous, were recognized. The temperature of vein forma-
tion was constrained between 275° and 410°C. With the 
use of δ18O and δD measurements performed on 22 of our 
samples, combined with the temperature estimation of See 

(1994), the oxygen isotope composition for fluids at a mean 
temperature of about 340°C was calculated here. The oxy-
gen and hydrogen isotope compositions for the Lac Bachelor 
deposit are reported in Table 6. Whatever the vein type, the 

N

Quartz + Fluorite + Pyrite veins
Quartz veins

Quartz + cryptocrystalline minerals veins
Cylindrical best fit

N

NNE veins
NW veins

E veins
Cylindrical best fit
Cylindrical best fit pole (σ )2

Push due to the pluton

Compression zone

Fluids

Extension due
to fluid pressure

A B

C

Fig. 8.  A) Equal-angle stereographic projection showing poles of veins within the stockwork: (1) quartz-only veins; (2) 
quartz-fluorite-pyrite and quartz-cryptocrystalline mineral veins. B) Equal-angle stereographic projection of veins within the 
stockwork showing three families: (1) northwest veins; (2) north-northeast veins; and (3) east veins. C) Schematic cone crack 
model illustrating the formation of tension veins under Hertzian stresses due to the indentation of the host rocks by the plu-
ton. Initial cracking is due to the push of the pluton; extension perpendicular to the veins is due to fluid pressure (modified 
from Chai and Lawn, 2005).
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δD is between –79 and –40‰, corresponding to the range 
of magmatic fluids (McCuaig and Kerrich, 1998; Yardley 
and Bodnar, 2014). The δ18O values are more variable due 
to uncertainty regarding the temperature of formation. At 

410°C, all veins plot in the magmatic fluid field. At lower 
temperatures, δ18O values are lower, and in some cases, they 
plot outside the magmatic fluids field (Fig. 10). However, 
considering the composition of the veins (intrusive edges and 
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Fig. 9.  Mineral paragenetic sequence at Lac Bachelor deposit with development of the red-type ore gold mineralization: (1) 
early silicification; (2) potassic pervasive metasomatism; (3) hematization; (4) sulfidation and gold precipitation; and (5) silica, 
carbonate, chlorite, and sericite alteration, both pervasive and brecciation.



16 FAYOL AND JÉBRAK 

purple fluorite) a magmatic origin of the fluids is more prob-
able. All veins present the same δD and δ18O compositional 
range. This indicates that the fluid source is similar for all 
these veins, and therefore all hydrothermal events. The later 

white quartz vein, containing both mineralized zones and 
intrusions clasts, is derived from magmatic fluids. It repre-
sents the expulsion of residual fluids during the cooling of the 
magmatic-hydrothermal system.

Table 6.  δ18O and δD Compositions of the Quartz Veins 

Sample no. δD vs. VSMOW δ18O vs. VSMOW δ18O, 275°C δ18O, 342.5°C δ18O, 410°C Vein type

17107 –60  10.88 3.08 5.38 7.03 Quartz and cryptocrystalline assemblage
23807 –63  11.14 3.34 5.64 7.29
23812 –52  12.13 4.33 6.63 8.28
23814 –56  12.04 4.24 6.54 8.19
17117 –74  11.60 3.80 6.10 7.75
17137 –40  10.00 2.20 4.50 6.15
17138 –51  10.10 2.30 4.60 6.25
17140 –46  10.10 2.30 4.60 6.25
17143 –60   9.90 2.10 4.40 6.05

23801 –46   9.77 1.97 4.27 5.92 Qz-Fl-Py-(Au)
23821 –67  10.98 3.18 5.48 7.13
23822 –58  11.35 3.55 5.85 7.50
17130 –79  11.90 4.10 6.40 8.05
17139 –49  13.60 5.80 8.10 9.75

23816 –63  11.14 3.34 5.64 7.29 Quartz only, in the intrusion
17125 –47  12.30 4.50 6.80 8.45
17135 –45  12.40 4.60 6.90 8.55

17144 –73 10.0 2.20 4.50 6.15 Quartz with intrusive edges in tuff

17123 –67  13.50 5.70 8.00 9.65 Early quartz in mineralized zone
17132 –69  12.20 4.40 6.70 8.35

17122 –67  13.00 5.20 7.50 9.15 Late quartz with intrusion and mineralized fragments
17127 –66  10.30 2.50 4.80 6.45

Notes: Calculated at 275°, 342.5°, and 410°C, according to temperature estimate by See (1994) and calculation by Matsuhisa et al. (1979)
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Fig. 10.  Plot of the δ18O and δD isotopic composition ranges of the quartz veins. Compositions indicate a probable magmatic 
fluid source (modified from Yardley and Bodnar, 2014).
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Discussion

O’Brien stock: Petrological, geochemical, and P-T conditions

The intrusion of the O’Brien stock appears to be very surficial. 
Crystallization temperatures are estimated using the Miller 
et al. (2003) Zr thermometer and the zircon shape analysis 
method (Pupin and Turco, 1972; Pupin, 1980). In aplite and 
highly fractionated rocks such as the O’Brien stock, the zir-
con saturation temperature represents the minimal magma 
temperature at emplacement. In the case of inherited zircon, 
the temperature can be slightly overestimated (Miller et al., 
2003). The O’Brien stock has a mean Zr content of 94.5 ppm, 
which corresponds to a temperature of about 735°C. Using 
minimal and maximal Zr content, the magma emplacement 
temperature is constrained between 675° and 760°C (Fig. 
11). In the O’Brien stock, zircons are homogeneous and have 
a T index of 300, corresponding to an approximate crystalliza-
tion temperature of 600° to 650°C. They are interpreted to 
have formed at the end of crystallization (Pupin and Turco, 
1972; Pupin, 1980). Such evaluations fit with previous data: 
See (1994) determined that melted inclusions reached satu-
rated solidus between 650° and 700°C. Aqueous fluid inclu-
sions were trapped at 675°C. These different temperature 
determinations indicate that the magma intruded at a temper-
ature ranging from 675° to 760°C, and cooled to the solidus 
point between 700° and 650°C (Fig. 12). Such a low solidus 
temperature may be explained by the fluorine activity (Man-
ning, 1981; Bouchez and Nédélec, 2011), which is high in 
the O’Brien stock, fluorapatite and interstitial purple fluorite 
being both presents (mean F = 1,659 ppm).

The O’Brien stock includes albite, K-feldspar, and per-
thite. The presence of perthite is indicative of hypersolvus 
crystallization, whereas the presence of coexisting albite and 
K-feldspar suggests a subsolvus crystallization. Therefore, 

the combination of these three feldspars implies changes in 
the crystallization conditions, referred to here as transolvus 
(Bonin, 1990; Bouchez and Nédélec, 2011). The modifica-
tion to a transolvus crystallization with albite + K-feldspar + 
perthite paragenesis is triggered by the presence of fluorine 
(Manning, 1981). Transolvus crystallization and the pres-
ence of miaroles are indicative of low pressure and therefore 
magma intrusion at low depth.

The high fluorine activity in the magma lowers the viscosity 
and enables the segregation of a less viscous, enriched residual 
fluid (Dingwell, 1985; Bagdassarov et al., 1993; Bouchez and 
Nédélec, 2011), which can circulate more easily into the plu-
ton and host rocks. This F-rich fluid often occurs as miaroles 
and hydrothermal veins in such systems (Webster et al., 1998). 
The miarole mineral assemblage—fluorite, fluorapatite, bar-
ite, calcite, and muscovite—reflects the composition of the 
hydrous fluid exsolved from the melt. As fluorine reduces the 
liquidus-solidus temperature, it increases the duration of the 
magmatic process (Dingwell, 1985). A long-term system and 
low viscosity favor the transition from a magmatic to a hydro-
thermal system.

Age of gold mineralization

The paragenetic sequence (Fig. 9) shows that the metasoma-
tism event leading to the formation of replacement ore zones 
is divided into three main stages: (1) oxidation and potassic 
alteration; (2) sulfidation; and (3) retrograde oxidation, includ-
ing pyrite and gold precipitation. The gold deposition there-
fore occurred late in the sequence. These three metasomatic 
events are constrained by the intrusion of the main O’Brien 
syenitic body, which is the starting point of this magmatic-
hydrothermal system. The gold deposition occurs before 
and during the intrusion of aplitic dikes within the O’Brien 
syenite, the mineralized zones, and the volcanic host rock.
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The crosscutting relationship of the mineralized zone and 
the aplite supports the magmatic origin of the mineralizing 
fluids. This is also supported by the synchronous precipitation 
of gold, fluorite, fluorapatite, barite, and other minerals that 
are present in both mineralized zones and disseminated in the 
O’Brien syenite.

A late brecciation event took place during and after 
emplacement of the aplite dikes. However, there is no record 
of gold mineralization related to this event, and fluids still 
have a magmatic isotopic signature.

Association of gold with an oxidized alkaline plutonic system

The O’Brien stock is a polyphased alkali-calcic to alkaline 
intrusion, with composition ranging from quartz-syenite to 
alkali-granite. The alkalinity of this intrusion is confirmed 
by both geochemistry (absence of a europium anomaly, and 
strong LREE-HREE fractionation) and zircon shape. The 
presence of magnetite rather than ilmenite and the presence 
of sulfates at different stages of the magmatic-hydrothermal 
process are indicative of an oxidized system. Lack of a euro-
pium anomaly has frequently been observed in Archean 
alkaline igneous rocks and is often explained by the oxidized 
conditions under which those magmas crystallized (Cullers 
and Graf, 1984a, b; Rowins et al., 1993).

The O’Brien stock and metasomatized ore zones contain 
sulfates, barite, and anhydrite. In the intrusion, barite is 
observed in association with feldspar, apatite, and fluorite, 
in both groundmass and miaroles. In the mineralized zone, 
barite is present as inclusions within pyrite, and in the alkali 
feldspar matrix. This indicates that barite crystallized dur-
ing both the magmatic and hydrothermal stages. Anhydrite 
occurs only as inclusions within pyrite, and supports pre-
cipitation during the hydrothermal stage. Numerous experi-
mental and natural sample studies have been undertaken 
in order to understand the sulfur speciation in melts and 
fluids (Carroll and Rutherford, 1985; Metrich and Clocchi-
atti, 1996; Jugo, 2009; Baker and Moretti, 2011; Williams-
Jones and Migdisov, 2014). The sulfur state, S2+ (sulfides) or 
S6+ (sulfates), in melts is dependent on several parameters: 
pressure, temperature, fluid composition, FeO content, fO2, 
and fS2 (Baker and Moretti, 2011). Although fO2 is not the 
only parameter influencing the sulfide-sulfate transition, 
most studies demonstrate that sulfate saturation is reached 
at higher fO2 than in sulfide saturation (Carroll and Ruther-
ford, 1987; Metrich and Clocchiatti, 1996; Jugo, 2009; Baker 
and Moretti, 2011). In the O’Brien stock, sulfates are barite 
rather than anhydrite; the presence of barite over anhydrite 
can be explained by its greater stability in Ba-rich environ-
ments (Hattori, 1989; Hanor, 2000).

The europium anomaly is an estimate of the Eu2+/Eu3+ 
ratio (Drake and Weill, 1975). During the crystallization pro-
cess, Eu2+ substitutes for Ca2+ and Na+ in plagioclase; Eu3+, 
which is incompatible, stays in the residual magma (Hender-
son, 1984). In a feldspar-rich rock, such as a quartz-syenite, 
an anomaly is therefore expected. However, the O’Brien 
stock lacks any europium anomaly. Its absence reflects either 
a magmatic source with no plagioclase (Cullers and Graf, 
1984a, b) or indicates an oxidized magma, where Eu is in the 
Eu3+ state (Drake and Weill, 1975). The presence of minerals 
indicative of high fO2, such as magnetite-hematite-sulfates in 

the O’Brien stock, is consistent with a lack of the europium 
anomaly due to oxidation.

In order to estimate the fO2 of mineralizing fluids in the Lac 
Bachelor deposit, See (1994) measured the composition—
Fe2+, Fe3+, Mg2+—of hydrothermal biotite in equilibrium 
with magnetite and alkali-feldspar. Then, See (1994) used the 
calibrated curve of Wones and Eugster (1965) in fO2–T space 
for biotite + K-feldspar + magnetite equilibrium to get a qual-
itative evaluation of oxygen fugacity. This method is still in use 
(Shabani et al., 2003; Rasouli and Shirzadi, 2017). Using this 
method, it was determined that the fO2 of the fluid decreases 
with temperature as the system cools (See, 1994). The fO2 lies 
between the quartz-fayalite-magnetite (QFM) and the hema-
tite-magnetite (Hem-Mag) buffers (Fig. 13). 

The O’Brien magnetite-hematite-rutile oxidized mineral 
association, the presence of sulfates, and the lack of a euro-
pium anomaly are consistent with an oxidized magma from 
which an oxidized fluid exsolved. This fluid is progressively 
reduced by interaction with host rocks and crystallization. Two 
coexisting mineralizing fluids were recognized (See, 1994): 
(1) a carbonic fluid, H2O-CO2-NaCl  (±  CH4-H2S); and (2) 
an aqueous fluid, H2O-NaCl ± MgCl2-KCl. Their moderate 
salinity (3.3–14.55%), temperatures between 275° and 410°C, 
and pressure fluctuating from 110 and 310 MPa are consistent 
with fluids exsolving from magma during crystallization.

The association between oxidized alkaline magmatism and 
gold deposits is recognized (Cameron and Hattori, 1987; Jen-
sen and Barton, 2000; Sillitoe, 2000; Blevin, 2004) in both 
Proterozoic (e.g., Cripple Creek, USA; Ladolam, Papua New 
Guinea) and Archean (e.g., Boddington, Australia; Young-
Davidson, Ontario; Beattie, Quebec) settings. Therefore, it is 
important to understand how this specific magmatism favored 
gold transport and deposition. Alkali magmas are derived from 
low degrees of partial melting, and are enriched in alkali (Na, 
K), volatile (Cl, F), and incompatible elements. Experimental 

200 300 400 500 600 700 800
-50

-45

-40

-35

-30

-25

-20

-15

-10
Hem-Mag

Po-Py-Mag

NNO

QFM

Lo
g 

fO
 (b

ar
s)

2

Temperature (°C)

P=200 MPa

O’Brien

T°C Log fO2

Main zone - edge

O’Brien - mineralized
Main zone - late quartz vein
Main zone - quartz-fluorite vein

421
400
350
380

-16
-18
-22
-23

1
2

43

1
2

4
3

Fig. 13.  Plots of the estimated oxygen fugacity (fO2) of the fluids show that the 
fO2 decreases with temperature, and is above the magnetite-hematite buffer 
(modified from See, 1994).



 ARCHEAN SANUKITOID Au PORPHYRY DEPOSITS: LAC BACHELOR, ABITIBI, CANADA 19

studies allow the role of oxidation, sulfur speciation, volatiles, 
and alkali content of melts in gold solubility and transport to 
be understood (Jugo, 2009; Botcharnikov et al., 2011; Pok-
rovski and Dubrovinsky, 2011).

The solubility of gold and other chalcophile elements is 
strongly dependent on the presence of ligands such as sulfur 
complexes. HS– and H2S are recognized to be the main gold-
transporting agents (Seward and Barnes, 1997), and in more 
oxidized hydrothermal fluids, S3– is now a proposed ligand 
(Pokrovski and Dubrovinsky, 2011; Pokrovski and Dubessy, 
2015). Therefore, sulfur solubility is a key factor, and condi-
tions in which sulfur saturation is high should favor incorpora-
tion of gold in the magma during partial melting and further 
transportation. Partial melting under oxidizing conditions 
favors sulfide dissolution in the source magma, and therefore 
an increase in the initial concentration of gold and chalcophile 
elements (Mungall, 2002; Sun et al., 2015). Depending on the 
oxidation state of the fluid, sulfur is present as either sulfide 
or sulfate, and some studies have focused on the variation of 
sulfur solubility with oxidation; the highest sulfur solubility is 
reached when sulfide and sulfate saturation occurs simultane-
ously (Jugo, 2009). Therefore, melts with both sulfides and 
sulfates have a greater sulfur budget. However, a greater sul-
fur concentration does not always correlate with higher gold 
solubility, because Au does not have an equal affinity with all 
sulfur complexes. The higher Au solubility in melt occurs for 
moderately oxidized (FMQ+1) magma, when sulfur is present 
as both sulfide and sulfate, and at a low degree of partial melt-
ing (Botcharnikov et al., 2011). As gold forms complexes with 
sulfur, the early precipitation of sulfides has to be avoided; oxi-
dizing conditions, above the FMQ buffer, is needed in order 
to allow the concentration of gold into residual melt and the 
aqueous phase during fractional crystallization of the magma 
(Mungall, 2002; Blevin, 2004).

The oxidation state during partial melting and later trans-
port is a key factor, but in addition to being oxidized, many 
gold-bearing intrusions are alkaline. Regarding whether the 
presence of alkali elements influences gold solubility, recent 
studies have demonstrated that gold solubility increases in the 
presence of Na or K by forming NaAuCl2, KAuCl2, or, even 
better, NaAu(HS)2 and KAu(HS)2 complexes, which allow 
the efficient transfer of gold to magmatic fluids (Zajacz et al., 
2010). Alkaline magmas are also enriched in volatile elements, 
and are fluorine rich, which favors the segregation of enriched 
hydrothermal fluids during a late stage of crystallization.

In conclusion, weakly oxidized (around FMQ+1), alkaline, 
and F-rich magmas encompass most of the optimal conditions 
for the following sequence: (1) gold and sulfur concentration 
in the melt during partial melting; (2) gold transportation and 
preservation during magma ascent; and (3) final concentra-
tion in residual F-rich hydrothermal fluids.

All of these conditions are met at the Lac Bachelor gold 
deposit. The presence of magnetite as well as both sulfides 
and sulfates, and fO2 determination on biotite indicate a mod-
erate oxidation state. The mineralogy (alkali-feldspar, fluo-
rite) and the geochemistry of the O’Brien stock are consistent 
with an alkaline, F-rich composition. Finally, magmatic fluid 
exsolution at the end of the crystallization is confirmed by the 
presence of both metasomatized zones, indicative of perva-
sive fluid circulation, and quartz ± fluorite ± pyrite ± Au veins 

stockwork of magmatic origin, revealing locally high fluid 
pressure.

As the crystallization and cooling of the intrusion pro-
gressed, residual aqueous fluid exsolved from the magma and 
percolated through the host rocks using preexisting faults as 
pathways. This oxidized magmatic fluid was enriched in fluo-
rine, sulfur, and gold. The reaction between the fluid and host 
rocks changed the oxidation state of the fluid, allowing sulfide 
precipitation. Such reduction is needed to precipitate pyrite 
and associated gold (Cameron and Hattori, 1987; Mungall, 
2002; Pokrovski and Dubrovinsky, 2011; Sun et al., 2015). 
At Lac Bachelor deposit, the Coniagas volcanogenic massive 
sulfide deposit, which is in very close proximity, might have 
accentuated the reducing character of the Fe-rich tholeiitic 
host rocks by locally adding sulfide to those rocks, prior to the 
O’Brien stock emplacement.

A genetic model

The development of an alkali magma by a low degree of par-
tial melting and fractional crystallization allowed the sepa-
ration of a highly evolved, Fe-Mg–poor granitic phase (i.e., 
the O’Brien quartz-syenite and alkali-granite) from a mafic 
residual phase. Lamprophyres in the Lac Bachelor area might 
have erupted from this later phase. The alkalic magma was 
enriched in fluorine and has a low viscosity, which allowed 
passive transport through the crust via a regional fault system 
and later emplacement via more local extensive structures.

The O’Brien stock sits in the unusual northeast-southwest 
Wedding-Lamarck deformation corridor, whereas most of 
the Archean breaks in the Abitibi subprovince are oriented 
east-west to west-northwest–east-southeast (Daigneault, 
1996; Daigneault et al., 2002; Faure, 2012; Fayol et al., 2016). 
Several late-Archean alkaline intrusions (e.g., O’Brien, Lac 
Shortt) have been found along this corridor. This structure, 
as well as earlier, deep north-south and east-west crustal 
structures and subsidiary faults probably played an important 
role in magma migration through the crust. Preexisting faults 
acted as pathways for both magma and hydrothermal fluids. 
A magnetite-rich zone around the stock is responsible for the 
high magnetic signal around the intrusions (Fig. 14).

Comparisons with other Archean porphyry systems

Similar characteristics are observed in other gold deposits 
throughout the entire Abitibi subprovince (Table 1, Fig. 1). 
In the northern Abitibi, the Douay deposit is located on an 
E-W–trending fault. The syenitic complex is intrusive into 
intermediate to mafic volcanic rocks, and a magnetic halo is 
present (Fayol et al., 2016). High-grade gold mineralization is 
associated with metasomatized zones in the volcanic rocks and 
lower-grade mineralization with the intrusion itself (Dupéré 
and Gagnon, 2010; Cliff, 2012; Fayol et al., 2016). In the 
southern Abitibi, the Canadian Arrow deposit is located less 
than 10 km south of the Destor-Porcupine fault zone, at the 
intersection with the NE-trending Golden Arrow fault. The 
syenitic complex is intrusive into mafic volcanic rocks and a 
magnetic halo is also present. Gold is associated with strongly 
metasomatized, red-colored zones at the intrusion edges, and 
distribution is controlled by a preexisting NE-trending fault. 
Late hydraulic brecciation is also observed (Cherry, 1983; 
Lavigne, 2011; Fayol et al., 2016).
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The largest gold deposit currently mined in the Abitibi 
greenstone belt is the Canadian Malartic, which is associated 
with an oxidized intrusion of the same posttectonic event as 
the O’Brien-Bachelor stock. The porphyritic monzonite intru-
sions range from subalkaline to alkaline (dacitic to andesitic 
and trachyandesitic; Helt et al., 2014). They belong to the 
same late tectonic, dominantly alkalic, and felsic to intermedi-
ate intrusions that are often associated with small intrusions 
of diorite, gabbro, clinopyroxenite, hornblendite, and lampro-
phyre (Frarey and Krogh, 1986; Corfu et al., 1989; Jemielita 
et al., 1990; Sutcliffe et al., 1993; Davis et al., 2000; Ayer et al., 
2002). The Canadian Malartic dikes and sills are intrusive into 
metasedimentary rather than volcanic rocks, and alteration 
mineral assemblages are therefore locally different from those 
observed at the Lac Bachelor deposit. However, the altera-
tion zones are still characterized by alkali metasomatism and 
the presence of hematite. A magmatic source for the fluids 
is proposed (Helt et al., 2014). The mineralization is mostly 
associated with the Cadillac-Larder Break fault that induces 
high complexity with multiple folding and shearing events 
(De Souza et al., 2015). As previously shown for Lac Bachelor 
deposit, potassium, fluorine, and carbonate appear as major 
indicators of the hydrothermal system (Gaillard et al., 2014). 
The Canadian Malartic mine belongs to the same family of 
Neoarchean sanukitoid-associated gold deposits and, there-
fore, Lac Bachelor appears to be a smaller and simpler version 
of the giant Canadian Malartic system. The giant Hemlo gold 
deposit has also been related to sanukitoid magmatism (Lin 
and Beakhouse, 2013).

Numerous deposits sharing similarities with Lac Bach-
elor have been encountered in other Archean cratons. In 
the Yilgarn block of Western Australia, several major gold 
deposits and prospects are associated with sanukitoids, 
including Lawlers, Kanowna Belle, Granny Smith, Liberty, 
Jupiter, Golden Cities, Mount Percy, Wallaby, and Porphyry 
(Champion and Sheraton, 1997; Duuring et al., 2007). The 
recently developed Tropicana gold deposit, located in the 
reworked margin of the Yilgarn craton in the Albany Fraser 
Proterozoic orogen, is also associated with the 2692 ±16 Ma 
Hercules Gneiss of sanukitoid composition (Kirkland et al., 
2015).

Sanukitoids are syn- to posttectonic minor intrusions that 
represent a very specific type of magma (Laurent et al., 2014); 
they are equivalent to the durbachite-vaugnerite series in the 
European Variscan orogen (Von Raumer et al., 2014). These 
Mg-, Fe-, and K-rich, metaluminous (monzo-) diorites and 
granodiorites occur after a subduction episode in recent oro-
gens. Their dual geochemical character, i.e., richness in both 
“crustal” and “mantle” elements, results from the complex 
interactions at the mantle level between peridotite and an 
incompatible element-rich component (Almeida et al., 2010; 
Laurent et al., 2014). Several geodynamic configurations 
could explain a particular feature such as the partial melting 
of a subduction-enriched subarc mantle during a late, lower 
crustal delamination of the orogen (Smithies and Champion, 
1999; Bédard and Harris, 2014). The Lac Bachelor gold 
deposit would therefore represent a key element to under-
standing gold metallogeny at the end of the Archean.
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Magnetite halo
Fluids circulate through preexisting faults
Potassic metasomatism and oxidation (Mt→ Hm)
Stockwork Qtz-Fl-Py-(Au)
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2
3

1

2

3

Magnetite halo
high magnetism

Intrusion - Low Fe-Mg
low magnetism

Au zone
K-Na alteration

Fluids: F, Na, K, Au, Py

Dikes, aplites

Fig. 14.  Genetic model for late-Archean intrusion-related gold deposits showing the close relationship between an oxidized-
alkaline intrusion and pervasive K-Na alteration of the host rocks. Hydrothermal fluid exsolved from the crystallizing pluton 
is enriched in alkali, volatiles, sulfur, and gold. Reduction of the fluid by the host rock induces sulfide and gold precipitation.
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Conclusions
In the Abitibi subprovince, late-Archean intrusion-related 
gold deposits are mainly located in the vicinity of major breaks. 
These structures have long been studied in order to propose 
tectonic models for the Abitibi subprovince construction, to 
unravel the Timiskaming sedimentary basin formation or the 
hydrothermal fluid circulation (e.g., modeling of low pressure 
areas after a seismic event along the break; Faure and Rafini, 
2004). However, the presence of magmatic gold deposits in 
east-west, north-south, and northwest-southeast deformation 
corridors indicates that such structures only act as pathways 
for ascendant alkaline magmas through the crust, and that a 
single structural approach is not enough to understand the 
genesis of intrusion-related gold deposits.

The Lac Bachelor gold deposit is located at the edges of a 
syenitic complex that is surrounded by a magnetic halo (Fig. 
4). The evolved sanukitoid composition of the pluton reflects 
the remelting of an early enriched mantle, followed by frac-
tionation during which gold is extracted from the magma and 
migrates into the hydrothermal fluid. Gold is associated with 
pyrite in alkaline, fluorite, and hematite-rich pervasive meta-
somatized zones in the magnetite-rich volcanic host rocks. 

To form such deposits, the following conditions must be 
met: (1) alkaline-oxidized magmatism, which favors sulfur 
and gold solubility and transport; (2) crustal discontinuities, 
allowing migration of such magma through the crust; (3) high 
permeability in the host rocks to allow hydrothermal fluid 
circulation and metasomatism reactions around the pluton; 
and (4) oxido-reduction contrast between the fluid and the 
host rocks, causing gold deposition. Such gold deposits are 
developed during the waning stage of deformation in an oro-
genic belt and are strongly associated with a plutonic event. 
The relationship of these deposits with the most evolved (low 
Fe-Mg, high SiO2) end-member intrusions of the sanukitoid 
sensu lato clan, as defined by Laurent et al. (2014) in Pre-
cambrian greenstone belts, suggests that gold could have 
been scavenged from the sanukitoid source zone (interaction 
of crustal and mantle melts), and extracted from the magma 
during differentiation to be deposited around the intrusion.
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