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Abstract

The Barberton Greenstone Belt of southern Africa hosts several Mesoarchaean gold deposits. The
ores were mostly formed in greenschist facies conditions, and occur as hydrothermal alteration
zones around extensional faults that truncate and post-date the main compressional structures of
the greenstone belt. Ore deposition was accompanied by the intrusion of porphyries, which has led
to the hypothesis that gold may have been sourced from magmas. Because the transport of Au in
the hydrothermal fluids is widely believed to have involved S complexes, tracing the origin of S may
place strong constraints on the origin of Au. We measured multiple S isotopes in sulfide ore from
Sheba and Fairview mines of the Barberton Greenstone Belt to distinguish “deep” S sources (e.g.
magmas) from “surface” S sources (i.e. rocks of the volcano-sedimentary succession that contain S
processed in the atmosphere preserved as sulfide and sulfate minerals). lon probe (SIMS) analyses of
pyrite from ore zones indicate mass-independent fractionation of S isotopes (A*S =-0.6 — +1.0 %o)
and the distribution of the analyses in the A3S — §3*S space matches the distribution peak of
previously published analyses of pyrite from the entire volcano-sedimentary succession.
Notwithstanding that the H,0-CO, components of the fluids may have been introduced from a deep
source external to the greenstone belt rocks, the fact that S bears an atmospheric signature suggests
the hypothesis that the source of Au should also be identified in the supracrustal succession of the
greenstone belt. Our findings differ from conclusions of previous studies of other Archaean shear-
hosted Au deposits based on mineralogical and isotopic evidence, which suggested a magmatic or
mantle source for Au, and imply that there is no single model that can be applied to this type of

mineralisation in the Archaean.
1. Introduction

The Palaeoarchaean Barberton Greenstone Belt of southern Africa hosts some of the oldest
gold mineralisation known (Anhaeusser, 1976; de Ronde et al., 1991; Dirks et al., 2013; Dziggel et al.,
2010) (Fig 1). These deposits have proved to be an important source of Au since their discovery in
the 1880s, and have produced more than 345 tons of Au (Anhaeusser, 1976; Dirks et al., 2009) (Fig
1). Most deposits are hosted in greenschist facies rocks, where gold mineralisation is structurally
controlled and occurs along extensional faults cross-cutting the main compressional structures of

the greenstone belt, which extend for several tens of km along strike (Dirks et al., 2013). The ore is
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dominated by pyrite and arsenopyrite, and gold is mostly finely dispersed in sulfides, either present
in the mineral structure or as sub-microscopic inclusions (“invisible gold”) (Craig et al., 1998). In this
kind of structurally-controlled gold deposits, the mineralising fluids are typically agueo-carbonic and
have low to moderate salinity (Goldfarb et al., 2001; Mikucki and Ridley, 1993), and are interpreted
to originate from a deep source (Salier et al., 2005). The origin of mineralising fluids is controversial,
especially in Archaean deposits, and mineralogical, elemental and isotopic evidence seems to point
towards either metamorphic or igneous sources, or a combination of these (Hutti mine, India;
Rogers et al., 2013; Western Australia, Doublier et al., 2014; Wang et al., 1993). Propagation of these
fluids along crust-scale structures is believed to be responsible for the formation of deposits in a
single region over a range of depths and temperatures (from <200 to >500, and possibly <700°C)
(“crustal continuum model”; Barnicoat et al., 1991; Groves, 1993; Phillips and Powell, 2009; Kolb et
al., 2015). Deposition of Au would have occurred by reaction of the mineralising fluid with the host
rocks or by fluid mixing (Bateman and Hagemann, 2004; Evans et al., 2006), or vapour separation (de
Ronde et al., 1992; Mikucki and Ridley, 1993). The origin of S is an important aspect in the study of
deposits hosted in Archaean greenstone belts and other structurally controlled Au deposits, since
hydrosulfide complexes [Au(HS)," and AuHS] are believed to be the main Au transporting agents
(Benning and Seward, 1996; Pokrovski et al., 2014; Seward, 1973; Simon et al., 1999). Therefore,
identifying the source of S can help constrain the origin of Au in these deposits, which has so far

remained elusive (Tomkins, 2013; Gaboury, 2013; Kendrick et al., 2011; Pitcairn 2006).

In order to distinguish deep (magmatic- or mantle-related) from sedimentary sources of
sulfur, multiple S isotope analyses can be used. Mass-independent fractionation of S isotopes (MIF-S)
is a common feature of Archaean and early Palaeoproterozoic (>2.4 Ga) sedimentary and diagenetic
sulfur minerals (sulfides and sulfates; Ono et al., 2003). This S isotope signature is believed to
originate from ultraviolet radiation-induced reactions of S gas species (e.g. SO, SO3) in anoxic
atmosphere, and thus to be a distinctively atmospheric signature (e.g. Farquhar et al., 2000). MIF-S
can be expressed as A®S = 6235 — 1000 - [(1 — §*S/1000)%°*> — 1], as %o variation. Among the
products of this reaction, water-soluble sulfate with A**S <0 and relatively insoluble elemental S with
A®S >0 can then be separated by bodies of water upon deposition on the Earth’s surface,
incorporated into the sediments, and preserved in the rock record in the form of sulfide and sulfate
minerals. In the Barberton Greenstone Belt MIF-S has been described in pyrite and barite from
several stratigraphic units (Grosch and McLoughlin, 2013; Montinaro et al., 2015; Philippot et al.,
2012; Roerdink et al., 2012; 2013).
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Following the discovery of MIF-S in sedimentary environments, MIF-S signal has also been
found in Neoarchaean VMS deposits (Jamieson et al., 2013), in diamond-hosted sulfide inclusions
(Farguhar et al., 2002; Thomassot et al., 2009), in the Palaeoproterozoic Rustenburg Layered Suite of
the Bushveld complex (Penniston-Dorland et al., 2012) and in olivine-hosted sulfide inclusions in
Cainozoic plume-related ocean island basalt magmas (Cabral et al., 2013). These findings have
revealed a feedback between surface and deep S cycle, indicating that S processed in the
atmosphere during the Archaean can be stored in the crust or the mantle, and be recycled back to
the surface through different processes, even after a long time. Thus, using MIF-S signal as a marker
of Archaean atmospheric processes has opened up new ways of testing the hypothesis that ore
deposits, even if non-sediment-hosted, can have sourced at least part of their S from sediments or
other deposits that carry MIF-S (Bekker et al., 2009; Fiorentini et al., 2010; 2012; Hofmann et al.,
2014).

In this study, analyses of multiple S isotopes (3%S, 33S, 3*S) have been used to trace the origin of
Sin structurally controlled hydrothermal Au deposits of the Barberton Greenstone Belt by
comparing the S isotope compositions of the ore and sulfide and sulfate minerals hosted throughout
the volcano-sedimentary succession. The analysis of multiple S isotopes offers advantages, as
different processes affecting hydrothermal fluids, such as redox reactions and fluid-phase separation
can impart significant mass-dependent fractionation of S isotopes, and modify the original §34S
composition. Also, because of the limited variation of 63*S during the Archaean, and because post-
depositional processes, e.g. metamorphism, can mask original isotopic variations, in many cases 6*S
alone cannot unambiguously identify the origin of S. In contrast, metamorphic reactions and
hydrothermal remobilisation would have limited impact on A®3S values except in the case where

mineralisation involves mixing of S pools with different A33S.
2. Geological setting

The Palaeoarchaean Barberton Greenstone Belt is situated in the east of the Kaapvaal Craton,
southern Africa (Fig 1). Its volcano-sedimentary succession, the ca. 3.55 — 3.22 Ga old Barberton (or
Swaziland) Supergroup (Anhaeusser, 1976) is preserved in a southwest-northeast-trending belt
surrounded by granitoid rocks, and has been divided into three main lithostratigraphic units: the
Onverwacht Group, the Fig Tree Group, and the Moodies Group, in ascending order (Lowe and
Byerly, 2007; Viljoen and Viljoen, 1969). The Onverwacht Group is mostly composed of komatiite,
komatiitic basalt and basalt, with minor felsic volcanic rocks, and has been dated at ca. 3550 — 3300
Ma (Kroner et al., 1996). The Fig Tree and Moodies groups consist of sandstone, shale, chert, banded

iron formation and felsic volcanic rocks, and have been dated at ca. 3260 — 3216 Ma (Byerly et al.,
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1996; de Ronde and de Wit, 1994; Hofmann, 2005; Kamo and Davis, 1994; Kréner et al., 1991). The
southwest to northeast-trending Inyoka-Saddleback Fault System, separates a northern and a
southern terrane of different age and geochemical characteristics (Kamo and Davis, 1994; Kisters et

al., 2003). Economic gold mineralisation is mainly present in the northern terrane (Fig 1).

The Barberton Supergroup has been metamorphosed under conditions of greenschist to
amphibolite facies, and shows a temperature gradient, with temperatures increasing towards the
margins of the belt (Dziggel et al., 2005). Three major tectono-magmatic events have affected the
northern terrane. The first event is connected with accretion and collision of the southern and
northern terranes at 3229 — 3227 Ma (de Ronde and Kamo, 2000; Schoene et al., 2008), and
coincided with emplacement of tonalite-trondhjemite-granodiorite (TTG) intrusions, such as the
Kaap Valley Tonalite (Kamo and Davis, 1994; Kisters et al., 2010). This is the main compressional
event (D2 at the greenstone belt scale). The second event (event D3 at the regional scale) extending
between 3.26 and 3.1 Ga, marked the passage from a compressive regime to a transtensional
regime. The last event (D4, at ~3.1Ga) involved strike-slip and normal faulting, and was accompanied
by emplacement of potassic granite, such as the 3106 £3 Ma Nelspruit Batholith (de Ronde and de
Wit, 1994; Kamo and Davis, 1994).

All major greenschist-facies gold deposits in the Barberton Greenstone Belt have common
distinctive alteration characteristics and structural style, and occur as auriferous quartz-carbonate
veins and sulfide bodies (Agangi et al., 2014; Anhaeusser, 1986; Schouwstra, 1995). Ore assemblages
include predominant pyrite and arsenopyrite, with minor chalcopyrite, Ni-As sulfide and sphalerite.
Most gold is hosted by sulfides as “invisible” (or refractory) gold and micro-inclusions, but free gold
associated with quartz veins is also present (Cabri et al., 1989; de Ronde et al., 1992; Barberton Gold
Mines, 2014). Gold mineralisation is hosted by different lithologies, ranging from meta-mafic-
ultramafic rocks of the uppermost Onverwacht Group, to meta-sediments (greywacke, shale,
sandstone) of the Fig Tree and Moodies groups. Alteration zones associated with greenschist-facies
mineralisation in mafic-ultramafic host include, from distal to proximal to the ore, talc-carbonate,
guartz-carbonate, fuchsite-quartz-carbonate tsulfides, and sericite-quartz-sulfides +carbonate
tfuchsite (Schouwstra, 1995). In contrast, mineralisation at New Consort mine is hosted in medium
metamorphic grade rocks, and has distinct ore assemblages, which resulted from a two-stage

metamorphism and mineralisation history (Otto et al., 2007).

Fluid inclusion studies from the major deposits indicate predominant low-salinity (NaCl eq =5
— 6 wt.%), H,0-CO,-rich fluids, and homogenisation temperatures in the T =290 — 310°C range (de

Ronde et al., 1992; also see Marin-Carbonne et al., 2011). Based on O, H and C isotope analyses of
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mineralisation-related quartz and carbonate, the ore fluid would have had narrow ranges of §¥0x20
(+4.7 t0 5.8 %o), 613C (-4.5 to -2 %o) and 8D (-35 to -41 %o), recalculated at 300°C (de Ronde et al.,
1992). Hydrothermal sulfides have slightly positive 84S (+1.2 — +3.9%o for pyrite and arsenopyrite;
de Ronde et al., 1992; Kakegawa and Ohmoto, 1999). Gold is spatially associated with thrust faults
associated with the main compression event at the greenstone belt scale and has been, therefore,
classified as “orogenic gold” (Otto et al., 2007).0n the basis of detailed structural work at Sheba and
Fairview mines, Dirks et al. (2009) pointed out that gold mineralisation occurs in extensional
structures cross-cutting the thrust faults. This may not apply to New Consort mine, where
mineralisation is hosted in medium metamorphic grade rocks (Otto et al., 2007). At Fairview mine a
3126 £21 Ma (U-Pb zircon dating) granitic dyke predating the shearing and mineralisation gives a
maximum age for mineralisation, and 3084 +18 Ma hydrothermal rutile may be coeval with gold
mineralisation (de Ronde et al., 1991). Dating of syn-mineralisation dykes at New Consort mine
(3030 — 3040 Ma, U — Pb zircon) and Golden Quarry near Sheba mine (3015 — 3100 Ma, Pb — Pb
zircon; Dirks et al., 2013), and dating of titanite associated with sulfides at 3027 Ma at New Consort
mine (Dziggel et al., 2010) suggests that Au deposition may have lasted for several tens of million

years. This seems to imply a protracted, multi-stage mineralisation process (Dziggel et al., 2010).
3. Sample preparation and analytical methods

Samples collected from Fairview and Sheba mines were prepared as polished rock chip
mounts and thin sections and observed by conventional optical microscopy and scanning electron
microscopy (SEM). SEM observations were made using a Tescan Vega 3 SEM equipped with energy-
dispersion spectroscopy (EDS) detector at the Spectrum Centre of the University of Johannesburg.
Additional EDS and electron backscatter diffraction (EBSD) data were collected at Curtin University
on a Mira Tescan FE-SEM. X-ray element distribution maps were obtained using a four spectrometer-
equipped Cameca SX-100 electron microprobe. Arsenic (La line), Co (Ka), Ni (Ka), and Pb (Ma) for
pyrite, and Co (Ka), Ni (Ka), Se (Lat), and Sb (La) for arsenopyrite, were measured at 20 kV

acceleration, 80 nA beam current. See Agangi et al. (2015) for full analytical details.
In situ S isotope analyses (SIMS)

Sulfur isotope compositions (8**S and §*3S) were measured by secondary ion mass
spectrometry (SIMS) using a Cameca ims 1280 HR2 at CRPG-CNRS (Nancy, France). The analytical
method is described in detail in Thomassot et al. (2009) and only summarized here. Briefly, a Cs*
primary beam of 5 nA intensity was focused to a spot of about 15-20 pm. 325, 33S and 34S were

simultaneously measured in three off-axis Faraday cups (L'2, C and H1). The relative gains of the



174
175
176
177
178
179
180
181
182
183
184
185
186
187

188

189
190
191
192
193
194
195
196
197
198
199
200
201
202
203

204
205
206

Faraday cups were intercalibrated at the beginning of the analytical session. Typical 32S intensity was
between 1 and 7 - 10® counts per second (cps). Several sulfide in-house reference minerals (Maine,
Spain and Balmat; Marin-Carbonne et al., 2014) were used to determine the instrumental mass
fractionation and the reference mass discrimination line, from which A*S was calculated. A typical
analysis consisted of 2 minutes of pre-sputtering followed by 30 cycles of 3 s each. The background
of each detector was measured during the pre-sputtering and was then corrected for each analysis.
The internal precision achieved in these conditions was better than 0.06 %o for 8*S and better than
0.10 %o for 63S (25). The reproducibility, based on multiple measurements of the reference
materials, for §°*S was * 0.40 %o (25), and the reproducibility for A**S was +0.06 (2c). Sulfur isotopes
are expressed as per mil (%o) variation relative to the Vienna Canyon Diablo Troilite (VCDT)
international reference, as 6*S = 1000 - [(**S/32S)sampte — (**S/32S)vovt/(**S/*?S)vcor]. Deviations from
linear relations between &3S and &°*S reflect mass-independent fractionation (MIF), and can be
expressed as A33S = §23S — 1000 - [(1 — 8*S/1000)%>*> — 1], as per mil variation. The results are
reported in Additional Tables 1 and 2.

4. Sample description and sulfide chemical zoning

Samples 46CMR and 62-11 were collected at Fairview mine (Fig 1B). Sample 46CMR was
collected from the Commitment Reef, in rocks belonging to the Fig Tree Group, between the Eureka
syncline and Ulundi syncline, east of the Sheba fault (Fig 1B). Sample 46CMR is a fine-grained
foliated rock (metagreywacke), mostly composed of oriented colourless phyllosilicate (muscovite),
quartz, Fe-Mg carbonate, and um-scale anhedral grains of monazite. The sample is cross-cut by
quartz-carbonate veins up to ~1 cm wide. Sample 62-11 is representative of sulfide mineralisation at
the contact between chert and greywacke at Fairview mine, and part of a 6 m-wide zone of high
grade Au mineralisation (30-40 g/ton Au). Stockwork quartz and Fe-Ca-Mg carbonate veins cross-cut
the chert host rock. In both sample 46CMR and 62-11, mineralisation is composed of euhedral to
anhedral pyrite, arsenopyrite and minor chalcopyrite, gersdorffite, sphalerite and native gold, which
occur associated with quartz-carbonate veins (Fig 2A). Arsenopyrite forms randomly-oriented,
elongate euhedral grains overgrowing pyrite (Fig 2B). Pyrite contains inclusion-rich (mostly silicate
inclusions) and massive-textured domains, which are either concentrically or irregularly distributed
within single pyrite grains. In addition, some anhedral and inclusion-rich pyrite grains have textures

reminiscent of pyrite of diagenetic origin (Fig 2C).

Samples 33ZK-A and 33ZK-B, collected at Sheba mine, are representative of mineralisation in
the Zwartkoppie reef, which is located at the top of the Onverwacht Group (Dirks et al., 2009;

Wagener and Wiegand, 1986). The samples include quartz-carbonate-sulfide veins in strongly
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deformed and silicified (ultra)mafic volcanic rocks and chert. The rock is foliated at the mm-scale,
and mostly composed of alternating dark grey fine-grained microcrystalline quartz-rich layers (chert)
and green, foliated quartz-fuchsite (Cr-bearing muscovite)-carbonate-rich schist. Ore minerals
include pyrite, chalcopyrite, ullmannite [Ni(Sb,As)S], gersdorffite, and sphalerite. Pyrite occurs as 1)
euhedral to subhedral crystals, up to 100-200 um in size (Fig 2D), which occur in, or at the contact
with, quartz-carbonate veins; and 2) anhedral crystals, up to 500 pum, occurring in aggregates with

chalcopyrite, ullmannite, and gersdorffite.
Chemical zoning of pyrite and arsenopyrite

High-contrast BSE images and X-ray compositional maps of pyrite from Fairview mine reveal
complex growth patterns, which indicate different events of crystal growth, veining, resorption and
crystallisation (Fig 3). Recrystallised domains of pyrite are typically associated with deposition of gold
and other sulfides, including arsenopyrite, gersdorffite, sphalerite, chalcopyrite and galena (Fig 3,
Additional Fig 1). This is also visible in inclusion-rich pyrite crystals, which have massive overgrowths
and intragranular textures associated with sulfide inclusions that suggest recrystallisation and
element remobilisation as shown by trace element X-ray maps (Fig 4). In contrast, arsenopyrite has
simpler intragranular textures, with concentric element zoning (Se, Sb) and in some cases cross-
cutting Ni-rich veinlets (Additional Fig 2). Elemental maps of pyrite from Sheba mine indicate
complex textures indicative of a multi-stage depositional mechanism, similar to what was found in

samples from Fairview mine (Additional Fig 3).
5. Multiple S isotope analyses

Pyrite analyses revealed mostly positive §2*S values (-0.87 to +9.64 %o), and A®S values
varying from -0.6 to +1.0 %0 (with the exception of one outlying analysis at -1.97 %.) (Fig 5,
Additional Table 1). The histogram of A*3S has a near-symmetric distribution and a peak around 0
(Fig 5B). The histogram of 63*S has a peak between +4 and +5 %o for pyrite. A comparison with
published multiple S isotopes from the Barberton Greenstone Belt indicates that these values largely
overlap with the S isotope values of sediment-hosted and volcanic-hosted sulfides. No clear
correlation was found between texture of pyrite (inclusion-rich vs. massive) and S isotope
compositions. Some of the highest A*3S values were found in euhedral hydrothermal pyrite grains
from Sheba mine that show euhedral zoning in BSE images (Fig 6). Significant variations in §34S and
A®S can be observed, even in adjacent spots on single grains (e.g. A*S varying from 1.0 to 0.2 %o

within 50 um distance, Fig 6A).

6. Discussion
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6.1. Structurally-controlled Au deposits, genetic models and possible sources of S-bearing

auriferous fluids

Structurally-controlled Au deposits, also referred to as orogenic or shear-hosted Au deposits,
include a variety of Au deposits that formed in accreted and metamorphosed terranes and may have
been formed by fluids derived from crustal sources (e.g. devolatilisation of a volcano-sedimentary
succession during metamorphism) or from subcrustal sources (e.g. mantle-derived magmas and
fluids; Goldfarb and Groves, 2015; Pitcairn et al., 2006; Yardley and Cleverley, 2013). The problem of
fluid source is a complex one, especially in old terranes that have undergone multiple tectono-
thermal and magmatic events during their history, and much effort has been placed in addressing
this issue (Llders et al., 2015; Mikucki and Ridley, 1993). Various hypotheses have been proposed to
explain the origin of fluids (and, by inference, S and Au) in Archaean and Proterozoic gold deposits,
including, 1) metamorphic dehydration of the crust (Groves and Phillips, 1987), 2) derivation from
felsic magmas (Cameron and Hattori, 1987; Salier et al., 2005 and refs therein), or a combination of
these (; Wulff et al., 2010), and 3) mantle derivation associated with alkaline magmatism (Phillips
and Powell, 2009) or mantle degassing and granulitisation (Cameron, 1988; Fu and Touret, 2014). In
the following discussion, we evaluate the significance of our results in the light of the existing

genetic models.
6.2 Crustal origin for the mineralising fluids

The rocks of the Barberton Supergroup represent the most immediate source of MIF-S. These
rocks are known to contain S phases recording wide variations of A*3S and 63*S (A¥S of pyrite ranges
mostly from -1.3 to +4.2 %o, occasionally up to +14 %o, and 6*S ranges from -55 to +29 %o). Figure 5
represents the A®3S versus &3S plot of a dataset of approximately 1700 published analyses of pyrite,
barite and bulk-rock samples from across the Barberton Supergroup, ranging in age from 3.5 to 3.2
Ga. The distribution density of these analyses, which can be obtained by counting the number of
analyses per unit cell in the §3*S vs A3S space, allows to identify the most commonly represented
compositions. A very distinct density peak can be seen centred at around A*S ~0%o and §3*S ~1.5%e.
Assuming that the dataset is representative of the S composition of the Barberton Greenstone Belt,
high-density areas are expected to make the largest contribution of S (and other elements) to
hydrothermal fluids leaching the rocks. A comparison with this dataset shows that our analyses plot
remarkably close to the density peak. Thus, rocks of the volcano-sedimentary succession represent
an abundant, compositionally suitable proximity source of S for the hydrothermal fluids responsible

for Au mineralisation at Sheba and Fairview.
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When considering in further detail the possible sources of S to the mineralising fluids, it
becomes apparent that the distribution of our analyses in the S — A33S space is mostly comparable
to a distinctive steep negative trend observed in different studies of pyrite from barite-free samples
of the Barberton Greenstone Belt (Philippot et al., 2012; Roerdink et al., 2013), and replicated in
bulk-rock analyses of shales containing finely-disseminated pyrite in both the Fig Tree and Moodies
groups, which host the mineralisation (Montinaro et al., 2015) (Fig 5). Roerdink et al. (2013)
reported this negative trend in different sedimentary rocks, including conglomerate, chert, breccia
and dolomite. A similar trend was reported in pyrite from the 3.5 Ga old Dresser Formation of the
Pilbara craton (Philippot et al., 2007) and in pyrite nodules from ca. 2.7 Ga old shales of the Eastern
Goldfields of the Yilgarn craton (Steadman et al., 2015). This trend may be either due to redox
reactions and local mixing of S pools with different A*S compositions (Roerdink et al., 2013) or
represent an atmospheric fractionation array (Philippot et al., 2012). Values of A®S in these analyses
are mostly positive, but also extend to negative values (as low as -0.7 %o), encompassing the entire
range of our analyses. Shales are considered a good source of S and Au in Phanerozoic orogenic Au
deposits (e.g. Pitcairns, 2006). In these rocks, Au is typically trapped by sedimentary to diagenetic
pyrite and is remobilised upon destabilisation of pyrite during metamorphism (Hu et al., 2016;
Thomas et al., 2011; Tomkins et al., 2010). Evidence of high Au concentrations in diagenetic pyrite in
the Neoarchaean (up to 3 —4 ppm; Steadman et al., 2015) opens up the possibility that this may also

apply to Archaean successions.

Negative A®S are known from rocks and mineral deposits interpreted to have interacted with
sea water sulfate, such as volcanic-hosted massive sulfide (VMS) deposits and sea floor-altered
volcanic rocks (Bekker et al., 2009; Jamieson et al., 2013; Fiorentini et al., 1012). Mafic and
ultramafic magmas are known to be relatively Au-rich, and are considered as the main source of Au
in some Neoarchean orogenic Au deposits, such as the ones in the Yilgarn craton of Western
Australia (Groves and Phillips, 1987; Bierlein and Pisarevsky, 2008). In the Barberton Greenstone
Belt, mafic-ultramafic volcanic rocks from the Onverwacht Group have been reported to have A33S =
-0.2 —-0.4%o, and VMS mineralisation with A33S = -0.1 —-0.2%o. is known at Bien Venue, northeast of
Sheba and Fairview mines (Montinaro et al., 2015; Fig 5). Mafic-ultramafic rocks are a largely-
available source of S with negative A3S in the Barberton Greenstone Belt, where they form the bulk
of the Onverwacht Group (Fig 5). VMS ore may also have contributed S with negative A33S signal,
although the small volume of known VMS in the Barberton Greenstone Belt suggests that its

contribution would have been limited.

6.3 Derivation of Au mineralising fluids from felsic magmatism

10
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The hypothesis of a magmatic origin for mineralising fluids has been proposed in several cases
of Archaean Au deposits. For example, in structurally-controlled Neoarchaean Au deposits of
Western Australia, the case for magmatic derivation of ore fluids is based on several lines of
evidence, such as the presence of coeval magmatism (Doublier et al., 2014; Wang et al., 1993), trace
element signature of accessory minerals (Bath et al., 2013), and Pb and noble gas isotope studies
(Qiu and McNaughton, 1999; Kendrick et al., 2011). Although a magmatic derivation of Au
mineralising fluids is not universally accepted (Goldfarb and Groves, 2015), this hypothesis has been
particularly applied to Archaean deposits (Tomkins, 2013). Xue et al. (2013) have analysed multiple S
isotopes of sulfide from the Eastern Goldfields of Western Australia and the Abitibi greenstone belt
of Canada and, in contrast with our results, found little evidence for MIF-S from ore sulfides, thus
proposing a felsic igneous or mantle source for S and, by inference, the fluids. However, although
this is the simplest hypothesis, it should be noted that mixing of S pools with positive and negative
A®S will result in partial or total dilution (or “cancelling”) of the MIF-S signal, so the absence of MIF-S

does not conclusively rule out the possibility of sourcing of S from an “atmospheric” reservoir.

In the Barberton Greenstone Belt, involvement of magmatism has long been proposed, based
on spatial and temporal associations (Anhaeusser, 1976, 1986). Widespread K-rich felsic magmatism
occurred between ca. 3.11 and 3.07 Ga (such as the 3106 Ma Nelspruit Batholith to the north of the
greenstone belt, or the 3105 — 3092 Ma Mpuluzi and 3107 Ma Piggs Peak Batholiths to the
southwest and southeast, and the 3180 — 3067 Ma Stentor pluton; Kamo and Davis, 1994), a time
span that partially overlaps with the expected age of mineralisation. . In addition, at most mines,
mineralisation is spatially associated with small-volume granitic dykes (porphyries), some of which
pre-date and others post-date the mineralisation (Dirks et al., 2013; Dziggel et al., 2010; Harris et al.,
1995). Thus, based on intersection relationships and available radiometric ages, the mineralisation
seems to have mostly postdated the main magmatic event at around 3.1 Ga, but was accompanied
by emplacement of small granitic dykes. However, the role of these dykes in the mineralising process
is not clear. Furthermore, the expected S isotopic composition of magmatic fluids, having near-zero

A®S and &%4S, makes these intrusions unlikely sources of S and mineralising fluids.
6.4 Subcrustal sources of S-bearing auriferous fluids

The idea of CO»-rich deep fluids deriving from the mantle and flowing along crustal scale faults
and tapping the lithosphere has been proposed in the past (e.g. Cameron 1988) and reproposed in
recent models that aim at linking the presence of various types of Au deposits with the presence of
“fertile” metasomatised lithospheric mantle (Hronsky et al., 2012; Fu and Touret, 2014). The model

has been applied especially when mafic mantle magmas are coeval with mineralisation (De Boorder
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2012). The pristine mantle is believed to have A%*S ~0 %o (Penniston-Dorland et al., 2012), although S
isotope analyses of sulfides hosted in diamonds (Farquhar et al., 2002; Thomassot et al., 2009) have
revealed that the sub-continental lithospheric mantle can have non-zero A*S as a consequence of
contamination from Archaean crustal material. The limited data available on these diamond-hosted
sulfide samples indicate that A®3S spans from 0 to +0.6 %o and A®3S from ~0 to 2 %o (Farquhar et al.,
2002), a range that is not large enough to explain our samples. More in general, in the Barberton
Greenstone Belt, magmatism coeval with Au mineralisation is essentially felsic, and most likely
derived from crustal melts, not from the mantle. Therefore, although involvement of sublithospheric
mantle-derived fluids cannot be discounted entirely in the Barberton Greenstone Belt, it remains

highly speculative at present.

As a further hypothesis, fluids deriving from a subducting slab and overlying sediments have
been invoked in the Cretaceous Jiaodong Au deposits, which are hosted in high-temperature,
essentially anhydrous, Precambrian rocks of the North China block (Goldfarb and Santos, 2014). In
this model, fluids deriving from the devolatilisation of the subducting slab would flow up-dip along
the slab-mantle boundary or percolate through the corner of the serpentinised mantle wedge
eventually reaching the crust. For the Barberton Greenstone Belt, contrasting tectonic models have
been presented to explain the circa 3.2 Ga compression and deformation, including modern-style
subduction (Moyen et al., 2006), density-driven destabilisation of the crust and “sugduction” of the
dense volcanic pile (Van Kranendonk, 2011), or modified “Archaean-type” subduction, whereby hot
and weak lithosphere subducts intermittently and breaks frequently (Van Hunen and Moyen, 2012).
In either case, metamorphism would result in heating and dehydration of the crust, and consequent
release of MIF-S-carrying fluids. Because the source of this S would be a volcano-sedimentary
succession similar to what is represented in the greenstone belt, the expected A33S signals resulting

from this type of mechanism are not different from what described previously (section 6.2).
6.5 Heterogeneous trace element and S isotope compositions as evidence for pulsating fluid

In the Barberton Greenstone Belt, Dirks et al. (2013) described mineralised brittle-ductile
shear zones, which truncated compressional faults and developed in a homogeneous stress field,
and concluded that mineralisation was formed during a single tectonic event. This evidence
corroborates the homogeneity of fluid compositions and inferred temperatures (fluid inclusion
homogenisation temperatures) and stable isotope compositions of alteration assemblages at the
greenstone belt-scale, which has been interpreted as evidence for ore deposition from a single fluid
of nearly constant composition (de Ronde et al., 1992). These authors suggested that the fluid

responsible for the mineralisation was a H,0-CO,-rich fluid with salinity of 5 — 6 wt.% NaCl
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equivalent that originated outside of the greenstone belt and was focussed along shear zones.
However, this is seemingly in contrast with the heterogeneity of A*S values, as well as the complex
trace element zones observed in our samples. Our analyses revealed significant deviation from mass-
dependent fractionation of S isotopes, with A33S extending towards both positive and negative
values (A®S = -0.6 — +1.0 %o). Strong microscale variations in A®S and complex zoning textures
observed in X-ray maps (overgrowth, truncation and recrystallisation, Fig 3, 4) imply that the metal
content (Ni, Co, As) and S isotope composition of the mineralising fluid was heterogeneous. The
different generations of pyrite generally cannot be traced across separate grains and between
samples, as would be expected in large-scale, pervasive fluid flow. The values of §**S in the
mineralisation can result from several reactions, such as dissolution, precipitation, fluid phase
unmixing and redox reactions, all of which will impose mass-dependent fractionation on the S
isotope compositions of the source. In contrast, A*3S is little affected by such processes, and
variations of A®S can only be achieved by dilution, such as leaching of sources having A®S
compositions of opposite sign. Any mixing between S pools with variable A®*S in the fluid will result

in homogenisation and reduction of the overall spread of MIF-S values.

Similar overprinting textures appear to be common in structurally controlled Au deposits, and
have also been described in the Neoarchaean Au deposits of Western Australia (Bateman and
Hagemann, 2004). Evidence for intermittent fluid with varying temperature and composition have
been presented for the Palaeoproterozoic Ashanti belt Au deposits, based on carbonate zoning and
replacement textures (Mumin and Fleet, 1995). This evidence is compatible with a pulsating fluid
flow (Jiang et al., 1997), and suggests that single fluid pulses had a very localised effect in terms of
both S (and Au) leaching of source rocks and ore deposition. Individual fluid pulses would have
transported S leached from isotopically distinct sources (i.e. different rock types as detailed above or
different sulfide precursors), without large-scale mixing of S, which would have resulted in dilution

of A%S signals.

This textural and isotopic complexity is compatible with discontinuous fluid flow and sulfide
cracking and replacement, as described for structurally-controlled Au deposits in the Phanerozoic,
whereby shear faults are periodically reactivated when the fluid pressure overcomes the confining

pressure and mineral tensile strength along the faults (fault-valve model; Sibson, 2004).

In summary, it is conceivable that “external” fluids of deep origin, magmatic or mantle-
derived, fluxed through the Barberton Greenstone Belt rocks along extensional faults and
remobilised S from the metamorphosed volcano-sedimentary succession, as implied by the finding

of MIF-S. During discrete fluid-flow events, the fluids may have collected S from various isotopically
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diverse sources, resulting in small-scale isotope heterogeneity. Modelling of ore fluid composition
based on alteration assemblages in several Archaean Au deposits indicates that the fluids were S-
rich, and that Au transport was primarily controlled by S complexes across the formation
temperature spectrum (Phillips et al., 1996; Ridley et al., 1996). This is in agreement with the
ubiquitous observation that high Au grades occur in sulfide-rich mineralisation and with the
presence of finely-dispersed Au in sulfides, which implies contemporaneous deposition of S and Au.
The deposition of Au is believed to occur mainly by destabilisation of S-Au complexes [Au(HS), and
AuHS] during wall-rock sulfidation, a mechanism compatible with the observation of invisible Au in
sulfides, although H,S extraction by fluid immiscibility (Mikucki and Ridley, 1993; Pokrovski et al.,
2014), and pH and temperature variations may also have a role (Benning and Seward, 1996; Phillips
et al., 1996). Therefore, the proposed distinction between the origin of S and the fluid is relevant, as

a fluid originated as S-poor will not acquire its ability to carry Au until it scavenges S.
7. Conclusions

The origin of gold in structurally-controlled deposits has been a source of discussion for a long
time. Part of this difficulty resides in the lithological and structural complexity of these deposits, and
in the fact that the ultimate source of the fluids and Au may be far removed from the site of
mineralisation. The finding of marked MIF-S in sulfide ore from the Barberton mines (A33S varying
from -0.6 to +1.0 %o) indicates that S was previously processed through the oxygen-depleted
Archaean atmosphere. In particular, a comparison between our §3*S and A*3S analyses and available
analyses of S isotopes from the greenstone belt suggests that S in the mineralising fluids was leached
from the volcano-sedimentary succession. The A¥S <0 signal is interpreted to have derived from
rocks that experienced circulation of sea water sulfate, namely sea floor-altered mafic-ultramafic
volcanic rocks, and possibly VMS mineralisation. The A*S >0 signal is interpreted to have originated
from leaching of disseminated diagenetic pyrite hosted in shales, chert and conglomerate, and
ultimately derived from reduction of atmospheric elemental S. These results are apparently in
contrast with previous suggestions that the mineralising fluids were external to the greenstone belt
and were magmatic or mantle-derived. However, as S complexes are believed to be the main
complexing agent enabling the transport of Au in several cases, the problem of fluid source and the
problem of S and Au source can be separated. The main components of this fluid (H,O and CO; de
Ronde et al., 1992) may have been introduced from an external source (e.g. felsic magmas), but
would have leached S from volcanic and sedimentary rocks. Thus, this fluid would have acquired its
Au-transport capability only within the greenstone belt. Therefore, S isotopes of the ore may not

directly constrain the source of fluids, but have strong implications on the transport and origin of Au.
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Figure captions

Fig 1 A Geological map of the Barberton Greenstone Belt and distribution of the main gold deposits
(modified from de Ronde et al., 1992). B Cross sections of Fairview and Sheba mines (modified from

Barberton gold mines, 2014)

Fig 2 Rock textures of samples from Fairview and Sheba mines. A Pyrite-arsenopyrite (Asp-Py)
mineralisation at the contact between chert and a quartz-carbonate (Qtz, cb) vein (sample 62-11,
Fairview mine, transmitted plane polarised light). B Pyrite with euhedral arsenopyrite and Au
inclusions. The image was taken at high-contrast to evidence the patchy zoning of pyrite hosting
inclusions (sample 46CMR, BSE image). C Anhedral inclusion-rich pyrite aggregate with massive rim
(arrowed) (sample 46CMR, reflected light). D Euhedral pyrite with galena (Gn) secondary inclusion
(sample 33ZKB, Sheba mine, BSE image)

Fig 3 BSE image and X-ray compositional maps of pyrite from Fairview mine. Oscillatory zones of As
define euhedral growth zones, truncated by irregular, As-poor and Ni-rich recrystallised pyrite.

Recrystallised pyrite is associated with arsenopyrite and sphalerite. Sample 46CMR-d

Fig 4 Location of SIMS spot analyses overlain on BSE image of anhedral pyrite and X-ray
compositional maps of a portion of the pyrite showing complex intragranular textures and
compositional variations between inclusion-rich portion and massive rim. Pyrite contains
arsenopyrite, chalcopyrite and gold inclusions (BSE-brighter domains). Spots are colour-coded based

on A¥S values. Sample 46CMR-e, Fairview mine

Fig 5 Multiple S isotope plots of pyrite from Sheba and Fairview mines. A and B Plot of A33S vs. §3S. C
Frequency histogram of A*3S. The data are compared with pyrite, barite and bulk-rock analyses from
various units of the Barberton Greenstone Belt, some groups of literature analyses are differentiated
to exemplify specific data distributions. Density distribution of literature pyrite analyses was
calculated as number of spots per ~0.5 %o 63*S x 0.1 %o A*3S cell. Literature analyses acquired with
different bulk and in situ methods, uncertainty up to ~0.5 %o 6*S, 0.2 %0 A33S. References [1]
Philippot et al. (2012), [2] Montinaro et al. (2015), [3] Roerdink et al. (2012), [4] Bao et al. (2007), [5]
Roerdink et al. (2013; 2016), [6] Grosch and Mcloughlin (2013)

Fig 6 BSE images and location of SIMS spot analyses of euhedral-subhedral pyrite. Spots are colour-
coded based on A¥S values. The two grains are located in the same thin section, around 2 mm apart.

Sample 33ZKA, Sheba mine

Additional Fig 1 BSE image and X-ray elemental maps (sample 46CMR)
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Additional Fig 2 BSE image and X-ray elemental maps of arsenopyrite. Note simple, euhedral growth
textures marked by concentric zoning of elements. Sample 46CMR, Fairview mine. Sp sphalerite, Tet

tetrahedrite

Additional Fig 3 BSE image, X-ray elemental maps and EBDS maps of pyrite and arsenopyrite (sample

62-11, Fairview mine)
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Additional Table 1. Results of S isotope analyses of pyrite (SIMS)

sample
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
46CMR
33ZKA

analysis ID
46CMR-e@1
46CMR-e@02
46CMR-e@06
46CMR-e@07
46CMR-e@11
46CMR-e@12
46CMR-e@13
46CMR-e@15
46CMR-e@16
46CMR-e@17
46CMR-e@18
46CMR-e@19
46CMR-e@21
46CMR-e@22
46CMR-e@25
46CMR-e@26
46CMR-e@29
46CMR-e@30
46CMR-e@31
46CMR-e@32
46CMR-e@33
46CMR-e@35
46CMR-e@36
46CMR-e@37
46CMR-e@38
46CMR-e@39
46CMR-e@42
46CMR-e@43
46CMR-e@44
46CMR-e@45
46CMR-e@46
46CMR-e@47
46CMR-e@48
46CMR-e@50
46CMR-e@51
46CMR-e@52
46CMR-e@53
46CMR-e@54
46CMR-e@55
46CMR-e@56
46CMR-e@57
46CMR-e@58
46CMR-e@59
46CMR-e@60
46CMR-e@61
46CMR-e@62
46CMR-e@63
46CMR-e@64
46CMR-e@65
46CMR-e@66
46CMR-e@67
46CMR-e@68
46CMR-e@69
46CMR-e@70
33ZKA-c@1

texture
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
porous
porous
porous
porous
porous
porous
porous
porous
porous
porous
porous
porous
porous
porous
porous
porous
compact
compact
compact
compact
compact
porous
compact
porous
porous
porous
porous
porous
compact

633S %o
1.55
1.60
1.11
1.29
2.20
1.55
1.82
1.74
2.02
1.93
2.45
1.60
1.60
1.89
2.11
2.03
2.06
1.63
1.77
161
-0.16
1.81
1.79
1.73
2.06
1.86
1.73
1.44
1.15
1.44
1.34
141
1.60
1.49
161
1.87
0.96
161
3.78
3.87
3.16
4.54
4.14
4.84
4.93
4.63
5.51
3.22
2.37
3.03
3.56
331
2.47
0.33
2.02

err

0.07
0.07
0.08
0.07
0.06
0.07
0.06
0.07
0.05
0.08
0.06
0.06
0.10
0.07
0.09
0.08
0.64
0.08
0.08
0.08
0.06
0.06
0.07
0.08
0.09
0.07
0.06
0.10
0.07
0.05
0.05
0.07
0.06
0.08
0.06
0.07
0.09
0.08
0.08
0.13
0.11
0.10
0.13
0.11
0.15
0.16
0.20
0.17
0.21
0.24
0.30
0.24
0.27
0.36
0.10

534S %o
3.10
3.13
2.29
2.22
3.78
2.99
3.44
3.10
3.19
2.63
3.76
2.58
3.04
3.13
3.62
3.83
3.98
3.26
3.08
3.06
-0.34
3.17
3.26
3.22
3.96
3.15
2.85
2.24
2.27
2.63
2.63
1.95
2.92
2.22
3.28
3.64
1.48
3.01
6.70
7.15
5.82
8.83
8.14
8.94
8.56
8.52
9.64
6.27
5.21
6.52
7.08
5.57
5.77
4.26
3.97

err

0.08
0.08
0.09
0.09
0.07
0.10
0.08
0.08
0.10
0.07
0.07
0.07
0.11
0.08
0.07
0.08
0.15
0.06
0.07
0.07
0.10
0.08
0.09
0.09
0.09
0.08
0.07
0.08
0.09
0.08
0.07
0.09
0.08
0.06
0.07
0.05
0.10
0.09
0.05
0.06
0.05
0.05
0.06
0.07
0.09
0.09
0.07
0.11
0.10
0.05
0.08
0.08
0.07
0.11
0.06

A33S %o
-0.16
-0.12
-0.19

0.02
0.14
-0.10
-0.07
0.03
0.26
0.46
0.40
0.16
-0.08
0.17
0.13
-0.05
-0.11
-0.17
0.07
-0.08
-0.11
0.06
0.00
-0.04
-0.09
0.12
0.14
0.16
-0.14
-0.03
-0.13
0.29
-0.02
0.23
-0.19
-0.12
0.08
-0.05
0.22
0.08
0.05
-0.11
-0.15
0.14
0.42
0.14
0.45
-0.11
-0.42
-0.43
-0.19
0.33
-0.61
-1.98
-0.14



Additional Table 1 (continued). Results of S isotope analyses of pyrite (SIMS)

33ZKA 33ZKA-c@02 compact 2.32 0.07 4.15 0.05 0.07
33ZKA 33ZKA-c@03 compact 1.83 0.10 3.99 0.08 -0.34
33ZKA 33ZKA-c@04 compact 2.13 0.08 4.08 0.04 -0.08
33ZKA 33ZKA-c@05 porous 2.27 0.07 431 0.05 -0.06
33ZKA 33ZKA-c@06 compact 2.42 0.12 3.97 0.05 0.27
33ZKA 33ZKA-c@07 compact 2.02 0.10 3.61 0.05 0.05
33ZKA 33ZKA-c@08 porous 1.96 0.10 4.01 0.04 -0.22
33ZKA 33ZKA-c@09 porous 2.09 0.08 4.04 0.03 -0.10
33ZKA 33ZKA-c@10 porous 2.53 0.08 4.40 0.05 0.15
33ZKA 33ZKA-c@11 porous 1.30 0.11 3.50 0.06 -0.62
33ZKA 33ZKA-c@12 compact 2.54 0.08 4.94 0.05 -0.12
33ZKA 33ZKA-c@13 compact 2.53 0.08 4.71 0.05 -0.01
33ZKA 33ZKA-c@14 compact 2.20 0.09 4.22 0.05 -0.09
33ZKA 33ZKA-c@15 compact 2.51 0.09 4.17 0.05 0.25
33ZKA 33ZKA-c@16 compact 1.96 0.11 4.13 0.05 -0.28
33ZKA 33ZKA-c@17 compact 2.17 0.09 4.13 0.06 -0.07
33ZKA 33ZKA-c@18 compact 1.98 0.06 4.15 0.05 -0.27
33ZKA 33ZKA-c@19 compact 2.30 0.08 4.60 0.04 -0.18
33ZKA 33ZKA-c@20 compact 2.25 0.09 4.20 0.05 -0.03
33ZKA 33ZKA-c@21 compact 2.17 0.10 4.20 0.05 -0.10
33ZKA 33ZKA-c@22 porous 0.17 0.08 1.35 0.09 -0.65
33ZKA 33ZKA-c@23 compact 1.00 0.09 2.70 0.11 -0.51
33ZKA 33ZKA-c@24 compact 1.59 0.08 3.25 0.10 -0.20
33ZKA 33ZKA-c@25 compact 2.13 0.08 4.22 0.06 -0.15
33ZKA 33ZKA-c@26 compact 2.26 0.08 4.71 0.06 -0.28
33ZKA 33ZKA-c@27 porous 2.58 0.06 4.78 0.07 0.00
33ZKA 33ZKA-c@28 compact 2.54 0.06 4.47 0.04 0.13
33ZKA 33ZKA-c@29 compact 2.12 0.09 4.24 0.06 -0.18
33ZKA 33ZKA-c@30 porous 1.94 0.06 4.15 0.07 -0.31
33ZKA 33ZKA-c@31 porous 1.84 0.06 3.47 0.08 -0.06
33ZKA 33ZKA-c@32 porous 2.13 0.07 4.31 0.07 -0.20
33ZKA 33ZKA-c@33 porous 1.63 0.06 3.90 0.06 -0.50
33ZKA 33ZKA-c@34 porous 2.16 0.07 4.08 0.06 -0.06
33ZKA 33ZKA-c@35 porous 2.11 0.06 4.01 0.05 -0.07
33ZKA 33ZKA-c@36 porous 2.35 0.07 4.42 0.06 -0.04
33ZKA 33ZKA-c@37 porous 2.12 0.08 3.95 0.06 -0.03
33ZKA 33ZKA-c@38 porous 1.97 0.07 3.90 0.07 -0.15
33ZKA 33ZKA-c@39 porous 2.32 0.07 4.47 0.06 -0.09
33ZKA 33ZKA-c@40 compact 1.92 0.14 3.04 0.06 0.23
33ZKA 33ZKA-c@41 compact 2.50 0.14 2.68 0.06 1.00
33ZKA 33ZKA-c@42 compact 1.90 0.17 2.07 0.05 0.72
33ZKA 33ZKA-c@43 porous 1.64 0.16 2.48 0.04 0.24
33ZKA 33ZKA-c@44 porous 2.09 0.16 2.64 0.07 0.62
33ZKA 33ZKA-c@45 porous 2.27 0.15 2.86 0.05 0.68
33ZKA 33ZKA-c@46 porous 3.07 0.19 4.53 0.05 0.62
33ZKA 33ZKA-c@47 compact 2.42 0.18 3.09 0.09 0.72
33ZKA 33ZKA-c@48 compact 2.55 0.21 2.77 0.08 1.01
33KzB 33KZB@1 compact 1.94 0.09 3.90 0.06 -0.18
33KzB 33KZB@2 compact 1.93 0.05 3.65 0.05 -0.07
33KZB 33KZB@3 compact 1.77 0.10 2.86 0.06 0.17
33KZB 33KZB@4 compact 2.75 0.08 3.45 0.06 0.86
33KZB 33KZB@5 compact 2.92 0.09 3.65 0.07 0.92
33KZB 33KZB@6 compact 2.53 0.06 3.50 0.07 0.61
33KZB 33KZB@7 compact 2.65 0.09 4.17 0.06 0.39
62-11 62-11@04 compact 1.03 0.09 1.98 0.07 -0.11

62-11 62-11@05 compact 1.96 0.05 3.29 0.07 0.14



Additional Table 1 (continued). Results of S isotope analyses of pyrite (SIMS)

62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11
62-11

62-11@06
62-11@07
62-11@08
62-11@09
62-11@10
62-11@11
62-11@12
62-11@13
62-11@14
62-11@15
62-11@16
62-11@17
62-11@18
62-11@19
62-11@20
62-11@21
62-11@22
62-11@23
62-11@24
62-11@25
62-11@26
62-11@27
62-11@28
62-11@32
62-11@33
62-11@34
62-11@35
62-11@36
62-11@37
62-11@38
62-11@39
62-11@40
62-11@41
62-11@42
62-11@43
62-11@44
62-11@45
62-11@46
62-11@47
62-11@48
62-11@49
62-11@53
62-11@54
62-11@55
62-11@59
62-11@60
62-11@61
62-11@62
62-11@63
62-11@64
62-11@65
62-11@66
62-11@67

compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact
compact

151
0.97
1.08
1.52
1.21
1.93
0.60
-0.51
-0.26
0.86
1.99
1.97
1.75
1.80
1.79
1.18
1.77
2.07
1.96
2.15
1.99
2.13
1.98
2.02
2.13
2.75
2.45
2.51
2.59
2.47
2.59
2.23
2.59
2.22
2.08
2.20
2.96
2.44
2.40
2.35
2.03
1.99
2.04
2.26
2.09
2.15
2.09
2.13
2.31
2.22
2.56
2.18
2.26

0.05
0.12
0.10
0.07
0.09
0.07
0.10
0.08
0.10
0.11
0.11
0.06
0.09
0.11
0.10
0.09
0.09
0.09
0.07
0.07
0.07
0.09
0.09
0.07
0.09
0.09
0.04
0.06
0.09
0.09
0.09
0.08
0.09
0.06
0.05
0.05
0.08
0.06
0.08
0.04
0.08
0.07
0.04
0.09
0.09
0.06
0.05
0.07
0.06
0.12
0.08
0.05
0.07

3.54
2.25
2.03
2.98
2.25
3.92
1.26
-0.87
-0.35
1.80
3.88
3.43
3.72
3.81
3.38
2.21
3.56
4.17
3.79
3.88
2.73
3.92
3.90
3.90
4.20
5.14
4.96
4.76
5.12
5.07
4.65
3.90
4.47
3.95
3.79
3.92
4.44
4.35
4.40
4.47
4.15
3.79
3.99
4.51
4.29
4.38
4.04
3.79
4.26
4.42
4.83
4.24
4.10

0.06
0.10
0.04
0.05
0.05
0.06
0.15
0.11
0.08
0.11
0.06
0.07
0.06
0.06
0.06
0.06
0.06
0.06
0.08
0.05
0.06
0.06
0.06
0.07
0.09
0.05
0.06
0.06
0.06
0.06
0.06
0.07
0.06
0.07
0.06
0.07
0.06
0.05
0.05
0.06
0.06
0.05
0.06
0.06
0.07
0.06
0.05
0.05
0.06
0.06
0.05
0.06
0.05

-0.43
-0.31
-0.08
-0.12
-0.07
-0.20
-0.17
-0.18
-0.21
-0.18
-0.12
0.09
-0.28
-0.27
-0.07
-0.07
-0.18
-0.19
-0.11
0.03
0.47
0.00
-0.14
-0.10
-0.14
0.00
-0.22
-0.05
-0.16
-0.25
0.08
0.11
0.18
0.08
0.02
0.06
0.56
0.08
0.02
-0.06
-0.22
-0.07
-0.12
-0.18
-0.22
-0.22
-0.10
0.07
0.00
-0.17
-0.03
-0.11
0.03



