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Abstract

Both gold-rich sulphides and ultra-high grade native gold oreshoots are common but poorly understood
phenomenon in orogenic-type mineral systems, partly because fluids in these systems are considered to
have relatively low gold solubilities and are unlikely to generate high gold concentrations. The world-
class Obuasi gold deposit, Ghana, has gold-rich arsenopyrite spatially associated with quartz veins,
which have extremely high, localised concentrations of native gold, contained in microcrack networks
within the quartz veins where they are folded. Here, we examine selected samples from Obuasi using a
novel combination of quantitative electron backscatter diffraction analysis, ion microprobe imaging,
synchrotron XFM mapping and geochemical modelling to investigate the origin of the unusually high
gold concentrations. The auriferous arsenopyrites are shown to have undergone partial replacement
(~15%) by Au-poor, nickeliferous arsenopyrite, during localised crystal-plastic deformation,
intragranular microfracture and metamorphism (340°-460°C, 2 kbars). Our results show the dominant
replacement mechanism was pseudomorphic dissolution-reprecipitation, driven by small volumes of an
infiltrating fluid that had relatively low fS, and carried aqueous NiCl,. We find that arsenopyrite
replacement produced strong chemical gradients at crystal-fluid interfaces due to an increase in fS;
during reaction, which enabled efficient removal of gold to the fluid phase and development of
anomalously gold-rich fluid (potentially 10ppm or more depending on sulphur concentration). This
process was facilitated by precipitation of ankerite, which removed CO, from the fluid, increasing the
relative proportion of sulphur for gold complexation and inhibited additional quartz precipitation. Gold
re-precipitation occurred over distances of 10 um to several tens of meters and was likely a result of
sulphur activity reduction through precipitation of pyrite and other sulphides. We suggest this late
remobilisation process may be relatively common in orogenic belts containing abundant
mafic/ultramafic rocks, which act as a source of Ni and Co scavenged by chloride-bearing fluids. Both
the preference of the arsenopyrite crystal structure for Ni and Co, rather than gold, and the release of

sulphur during reaction, can drive gold remobilisation in many deposits across broad regions.

1. Introduction

Trace element remobilisation occurs when an element contained in a primary mineral is released
from the crystal structure, allowing it to be transported to new locations, often at high concentrations, a
short distance away (millimetres to hundreds of metres; Marshall et al. 2000). This type of
remobilisation is particularly relevant to understanding the distribution of precious metals in deformed
and metamorphosed ore deposits. But our understanding of how trace elements are remobilised is also
critical to a wide range of environments, including gold transport in the regolith profile of weathered
terrains (Hough et al., 2007), mobility of deleterious metals in soils (Chuan et al., 1996; Kalbitz and

Wennrich, 1998) and potentially disturbed geochronological isotope systems in zircons and monazites
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(Geisler et al., 2007; Harlov et al., 2011; Reddy et al., 2006). However, when it comes to precious metal
remobilisation under mid-crustal conditions the process is controversial due to the inferred low
solubilities of these elements in aqueous fluids, the extremely slow rates of element diffusion in
minerals and poor understanding of how metals are soluble in one location but re-precipitated just a
short distance away. Despite these arguments, there is a common spatial relationship between primary
sulphides containing trace metals in their crystal structure, and nearby, texturally younger
concentrations of those metals, often at very high grades (Cook et al., 2009; Cook et al., 2013; Dubé et
al., 2004; Fougerouse et al., in press; Large et al., 2007; Morey et al., 2008).

Metal migration has been documented in volcanic massive sulphides (VMS) systems (Cook et al.,
1998; Cook, 1996; Le Vaillant et al., 2015; Marshall and Gilligan, 1993; Tomkins, 2007), iron ore
systems (Angerer et al., 2013; Duuring and Hagemann, 2013) and also in gold systems (Cook et al.,
2009; Cook et al., 2013; Dubé et al., 2004; Morey et al., 2008; Tomkins and Mavrogenes, 2002;
Tomkins et al., 2004). Although some of the mechanisms involved in this remobilisation are not
understood, it led to the migration of Ni up to 250 m away from the primary mineralisation of the Miitel
Ni sulphide deposit (Le Vaillant et al., 2015), the significant upgrade of hypogene ores at the Beebyn
iron deposit (Duuring and Hagemann, 2013) and spectacular native gold occurrences in the Red Lake
gold deposit (Dubé et al., 2004).

In this study we investigate the well-documented Obuasi gold deposit, Ghana (Allibone et al., 2002;
Fougerouse et al., in press; Oberthir et al., 1994), which provides a natural laboratory to address the
issue of remobilisation, due to the presence of very high concentrations of native gold in the hinges of
folded quartz veins and a spatial association with gold-rich arsenopyrite in metasedimentary wall rocks.
We combine state-of-the-art analytical methods (X-ray fluorescence synchrotron mapping, high
resolution secondary ion mass spectrometry, electron backscattered diffraction and scanning electron
microscopy) to examine the distribution of gold across multiple scales and identify the mechanisms that

may have contributed to the loss of gold from arsenopyrite and its reprecipitation in native form.

2. Previous studies on trace element remobilisation

At the mineral scale, three mechanisms are linked to trace element mobility; (1) fluid-mediated
replacement; (2) intragrain diffusion and; (3) partial melting of the sulphide ore. The partial melting of
sulphide ores has been interpreted to occur in high grade metamorphic mineral deposits (Bailie and
Reid, 2005; Frost et al., 2002; Mavrogenes et al., 2001; Sparks and Mavrogenes, 2005; TomkKins et al.,
2007; Tomkins et al., 2004), but also at greenschist facies conditions and low temperatures (Biagioni et
al., 2013; Ciobanu et al., 2006). This process is possible due to the presence of low-melting-point
chalcophile elements (LMCE), which significantly lower the melting temperature of the sulphides.
These low temperature melts have the capability to scavenge metals with high melting points such as

gold (Ciobanu et al., 2006; Tooth et al., 2008; Tooth et al., 2011), potentially allowing a zone refining
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process to persist long after formation of the primary deposit (Cockerton and Tomkins, 2012). The melt
usually crystallises as multi-mineral clusters of sulfosalts, tellurides, sulphides and native metals, with
curvilinear boundaries and droplet-shaped minerals (e.g., Voudouris et al. 2013). In the system Fe—As—
S, the first melt can appear at temperatures as low as 281°C (Frost et al., 2002), but only at S fugacity
(fS) conditions above the stability of arsenopyrite (see Tomkins et al., 2004).

Intragrain diffusion is potentially important for trace element remobilisation and operates via a broad
range of sub-mechanisms, the three most important being volume diffusion, high diffusivity pathway
diffusion and dislocation—impurity pair (DIP) diffusion (Klinger and Rabkin, 1999; Plimper et al.,
2012; Reddy et al., 2007; Timms et al., 2011; Vukmanovic et al., 2014). In the diffusion model, the
migration of large atomic radii elements such as gold is best explained by high diffusivity pathway and
DIP diffusions sub-mechanisms (Plumper et al., 2012; Reddy et al., 2006; Vukmanovic et al., 2014),
whereas the volume diffusion mechanism is usually regarded as being too slow to be effective at mid-
crustal temperatures (~300-450 °C). As a result of the migration of dislocations and elements in
minerals, primary internal crystallographic zonation is usually at least partially erased and becomes
diffuse or non-existent, whereas major element compositions remain unchanged. The operation of these
diffusion mechanisms have been interpreted to explain rare earth element redistribution in zircons
(Reddy et al., 2006; Valley et al., 2014) and trace element compositional variation and phase exsolution
in sulphides hosted in mineral deposits (Reddy and Hough, 2013; Tomkins and Mavrogenes, 2001;
Vukmanovic et al., 2014).

Fluid-mediated replacement reactions, or coupled dissolution-reprecipitation reactions (Putnis,
2009), are potentially an extremely effective mechanism for major and trace element modifications in
minerals (Geisler et al., 2007; Harlov et al., 2011; Xia et al., 2009; Zhao et al., 2009). This reaction
occurs when elements introduced by a fluid cause a mineral phase to be replaced either by a new
composition of the same phase or by an entirely new phase (Harlov et al., 2011). In the case of one
phase being replaced by a new composition of the same phase, the solid solution composition (i.e. non-
stoichiometric) of the parent phase has higher solubility in the fluid than the pure stoichiometric end-
member of the daughter phase (Geisler et al., 2007; Lippmann, 1980). Trace elements within the parent
phase can be stripped out during the reaction and released into the fluid (Martin et al., 2008). Once
initiated, the reaction is self-perpetuating (Harlov et al., 2011). The reaction front is sharp, planar to
curvilinear and associated with a thin layer of supersaturated fluid film during reaction. The daughter
phase can be characterised by interconnected nano- and micro-porosity allowing fluid infiltration to and
from the reaction front (Putnis, 2009). In some examples, at advanced stages of the reaction, the
interconnected nano- and micro-porosity is not preserved due to complete recrystallisation of the
daughter phase and sealing of the porosity (Harlov et al., 2011). In the system under discussion here,
gold micronuggets have been observed at many locations where arsenopyrite replaces I6llingite,

particularly along the reaction front (Neumayr et al., 1993; Tomkins and Mavrogenes, 2001).
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3. Sample suite and microanalytical methods

3.1. Sample suite

Samples were selected from the Obuasi gold deposit (Ghana). Obuasi is the largest gold deposit
discovered in West Africa with about 62 Moz of gold (past production + resources). The host rocks and
geological context of the Obuasi deposit are well-documented (Allibone et al., 2002; Fougerouse et al.,
in press; Oberthir et al., 1994; Yao and Robb, 2000) and shown in Figure 1. The deposit is hosted in
the Paleoproterozoic Birimian Kumasi volcanosedimentary basin composed of carbonaceous phyllites,
slates, psammites, and volcano-sedimentary rocks (Adadey et al., 2009; Oberthir et al., 1998; Perrouty
et al., 2012). The metamorphic conditions were calculated from the mineral assemblage actinolite +
chlorite + clinozoisite + quartz + calcite, to have been 340° - 460° and 2 kbar (Schwartz et al., 1992).
Over 200 samples were collected from outcropping and underground mineralised exposures throughout
the Obuasi mine in order to provide a representative suite of samples for petrographical and geochemical
analyses. The main host for the sulphide ores are phyllites composed of micas, quartz, carbonates
(ankerite and siderite), chlorites, rutile and graphite.

Two economic styles of mineralisation coexist in the same ore zone; gold-bearing arsenopyrite
disseminated in the metasedimentary rocks and native gold in dense fracture networks developed in the
hinges of folded quartz veins (Blenkinsop et al., 1994; Fougerouse et al., in press; Oberthir et al., 1994).
Arsenopyrite is the dominant ore mineral (60-95%) but pyrite can also be present (Oberthir et al., 1994).
Concentrations of gold in the crystal lattice of the arsenopyrites range from 300 to 3000 ppm (Fisher et
al., 2014; Fougerouse et al., in press), whereas gold content only reaches 3.3 ppm in pyrite (Oberthir et
al., 1994). Although the two styles of mineralisation are spatially associated with one another, they
formed during distinct structural events (Fougerouse et al., in press), with gold-bearing arsenopyrite
crystallising during early D20, whereas the native gold precipitated during D3o.

Evidence for the timing of arsenopyrite mineralisation includes (Fougerouse et al., in press) quartz-
ankerite strain shadows around the arsenopyrites that are parallel with a pervasive S2q, fabric but
refolded by a S3op crenulation cleavage. Evidence for the timing of native gold mineralisation in
adjacent quartz veins includes (Fougerouse et al., in press) the distribution of the gold in fracture
networks in F3op fold hinges of the quartz veins, which are semiparallel with the S3op crenulation
cleavage. Notwithstanding these observations, both styles of mineralisation likely formed within a short
time of one another during the Eburnean orogeny, which affected the West African Craton from 2125
to 1980 Ma (Perrouty et al., 2012).
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3.2.  Analytical methods

We used a diverse combination of microanalytical techniques to investigate the elemental
distribution of trace elements (particularly Au) in the gold-bearing arsenopyrites and their relationship
with microstructures formed during crystal-plasticity.

X-ray fluorescence (XRF) mapping provided quantitative multi-element images with their full
petrographic context. The application of the method to ore mineral studies is well documented in Fisher
et al. (2014). The analyses were performed on the XFM beamline at the Australian Synchrotron
(Paterson et al., 2011) using the Maia 384 large angle detector array (Fisher et al., 2014; Kirkham et al.,
2010; Ryan et al., 2010a; Ryan et al., 2014). The samples were mapped with a pixel size of 2 pum and
dwell time of 7.8125 ms, over areas of a few square millimetres, to permit measurement of trace element
concentrations with good counting statistics. Samples were prepared as polished thin sections (30 um
thick) mounted on 1 mm-thick quartz glass slides to minimise arsenic background from the glass slide
(Fisher et al., 2014). Standard foils (Mn, Fe, Pt and YF3) were analysed daily to calculate the X-ray
flux and monitor drift. The Maia XFM full spectral data were analysed using the GeoPIXE software
suite. GeoPIXE applies a fundamental parameters approach, with spectral deconvolution and imaging,
using the dynamic analysis method (Ryan, 2000; Ryan et al., 2010b) based on fitting a representative
total spectrum and a detailed model of Maia detector array efficiency (Ryan et al., 2010a). The Maia
detector has a resolution of 400eV which allows gold peaks to be distinguished in the spectra despite
the peak overlap with arsenic (Fisher et al., 2014).

Elemental mapping was carried out using the Cameca NanoSIMS 50 at the Centre for Microscopy,
Characterisation and Analysis (CMCA) at The University of Western Australia. The samples were
prepared as polished one inch resin mounts and thin sections, and carbon coated to provide conductivity.
Measurements were performed with a Cs* primary beam, with a spot size of approximately 100 nm,
impact energy of 16 keV, and a beam current of 2 pA. The instrument was operated in multicollector
mode, allowing the simultaneous detection of five ion species (3S, >Fe?2S, ®°Ni®S, *As®S and *’Au)
from the same analysis region. Secondary ion images were obtained by rastering the primary ion beam
across areas measuring 100 x 100 um, at a resolution of 1024 x 1024 pixels (each pixel measuring
approximately 97 nm), with dwell times of 21-40 ms per pixel. Prior to imaging, the sample surface
was presputtered with the primary ion beam (using 250 pA beam current) to > 2 x 10" ions/cm?, in
order to remove surface contamination and implant Cs™ ions to reach a steady-state of ion emission.

Mineral identification, mineral chemistry zonation, overprinting relationships and paragenesis were
investigated with optical techniques and scanning electron microscopy (SEM). Backscattered electron
images were generated using a TESCAN VEGA3 SEM. Energy Dispersive X-ray spectra (EDX) were
acquired using an Oxford instruments X-Max 50 silicon drift detector with AZtec software fitted on the
TESCAN VEGAS. Analytical conditions were 15 kV accelerating voltage with a 1.5 nA probe current.



192
193
194
195
196
197

198

199
200
201
202
203
204

205

206
207
208
209
210
211
212
213
214
215

216

217
218
219
220
221
222
223

Electron backscatter diffraction (EBSD) and EDS data were collected on 1 inch round polished block
at the CSIRO Earth Science and Resource Engineering in Kensington (Australia) using a Bruker e-flash
detector for EBSD and a Bruker XFlash 5030 silicon drift detector for EDS, all fitted on a Zeiss
Ultraplus FEG SEM. The instrument was operated at 20 kV accelerating voltage, 12.10 nA beam current
and a tilting angle of 70°. EBSD colours maps show the full crystal orientation, from the centre of each

grain.

4. Descriptive properties of arsenopyrites, mineral assemblages and native gold distribution

Maia XRF maps, of sample 215-7b are presented in Figures 3 and 5. The matrix is composed of
quartz, muscovite, chlorite, ankerite and siderite. The sulphides form aggregates of partially-fragmented
arsenopyrite grains and small pyrites. High resolution NanoSIMS elemental maps of areas up to
100x100 um? allowed investigation of the fine textures of the trace element distribution and the contact

between the different domains of the arsenopyrites and microfractures (Figs. 3, 4 and 6).

4.1.  Arsenopyrite overgrowths and rims

Mineralised arsenopyrites are generally idiomorphic, acicular and range from 50 um up to several
mm in size. Gold-bearing arsenopyrite is the major component of the disseminated sulphide ores (60-
95% - Fig. 1) with lesser pyrite, pyrrhotite, marcasite, and chalcopyrite. The sulphide mineralisation is
surrounded by a 50m wide ankerite and siderite alteration halo and the arsenopyrites are commonly
surrounded by quartz-ankerite strain shadows developed during D2q, (Fougerouse et al., in press). The
smaller grains are usually homogenous (inclusion-free) under optical microscope, whereas the bigger
grains are typically composed of several domains detailed below. The arsenopyrite also contains
microfractures and interstitial spaces between grains, filled with ankerite, pyrite and small gold

particles, which are interpreted to form during D30y (as discussed in section 5).

4.2. Crystallographically controlled microtextures and chemistry

The arsenopyrite grains are composed of at least two primary domains: rims that appear homogenous
in BSE images and inclusion-rich cores (Oberthir et al., 1994; Oberthir et al., 1997). The cores contain
inclusions of pyrrhotite, chalcopyrite and rutile. The boundary between cores and rims can be rich in
silicate inclusions (Figs. 1 and 2). In this study, the combination of the core-and-rim domains are
abbreviated as Apy(y. The composition of Apyq) is non-stoichiometric, being depleted in As (~44 wt%
As —table 1). The distribution of the gold in Apyq, is zoned (Fig. 3), with gold-poor cores and gold-rich
rims (300 to 3000 ppm Au in the rims; Fougerouse et al. in press; Fisher et al. 2014).
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In the Apy( rims, high-resolution NanoSIMS mapping reveals that Au is distributed in alternating,
submicron-scale concentric bands (up to 100) with sharp boundaries, despite the homogenous
appearance of the Apy in BSE imagery. Gold is the only compositional variation between the bands
and no other major or trace element chemistry changes were observed. The bands are concentric and
parallel with the euhedral morphology of the grain boundary of the arsenopyrite (Figs. 3, 4 and 6). Each
band is typically less than a um wide, with variable gold content relative to one another and a semi-
regular spacing. No micronuggets of native gold were detected in the arsenopyrite grains at the highest
resolution of our analysis (100 nm), except in association with microfractures.

Commonly, a third arsenopyrite domain cuts across the mineralised grains, penetrating in from
microfractures and grain boundaries. These domains, labelled Apyu, are characterised by higher As
and lower S concentrations, with compositions that are close to stochiometric (~46 wt% As — table 1).
Apyay domains are nickeliferous and gold-poor. Critically, these gold-poor domains preserve the
original shape of the arsenopyrite grains and the contacts between Apyqy and Apyqy are sharp, ranging,
in the same grains, from planar to curvilinear (Fig. 2). NanoSIMS imaging also demonstrates that the
Ni distribution is zoned in the Apyqry in irregular shaped bands subparallel with the contact between
Apyq and Apyqry (Figs. 3 and 6). However, EBSD analysis demonstrates that there are no differences
in crystallographic lattice orientation associated with the change between Apyq) and Apyq (Fig. 4) and
therefore the crystal orientation did not affected the chemical composition of individual grains.

The EBSD data also show that both high-angle and low-angle boundaries are present in localised
domains consistent with crystal-plastic deformation and limited arsenopyrite recrystallisation. In the
example presented here (sample 215-20), a high density of crystallographic misorientations are
localised in a narrow domain corresponding to the presence of Apyq), adjacent to a large microfracture
filled with pyrite (Fig. 4). In this recrystallised domain, the Apyq is up to three times more than in
undeformed regions associated with Apyqaiy (Fig. 4). These observations suggest a link between crystal-

plastic deformation within the arsenopyrite and loss of gold.

4.3. Mineral-filled microfractures

The mineral-filled microfractures can be subdivided into two categories; (1) intragranular
microfractures in arsenopyrites and (2) microfracture networks in folded quartz veins. The intragranular
arsenopyrite microfractures can develop from grain boundaries and terminate within the arsenopyrite
or entirely dissect the grains. They are usually filled with xenomorphic pyrite and chlorite, but also with
native gold particles up to 10 um. Ankerite and quartz are not present. Importantly, Apyqi forms semi-
symmetric halos around the intragranular arsenopyrite microfractures. The pyrite within the
intragranular microfractures has fine-scale Ni zoning and is usually Au-poor but contains native gold

inclusions (Figs. 3, 5 and 6). Such Ni-enriched pyrite is referred to here as Pyuny. The Pyqny is also
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developed in the intergranular regions between arsenopyrite grains and is in textural equilibrium with
interstitial ankerite (Figs. 3 and 5).

Figure 6 shows an example of an intragranular microfracture cutting through an Apyq grain,
including its gold-rich epitaxial zonation. This microfracture is infilled with Pyqu) and bordered by a
rim of Apyqy before sharply transitioning to Apyq). Au and Ni concentrations measured in a traverse
from the microfracture to the centre of the grain (Fig. 6) confirm that the microfracture is filled with
native gold grains and nickeliferous Pyuiy. The Au concentrations in the Apyay are below detection
limit (XRF synchrotron; 400 ppm for this analysis), while the Apy(, has gold concentrations up to 2000
ppm. In the Apyq, close to the contact with the Apyq), the Ni concentrations attain maximum values
of 2880 ppm.

The microfracture networks in the quartz veins (microfractures type 2) can be observed in hand
specimen and are usually radiating from larger fractures parallel with the S3o, cleavage. They are
particularly well developed in the hinges of the F3op folds. Large native gold particles are exclusively
hosted in the quartz microfractures, which was demonstrated using 3D mapping of gold distribution in
a mineralised quartz sample by high-resolution X-ray computed tomography (Fougerouse et al., in
press). Typically, these gold particles are several hundreds of micrometres across and up to several
centimetres long. A polymetallic suite of accessory minerals is solely associated with the microfractures
in the quartz veins and is not found in the wall rocks. These accessory minerals include galena,
chalcopyrite, sphalerite, bournonite, boulangerite, tetrahedrite, aurostibine, I16llingite, pyrite,
arsenopyrite, and rare bismuth tellurides (Oberthir et al., 1994). Muscovites and chlorites also infill the

microfractures. They are vein selvages derived from wall rock fragments (Fig. 1D).

5. Discussion

5.1. Interpretation of mineral textures timing relationships and mass balance estimates

From the overprinting textural relationships a clear sequence of events with respect to gold can be
determined at the mineral scale. (1) The fine oscillatory zoning within Apyq, defined by gold
concentration (Fig. 3D and E), developed first. This is interpreted to reflect crystallographic, growth-
rate-controlled incorporation into the crystal lattice of primary arsenopyrite developed during an initial
hydrothermal event (Barker and Cox, 2011; Barker et al., 2009; Chouinard et al., 2005), rather than
variations in fluid composition deriving from multiple separate hydrothermal events, which would have
also led to major chemistry changes between different bands (Barker et al., 2009). (2) Apyaiy Cuts across
the epitaxial zones of Apyqy and therefore postdates Apyqy (Fig. 2A-C). This nickeliferous Apyq is
spatially associated and coeval with Ni-bearing Pyqiy and native gold located in the intragranular
arsenopyrite microfractures. Pyqu is also intergrown, and therefore in textural equilibrium, with late-

stage ankerite that fills fractures and spaces between Apy grains (Fig. 3A). (4) Because the dimensions
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of Apyqi are enhanced by the presence of sub-grains and intragranular microfractures formed during
D3ov, it is interpreted that Apyany, Pyany, native gold and the interstitial ankerite developed at the later
stages of the D3op deformation event. A second generation of chlorite overgrew the S3o, cleavage and
would have also formed during this late gold event (Fougerouse et al., in press). Quartz is notably absent
from the microfracture networks that host remobilised gold, suggesting that silica was undersaturated
in the fluid phase.

The quantity of gold remobilised from individual arsenopyrite grains was estimated using 2D surface
area calculations. In individual images, the surface area of the Apyay was measured (average of 15% of
the total grain surface) and the quantity of gold removed was calculated based on an average
concentration for Apyy of 1000 ppm (Fisher et al., 2014; Fougerouse et al., in press). The surface areas
of the native gold particles were similarly measured and the quantity of gold estimated based on the
assumption that they are 100% gold (i.e., a maximum estimate). It was found the native gold in fractures
amongst arsenopyrite represents only 30-70 % of the gold extracted from the arsenopyrites. Therefore,
on average 750 ppb of gold was extracted from arsenopyrite per tonne of rock, with between 525 and

225 ppb of Au migrating out of the thin section at distances greater than the thin-section scale (4 cm).

5.2. Gold remobilisation from arsenopyrite grains

A number of characteristics enable us to distinguish the mechanism responsible for gold mobilisation
from arsenopyrite. Firstly, the Apyq morphology and its crystal lattice orientation are preserved across
Apya-Apyay boundaries even though there is a compositional difference between the two arsenopyrite
types, with Apyqiy containing lower S and higher As content. Secondly, native gold in the intragranular
microcracks within arsenopyrite is neither associated with clusters of sulfosalts, tellurides, sulphides
and native metals, nor curvilinear boundaries. Finally, the boundary between Apyq and Apyq is sharp,
suggesting intragrain diffusion was not the predominant mechanism for gold remobilisation.

Given that gold can be mobile in a polymetallic melt at temperatures well below 340°C (Cockerton
and Tomkins, 2012; Oberthir and Weiser, 2008; Tomkins et al., 2004), and that the metamorphic peak
reached 340 - 460°C, we will briefly consider the possibility that some gold was mobilised as a liquid.
In the system Fe—As-S, the first melt can appear at temperatures as low as 281°C (Frost et al., 2002),
but only when the sulfur fugacity is high and beyond the arsenopyrite stability field (Tomkins et al.,
2004), which is clearly not the case at Obuasi. The polymineralic accumulations containing gold in the
quartz veins (Fig. 1F) are reminiscent of the textures formed by crystallisation of gold-bearing
polymetallic liquids, but the phase relations in the relevant system (Au-Sh-As-Pb-Cu-Fe-S) suggest that
the assemblage would have been solid at the peak metamorphic conditions (see Tomkins et al., 2004).
At these temperatures and fS; conditions necessary to stabilise arsenopyrite, the system would need to

contain native bismuth or mercury at low f S, or thallium as part of the sulfosalt assemblage (cf. Tooth
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et al., 2008; Tomkins et al., 2004); however, such phases are not present. Therefore, we find that at
Obuasi, it is unlikely that a gold-rich polymetallic melt ever developed.

Instead, our evidence indicates the dominant mechanism was pseudomorphic replacement of
arsenopyrite by fluid-mediated dissolution-reprecipitation (Borg et al., 2014; Corfu et al., 2003; Geisler

et al., 2007; Harlov et al., 2005; Putnis, 2009). In this case the relevant reaction is:

AuxFe1xASShighs + YNIClag) + 2H20(aq) + € = NiyFe1yAsSiows + XAU(HS)2™ @ + 2y HCl@g + 02 [1]

Where “x” and “y” are much less than 1 and represent the trace element concentration of Au and Ni,
respectively. Geochemical modelling generated using Geochemist’s Workbench software (Bethke,
2008) and thermodynamic properties from the HCh database (Shvarov, 2008; Shvarov and Bastrakov,
1999) supports this interpretation and enables us to constrain the fluid chemistry. Figure 7 shows the
activity diagram for the predominant speciation of Au and Ni at 350 °C, 2 kbar as a function of pH and
oxygen fugacity. As shown in Figure 7, the concentration of Au in solution can reach anomalous values,
up to 10 ppm at pH =6 to 7 and logfO, = -32 to -28, near the pH of HS/H,S equivalence point and the
pyrite-pyrrhotite redox buffer, which is 1-3 orders of magnitude more than expected for orogenic
systems (Mikucki, 1998) and 3 orders of magnitude more than measured in deep, gold-rich geothermal
fluids (Simmons and Brown, 2007). At the same pH and redox conditions, Ni is predominantly stable
as a solid sulphide mineral phase (Fig. 7). The loss of sulphur associated with Ni replacement of Fe in
arsenopyrite (Table 1) is critical because it increases the solubility of gold as a Au(HS),  complex (Liu
et al., 2014) at the crystal-fluid interface, promoting liberation of gold from the solid phase and
remobilisation. The reaction model also shows that at increasing fS;, Ni precipitates whereas Au
dissolves in the solution (Fig. 8). This may be coupled with the apparent tendency of Ni to inhibit
accommodation of gold in the arsenopyrite structure (i.e., based on our observations), which if true,
would also promote remobilisation. Such a possibility can be addressed by considering how Au and Ni
are substituted into the arsenopyrite structure. Along with a proportion of nanoparticulate gold, it is
thought that Au* substitutes to a small extent (a few thousand ppm) for six-fold coordinated Fe®" in
arsenopyrite (see summary of previous work in (Cabri et al., 2000), although there may be some non-
systematic incorporation into lattice defects (Reich et al., 2005). It should be noted that the nature of
gold substitution in arsenopyrite is still not well understood and XAS and x-ray crystallography studies
indicate that the bonding environment of gold in arsenopyrite is complex. In contrast, there is complete
solid solution between FeAsS and NiAsS (gersdorffite), as well as CoAsS (cobaltite). The ionic radii
of six-fold coordinated Fe** and Ni®* are 0.785 and 0.74 A respectively (Co®* is 0.75 A), whereas that
of Au* is 1.51 A (Shannon, 1976), so Au does not fit as easily into the arsenopyrite structure as Ni.
Similarly, the difference in ionic charge of Au to that of Ni (and Co) relative to Fe, implies that Ni
should be preferentially substituted for Au in arsenopyrite. It should therefore be expected that both Ni

and Co would preferentially replace gold in the arsenopyrite crystal structure if they became available
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via a later fluid. In regards to gold in lattice defects, it may be that the Ni replacement process heals
defect structures, leaving gold more susceptible to fluid complexation.

One of the interesting features of the system studied here is that there was little or no quartz
precipitation during remobilisation of the gold into the microfracture networks in quartz, requiring that
the fluid was SiO, undersaturated. Fundamentally, decreasing temperature causes a decrease in SiO;
solubility in H-0, so fluids infiltrating from a hotter source region below should tend to precipitate
quartz. Nonetheless, typical orogenic fluids are not pure H.O, and at any given temperature SiO;
solubility varies as a function of H,O activity. Since quartz is relatively insoluble in CO, (Newton and
Manning, 2000; Shmulovich et al., 2001), quartz solubility will decrease with increasing XCO,. The
late fluid responsible for gold remobilisation was likely a typical orogenic H,O—CO-—HS fluid that had
equilibrated with regional rocks, and thus was quartz-saturated or even supersaturated upon infiltration.
However, precipitation of the intergranular ankerite would have removed CO, from the fluid,
necessitating an increase in the solubility of quartz in the fluid, thus inhibiting quartz precipitation and
possibly even allowing some quartz dissolution. An additional consequence of this process is that by
removing CO; from the fluid, the relative abundance of H.S increases thereby further enhancing the
solubility of gold and buffering the fluid chemistry towards the ideal pH conditions for gold dissolution.

We calculated the effect of removing CO; from the Au and Si rich system. As shown in Figure 9A,
the solubility of Si has potential to increase from 500 to 3000 ppm during the removal of CO,, especially
in the range of 2 — 0 wt% of CO; in fluids; quartz is rapidly dissolved with a corresponding pH change
from 7-8 (Fig. 9B). The solubility of Au increases from 400 to 800 ppm when CO- content decreases
to 5 wt% in the fluids; however, the Au solubility drops to ~20 ppm when CO: is totally removed. The
decrease of Au solubility by about two orders of magnitude corresponds to the change of pH from 6.8
to 8, which is consistent with the activity diagram shown in Figure 7. The pH changes from 5.7 to 8,
when removing CO,, crosses the HS/H>S equivalence point, whereas fO, changes in a very narrow
range and stays in the pyrite stability field (logfO2 = -30 ~ - 28.9). The total sulphur content in the fluid
increases through the reactions and controls the Au carrying ability of the fluid. The preferred pH
condition for Au mobility is neutral (6-6.8) whereas Si is more mobile at neutral to alkaline conditions
(>6.5). An important conclusion is that moderation of XCO; through carbonate precipitation can control
both Au remobilisation and Si solubility in H,O-CO; fluid systems.

Two observations indicate that only a low volume of fluid percolated through the metasediments
during arsenopyrite replacement and gold remobilisation. Firstly, the primary silicate alteration mineral
is chlorite, which overprints S3op, yet there has been only minor new chlorite formation in the host
metasedimentary rocks close to the quartz veins. Secondly, the arsenopyrites have been only
sporadically and partially replaced, whereas this process would have been comprehensive if large
volumes of fluid had pervaded during D3oy. Given the locally very high concentrations of gold in some
fractures, and the low volume of fluid infiltration, the remobilising fluid must have been characterised

by very high Au in solution. Such a fluid would be fundamentally different to the large volume and
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comparatively dilute fluids usually associated with hydrothermal orogenic gold deposits (McCuaig and
Kerrich, 1998; Micklethwaite et al., 2015; Mikucki, 1998). In our model this attainment of unusually
high gold solubility conditions was facilitated by three processes that occurred at the sites of pre-existing
gold mineralisation: (1) replacement of Au-rich arsenopyrite by Au-free and Ni rich arsenopyrite
liberated gold whilst simultaneously increasing the amount of sulphur available for gold complexation
at the crystal-fluid interface, (2) precipitation of ankerite removed CO, from solution, increasing the
proportion of sulphur in solution and thus gold solubility, and (3) ankerite precipitation buffered fluid
pH towards the ideal conditions for maximising gold solubility, near the H,S—-HS™ equivalence point of
6 - 6.8 (Figs. 7, 9).

The subsequent loss of sulphur from the fluid, as pyrite precipitates in the microcracks, acted to
lower gold solubility and promote re-precipitation of gold. Such interactions explain why there is an
association between gold and pyrite in fractures in arsenopyrite and why remobilisation can occur over
short length-scales. Nonetheless, as long as some sulphur remains in the fluid, gold can also be
mobilised greater distances. We therefore suggest that the gold found in the microfracture networks in
deformed quartz veins was derived from the gold-bearing arsenopyrite, implying remobilisation
distances exceeding several tens of meters as the fluids evolved to higher sulphur content through
reaction (Fig. 10). The fluid migrated along cleavage planes, grain boundaries and wall rock
microfractures to the quartz veins. Folding and fracturing of the quartz veins established an
interconnected microfracture network and created a hydraulic gradient, causing fluids to migrate into
the microfractures in quartz vein fold hinges where high grade oreshoots ultimately developed (Fig.
10).

5.3. Global Implications

Given that both Ni and Co are transported as chloride species (Liu etal., 2011; Liu et al., 2012; Tian
et al., 2012), typical orogenic fluids, which have 3-7 wt.% NaCl equivalent (Ridley and Diamond,
2000), should be capable of providing sufficient quantities of these metals to cause the observed
replacement at Obuasi and elsewhere. However, these metals are not evenly distributed in the crust, so
the late fluid would need to interact with some mafic or ultramafic material in which these metals are
considerably more abundant. These rock types are relatively abundant in Archean and Proterozoic crust,
so this process of late remobilisation may be common to many gold deposits. Indeed, gold is found in
fractures in arsenopyrite at numerous occurrences around the world (Cook et al., 2013; Essarraj et al.,
2001; Morey et al., 2008; Mumin et al., 1994), and in the few cases where trace element concentrations
of Ni and Co have been measured, it can be seen that there are late Ni and/or Co rich overgrowths on

arsenopyrite and adjacent Au in fractures (e.g., Fig. 6 in Cook et al., 2013; Fig.7 in Morey et al. 2008).
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6. Conclusions

In the Obuasi gold deposit, interaction between an early generation of gold-bearing arsenopyrite and
a later generation of low volume, relatively low fS; fluid, carrying aqueous NiCl,, initiated replacement
reactions in arsenopyrites and liberated gold in solution. During this reaction, liberation of sulphur from
the arsenopyrite and precipitation of ankerite increased the solubility of gold and silica significantly,
allowing gold to be transported over distances exceeding 50 m. The folding and fracturing of the quartz
veins drove the fluid migration into and through the fold hinges of the quartz veins and promoted

precipitation of polymetallic sulphides and native gold in the fracture network of the quartz veins.
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Figure list:

Figure 1: (A) Geology of northern Ghana Paleoproterozoic basement (simplified from Allibone et al.,
2002). The Obuasi giant deposit is located in the Kumasi Group metasedimentary rocks close to the
contact with the Sefwi Group volcanic greenstones of the Ashanti belt. (B) Typical mineralised and
laminated quartz vein, containing wall rock fragments, from Obuasi underground drive, level 30#1
Crosscut 318; (C) Microphotograph of the sediment sample DF038 (phyllites). Gold-bearing
arsenopyrites are surrounded by quartz strain shadows parallel with S20p, and refolded by S3op; (D) BSE
image of mineralised quartz vein sample DF091b, native gold precipitated along muscovite cleavage
planes and developed in fractures crosscutting the quartz veins. The dominant fracture is parallel with
the hinge line of S3o, crenulation cleavage; (E) Textures in gold-bearing arsenopyrites (BSE sample
318-15). The arsenopyrite grains are euhedral and native gold is present in microfractures and grain
boundary regions. Apyany has a higher atomic mass; (F) Fracture in quartz vein filled with gold and

accessory sulfides (sample DF099 - BSE image).

Figure 2: Backscattered electron images showing internal arsenopyrite textures. (A) to (C) the Apyq)
grains are cut by Apyay. Apyar has a brighter BSE response indicating higher average atomic mass (in
this case enriched in arsenic); (D) late generation Pyqiy postdating the arsenopyrites; (E) and (F)
Arsenopyrite aggregates studied in further details in figures 3, 4 and 5. Native gold is present in

microfractures in Apy or at grain boundaries.

Figure 3: Sample 215-7b arsenopyrite aggregate. (A) Synchrotron XFM RGB image (Red, Calcium;
Green, Iron; Blue, Arsenic). The aggregate is composed of arsenopyrites with interstitial pyrites and
ankerite. The matrix is composed of muscovite, chlorite and quartz; (B) Synchrotron XFM RGB image
(yellow, Au; blue, Ni). The sulphides are gold-bearing arsenopyrites (Apya) and Ni-enriched pyrites
(Pyamy). In Apyqy, the gold content is zoned with high concentrations in epitaxial overgrowth regions,
whereas the cores are gold-poor. Ni is enriched in both the interstitial Pyqiyand the Apyay rims, parallel
with microfractures and grain boundaries. The grain boundaries and Apyqr are contoured in red. (C) to
(H) NanoSIMS elemental maps of Apy zones indicated on (B). (C) and (F) ®Ni®2S distribution; (D and
(G) ¥Au distribution; (E) and (H) composite RGB image (yellow, *’Au; blue ®°Ni*2S). Apyq rims are
gold-poor and Ni enriched. They cut across the fine, micron scale gold-rich oscillatory zoning of Apy,

with sharp irregular boundaries. Native gold particles are located in a healed microfracture.

Figure 4: Arsenopyrite in crenulated phyllites (sample 215-20). (A) Backscattered electron image, the
grain boundaries of Apyq, Apyayand Pyqny are contoured in red. Position of figures (C), (D) and (E)
are indicated; (B) Coloured EBSD map showing crystallographic misorientations in the range 0-10° of

arsenopyrite and pyrite. Subgrains developed in the arsenopyrite are marked in black. The pyrite
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remains undeformed. There is no change in crystallographic orientation where Apyq) changes to Apy;
including preservation of the zones of crystal-plastic deformation. (C) NanoSIMS map of ®Ni%S
showing Ni distribution; (D) NanoSIMS map of **’Au; (E) NanoSIMS composite RGB image (yellow,
197 Au; blue ®©Ni*2S). The Apyar is gold-poor and crosscuts the fine, micron scale gold-rich oscillatory
zonation of the arsenopyrites. Ni-bearing Py is located in the healed microfracture and the width of

Apyan is up to 3 times greater in the areas associated with high densities of misorientation observed on

(B).

Figure 5: Sample 215-7b arsenopyrite aggregate 2. (A) Synchrotron XFM RGB image (Red, Calcium;
Green, Iron; Blue, Arsenic). The aggregate is composed of arsenopyrites with interstitial pyrites and
ankerite. The matrix is composed of muscovite, chlorites, ankerites and quartz; (B) Synchrotron XFM
RGB image (yellow, Au; blue, Ni). The sulphides are gold-bearing arsenopyrites (Apy(), with small
replacement zones of nickeliferous arsenopyrite (Apyar) and Ni-enriched pyrites (Pyany). In Apyq), the
gold concentration is zoned with higher concentration in epitaxial overgrowth whereas the cores are
gold-poor. The grain boundaries and Apy are contoured in red. Position of NanoSIMS elemental maps
are indicated (Fig. 6); (C) Au and Ni concentrations along the A-A’ traverse. In the microfracture
labelled in (A), the high Au and Ni values reflect the presence of native Au and Pyan. The Au
concentration is below detection limit in the Apyq;y while the Ni distribution show an edge of high
concentration near the sharp contact with Apyq). In Apyq), Au concentrations attain 2000 ppm, whereas
the Ni concentrations decrease from approximately 750 ppm to below detection limit toward the centre

of the grain.

Figure 6: NanoSIMS elemental maps of Apy zones indicated on figure 4. (A) and (B) composite RGB
image (yellow, *’Au; blue ®°Ni®2S). The Apyq is gold-poor and cuts across the fine, micron scale gold-

rich oscillatory zoning of Apy(. Native gold particles are located in a healed microfracture.

Figure 7: pH-Eh activity diagram for the predominant Au (A) and Ni (B) speciation at 350 °C, 2k bar.
The solution contains CI- (a=0.065), SO4*~ (6=0.03), Fe?* (a=0.01), and 1ppb-10ppm amount of Au* or
Ni2*. The dashed blue lines show the boundary of different sulfur species, the dashed green lines show
the field of Fe minerals as redox buffer. The solid red line and yellow line indicate the boundary of the
predominant Au or Ni species (with 1 ppb to 10 ppm Au or Ni in the solution the thick, red to yellow
dash lines). The pentlandite stability field represents the domain that Ni is predominantly stable as a

solid sulphide mineral phase (arsenopyrite in our case study).

Figure 8: Impact of the addition of sulphur to the fluid by changing logfS,(g) from -15 to -6 at 350 °C,
2k bar (e.g. as the arsenopyrite replacement reaction occurs sulphur is released). The initial reactant

contains 1 kg H20, 1 molal CI-, 10 molal Ni?*, 10 molal Fe?*, 1 g native gold, 1 g arsenopyrite and
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some Na* to balance the charge. The pH is fixed at 7 and the initial logfO, of -33 is chosen for the
reaction. (A) The total amount of Ni and Au in the solution. (B) The stable mineral phases as the reaction

proceeds.

Figure 9: Reaction removing CO, from the fluid as carbonate precipitates. Temperature of 350 °C,
2k bar containing 1 kg H.0, 1 molal HzS(aq), 1 molal CI-, 10 molal Ni?*, 10° molal Fe?*, 1 g native
gold, 10 g quartz, 1 g calcite and some Na* to balance the charge. The pH changes from 5.7 to 8 as the
reaction proceeds, and logfO, changes from -28.9 to -30, depending on the amount of CO; in the system.
(A) The total amount of Au and Si dissolved in solution as CO; is removed from the fluids; (B) Change
of pH and oxygen fugacity during reaction; (C) Concentration of important sulfur speciation and the

total sulfur concentration in the fluids.

Figure 10: Interpretation of arsenopyrite alteration, metal remobilisation and native gold precipitation
in fracture networks and quartz vein fold hinges. (A) The arsenopyrite-hosted mineralisation is equally
distributed along the strike of the veins. The highest gold grades and native gold are hosted in the F3op
fold hinges of the quartz vein. (B) Partial crystal-plastic recrystallisation of the arsenopyrites was
synchronous with D30, (Fougerouse et al. in press). This microstructure and intragranular
microfractures allowed fluid infiltration and psuedomorphic replacement of Au-rich Apy with Ni-
bearing but Au-barren Apy. Psuedomorphic replacement also occurred on undeformed boundaries of
the grains. Ni-enriched pyrite crystallised synchronously in intragranular microfractures; (C) Low
volume Ni-bearing fluid migrated pervasively in the wall rock, along the S3oy cleavage planes, grain
boundaries and microfracture networks, facilitating reaction and leading to release of gold and S into
the fluid; (D) Native gold precipitates in fracture networks in the previously formed quartz veins, as

well as microcrack networks in the wall rock to a lesser extent.

Table list:

Table 1: Electron microprobe analysis of different domains of Apy in Wt%. BDL refers to “Below

Detection Limit” (230 ppm). Modified from Fougerouse et al. (in press).
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