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1 | INTRODUCTION

Large tectonic fault zones have been recognized on all the Archaean
cratons. They represent the ancient equivalent of modern-day conti-
nental shear zones (Kerrich & Ludden, 2000). Numerous mineral
deposits are associated with these fault zones, including deposits of
gold, copper, zinc and antimony (Goldfarb et al., 2005; Kerrich, 1986).
Among these elements, antimony is of special interest as it has been
recognized as a strategic metal (European Commission, 2011).
Antimony is frequently associated with gold. These two elements
occur in epithermal deposits, where Sb, like Hg, marks the top of the
low sulphidation system (Cooke & Simmons, 2000; White &
Hedenquist, 1990), as well as in Carlin-type deposits (Xie et al.,
2017), marine sediments (Lehrberger, 1992) and black shales (Zhai
et al., 2014). The most frequent association is with lode gold depos-
its that are associated with major brittle-ductile faults in mafic/
ultramafic volcanic rocks and sediments (Berger, 1993; Dubé & Gos-
selin, 2007; Groves, Goldfarb, Gebre-Mariam, Hagemann, & Robert,
1998). Gold and associated elements would have been deposited at
the end of, and even after, the last increment of deformation
(Colvine, 1989; Goldfarb & Groves, 2015; Groves et al., 1998). In
such settings, gold is the product of regional hydrothermal H,O-CO,
fluids, inherent to metamorphism along convergent margins
(Goldfarb, Groves, & Gardoll, 2001; Phillips & Evans, 2004).
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Antimony-rich gold deposits represent a subclass of orogenic hydrothermal systems.
The study of the Lapa gold deposit in the Abitibi greenstone belt shows that anti-
mony occurs during two different stages: (1) as early prograde Sb-Ni disseminated
sulphides in talc schists, associated with CO,-bearing fluids, and (2) as a late native
antimony association, associated with methane-bearing fluids indicating a reducing
environment. Methane could be related to the serpentinization of the ultramafic
rocks of the Piché Group hosting the Lapa deposit. Several deposits display the

same methane antimony association along fault zones.

These settings have produced 40% of the world's antimony and
have been mined in terranes ranging in age from Archaean, such as
the “Antimony Line” in South Africa (Davis, Paterson, & Griffiths,
1986; Jaguin et al., 2013; Pearton & Viljoen, 1986) and the Wiluna
deposit in Western Australia (Czarnota, Blewett, & Goscombe,
2010; Hagemann & Luders, 2003), to Phanerozoic, such as Hilgrove
in New South Wales, Australia (Ashley & Craw, 2004; Boyle, 1990),
Baogutu in northwest China (An & Zhu, 2010; Zheng, Zhu, An,
Huang, & Qiu, 2015), La Lucette in France (Chauris & Marcoux,
1994; Pochon et al., 2016) and the Sarylakk and Sentachan depos-
its in Sakha-Yakutia, Russia (Bortnikov, Gamunin, Vilent'eva, Proko-
f'ev, & Prokop’ev, 2010). The deposits are hosted by low-grade,
greenschist facies regionally metamorphosed rocks and may include
stratabound gold-antimony mineralized rocks. No silver or mercury
is produced from these deposits. Stibnite and arsenopyrite were
also important contributors to the melt that formed the large
Hemlo deposit, Ontario (Tomkins, Pattison, & Zaleski, 2004).

In this article, we focus on the Lapa mine, a gold deposit situated
along the Cadillac-Larder Lake Fault Zone (CLLFZ) in the Archaean
Abitibi greenstone belt of Canada. Using mineralogical and fluid
inclusion studies, we show that Sb concentrations are polyphased
and could be related to fluid evolution in relation to the serpen-
tinization process and associated methane production occurring

within the fault zone.
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2 | THE LAPA GOLD DEPOSIT

In the Abitibi greenstone belt, antimony has been recognized along
the major fault zones, particularly the CLLFZ and the Porcupine-
Destor fault zones (Figure 1). The CLLFZ separates the Archaean
Abitibi Subprovince from the Pontiac Subprovince to the south. In
the Lapa area, schistosity is E-W oriented, dipping steeply to the
north, parallel to bedding. A three-step evolution includes the thrust-
ing of the greenstone belt onto the Pontiac Subprovince, a late
extensional episode contemporaneous with the formation of the
Timiskaming basins (2677-2673 Ma), followed by late dextral shear-
ing with gold mineralization around 2665 Ma (Bedeaux, Pilote,
Daigneault, & Rafini, 2017; Robert, 1989).

The main known antimony occurrence is the Lapa gold mine,
located along a major flexure of the CLLFZ. Antimony is abun-
dant in the upper part of the deposit, above a depth of 1100 m
(Simard, Gaboury, Daigneault, & Mercier-Langevin, 2013). The
main mineralized zone of the Lapa deposit is hosted in subverti-
cal mafic and ultramafic rocks of Piché Group (2710 Ma, Pilote,
David, & McNicoll, 2014), which are strongly
deformed and altered, forming slivers within the CLLFZ (Simard

Daigneault,

et al., 2013) (Figure 2a). These rocks are in contact with the
sedimentary Cadillac Group dated at 2687 Ma (Davis, 2002).
Alteration is expressed as talc-rich serpentinized ultramafic rocks,

strongly altered basalts (chlorite, carbonate, biotite/talc) and

remnants of amphibolite-rich mafic rocks. These associations
are evidence of early CO, metasomatism (Schandl & Naldrett,
1992).

Two main ductile deformation events have been recognized; the
first is characterized by an E-trending subvertical penetrative folia-
tion, and was followed by the development of asymmetric Z-shaped
folds that correspond to the late dextral shearing episode. A late
brittle event is marked by quartz carbonate veins. Gold and anti-
mony mineralization is predominantly hosted in highly strained and
altered upper greenschist-lower amphibolite facies mafic to ultra-
mafic rocks of the Piché Group. It consists of finely disseminated
Au-Sb-enriched arsenopyrite—pyrrhotite 4 pyrite, native gold dis-
seminated in biotite- and carbonate-altered wall rocks, and Au-Sb

quartz + dolomite—calcite veinlets.

3 | SAMPLING AND METHODOLOGY

Ten rocks were sampled in the Lapa mine between depths of 510
and 890 m (Figure 2b). A mineralogical study on 20 polished sec-
tions was performed at the GeoRessources laboratory (Nancy,
France) using a polarizing microscope (Olympus BX51). Accessory
minerals were identified using a scanning electron microscope (HITA-
CHI FEG 54800) coupled with an EDX spectrometer (Noran Van-
tage).
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(a) Property geological map of the Lapa district; (b) Distribution of antimony along a longitudinal section of the Lapa mine, zone

1, and location of the samples [Colour figure can be viewed at wileyonlinelibrary.com]

Molar fractions of CO,, N,, CH4 and H, were quantified in 57
fluid inclusions associated with the native antimony stage using
in situ Raman spectra acquisitions performed using a LabRam HR
microspectrometer (®Horiba Jobin Yvon) with an 800-mm focal
distance, equipped with a 600 groove mm™! grating. The resulting
spectral resolution at ~1200 cm~! was 3.5 cm™%. The 514.53-nm
incident exciting radiation was delivered by an Ar-ion laser (Sta-
bilite 2017, Spectra-Physics) with a power of 20 mW at the out-
put of the objective (20x; N.A.:0,5 Olympus). The width of the
spectrograph entrance slit was 100 um. An aperture of the confo-
cal hole of 500 pm was chosen to optimize the signal/noise ratio.
Specific attention was dedicated to the methane quantification fol-
lowing the analytical procedure described in Caumon et al. (2014).

4 | MINERALOGICAL EVOLUTION
The evolution of the deposit is characterized by five main steps
(Figure 3):

1. A prograde greenschist facies assemblage of chlorite, albite and
epidote, barren in gold, with an early stage of pyrrhotite, chal-
copyrite, pentlandite, chromite, ilmenite and titanite. Some tiny
crystals of rounded ulmannite (NiSbS) are disseminated within
the ultramafic talc schists (Figure 3a);

2. A prograde greenschist-lower amphibolite facies peak metamor-

phic assemblage characterized by Mg-hornblende and oligoclase

in zones deeper than 1 km. The deposition of gold, in solid solu-

tion within finely disseminated arsenopyrite 1, occurs before the

3.

5.

peak of metamorphism (Simard et al., 2013). It is coeval with
potassic alteration and pervasive silicification, and is followed by
local mobilization of the invisible gold outside arsenopyrite 1 dur-
ing the crystallization of arsenopyrite 2 associated with peak
metamorphism. Early fine-grained disseminated arsenopyrite is
rich in Co (up to 4647 ppm), Ni (up to 5562 ppm), Sb (up to
3298 ppm) and Au (1825 ppm) (Simard et al., 2013). These ele-
ments likely occur in solid solution and correlate with each other;
ulmannite, berthierite and arsenopyrite are associated and aligned
along the foliation (Figure 3b);

A lower greenschist facies retrograde assemblage of actinolite—
albite—chlorite;

A post-foliation fissural stage with quartz + dolomite-calcite veins,
arsenopyrite, gold, antimony minerals, pyrrhotite, pyrite, chalcopy-
rite and sphalerite (Figure 3c). Gold mineralization is mainly
located in low-grade ultramafic rocks, as veins and veinlets in sul-
phide-rich volcanic and sedimentary rocks, in the fold noses of
dextral asymmetric folds and in arsenopyrite-rich late quartz veins.
(FeSb,S.),
(AuSb,) and chalcostibite (CuSb,S,). Their matrix contains mainly

Antimony minerals include berthierite aurostibite
quartz and a few crystals of calcite and biotite, locally with native
gold on arsenopyrite. This process led to the dissolution of invisible
gold from the arsenopyrite lattice and to the formation of native
gold. The coexistence of stibnite and pyrite in equilibrium without
gudmundite at the beginning of this stage indicates a temperature
higher than 260°C (Williams-Jones & Normand, 1997);

A very late assemblage that includes berthierite, native antimony
and stibnite as late infilling of veins (Figure 3d). No clear decom-
position of aurostibite into native antimony + gold was observed,
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implying that this late assemblage was precipitated directly from
the fluid (Zheng et al., 2015).

5 | FLUID INCLUSION PETROGRAPHY AND
COMPOSITION

The fluid inclusions are mainly pseudo-secondary and small, usually less
than 10 um (Figure 4). They express predominantly one phase (vapour
or liquid) or two phases (liquid + vapour) at room temperature (Figure 4
and Table 1). Petrographic studies and Raman spectroscopic gas quan-
tification allowed us to distinguish six types of fluid inclusion: one with
only H,O, and five others containing at least one of the following gases:
N,, CHy4, CO,, Hy or CO). The salinities, estimated by Raman spec-
troscopy, range from 1.2 to 29.0 wt% eq. NaCl (Dubessy, Lhomme,
Boiron, & Rull, 2002) in all the studied mine levels. Except for the high-
est level, 51, which shows a predominance of CO,, all the inclusions
associated with native antimony are dominated by Ny+H,—CH,4 (Fig-
ure 4). Some liquid-dominated inclusions have a certain amount of dis-
solved CHj4, showing that not all the CH,4 was trapped within the
vapour phase, indicating a high fluid pressure.

6 | DISCUSSION

The Lapa deposit belongs to a universal class of shear-zone-hosted
mesothermal polymetallic Sb—(Au-W-Sn-As-Zn-Pb) deposits (Dill,
2010). It also shares strong similarities with the listvenite-type Au
rocks and

deposit, which is related to ultramafic magmatic

Ni-Aurostibnite

Fe-Chalcostibnite

10 pm Chalcostibnite

characterized by an assemblage of alteration minerals produced by
carbon dioxide metasomatism of serpentinized ultramafic rocks. We
will discuss the significance of this polyphase Au-Sb association and

its possible relation with CH, fluids.

6.1 | Gold-antimony association

The following universal paragenetic stages have been recognized for
Au-Sb deposits by Berger (1993) and Obolensky, Gushchina, Bori-
senko, Borovikov, and Nevol'ko (2009): (1) an early stage of mainly
disseminated mineralization in wall rocks, characterized by pyrite,
arsenopyrite and locally pyrrhotite, chalcopyrite, ferberite and
scheelite; (2) a second stage marked by sulpho-antimonides; and (3)
a final stage comprising stibnite, berthierite, gold and aurostibite.

These deposits may also display a rare fourth late paragenetic
stage of native antimony, gudmundite, ulmannite, corynite (Ni(As,Sb)
S) and gersdorffite, an association marked by nickel and antimony
(Berger, 1993). This stage is seldom found coexisting with stibnite
because their stability fields are separated by the field of berthierite
(An & Zhu, 2010; Williams-Jones & Normand, 1997; Zheng et al.,
2015). Native antimony is systematically associated with the pres-
ence of CHy (Fu, Mernagh, Fairmaid, Philips, & Kendrick, 2014;
Jaguin et al., 2013; Kontak, Horne, & Smith, 1996; Li et al., 2005;
Normand, Gauthier, & Jébrak, 1996; Thorne, Lentz, Hoy, Fyffe, &
Cabri, 2008; Yang, Lentz, Chi, & Kyser, 2004).

Depending on the temperature, fO, and total aqueous sulphur
content, Sb is carried by either Sb(OH)3;, Sb,S,(OH), or HSb,S, in
hydrothermal fluids. The solubility of Sb is reduced to less than 0.5%
of the initial value by simple conductive cooling of a fluid from

berthierite 48}

3

FIGURE 3 Microphotographs illustrating the paragenetic evolution of the Lapa antimony deposit. (a) Stage 1: prograde greenschist facies;
(b) Stage 2: prograde greenschist—lower amphibolite facies; ulmannite (Ull) and arsenopyrite (Asp); (c) Stage 4: arsenopyrite, gold and antimony
minerals; (d) Stage 5: berthierite, native antimony (Sb) and stibnite (Stib.) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Petrographic characteristics and CO,~CH4—N»+H, distribution in fluid inclusions from quartz of the Lapa mine [Colour figure can
be viewed at wileyonlinelibrary.com]

TABLE 1 Characteristics of the fluid inclusions in quartz associated with the late antimony stage of the Lapa mine: microscopic
observations and Raman results

H,0 Graphite

Composition H20 CH4—N2—H2 CH4—C02—H2—N2 HzO—CH4—N2—C02 HzO—CH4—H2—N2 CH4—N2—C02—CO—H2
Number of fluid 3 11 14 6 17 1
inclusions analysed
Shape Elongated Rounded Rounded Diamond or ovoid Multiple Square
or square or square
Size ~5 um ~3-4 um ~3-4 um 3-6 um 2-10 pm ~8 um
Habitus Group Group Mostly group Group and align Group and align Align with biphasic
along intra-mineral along fault planes inclusion
planes
Filling ratio (V/L) 0% 100% 100% 50%-80% 40%-60% No value
%N, 0 47.39 15.96 4.10 38.72 33.42
%CH4 0 52.56 33.03 35.63 60.88 16.60
%H, 0 0.05 0.18 0 0.40 32.20
%CO, 0 0 50.89 60.27 0 5.21
%CO 0 0 0 0 0 12.58

350°C to 200°C (Krupp, 1988). Precipitation of native Sb would also
occur by reduction due to low sulphur and oxygen fugacities (Krupp,
1988; Xie et al., 2017; Zheng et al., 2015; Zhu, Fang, & Tan, 2011).
Two antimony parageneses may therefore be distinguished: an early
one, which is oxidized and mainly associated with CO, and antimony
sulphides, and a later one, which is more reduced, with CH4 and
native antimony. This two-stage Sb mineralization, from early gold to
late antimony, has been interpreted either as a continuum (Nesbitt &
Muehlenbachs, 1989; Xie et al., 2017), where mercury and antimony
deposits were formed at relatively shallow depth (<3 km), or as the

superposition of a late epithermal system on early mesothermal gold
mineralization, more than 100 Ma later (Bortnikov et al., 2010). The
similar evolutions of the antimony parageneses in different deposits
around the world calls for a continuum. In Lapa, the early enrichment
of the sulphide phases in Sb and Ni, such as arsenopyrite (0.4% Sb;
1.5% Ni) and pyrite (4% Sb), suggests a continuity of Sb deposition,
with a drastic change in the conditions of deposition, from oxidizing
to reducing fluids; the high CH4 content of the fluid inclusions
related to the late native antimony stage is evidence of these reduc-

ing conditions.



JEBRAK ET AL.

“ | wiLey- S D)

6.2 | Origin of the methane

In the modern environment, deep saline ground waters within Pre-
cambrian continental shields may be rich in CHy, locally at vast
amounts exceeding 80% of the gas phase (Kietavainen, Ahonen, Nii-
nikoski, Nykanen, & Kukkonen 2017). Near the surface (<1.5 km),
CH,4 is more likely produced at low temperatures from ancient
organic compounds. Deeper, CH4 has likely been formed by high-
temperature abiotic synthesis, especially through reduction of CO,
or CO by H, produced by serpentinization resulting from the reac-
tion of water with ferrous-iron-rich minerals contained in ultramafic
rocks (Schandl & Naldrett, 1992; Ethiope & Schoell, 2014).

One of the key characteristics of antimony deposits is the abun-
dance of methane (Kontak et al., 1996; Xie et al., 2017; Yang et al.,
2004). CH, is also a minor but frequent component of fluids associ-
ated with orogenic gold mineralization (Gaboury, 2013 and refer-
ences therein).

The early mineral associations in the Lapa deposits are typical of
a CO,-rich environment, and the high flux of H,O-CO, was there-
fore preeminent, as in most orogenic gold deposits (Goldfarb &
Groves, 2015). CO,-rich carbonatation (listvenitization) occurs at
high temperatures of around 290°-350°C (Ferenc, Uher, Spisiak, &
Simonova, 2016). Production of CH,4 has been described during ser-
pentinization peaks between 200° and 315°C (McCollom & Bach,
2009) and therefore might become dominant only after the cessa-
tion of the CO, flux, at a lower temperature. Serpentinization is a
long-term process that may have occurred continuously since the
Archaean. It increased the weakness and decreased the overall per-
meability of fault zones, with the formation of non-connected
domains that acted as semi-closed systems, allowing local concentra-
tions of gas. Therefore, the age of the native antimony association
could be much younger than that of the gold/antimony sulphide
association. Pockets of methane have even been discovered in the
present mine workings (Agnico-Eagle, personal communication).

The source of antimony remains unknown. The regional associa-
tion of geochemical Sb anomalies (Figure 1), the Sb enrichments
observed in gold deposits hosted by mafic rocks (Pitcairn et al.,
2015) and the local Sb enrichment of lamprophyre in the Superior
Province (Schandl & Gorton, 2000) suggests that more work is

required to test the significance of this association.

7 | CONCLUSIONS

The antimony and gold association in the Lapa deposit reflects their
common origin, derived from early polymetallic sulphides (ulmannite,
arsenopyrite) in the ultramafic rocks of the Piché Group. The desta-
bilization of these sulphides by early CO,-rich fluids led to the for-
mation of antimony sulphides and native gold in a more oxidizing
environment. The conditions evolved to more reducing conditions,
as reflected by the abundance of CH,4. Such methane could originate
from the serpentinization of ultramafic rocks, and would allow the

formation of native antimony in the upper part of the deposit.

The higher position of antimony does not reflect a true vertical
zonation, but rather the superposition of CO,-rich and CHy-rich
metallogenic environments. The time lag between these two events
remains unknown, but the formation of native antimony could have

occurred millions of years after native gold deposition.
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