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INTRODUCTION

Gold is a key strategic commodity for Australia; we are the world’s 2™ largest gold
producer, and we survived the Global Financial Crisis better than any other developed nation
because we have a strong resources industry with ties to China. Orogenic gold deposits
have contributed over 75% of the gold recovered globally through history (when placers are
included; Phillips & Powell 2015), and Victoria contains one of the richest orogenic gold
regions ever discovered. Victoria therefore represents an important piece in the puzzle of
understanding this deposit type.

Orogenic gold deposits mainly form in metamorphic rocks in the mid- to shallow crust
(5—-15 km depth), at or above the brittle-ductile transition, in compressional settings that
facilitate transfer of hot gold-bearing fluids from deeper levels (Goldfarb et al. 2005). The
term “orogenic” comes from the envisaged accretionary tectonic setting for these deposits
(Groves et al. 1998). A key aspect of this setting is that earthquakes and aftershocks control
transfer of weakly oxidised, low-salinity gold-bearing fluids to the sites of ore accumulation
(e.g. Micklethwaite et al. 2010). This concept implies that fluids are able to rapidly traverse
large thicknesses of crust, but the consequences have not been properly investigated from a
geochemical or thermodynamic perspective. This rapid rise takes the fluids out of equilibrium
with their surroundings, promoting destabilisation of the gold-carrying hydrosulfide
complexes. However, the chemical cause of gold precipitation is highly debated, and
mechanisms such as fluid-rock reaction (Evans et al. 2006), phase separation (Weatherley &
Henley 2013), fluid mixing (Bateman & Hagemann 2004), and chemisorption onto the
surfaces of pyrite and arsenopyrite (e.g. Méller & Kersten 1994) have been proposed.

Although the question of the cause of gold deposition is approachable because we
sample the rocks where precipitation occurred, there remains a remarkable disconnect
between our understanding of fluid flow and that of the geochemistry controlling metal
precipitation. Researchers focusing on structural controls tend to invoke pressure and
temperature change as the dominant control on metal localisation (Weatherley & Henley
2013; Bateman & Hagemann 2004), whereas geochemists tend to focus on local scale
changes in fluid chemistry driven by interaction between fluids and rocks (Evans et al. 2006;
Moller & Kersten 1994). To our knowledge, no research group has ever examined how the
scale of fluid migration influences the chemistry of the fluid, with the goal of explaining the
observed mineralogical controls on metal deposition. It is important to close this first-order
gap in understanding because it occurs exactly at the scale of mineral exploration —
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explorers want to know where metal is concentrated within a known structural system; the
structure alone does not explain this, and nor does geochemistry.

To approach this problem we need to examine a natural system where a range of
significant gold deposits are exposed at different crustal levels in a relatively simple
structural setting. The best natural system in Australia for this is the Victorian Goldfields
because there are significant variations in mineralisation style exposed at different crustal
levels, most deposits have simple structural histories, and there is no debate as to whether
fluids are igneous or metamorphic; they are clearly metamorphic because there are no
intrusions of comparable age (Phillips et al., 2012). By using the Victorian goldfields as a
type example, we hope to develop new insights into gold deposit formation in slate belts
globally. Our team is currently undertaking an ARC Linkage project supported by the
Geological Survey of Victoria and Kirkland Lake Gold Ltd, to improve the understanding of
gold deposit genesis across a range of scales in Victoria, with the aim of improving mineral
exploration success. This paper reports on part of our work to date, focusing on new silver
isotope data for a range of deposits across Victoria, which informs the larger scale view of
gold deposit genesis across the Victorian Goldfields.

SILVER ISOTOPES AS A TOOL FOR INVESTIGATING REGIONAL GOLD SYSTEMS

Since 2010, the most exciting advancements in orogenic gold genesis have come in the
area of understanding the source region processes responsible for generation of
gold-bearing fluids. The question of where the gold comes from is difficult to answer because
the potential sources are distant to the gold deposits that we sample. Although other
possibilities have been debated, there are now considered to be two plausible sources for
the gold in these deposits: (1) metamorphic rocks, from which gold-bearing fluids are
liberated as temperatures increase; and (2) felsic-intermediate magmas, which release fluids
as they crystallise (Tomkins, 2013). Gold-bearing magmatic-hydrothermal deposits are
characterised by significant enrichments in a range of elements as well as gold, including
variable proportions of S, Cu, Mo, Sb, Bi, W, Pb, Zn, Te, Hg, As, and Ag (e.g. Goldfarb et al.,
2005). Such deposits have been referred to as gold-plus deposits and likely inherit much of
the metal budget from magmatic sources (e.g. Phillips & Powell 2015). In comparison, most
orogenic gold deposits fall into the alternative gold-only grouping, and are considered to be
more enigmatic in origin; they are characterised by elevated S and As, and have only minor
enrichments in some of the elements listed above. Most gold deposits in central Victoria fall
into the gold-only grouping and are thought to have formed from metamorphic fluids
(Thomas et al. 2011; Wilson et al. 2013). However, there are some deposits (such as
Fosterville and Costerfield) that have a gold-arsenopyrite association overprinted by a later
generation of gold-stibnite-bearing quartz veins.

Amongst proponents of the metamorphic source model there has been vigorous debate
over the last five years on the ideal source rock. Some suggest that hydrated, pyrite-bearing
mafic rocks are the best source for fluids and gold (Phillips & Powell 2009; Wilson et al.
2013), whereas others suggest that pyritic carbonaceous sedimentary rocks can generate
much more fertile fluids than mafic rocks (Large et al. 2009; Tomkins 2010; Pitcairn et al.
2015). For both mafic and metasedimentary source regions, the most fertile fluids are
generated during low-pressure metamorphism at the transition between greenschist and
amphibolite grade metamorphism, which constrains the tectonic settings where gold
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deposits are likely to form (Tomkins 2010), and thus exploration models. The deposits in the
Victorian goldfields are underlain by ~15 km of carbonaceous turbidites, which sit above a
~20 km thick package of mafic volcanic/sedimentary rocks (Willman et al. 2010; Cayley et al.
2011). Because of these factors, and there are no intrusions of equivalent age to the
deposits, Victoria is an ideal place to investigate the source rock question. One way to solve
this problem is to identify a geochemical tracer that identifies the source of gold beyond
doubt, and we have investigated the potential of Ag isotopes for solving this problem.

We have investigated variations in silver isotope compositions in Ag-bearing gold grains
from 10 deposits across Victoria (Figure 1). The conceptual basis for this research was as
follows. In turbidites, the sequestration of gold, silver and arsenic into diagenetic pyrite
involves bacterial sulfate reduction in a deep-sea setting, and this biogenic process may
fractionate silver isotopes ("“’Ag and '®Ag) to produce a distinct isotopic range, as it does in
other isotopic systems. In contrast, metabasalts should contain mantle-derived Ag, with
relatively little variability in isotopic signature. Currently available data imply a mantle value
for €' of -2.2 (Schonbachler et al., 2007), but there are no data yet for meta-turbidites. A
key aim of this study was to determine whether source isotopic signatures could be
preserved during ore metal transport and deposition.
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Figure 1 Geological map of the primary gold producing belts in Victoria, showing the locations of
mines that gold samples were selected from. '’Ag/'®Ag ratios are shown in red numbering
associated with each deposit.

Eighteen gold samples from the 10 Victorian deposits were prepared by sectioning
specimens with a steel scalpel. Dissolution and ion exchange chemistry were conducted at
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the Curt-Engelhorn-Zentrum Archaometrie (CEZ) located in Mannheim, Germany. A detailed
summary of these procedures can be found in Brauns et al. (in prep). Ag isotope analyses
were carried out on a ThermoFinnigan Neptune Plus MC-ICP-MS. ""Ag/'®Ag ratios were
corrected for instrumental mass bias by normalising to '®Pd/'Pd = 1.18899. The mass
bias-corrected '“’Ag/'®Ag in unknowns were normalised to the average of the '"’Ag/'®Ag in
bracketing runs of NIST SRM 978a. Typical in-run precisions were <20 ppm (20), and
external precision for Ag standards run as unknowns was * 20 ppm (20).

LARGE VARIATION IN SILVER ISOTOPES IN VICTORIAN GOLD

An unexpected large range in silver isotope values resulted from the above analyses.
Silver concentration in the gold samples varied from 0.43 to 13.35 wt%, Pd/Ag ratios were
effectively zero for all specimens, and Cu concentration was 9 to 400 ppm. '’Ag/'®Ag ratios
range from -6.6 to +8.3 £'°’Ag for the entire sample suite (14.9 ¢ units). These data, despite
being from a single geologic terrane, deposit type, age, and host rock composition, exhibit
the largest spread in ¢'°’Ag recorded in an ore_delposit study; the value of +8.3 s1°7A9 for one
sample is higher than any previously re orted;{gP X % ial sam:pqéf.’umpe data for the Viclorian

P 9 yp yrep DIJf?eﬁJs compared with the global database.
USING Ag ISOTOPES TO
UNDERSTAND THE TRANSPORT
PATHWAY

There are essentially two main
end-member gold deposits in the
Victorian  Goldfields in terms of
mineralisation style. The Fosterville
deposit has most of its gold contained in
the crystal structure of very fine-grained
arsenopyrite (“refractory gold” in 0.5 — 2
mm crystals) that is disseminated
throughout fault-bounded sandstones
and shales (with increasing depth more
visible gold appears), whereas the
Bendigo deposit has coarse nuggetty
gold that is only found in quartz veins,
with little gold in coarse disseminated
arsenopyrite (1-2 cm crystals). Ballarat and the Castlemaine goldfields have characteristics
that sit between these end-members, with some visible gold in veins and some refractory
gold. Stawell is more structurally complex and sulfide rich, with gold particles commonly
attached to moderately coarse arsenopyrite. All are hosted within a thick sequence of
variably graphitic turbidites. Fosterville formed at shallow crustal level and is hosted in
sub-greenschist facies rocks, whereas Stawell formed at the deepest crustal level of all
deposits in Victoria, hosted in upper greenschist facies rocks; a series of thrust stacks has
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Figure 3 Interpretation of a seismic section through western Victoria, showing the thrust
stack system that comprises the Stawell and Bendigo zones (from Willman et al. 2010).

created a regional system that shallows in blocks from Stawell in the west to Fosterville in
the east Bendigo Zone (Fig. 3).

The deposits in the Bendigo Zone all formed from metamorphic fluids (there are no
granites of equivalent age; Phillips et al., 2012) above the same package of source rocks
(Fig. 3), in structurally similar settings, and within host rocks that are geochemically the
same. Thus, if source region isotopic signatures are preserved during ore metal transport
and deposition this is one of only a few places in the world where the same isotopic
signatures would be expected in each deposit. The fact that there is large variability in silver
isotope values for gold within this district (Figs. 1, 2) therefore implies that silver isotopes are
fractionated on the transport pathway and/or at the sites of deposit formation. By extension,
gold is also likely to be affected by whatever process is controlling this fractionation, since
Au and Ag are intimately associated in these deposits.

The small mass difference between '"’Ag and 'Ag means that extensive isotopic
fractionation in this system is unlikely to result from mass-dependent processes. In the
absence of mass-dependent fractionation, the most likely mechanism capable of driving the
observed fractionation is known as the nuclear volume effect; essentially, this is fractionation
associated with switching between oxidation states of an element, in this case between Ag°
in gold and Ag® in hydrothermal fluids. Greater fractionation is seen when more stages of
dissolution and precipitation occur. If Ag® is dissolved from native gold into a fluid where Ag+
is complexed with CI~ or HS™ (Seward et al., 2014), some fractionation will occur, and the
inverse fractionation occurs during the reverse, as metal is precipitated from fluids. In
addition, silver can be incorporated into sulfide and particularly sulfosalt minerals as Ag®,
where it is more commonly found than gold; Au® can occur in trace quantities in arsenopyrite
and As-rich pyrite, whereas Ag* occurs at percent levels in many sulfosalts. Where Ag* from
a fluid complex is incorporated into a sulfide or sulfosalt as Ag*, there is no fractionation
associated with the nuclear volume effect. In the natural system where native gold
coprecipitates with sulfides, some Ag® will have been precipitated in gold and some Ag* in
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sulfides in a given fluid infiltration event, creating variability in the extent of isotope
fractionation. At Fosterville gold was coprecipitated with a range of minerals that typically
incorporate minor Ag* (e.g., Fig. 4), so variable extents of Ag isotope fractionation must have
occurred during ore formation. However, if deposit formation was a simple process of
extraction of metal from a source, transport
with no modification, and precipitation of ore

Fig. 4 Gold associated with a range of minerals, the extent of Ag isotope fractionation
other ore minerals in a Fosterville quartz would be small, perhaps not detectable.
vein (BSE image). Instead, the strong variability in isotopic

signature across the Bendigo Zone requires
that Ag, and by extension gold, are
precipitated, redissolved, and reprecipitated
multiple times during the processes leading to
ore accumulation. This must happen on the
fluid transport pathway, but the question of
whether it occurs over a large crustal depth
range, or through remobilisation proximal to
the deposits, is still open. One might expect,
however, that Ag isotope variation would be
greater in deposits like Fosterville where the
Ag budget is contained in gold + sulfides, relative to Bendigo, where native gold dominates;
this is an area of our ongoing research.
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