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ABSTRACT  

Pyrite (iron disulphide) is ubiquitous in economic gold deposits where it is often precipitated 

at every paragenetic stage during mineral deposit formation. Pyrite can also accommodate a 

wide gamut of elements over an extensive range of pressures, temperatures, and oxygen and 

sulfur fugacities. Gold can also be accommodated in pyrite either as inclusions or physically 

within the crystal lattice. This thesis investigates the possibility of using pyrite crystals to track 

and monitor changes in geochemistry during hydrothermal deposition, in particular Au-ore 

formation.  Studying pyrites from varied geologic deposits and experimental settings, the 

globally observed relationship between As and gold will be investigated. 

The Au-deposit Wallaby (WA) is a major deposit which exhibits 5 generations of mineralised 

veins that each contain pyrite. Trace element concentrations acquired using LA- ICP MS, 

coupled with micro-scale δ34S SHRIMP- SI analyses (3µm) has demonstrated that pyrite 

displays progressive and systematic changes in geochemistry, particularly in respect to As and 

nickel. Thus, pyrite can be used as a monitor of changing redox conditions. The ability to trace 

gradual changes in ore deposit chemistry during formation (indeed within single crystals via 

core-rim relationships) allows for new information on where and how an element of interest 

was deposited. This has wider implications for ore exploration.  

Argo (WA) is a mesothermal lode gold deposit which exhibits fluid-rock interaction 

culminating in 4 mineralised veins. All veins contain pyrite and the later stage veins contain 

pyrrhotite. Similarly to Wallaby, trace element analyses via LA- ICP MS and δ34S SHRIMP- SI 

analyses have shown changes in the pyrite geochemistry however, the appearance of 

pyrrhotite, a competing Fe-S mineral, causes these trends to differ. This study documents how 

co-precipitation of related minerals can greatly influence the concentrations of trace 
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elements in pyrite and how partition coefficients may be successfully employed to better 

understand these changes and relate these to systematic changes relative to Au deposition. 

The S and I Type granites of the Lachlan Fold Belt are best known for classification systems 

based upon bulk chemistry. While rare, sulfides such as pyrite are observed in these granites. 

Due to their limited abundance, pyrites have not been investigated thoroughly in the LFB 

granites and as such present an excellent opportunity to use a single mineral approach using 

LA-ICPMS and SHRIMP-SI in an attempt to delineate pyrites based on redox.  The trends 

observed in the pyrites of the LFB granites suggest a wider control on partitioning of elements 

into sulfides and how this is linked to ore deposit genesis.   

At Wallaby, Argo and the Lachlan Fold Belt Granites, high As pyrites were related to Au in 

reduced conditions. Currently there is no clear understanding of what drives the mode or 

tenor of gold deposition over a range of redox conditions in the presence or absence of As. 

How Au oxidation states may be related to gold transport is also unclear.  The experiments in 

this thesis aim to provide understanding into how a gold deposit bearing pyrite, may form (in 

particular Carlin type). Experiments are set over a range of oxygen fugacities and use CVT for 

crystal synthesis. Crystals were doped with As, Au0 and Au+.  While As and Au (regardless of 

oxidation state) were shown to covary, although As and Au concentrations in pyrite increased 

systematically with reduction in experiments starting with As+Au0, in runs starting with 

As+Au+ concentrations decreased with reduction. This contrasting behaviour is controlled by 

the mode of gold deposition, i.e whether gold deposits as free gold or within the pyrite 

structure.  

The results demonstrate the usefulness of pyrite as a monitor of reduction over a range of 

geological settings. This implies a wider universal control on pyrite deposition which this 
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thesis investigates. The trends observed in both the natural and experimental studies 

potentially explain why some magmatic rocks are more likely to host ore bodies and how 

factors influencing mineralisation can affect the tenor of differing ore deposit types.  
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1.  INTRODUCTION 

1.1 INTRODUCTION 

Pyrite, iron disulfide, forms over a range of conditions and can contain Au and other trace 

elements in concentrations of significant economic value (Abraitis et al., 2004; Deditius et al., 

2014). The association between Au and As in pyrite is well established, yet is not fully 

understood with relation to oxidation-reduction (redox). Pyrite is found over a range of 

diverse geological settings, and the systematic variation in trace elements within pyrite likely 

records information about the depositional conditions, particularly redox. This thesis aims to 

investigate ore deposition over a range of redox conditions utilizing pyrite as a sensor and to 

subsequently systematically explore the effects of redox changes on pyrite trace elements.  

1.2 THESIS STRUCTURE 

This thesis is set out in a modern style where each chapter is written as an independent 

research paper. Each paper links to the thesis’ general theme (redox effects on pyrite trace 

element attenuation) and builds towards answering particular questions about pyrite in ore 

systems as detailed in the aims section.  The Appendices for each paper are located at the 

end of this thesis and the pertinent references can be found at the conclusion of each chapter. 

The layout is as follows: 

1. Introduction and Background Information 

2. Published Paper 1 – Trace element and sulfur isotopic evidence for redox changes 

during formation of the Wallaby Gold Deposit, Western Australia 

3. Paper 2 - Trace element partitioning between pyrite and pyrrhotite as a monitor of 

fluid evolution at the Argo (WA) Gold Deposit  
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4. Paper 3 - The link between granites and hydrothermal ore deposits: the Lachlan Fold 

Belt granite connection 

5. Paper 4 – Redox controlled variation of Au and As in synthesised pyrite  

1.3 AIMS 

1. To test trace element suites and sulfur isotope data (a known oxygen fugacity sensor) 

within natural pyrite from hydrothermal gold deposits and from a selection of S & I 

type granites. Sample sites were chosen to best reflect systematic changes in pyrite 

chemistry relative to changes in redox. 

2. To use a process modified from Lenher (2006) to grow pyrite crystals containing gold 

and/or As over a range of oxygen fugacities (log fO2 -4 to -24).  This was designed to 

track how Au and As attenuation in pyrite varies with redox conditions and how these 

two key trace elements interact within pyrite. These experiments were also designed 

to establish if the oxidation state of Au affects its uptake into pyrite.  

3. The outcomes of the small-scale analyses of natural experimental pyrites will be 

related to large scale depositional processes in metallic mineral deposits. 

1.4 LITERATURE REVIEW 

Pyrite – A Global Context 

Pyrite (FeS2), is a versatile mineral found in sedimentary, igneous and metamorphic rocks 

((Craig et al., 1998; Mann et al., 1990).  Pyrite is often formed during late stage crystallisation 

and has been shown to survive high-grade metamorphic conditions. It can have a range of 

micro-textures and crystal attributes that reflect structural and depositional characteristics of 

its geologic setting (Craig et al., 1998). Trace and minor element impurities in pyrite can cause 

different patterns of chemical zoning in pyrite i.e concentric zoning such as that observed at 



18 
 

WARD PHD THESIS 2020 

Porgera (PNG) (Peterson and Mavrogenes 2014) and simple to complex overgrowth patterns 

at Gilman, Colorado (Craig et al., 1998). These patterns are indicative of changing geochemical 

conditions during deposition. An incredible range of trace elements have been found within 

pyrite, including Au, As, Sb, Hg, Ni, Co, Cu, Tl, Ag, Zn, W, U, Pb, Bi, Se and Te (Abraitis et al., 

2004; Reich and Becker, 2006). However, in gold deposits, where As-rich pyrite and 

arsenopyrite are identified as the most likely minerals to host gold (Cook and Chryssoulis, 

1990), the As-gold connection is of great economic importance.  Recent studies have also 

indicated that plastic deformation experienced by pyrite may influence the concentration of 

trace elements such as As and Co found within the crystals, thus establishing an alternate 

diffusion mechanism (Dubosq et al., 2019; Fougerouse et al., 2019; Wu et al., 2019). Pyrite 

forms as a function of its depositional environment and the sulfur isotopes and trace element 

budgets of pyrite are sensitive to changes in reduction. So, analysis of the trace elements and 

sulfur isotopes within individual crystals provides insights into how ore deposits formed.   

Sulfur isotopes have been utilised in Cu-Au porphyries to quantify the redox of mineralising 

fluids and/or intrusive bodies  (Deyell and Tosdal, 2005).  Four stable isotopes of sulfur 

(32,33,34,36S) exist in nature (Thode, 1970) but only two (32 and 34) are routinely used in ore 

deposit studies. Isotope fractionation, or deviation of these ratios relative to the Canyon 

Diablo meteorite, can occur due to pH, temperature and/ or oxygen fugacity, thus providing 

an indication of large - scale geological process attending mineral deposition (Ohmoto, 1972; 

Rye, 2005; Thode, 1970). The 32/34S ratio is a robust indicator of these changes in pyrite 

(Ohmoto, 1972; Thode, 1970; Zheng, 1991). The sulfur fugacity of a hydrothermal ore fluid 

can also limit the δ34S of pyrite (Ohmoto, 1972). Sulfur isotopic analysis provides an indication 

of the physio-chemical parameters from which a crystal formed. In zoned crystals, small spot 
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measurements are able to track changes in the ore forming fluid as crystallisation progressed. 

This provides a record of incremental changes in fluid over time.    

Optical microscopy and bleaching techniques reveal pyrite zoning and modes of gold 

occurrence. Bleached samples from the Suurikuusikko deposit, Central Lapland highlighted 

both Au inclusions and systematic zonation patterns. Subsequent leaching of these samples 

yielded 4% Au available from ‘free gold’ and 57% from ‘bound’ gold, the remaining gold 

sequestered in other minerals (Kojonen and Johanson, 1999) demonstrating the extreme 

variability  of concentration mechanisms for Au in pyrite. Trace element zone mapping using 

micro- PIXE (Particle induced X-ray emission) of pyrite from the mesothermal Saldania Belt 

(South Africa) highlighted geochemical zonation across pyrite surfaces that showed barely 

perceptible petrological differences. Interestingly, ‘invisible Au’ at core-rim boundaries 

between As-rich and As-poor pyrite zones were interpreted as gold deposition via electro-

chemical precipitation (Belcher et al., 2004). Further, these pyrites showed zonation in other 

trace elements (Sb, Ni, and Pb), supporting the idea that physical conditions during formation 

can greatly affect trace element attenuation in pyrite and as such, are a valuable source of 

depositional information. It is increasingly common for pyrite to be used to identify key stages 

during ore formation via trace element and textural similarities, as observed in Archean 

Yilgarn (WA) deposits (Godefroy-Rodríguez et al., 2020; Godefroy-Rodríguez et al., 2018) and 

employed to infer other information i.e the geochemical conditions of ancient ocean beds 

(Gregory et al., 2019). 

Archean Witwatersrand Basin pyrites have distinct trace element zonation patterns (in 

particular, Sb, Mn, Au, Ag, Tl, Mo and Cu) and textural differences between paragenetic 

stages. These features identified two modes of gold in pyrite which define a depositional 



20 
 

WARD PHD THESIS 2020 

history (Agangi et al., 2015).  δ34S and δ33S data combined with textural and trace element 

trends from pyrite showed significant differences between pyrite generations, dependent on 

fluid source(s) and modes of deposition in the Witwatersrand Basin.  This suggests that 

geochemical features of pyrite yield important information regarding depositional 

environment and conditions during ore formation. 

The Dexing (China) Cu Porphyry deposit contains copious pyrite with strong oscillatory zoning 

of either Cu-rich or As-rich zones (Reich et al., 2013).  This complex chemical zoning resulted 

from trace elements, such as Cu, As and Au, residing in solid solution or as micro-inclusions. 

The alternating zones of Cu- and As-rich pyrite show clear decoupling of Cu and As, supporting 

the theory of selective partitioning recorded on a small scale as a result of fluctuating 

hydrothermal ore fluid conditions.  This suggests that systematic changes in fluid are clearly 

recorded, even in trace concentrations, and observed on small scales within crystal zones. 

Thus, pyrite makes a robust monitor for hydrothermal depositional processes.  

Sunrise Dam (WA), an Archean hosted gold deposit formed syn- to post-greenschist facies 

metamorphism (Sung et al., 2009) contains pyrites that display chemical and textural 

differences across mineralisation stages that effectively record fluid history. The pyrites 

contain gold and other trace elements that reflect gradual changes during progressive 

mineralisation events caused by significant structural triggers (Sung et al., 2009).  Close 

examination of the pyrite shows a link between a particular structural event and the highest 

Au and Te (ppm) pyrite concentrations reported in the Yilgarn Province. This led to an 

improved understanding of ore deposition at Sunrise Dam and better exploration targeting. 

Multivariate statistics have been employed to investigate trace element trends in pyrite on a 

large scale at Olympic Dam, showing that this pyrite is clearly defined by two trace element 
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trends and that gold is most likely shown as two different forms at this deposit (i.e free gold 

and as electrum with tellurides) (Dmitrijeva et al., 2020). Co:Ni ratios were vital during 

calculations to determine the two pyrite trends at Olympic Dam.  

Carlin deposits host a significant portion of Earth’s gold (Chen et al., 2014a; Cline et al., 2005; 

Zhao et al., 2020), formed via mass replacement and alteration of silty carbonates. 

Decarbonisation is thought to have destabilised Au and prompted deposition either in solid 

solution or as native gold particles within pyrite (Cline et al. 2005). These pyrite crystals have 

distinct core–rim trace element zoning in As, the boundary of which represents a change in 

hydrothermal fluid that prompted economic gold deposition within As-rich pyrite. This 

precipitation of gold is believed to have been caused by a change in redox. How these metals 

are transported in such high concentrations is still not clear. Understanding the 

physiochemical processes that lead to high concentration of gold sequestering into pyrite will 

help targeting gold in the future.  

Why is pyrite important in Gold deposits and how is it related to Au-As trends? 

Chen et al. (2014) found that 85% of the gold present in the 102 gold deposits they studied 

resided within pyrite. The stoichiometric variability of pyrite is small, however enrichment in 

key trace elements such as As has been reported up to 10 wt % and may influence whether 

or not pyrite can incorporate gold within its structure (Abraitis et al., 2004). While Chen et al. 

(2013) used Density Functional Theory (DFT) to show that invisible gold was most often 

incorporated as Au+ in the pyrite lattice, Fleet and Mumin (1997) maintain that invisible Au0 

may also exist. DFT has shown that the presence of As in pyrite distorts the pyrite structure 

enabling Au+ to substitute directly for Fe by warping the pyrite lattice (As substitution for S), 

this is confirmed by the strong positive correlation seen between As and Au globally (Chen et 
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al., 2013).  An increase in As is shown to increase the reactivity of pyrite, even in the presence 

of other trace elements (Lehner et al., 2007). This supports modelling of pyrite with As and 

Au exhibiting lower energy gaps for reduction by changing  pyrite from a P-type to n-type 

conductor (Chen et al., 2013).   

The solubility of Au, when in the presence of a pyrite- pyrrhotite is understood to be 

controlled by temperature, pressure, pH, oxidation potential and available sulfur (Seward, 

1973). Experiments conducted suggest that gold is transported in hydrothermal fluids as both 

thio- and chloro- complexes and is deposited by destabilising  one of these controls (Seward, 

1973). Gold ions (Au+ and Au+3) are not stable in hydrothermal fluids, consequently Au is 

understood to travel as a chloride or sulfide complex (Liu et al., 2014; Stefánsson and Seward, 

2004).  Invisible gold has been shown to  form via adsorption and reduction of Au3+ to Au+ 

from a chloride solution on pyrite surfaces in a manner that mimics natural observation 

(Maddox et al., 1998; Mycroft et al., 1995). Maddox et al. (1998) suggest that Au3+ in solution 

is reduced by pyrite, whereby surface ferrous iron plus Au3+ produces Au+ and ferric iron via 

adsorption.  

The covalent reaction between Au+ and HS- has been observed (Reich and Becker, 2006) to 

occur due to greater electrostatic attraction with increasing temperature (Stefansson and 

Seward, 2004). Experimental data suggests that adsorption of gold complexes on the surface 

of iron sulfides, such as pyrite, is vital during the formation of gold deposits from 

hydrothermal fluids (Widler and Seward, 2002), thus understanding pyrite deposition over a 

range of redox conditions and how this may affect trace element accumulation is of interest.  

Carlin type gold deposits, orogenic gold deposits and epithermal gold deposits all display a 

strong As- Au relationship in As-rich pyrite, suggesting that As is important during Au ore 
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formation (Liang et al., 2013). Arsenian pyrite is widely understood to contain As1- (Fe(AsxS1-

x)2) and no As oxidation states other than this were found in the Yang-shan Carlin type Au 

deposit (Liang et al., 2013). While As is known to control Au solubility (Reich and Becker, 

2006), the nature of the relationship relative to variable redox conditions and how that may 

influence the pyrite lattice and gold deposition is unknown.  

The speciation of metal sulfides in magmatic, epithermal and hydrothermal systems is largely 

responsible for the deposition of ore deposits.  Reaction modelling of As species and 

comparisons to the Uzon Caldera indicates that As deposition is strongly dependent on 

available sulfur and reduction, in particular the mixing between the ore bearing fluid and an 

oxygenated source (Cleverley et al., 2003).  Research suggests that oxygen fugacity controls 

the As –sulfide stability as As-1 readily substitutes for S in the sulfide lattice.  

Originally, Wells and Mullens (1973) showed minor variations of As in pyrite crystals that 

directly related to Au contents. Fleet et al. (1993), and Peterson & Mavrogenes (2014) showed 

oscillatory growth zoning in pyrites with fluctuating As, Ni and Co contents, supporting the 

idea that pyrite could record information across the entire depositional history.  Pyrite 

containing measurable As is shown to be more reactive that pyrite with Ni, Co or other trace 

elements (Lehner et al. 2007). Higher current responses observed from As-pyrite suggest that 

this trace element may create a more reactive surface on pyrite with which other metals 

react. Analytical data shows the maximum concentration of Au is controlled by a solubility 

curve between solid solution Au+ and micro inclusion Au0 in As-rich pyrite (Reich et al. 2005). 

Seward (1973) suggests that during sulfidation or boiling processes (i.e Carlin vs Epithermal 

style Au), Au may be removed from under -saturated fluids and adsorbed via Au(HS)0
(aq) 

complexes (Equations 1 and 2, Reich et al 2005). 
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Equation 1 Fe(S, As)2 +2Au(HS)0
(aq) = Fe(S,As)2.Au2S0 +H2S(aq) 

Equation 2 Fe2+ + 2HAsS2(aq) + 2Au(HS)0
(aq) +2H2(g) = Fe(S, As)2.Au2S0 +3H2S(aq) +2H+ 

 

Analysis of Carlin- type and epithermal pyrites suggest that while gold is reduced from Au3+ 

during deposition, it remains oxidised at Au+ in the crystallised pyrite (Arehart et al., 1993; 

Fleet and Mumin, 1997b; Reich and Becker, 2006). Gold is concentrated  up to 0.37 wt% in Fe 

deficient, As- enriched pyrites at Deep Star (Nevada), an example of Au substituting for Fe in 

the pyrite lattice, although in this case, the oxidation state of Au is unknown (Fleet and 

Mumin, 1997b). As oxygen fugacity often is the dominant control during ore deposition, it 

raises questions as to whether oxidation state, along with the presence of As, plays a more 

important role in contributing to the formation and tenor of Au deposits than previously 

recognised.  

What does this thesis look like and why does pyrite matter?  

Pyrite and arsenian-pyrite are both important sulfides as they have the potential to host high 

concentrations of invisible gold in ore deposits. Currently, four main factors are understood 

to control the formation of a hydrothermal Au deposit (Mycroft et al. 1995); 

1) Geologic source of the mineralising fluid 

2) Au source 

3) Transport mechanism(s)  

4) Depositional mechanism(s) 
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This thesis explores the notion that despite an adequate source of mineralising fluid and Au 

and a transport mechanism, the chemical controls on deposition are the greatest influence in 

determining the tenor of a pyrite-hosted gold.  

 In an attempt to observe the role of changing redox on Au deposition in pyrite, three case 

studies were selected to ‘fingerprint’ existing trends. The case studies are as follows: 

1. Wallaby – This ore deposit has pyrite in every mineralising stage and contains no other 

Fe-S minerals. The well-established vein paragenesis displays a systematic change in 

redox from hematite to magnetite.  The temperature, pressure and pH were all 

estimated to be relatively constant, thus redox was the main driver of Au deposition.  

This study contained well-formed pyrites at every stage that enabled micro-scale 

SHRIMP-SI analyses to be utilised. This was the first study published to use 3µm spots 

to track gradual change across single crystals.  

2. Argo - This mesothermal lode gold deposit is similar to Wallaby, with pyrite in every 

stage. This deposit also has an established vein paragenesis, however unlike Wallaby, 

the latter stages of mineralisation also contain pyrrhotite. This deposit demonstrates 

the effect of partitioning between two Fe-S minerals during redox driven deposition 

and how this affects gold deposition.  

3. Lachlan Fold Belt Granites – The classification of S- and I- type granites is well 

established and a major difference is contrasting redox conditions. To the author’s 

knowledge sulfides within these granite types have not been investigated for trace 

elements and sulfur isotopes. This study aims to observe similar trace element trends 

(seen in hydrothermal ore deposits) attributed to redox change in pyrite in the two 

granite groups. This will provide valuable information regarding source and possible 
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links to deposits found within the same geological region, maybe answering why some 

granites develop ore deposits, while others do not.  

The final aspect of this research is an experimental study. This research aims to establish the 

relationship between As and gold in pyrite on a small scale and over a range of redox 

conditions. It aims to evaluate the significance of the oxidation state of gold and how this 

might be reflected in natural deposits.  The solid solution conjugate pairs, hematite – ilmenite 

and ulvospinel and magnetite, provide excellent buffers to control oxygen fugacity 

(Buddington and Lindsley, 1964). These demonstrated relationships control oxygen fugacities 

over a wide range and should allow pyrite to form at set oxygen fugacities, similar to 

conditions observed in the environment and with minerals routinely identified in nature.  This 

will provide a better understanding of the role of As in forming gold deposits and better direct 

how we view pyrite in research and exploration. 

1.5 PROBLEMS AND LIMITATIONS 

This thesis has not been without its problems. Enabling a consistent experimental method to 

grow adequate redox controlled pyrites for analyses proved extremely challenging. During 

development, a near complete experimental series of redox-controlled and doped (As and 

Sb) pyrrhotite was created using a temperature controlled gas mixing furnace to control the 

redox conditions during crystal growth, the results of which are not discussed here. Many 

tubes, steel containers and box furnaces also failed during pyrite experimental runs, the 

product of which was great frustration. While crystals were formed within a sealed tube, it 

would have been ideal if they had been removed and mounted relative to other pyrites and 

minerals formed to better comment on any potential textural differences.  
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LA-ICP MS and SHRIMP analyses of Wattle Gully were also conducted prior to the mid-term. 

This crack-seal deposit did not provide a systematic study of mineral deposition and was 

therefore excluded from further work. 
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2.  TRACE ELEMENT AND SULFUR ISOTOPIC EVIDENCE FOR REDOX 
CHANGES DURING FORMATION OF THE WALLABY GOLD DEPOSIT, 
WESTERN AUSTRALIA 

 
 Published Paper – 2017 – Ore Geology Reviews 
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3.  TRACE ELEMENT PARTITIONING BETWEEN PYRITE AND 
PYRRHOTITE AS A MONITOR OF FLUID EVOLUTION AT THE ARGO 
(WA) GOLD DEPOSIT. 

ABSTRACT 

Argo, a mesothermal lode gold deposit in Western Australia, records extreme fluid-rock 

interaction that produced systematic changes to sulfide trace elements across all vein 

stages. Vein paragenesis established 4 pyrite bearing vein events, displaying systematic 

changes in chemistry in a manner similar to the Wallaby Au mine, WA (Ward et al. 2017). 

However, changes in trace element concentrations across the Argo paragenesis differ due 

to the appearance of co-existing Fe-(As)-S minerals in the late stages.  Unlike typical Au-

bearing pyrite deposits, at Argo, the highest Au concentrations do not correlate with the 

highest As concentrations. This is attributed to co-precipitation of pyrrhotite affecting the 

trace metal budget of pyrite. The presence of additional Fe-S sulfides, i.e pyrrhotite, 

systematically alters observed trends. In such cases, the pyrite/pyrrhotite partition 

coefficient (D), in particular for As, Ni and Au clearly tracks chemical changes. At Argo, D of 

Ni, Co and As decrease through time whereas Au increases. Thus DAu/DAs or DAu/DNi 

accurately monitor changes in the sulfides relative to Au deposition.  This systematic change 

with time is a potentially powerful exploration tool. 

3.1 INTRODUCTION 

Argo, a Neoarchean greenstone-hosted mesothermal lode gold deposit situated 90 

kilometres south-southeast of Kalgoorlie in the St Ives gold region (Western Australia) (Figure 

3.1) which is reported to have yielded over 45 t of gold (McGoldrick et al., 2013a; Prendergast, 

2007). The combined Argo- Athena- Hamlet Deposits are estimated to have contained 3.7Moz 

(Ovens, 2014). This deposit is hosted within an Archean volcano-sedimentary sequence in the 
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Norseman- Wiluna Greenstone Belt (NWGB) which is part of the broader Eastern Goldfields 

Province (EGP), a major component of the Yilgarn Craton reported to contain at least 15 of 

the world’s largest gold deposits (Crawford, 2011; Hageman and Cassidy, 2000). In 1994 this 

deposit was developed as an open pit (130m depth) and later (2003) an underground mine 

by Goldfields Ltd (Ovens, 2014).  A series of anticlines within the Kambalda region controlled 

mineralising fluid pathways at Argo. Gold deposition is likely to have been prompted by a 

reduction of the ore fluid causing destabilization of gold complexes during pressure variations 

established by a “fault-valve” system (Blewett et al., 2010; Cox and Ruming, 2004; McGoldrick 

et al., 2013a).  This study tracks pyrite chemistry through time with respect to co-precipitating 

pyrrhotite.  

 

Figure 3.1: (left) Major gold deposits of the Archean Yilgarn Craton of Western Australia (modified from 
Crawford 2011 modified from Cox et al., 2004). (Right) Simplified geological map of Argo including major 
structures in the area, including the D1 thrust, D2 fold trends and D3 regional faults. The locations of faults 
interpreted from regional magnetic data are shown as blue dashed lines. The gold deposits in the area cluster 
in and around the Playa Fault and within the core of the D2 Kambalda Anticline. The Argo deposit is remote 
from the main Playa region and hosted within the Condenser Dolerite. 
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The Argo deposit experienced four deformation events (D1-4) that coincide with the four 

representative vein sets containing variable amounts of native Au and Au (and associated 

trace elements) in pyrite. The Argo deposit formed over millennia (the main gold event 

occurring 2680-2625Ma) over a range of redox conditions (Crawford, 2011).  Pyrite is present 

in all vein stages at Argo, and provides a sensor of changes in fluid chemistry (Ward et al., 

2017). This geochemical change is observed through a change of Fe-oxides with subsequent 

stages i.e hematite in stage 1 and magnetite, pyrrhotite and minor arsenopyrite in later stages 

(2-4) (Figure 3.2 and Figure 3.3).  

 

Figure 3.2 SEM image of Sample AS21776-1 showing co-existing pyrite-pyrrhotite in Stage 4 mineralisation 

file:///C:/Users/Sam/Desktop/REDOX CONTROLLED TRACE ELEMENT ATTENUATION IN PYRITE_DECEMBER2020.docx
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Figure 3.3 XPL 100µm image of Sample AS21287 showing co-existing pyrite-pyrrhotite in Stage 2 
mineralisation. Red line denotes LA-ICP-MS traverse.  

Redox in particular, has been shown to control sulfur isotopes of pyrite, pyrrhotite and 

arsenopyrite (Godefroy-Rodríguez et al., 2018; LaFlamme et al., 2018; Ward et al., 2017).  At 

Wallaby (WA), where pyrite is the only iron sulfide, sulfur isotopes and trace elements reflect 

changing redox conditions (Ward et al., 2017). The py-po assemblage is established elsewhere 

in the Archean terranes of WA to reflect reducing conditions via sulfur isotopes (Oroya and 

Mt Charlotte), and the hm-py assemblage to reflect oxidising conditions (e.g. Finniston)  

(Godefroy-Rodríguez et al., 2018; LaFlamme et al., 2018), At Argo, on the other hand, fluid 

redox transitioned from hm-py to py- po in the later stages. We suggest that trace element 

partitioning between coexisting iron sulfides significantly alters established pyrite trace 

element trends independent of sulfur isotopic signatures. This is due to the competition for 

trace elements during crystallisation as shown by partition coefficients for As and Au.  The 

Nernst distribution coefficient has been used between phases to predict the likelihood of 

sulfide ore enrichment in Ni and PGEs (Campbell and Naldrett, 1979), and as this depends on 
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redox, it may be employed to uncover the trace element trends between co-existing iron 

sulfides at Argo.  

Regional and Deposit Geology 

The Argo–Junction deposit is situated on the Western flank of the Kambalda anticline and is 

largely hosted by the Paringa Basalt (7130m thick Mg rich Archean komatiite), Condenser 

dolerite (tholeiitic gabbro) and the volcano-sedimentary Black Flag Group (Cox and Ruming, 

2004; Crawford, 2011; McGoldrick et al., 2013a; Roberts, 1990). The Paringa basalt is intruded 

by the Condenser Dolerite and all hosts are metamorphosed to greenschist facies (McGoldrick 

2013a). Mineralisation occurs throughout the stratigraphic column at Argo, concentrating in 

the granophyric zone within a series of faults (Argo Fault System, AFS) at the Northern end of 

the deposit (Cox and Ruming, 2004; Crawford, 2011; McGoldrick et al., 2013a; McGoldrick et 

al., 2013b; Myers, 1997; Nelson, 2008). The regional antiform is overturned towards the north 

west, creating a sink for ore fluids (Blewett et al., 2010). Subsequent shearing resulted in 4 

stages of deformation and mineralisation, as seen in the vein sequences (Extension, 

Stockwork, Breccia and Fault –fill veins).  

Deformation Events and Mineralisation  

As mentioned, the Argo Fault System (AFS) consists of four distinct structural events (Figure 

3.1, Figure 3.4 and Figure 3.5) recorded by four vein sets best observed within the core of the 

AFS, where they are clearly distinguishable through mineralogy and overprinting 

relationships. These structural events and their related vein type are as follows: 
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D1 – Stage 1 Veins – developed within the shear zones resulting in extensional quartz-

calcite veins (<1cm thick) with chlorite-biotite-quartz-plagioclase-ilmenite-rutile alteration 

and minor pyrite, chalcopyrite and hematite within compositional banding parallel to 

foliation. Pyrite crystals are dominantly euhedral with sulfide inclusion-rich rims and cores 

containing silicate inclusions.  

D2 – Stage 2 Veins - are a stockwork vein system (Fe-Dol-Qz) in the core of the shear 

zone. Pyrite and minor pyrrhotite fill fractures within the stockwork of brecciated veins. Vein 

selvages typically contain muscovite-biotite-calcite alteration assemblages. 

D3 – Stage 3 Veins – are Au-bearing quartz-calcite fault fill veins and extensional veins 

in regional shears (displacement of the Playa fault) (Figure 3.1). These veins carry sulfides 

(pyrite-pyrrhotite -arsenopyrite-/+chalcopyrite) and native Au. This stage is characterized by 

alteration assemblages of biotite-tourmaline-muscovite, as compositional banding parallel to 

the laminated quartz-calcite fault fill veins. These veins, up to a metre wide, are strongly 

laminated and contain large, euhedral sulfide and gold crystals. This is the main structural 

event at Argo and hosts the majority of the gold. 

D4 – Stage 4 Veins–consist of thin quartz-calcite-biotite extensional veins overprinting the 

centre of the AFS. Pyrite grains on vein edges and in the matrix are commonly associated with 

biotite-tourmaline- calcite alteration. These medium to coarse grained pyrite crystals are 
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similar to those in Stage 3. Stage 4 pyrite crystals are regularly overgrown by un-deformed, 

inclusion-rich pyrrhotite. 

  

Figure 3.4: A) Stage 1 foliation defined by aligned chlorite aggregates and compositional banding of carbonate-
quartz aggregates B) Stage 2 stockwork veins (carbonate-quartz) set in a fine-grained matrix of carbonate, 
chlorite and quartz C) laminated stage 3 quartz vein with thin laminations D) Sub-horizontal stage 4 extension 
vein (centre) cross-cutting a foliated wallrock clast in a stage 3 breccia vein modified after Crawford 2012. 
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Figure 3.5: N-S long-section of the A01 shear zone displaying the mineralised zones sampled. Mineralised 
zones have been constrained using a diamond drilling database and underground mapping by Crawford 

(2011). 

While mineralisation is seen most commonly in the Condenser dolerite, Au and pyrite occur 

predominantly in the Mg-rich Paringa Basalt (McGoldrick et al., 2013a). Significant 

mineralisation is also observed in D3 veins that correlate with regional shearing at 2630Ma 

(Crawford, 2011). Successive faulting developed brittle-ductile shear zones (up to 30m in 

width) that show systematic hydrothermal alteration (Cox and Ruming, 2004; Crawford, 2011; 

Sibson et al., 1988). Cox et al. (2004) assert that increased permeability due to shearing and 

associated pressure drops facilitated the injection of hydrothermal fluids into the host rock, 

encouraging fluid-rock interaction (Cox, 2010; Cox, 1995).  

Whole rock analyses identified pathfinder elements for exploration in the Archean goldfields 

in Western Australia (Prendergast, 2007). While As, Bi, Sb, W and Mo are concentrated in 

structural zones at Argo, the mechanism(s) under which these elements were deposited or in 

what minerals they occur is not well established.  The temperature of the hydrothermal fluids 
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that transported gold have been estimated, by arsenopyrite thermometry, at 300 to 400° C 

(Howe, 2002). The mineral assemblages identified within the Argo deposit suggest the fluid 

was above the CO2-CH4 buffer (Crawford, 2011).  Goldfarb and Groves (2015) established that 

all orogenic Au deposits of single origin, regardless of age, are of similar chemical composition 

with pH estimated to be near neutral at 5.5 (Goldfarb and Groves, 2015). 

Cox et al. (2004) established that high fluid flux during active deformation enhanced 

permeability enabling lode gold deposition.  This is thought to occur near the seismic-aseismic 

transition, at between 300° and 450°C(Groves, 1993).  Crawford (2011) proposed factors that 

facilitated mineralisation at Argo, including large-scale pressure changes, wall rock interaction 

and fluid mixing. The host rock at Argo shows crystal overgrowths (replacement textures) and 

structural deformations that suggest wall rock interaction as the dominant mechanism for Au 

deposition.  This study aims to identify progressive change in the sulfur isotope patterns in 

successive pyrite generations at Argo and link this to any observed trace element chemistry 

changes. This study while focussing on pyrite has identified that when a deposit has an 

additional Fe-S mineral, such as pyrrhotite, inherent mineral chemistry and the geochemical 

conditions primarily drives trace element concentration in iron sulfides.  

Sulfide bonding is complex relative to oxide and silicate due to the reduced electronegativity 

of S in comparison, bonding is primarily serviced via molecular orbital formation by way of 

sharing electrons to satisfy valence requirements (Nesse, 2009). Particular trace elements like 

Ag, Co, Ni and Pb have preference to concentrate in Fe-S minerals (Hawley and Nichol, 1961). 

While Co is shown to preferentially concentrate in pyrite to pyrrhotite and Ni in the latter,  

which Fe-S minerals the elements will concentrate in appears to be dependent on the 

geochemistry of the deposit (Hawley and Nichol. 1961). Pyrite typically has a structure similar 
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to halite while pyrrhotite has a pseudohexagonal structure and often substitutes 2Fe3+ + □ 

(vacancy) for 3Fe2+, this leads pyrrhotite to being able to concentrate a significant percentage 

(13%) of Fe sites for other similar sized cations in comparison to pyrite (Nesse, 2009).   

Arenopyrite is a sulfarsenide, where As and S act as anions, it forms similarly to marcasite 

(similar to pyrite) and often replaces Co for Fe (Nesse, 2009).  Understanding that trends in 

pyrite can only be understood by observing the entire Fe-S system present is novel and while 

this study attempts to uncover some of the preferential partitioning behaviour between Py-

Po, further work is required to better delineate partitioning coefficients.  
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3.2 METHODOLOGY 

Sample Selection 

Samples were selected from Matthew Crawford’s PhD collection. Crawford (2011) used 

structural relationships to establish veining paragenesis at Argo (Figure 3.4). Samples of all 

mineralised stages were selected from the stores at The Australian National University (ANU). 

Stages were categorised in the field based upon regional knowledge, cross-cutting 

relationships, mineral assemblages and micro-textures observed in veins identified 

previously. As Argo’s mineral assemblage shows progressive reduction, expressed by the 

disappearance of hematite (after stage 1) and the appearance of pyrrhotite (in stage 2) 

(Toulmin III and Barton Jr, 1964), these minerals established redox conditions and guided 

selection of pyrite samples that best reflect this incremental change. Micro differences in 

pyrite stages can be observed in Figure 3.7.  The electron microprobe at ANU (Cameca SX 100) 

was used during identification and selection to investigate quantitatively whether Argo 

exhibited significant or measureable zoning in minor trace elements commonly observed in 

Au ore deposits. Emission dispersive spectrometry (EDS) was used to map element zonation 

and while weak or limited patterns were occasionally observed, all pyrites were identified to 

be generally homogenous (Figure 3.6). 
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Figure 3.6: EDS microprobe images: Stage 3 Sample 12005 a) Fe showing rim depletion b) Co rim enrichment 
c) Assymetric Ni zonation; Stage 3 Sample 276 d)  Co rim enrichment e) Fe rim depletion f) Sulfur 

 

Figure 3.7: A) Sample 033, well-formed Stage 1 pyrite with fracture filled by quartz vein, cracks on pyrite 
surface from faulting observed B) Sample 276, anhedral Stage 2 pyrite with minor inclusions in the centre of 
the crystal C) Sample 12005, euhedral Stage 3 pyrite trace inclusions D) Sample 234, Stage 4 pyrite with larger 
inclusions observed across the pyrite surface. 

Samples were cut, set in mounts and polished to ¼µm and studied by reflected light 

microscopy, Scanning Electron Microscopy (SEM), Laser Ablation Inductively Coupled Mass 

Spectrometry (LA-ICP-MS) and Sensitive High Resolution Iron Micro-Probe Stable Isotope 

(SHRIMP-SI). 
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SHRIMP-SI  

SHRIMP-SI was used to measure δ34S using a 3µm spot on aluminium coated polished mounts 

for a selection of stage 1-4 pyrites over a 24-hour period (Appendix 1 Table 3.2). Pyrite from 

Ruttan, Manitoba (δ34S 1.2 per mil, Crowe and Vaughan 1996) was used to standardize each 

session and was analysed at the start, after every 6 spots and at the conclusion of each 

session, with standard analyses all within error. SHRIMP –SI analyses used 2 detectors with 

data acquired through 10 separate integrations of 10 seconds.  Total error on samples was 

+/- 0.18 per mil for all pyrites analysed. Samples were polished and cleaned in an ultrasonic 

bath after the SHRIMP analyses to remove any remnant Al on the surface or in pits. All 

measurements are relative to Canyon Diablo Troilite (CDT). 

LA-ICPMS 

Multiple pyrite grains from all 4 stages and pyrrhotites from stages 2-4 were selected by 

reflected light microscopy and SEM to avoid inclusions, LA- ICPMS traverse counts per second 

(CPS) were observed to ensure grains were relatively homogenous and so able to represent 

the true value of the grain (Figure). Pyrite grains were then analysed at the Research School 

of Earth Science at the Australian National University by an Agilent 100 LA-ICPMS system using 

a 20µm traverse to acquire average trace element concentrations across a crystal’s surface at 

a rate of 1µm per second. The LA-ICP-MS operated using a ‘time slice’ method outlined in 

Longerich et al (1996a). This method enables the identification of anomalous trends that may 

be caused by mineral inclusions (Figure 3.8).  
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Figure 3.8: XPL image at 100µm showing Stage 4 pyrite from sample 364 with CPS from LA-ICPMS overlain to 
show relative homogeneity in element traces. 

Pyrite and pyrrhotite crystals were ablated by a Lambda Physik Laser ablation system and 

traverses were selected to avoid large inclusions, however small (under 10s) spikes due to 

mineral inclusions were unavoidable. This ArF laser operated at 193nm with an energy output 

of 45mJ. The sample was initially transported in a H-He-Ar mixture to the Agilent Technologies 

7700 series quadrupole. NIST SRM -610 and iron sulfide pellet MASS-1 were employed as 

standards and measure at the beginning, after every 6 traverses and at the conclusion of the 

session. These standards were then compared to published values (Jochum et al. 2005) to 

ensure acceptable homogeneity for the elements analysed. Iron was used as the internal 

standard normalisation element. Elements analysed include 59Co, 60Ni, 65Cu, 77Se, 82Se, 49Ti, 

51V, 55Mn, 64Zn, 75As, 95Mo, 107Ag, 118Sn, 121Sb, 130Te, 182W, 197Au, 208Pb, 209Bi and all produced 
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results within error and limits of detection (Appendix 2 Table 3.3 and Table 3.4).  Raw CPS 

signals were reduced using Iolite and Igor Pro (6.34A). The aim of this software is to minimise 

operator errors during processing and to normalise the unknown samples to known 

standards.  

Trace element ratios of pyrite were calculated using the absolute element concentration of 

individual pyrites and then an average determined for each pyrite stage to reflect the group. 

This was completed to determine if systematic changes in trace element concentrations are 

seen across stage 1 to stage 4 pyrites.  

Pyrrhotite was only observed between stage 2 and 4 in the Argo samples. Partitioning 

coefficients between pyrite and pyrrhotite were determined using py and po average trace 

element concentrations from each vein stage. These changes in trace elements, if found to 

occur simultaneously with changes in sulfur isotopes may be attributed to redox and the 

preferential partitioning of trace elements.  
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3.3 RESULTS  

(APPENDIX 2 CONTAINS ALL RESULTS) 

Stage 1 pyrite δ34S range from -0.36 to 3.47 per mil (Figure 3.9), with the highest average 

concentrations of Co (4126 ppm), As (1880 ppm), Sb (6.11ppm) and Pb (112ppm). Stage 2 δ34S 

pyrite ranges from 3.37 to 6.45 per mil, and the highest average concentrations of Mg (189 

ppm), Ni (748 ppm), Zn (29 ppm), Sn (0.46ppm) and W (54 ppm). Stage 3 pyrites have a δ34S 

range of 4.15 to 9.3 per mil, and the highest average concentration of Cu (412 ppm). Stage 4 

pyrites show the greatest δ34S range (5.67 to 12.29 per mil) and the highest average 

concentrations of V (24 ppm), Mn (9 ppm), Mo (24 ppm), Ag (116 ppm), Sb (6 ppm), Te (21 

ppm) and Au (5 ppm). 

 

Figure 3.9: δ34S vs pyrite stages 1-4 (left to right) measured by SHRIMP-
sample traverses. Error bars are shown (no more than 0.8 on 3 micron burns), although most errors plot within 
data points. 
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Gold and Mo concentrations increase systematically across the 4 stages, while As 

concentrations decrease (Figure 3.10). Cobalt, Pb and Pt concentrations decrease towards 

stage 4.  Silver and Te concentrations increase with each stage. Manganese, Zn, Sn, Sb and Ni 

concentrations all increase by stage 4. Bismuth and W concentrations do not change across 

generations. 

 

Figure 3.10 Box and whisker plots of Au (left), and As (right) of pyrite across the paragenesis, as measured by 
LA-ICPMS. 

Stage 2 pyrrhotite has the highest Zn (1160ppm), Mo (0.73ppm), Ag (5ppm), Sn (61ppm), Sb 

(27ppm) W (1600ppm), Au (12) and Pb (550 ppm) concentrations. Stage 3 pyrrhotites are the 

highest in Ni (1417ppm) and Bi (0.52ppm). Stage 4 pyrrhotites are the highest in Pt (62ppm), 

Te (17ppm), Se 82 (94ppm) Se 72(52ppm), As (325ppm), Cu (44ppm) and Co (2479ppm).  Co 

concentration increases systematically throughout.  

Partition coefficients (D) defined below (Equation 1) determined for the pyrite-pyrrhotite 

pairs in Stages 2, 3 and 4 are listed in Table 3.1 for As, Co, Ni, Au and Sn concentrations. 

Equation 1 D (partition coefficient) = Concentration of I (pyrite)/ Concentration of I (pyrrhotite) 

 A systematic decrease in D of As, Co and Ni is seen from stage 2 to 4 (Table 3.1 and Figure 

3.11). There is also a gradual increase in D of Sn and Au from stage 2 to 4. Au preferentially 
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partitions into pyrrhotite in Stage 2 and pyrite in stages 3 and 4. The highest average gold in 

pyrite occurs in stage 4. The ratio of DAu/DAs shows a consistent decrease (Figure 3.11). In 

Stage 3 the ratio between the two coefficients is 1, which is the only stage containing high-

grades of native gold. This ratio is highest in Stage 4, which contains the highest 

concentrations of gold in pyrite.  

Table 3.1: Partitioning Coefficient (D) for the pyrite –pyrrhotite pairs for stages 2,3 and 4 at Argo ( *denotes 
where pyrrhotite becomes dominant) 

 

 

 

Figure 3.11: A) Line plot depicting the change of DPy (partitioning coefficients) between pyrite and 
pyrrhotite with the successive stages. 
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The clearest changes in trace element concentration are observed via the ratios in Figure 3.12. 

As/Ni, Co/Ni, Pb/W and As/Sb all display broad trends decreasing from Stage 2 to 4. The 

opposite is observed in Ag/Zn.  

 

Figure 3.12: Box and whisker plots of element ratios of pyrite across four pyrite stages A) As/ Ni, B) Co/Ni, C) 
Pb/W, D) As/Sb and, E ) Ag/Zn. 

 

Progressive change of sulfur isotopes (Figure 3.9) and trace elements (Figure 3.12) in pyrite 

are recorded within individual crystals in every stage of the vein paragenesis. Progressive 

changes in trace element abundances are observed between Stages 2- 4 of the vein 
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paragenesis, specifically the appearance of pyrrhotite. These changes in trace elements 

between subsequent pyrite and pyrrhotite vein generations are attributed to gradual wall 

rock alteration and reduction of the fluid, prompting deposition (Bath et al., 2013; McGoldrick 

et al., 2013a; Palin and Xu, 2000). Trace element relationship between co-existing pyrite and 

pyrrhotite reflects gradual reduction observed at Argo and resulted in the deposition of 

economic gold.   
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3.4 DISCUSSION 

Trace element and isotopic trends at Argo, WA 

The sulfur isotopes were acquired using a small spot (i.e 3-10 µm) thereby minimising 

averaging across pyrite zones. The results observed display a significantly greater range in 

δS34, i from 12.2 to -0.36 ‰ rather than that identified by Crawford for Argo (3.1-7.3 ‰ ) and 

Neumayr et al. (2008) for the nearby St Ives region (5.1 to -8 ‰). Sulfur isotopes of each pyrite 

stage overlap the previous set, supporting an incremental change of sulfur across the 

generations. The variation from negative Stage 1 pyrites to positive Stage 2 pyrites is 

consistent with the mineralogical changes seen from hematite in stage 1 to pyrrhotite in all 

subsequent stages. 

Sulfur fugacity affects the transport and fractionation of metals in magmatic- hydrothermal 

fluids (Pokrovski et al., 2008; Pokrovski et al., 2005). It has been suggested that at relatively 

low temperatures (350-400°), low concentrations of sulfur can effectively mobilise and 

concentrate metals such as Cu, Au and Pt within acidic solutions enabling them to bind with 

reduced sulfur species such as H2S (Pokrovski et al. 2005). Reduction due to bacteria in the 

Archean Witwatersrand basin was shown to trap Au in pyrite as ‘invisible Au’ and accumulate 

trace elements such as Sb, Mo, Ag, Mn and Cu (Agangi et al., 2015).  Argo has a thick lithologic 

column (approximately 7km) providing an ample source of Fe and continual fluid input 

delivers consistent sulfur.  

Moving from the Py-Hm-Mt triple point on Error! Reference source not found. towards the 

Py-Po-Mt triple point, regardless of temperature and pressure, is achieved via reduction of 

oxygen and sulfur (Crerar et al. 1978) . This mineralogical change defines the Argo system, as 
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pyrite and pyrrhotite are co-precipitated, we can assume that the changes in pyrite trace 

elements are due to changing fO2 and partitioning between the two phases.  

 

Figure 3.13: Fe-S-O stability diagram at 350 Celsius and 1 Bar. Horizontal arrow depicts change in oxygen 
fugacity within pyrite and pyrrhotite while diagonal arrow depicts changes in oxygen and sulfur fugacity in 
pyrrhotite. 

The changes in partitioning between pyrite and pyrrhotite are then the result of reduction in 

oxygen and sulfur fucagity.  The change in oxygen fugacity is much greater than the change in 

sulfur fugacity. We assume a constant sulfur fugacity as there is continuity of the assemblage 

FeS2 +/- FeS, however we suggest that there is a desulifidation process occurring during 

progressive deposition of each stage of pyrite. Oxygen fugacity during stage 3 and 4 of the 

main gold event is most likely controlled by the following equation; 

4Fe3O4 +O2 ⇌ 6Fe2O3 (Einaudi et al. 2005) 

De-sulfidation of the fluid is best controlled by the following equation: 
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2FeS +S2 ⇌ 2FeS2 (Einaudi et al. 2005) 

The interaction between oxidation and de-sulfidation is shown in the following equation of 

Crerar et al. (1978); 

0.5Fe3O4 + 1.5FeS2 ⇌ 3FeS + O2 (g) (Crerar et al. 1978) 

The pH as discussed previously, is weakly acidic and is most likely controlled by silicate 

assemblages or CO2 pressure (Hall, 1986). Thus, during Au deposition (i.e in the presence of 

FeS2- FeS) the reduced equation can be written as; 

0.5FeS + 0.25FeS2 + H2O ⇌ 0.25Fe3O4 + H2S(aq) (Crerar et al. 1978) 

By buffering the fluid’s oxygen fugacity and ensuring sulfur is reduced (H2S), gold bi-sulfide is 

stable (Loucks and Mavrogenes, 1999).  

Au (s) + 2H2S(aq) = HAu(HS)0
2 + 0.5H2 (aq)  (Hayashi and Ohmoto, 1991) 

Thus, reduction and desulfidation (i.e removal of sulfur from the fluid) is the main driver for 

gold deposition.  

Pyrite trace elements show systematic changes, the most significant between Au and As. It is 

expected that in a pyrite-only system, Au and As are coupled during crystallisation, thus as 

gold deposition occurs via reduction, so too should As. This is not the case as As decreases 

with respect to Au concentration. There were no observable As-S minerals in the samples 

collected, so it follows that As partitioned into pyrrhotite and arsenopyrite.  With the co-

precipitation of Fe-S, ratios previously understood to follow redox changes in pyrite are not 

as clear, i.e As/Ni , Co/Ni and Pb/W (Figure 3.12 A, B and C)(Ward et al., 2017).  More sensitive 
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trends in As/Sb and Ag/Zn appear to better track systematic redox changes in pyrite in a multi-

Fe-S sulfide deposit (Figure 3.12 D and E).  

Neumayr et al (2008) assert that gold is destabilised and deposited consistently where fluids 

of contrasting redox mix. As previously stated, the greatest concentration of Au at Argo is 

attributed to the D3 structural event, which resulted in significant structural deformation and 

subsequent episodic fault-valve behaviour. Only stage 3 veins contain native Au with co-

precipitated pyrite and pyrrhotite. We assert that Argo underwent continual delivery of 

hydrothermal fluids that interacted with the host rock resulting in systematic reduction, 

rather than the mixing of two fluids. The partition coefficient for Au for stage 2, 3 and 4 

displays this relative redox change and identifies that sulfide assemblage plays a vital role in 

trace element behaviour. 

The role of partitioning during deposition 

The relationship between high gold and high As concentrations is well established (Belousov 

et al., 2016; Deditius et al., 2014; Peterson and Mavrogenes, 2014; Pokrovski et al., 2008; 

Ward et al., 2017). At Wallaby there was no significant competition for chalcophile trace 

elements such that Au crystallised with arsenian pyrite due to the preferential electro-

chemical configuration i.e, As ion is postulated to be more electro-negative then S (2.58), 

thereby attracting Au. At Argo the high gold concentrations in pyrite do not correlate with the 

highest As concentrations in the same pyrites but rather, contain less Au. The difference in 

trace element behaviour of Argo vs Wallaby is shown in Figure 3.14.  Pyrite As/Ni increases at 

Wallaby, but decreases at Argo. This is due to decreasing partitioning of As between py and 

po at Argo (Table 3.1), which is also observed for Co and Ni which prefer arsenopyrite and 

pyrrhotite respectively (Hawley and Nichol, 1961).  
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Figure 3.14: A) Boxplot of increasing average As ppm in each consecutive mineralised pyrite stage at Wallaby 
during gradual reduction B) Boxplot of decreasing As ppm in each consecutive mineralised pyrite stage at Argo 
during gradual reduction 

We explain this trend through two mechanisms; preferential partitioning between sulfides 

driven by mineral chemistry and competition for similar sized atoms to fill vacancies. The 

gradual change in partition coefficients for As between stages 2 to 4 and the appearance of 

arsenopyrite (FeAsS) in Stage 3 provided further competition for As. Antimony also readily 

substitutes for S in pyrite (Abraitis et al., 2004) and is expected to mimic the behaviour of As, 

although it appears to partition more strongly into pyrite at Argo (Table 3.1).  Mineral 

structures and electronegativity are also a likely driver of element partitioning. Nickel strongly 

partitions into pyrrhotite since it is ferromagnetic and is attracted to magnetic minerals such 

as pyrrhotite. At Wallaby, Ni displays the same trend with redox, in that Ni partitions into 

pyrite under oxidising conditions but is not found in more reduced assemblages. While 

pyrrhotite was not identified at Wallaby, there is a high concentration of magnetite, which 

also concentrates Ni (Boutroy et al., 2014).  

Mineral structures can also drive partitioning of trace elements by providing appropriate 

bonding angles to accommodate specific trace elements. Thus, despite pyrite (NaCl structure) 

and pyrrhotite (Ni-As structure) both consisting of Fe-S bonds, the lattice in which they sit 

controls the atomic radii able to substitute in, according to Goldschmidt’s rules, thus it follows 

that oxidation state affects the ability of a mineral to accommodate any particular trace 
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element. It is these preferences that control trace element partitioning and this is what 

changes during reduction and subsequent deposition.   

As desulfidation occurred, continuous fluid input provided trace elements of similar atomic 

radii (i.e As and Sb). Pyrite is a versatile mineral that can readily substitute trace elements for 

Fe or S. Thus, if one major element is deficient in a fluid, an alternate element of similar size 

can replace it in pyrite. It is this substitution process that extends the period over which pyrite 

can form during desulfidation. At Wallaby, while desulfidation triggered gold deposition, As 

concentrations significantly increased in pyrite. However, at Argo, arsenic partitioned into 

pyrrhotite rather than pyrite (Table 3.1).This is supported by experiments that show that 

sulfur deficient environments allow greater trace elements, specifically As, enrichments in 

magmatic systems (Simon et al., 2007),  

Co/Ni is considered an indicator of ore genesis (Bajwah et al., 1987; Loftus -Hills  and Solomon 

1967), with ratios in pyrite >5 being of volcanic origin, and  anything below considered 

sedimentary or hydrothermal in origin. Co/Ni at Argo does not exceed 0.3, consistent with its 

hydrothermal origin. At Argo, due to competition between minerals during the latter stages 

of mineralisation, cations such as Co+2 partition into arsenopyrite over pyrite (Gavelin, 1947) 

and Ni+2 partitions into pyrrhotite and/or pendlandite if present (Boutroy et al. 2014). Thus, 

the mineral assemblage rather than source determines Co/Ni in Argo pyrites.  

Comparison to other Archean lode Au deposits 

Archean lode or “orogenic” gold deposits are dominantly controlled by  regional scale 

compressional events related to terrane accretion (Kerrich and Cassidy, 1994; Moritz, 2000). 

Lode Au deposits form via faults that function as hydrothermal fluid conduits (Cox, 2010; Cox 

and Ruming, 2004). Their mineralogy is simple, consisting mainly of quartz, carbonates and 



73 
 

WARD PHD THESIS 2020 

sulfide minerals. The Au - As association in these deposits is beyond question (Belousov et al., 

2016; Deditius et al., 2014; Keith et al., 2018), however while this study confirms that Argo 

contains native gold in veins, as do most Archean deposits, invisible gold is often 

underestimated in other minerals such as pyrite and pyrrhotite. This study outlines how the 

mode of Au precipitation (i.e. free gold vs ‘invisible’ Au) reflects depositional mechanisms. 

Although stage 3 contains native gold, it does not show the highest gold concentrations in 

pyrite or pyrrhotite. Rather, stage 4 pyrites show the highest concentrations of gold and py-

po partitioning coefficients, suggesting that reduction is not solely responsible for the 

deposition of Au in the Fe-S-O system but that the mineral phases control partitioning and 

ultimately Au enrichment.  

Sulfur isotopes have been shown to vary within orogenic gold deposits of all ages and 

locations (Nesbitt, 1991; McCuaig and Kerrich 1998). Moritz (2000) surmises that observed 

isotopic differences are due to varying hydrothermal fluids and wall-rock compositions. We 

assert that the change in sulfur isotopes documented at Argo show the extreme wall rock –

fluid interactions produced by a fault-valve system, which creates predictable redox gradients 

(LaFlamme et al. 2018). Argo is similar to Junction, an orogenic Au deposit of the southern St 

Ives gold region that contains reduced assemblages (Py-Po) (Neumayr et al. 2008), although 

the δ34S range for Argo is greater, most likely due to individual pyrite analyses, as opposed to 

bulk.  

The Argo and Junction deposits flank the relatively more oxidised central St Ives gold deposits 

(Hm-Py- Mt) containing the Victory-Defiance and Greater Revenge Au deposits. The 

traditional view of hydrothermal alteration describes wall rocks undergoing changes on 

different scales, intensity and mineralogy depending on fluid volume (McCuaig and Kerrich, 
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1998), which becomes problematic in deposits with multiple stages of alteration. The reduced 

deposits (Argo, Junction and Wallaby) and the oxidised deposits (Victory-Defiance and 

Greater Revenge) both show Au associated with the most ‘reduced’ mineral assemblage 

(Ward et al. 2017; Neumayr et al. 2008).  At Argo, we distinguish broad groups of 

mineralisation based upon systematic chemical changes in pyrite due to cyclic fluid pumping 

through the deposit, similar to that observed at other St Ives deposits, i.e Wallaby (Ward et 

al. 2017) and Kapai (Gregory et al. 2016). However, at Argo, unlike the other deposits, it 

contains pyrrhotite, such that pyrite chemistry alone does not track ore fluid behaviour.  

Global Context 

The changes in As/Ni, Co/Ni, As/Sb, Pb/W and Ag/Zn seen at Argo are not attributed to nano-

inclusions in pyrite but are attributed to systematic changes within the FeS2 lattice (Deditius 

et al., 2011; Reich et al., 2005). This is similar to the As-rich pyrite and arsenopyrite containing 

‘invisible’ gold at Sunrise Dam, a multi-stage Archean gold deposit in WA (Sung et al., 2009). 

At Sunrise Dam, anomalous trace elements in pyrite are attributed to the host rock and fluid-

wall rock interaction, however the elements of interest include Bi and Te, which are both 

redox sensitive (Skirrow and Walshe, 2002).  Anomalies in Argo’s trace element attenuation 

in pyrite are due to competition for similar substrates during crystallisation in the later stages 

of ore formation.  

The appearance of pyrrhotite at Argo is most likely due to reduction of the hydrothermal fluid 

causing an increased rate of S substitution within the pyrite lattice to account for the deficit. 

At Wallaby (WA), there was higher sulfidation, which prevented the formation of pyrrhotite 

and arsenopyrite. At Argo, where there was competition for trace elements, partition 

coefficients distinguish uneconomic (DAu/DAs = <1) from economic (DAu/DAs ≥1) pyrite stages. 
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Prendergast (2007) suggested As, Sb, W and Mo as pathfinder elements of gold mineralisation 

in the St Ives goldfield. However, bulk analyses often skew data by diluting the concentrations 

of trace elements, while a monomineralic study using trace elements (including ratios) and 

partition coefficients as demonstrated here would overcome dilution.  A significant advantage 

of partition coefficients is their non-dependence on concentration. Thus, significant swings in 

concentrations are avoided by their use.  

3.5 CONCLUSIONS 

Argo, a mesothermal gold deposit, formed within a ‘fault-value’ system, in which 

hydrothermal fluids were episodically pumped through permeable wallrock. This established 

a pattern of continual reduction and resulted in systematic destabilisation of trace elements 

that facilitated ore deposition. Sulfur isotopes support systematic reduction via continual fluid 

interaction. Pyrite is present in every mineralised stage and does not solely track changes in 

the hydrothermal fluid due to simultaneous crystallisation of pyrrhotite. Trace element 

partitioning between pyrite and pyrrhotite clearly shows that preferential partitioning is 

driven by mineral properties (i.e magnetic, crystal structure, electro-static attraction of 

atomic radii) that reflect the redox conditions of the fluid during formation. 

This study has shown that the accepted trace element relationship between pyrite, Au and As 

is not accurately recorded in the presence of pyrrhotite.  

At Argo, partition coefficients better monitor changes in trace element chemistry than pyrite 

concentrations alone. In particular, DAu (Py/Po) increases over successive stages inversely to 

DAs(Py/Po). This suggests that Au preferentially substitutes as bound gold into the most reduced 

pyrite, regardless of As availability.  
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This is similar to gold enrichment at Wallaby WA and suggests a universal pattern in 

hydrothermal gold deposition in redox controlled pyrite-bearing deposits.   

At Argo, pyrite and pyrrhotite indicate that desulfidation during systematic reduction drove 

gold deposition. Gold deposition in pyrite at Argo was likely extended via the scavenging 

nature of pyrite and the availability of trace elements of similar size to sulfur. Further, native 

‘free’ gold was identified in Stage 3 veins, while Stage 4 pyrites held the highest structural 

gold concentrations, suggesting the conditions for ‘free gold’ and structurally bound gold, are 

linked but not coeval. This author surmises that there may be a solid-solution between pyrite 

and Au-S and that once a substitution mechanism for Au is identified, that the concentration 

of Au substituted may be calculated and thus, predicted. However, this thesis can not 

estimate this calculation given the data collected.  

This study identifies there is an element of competition during trace element uptake during 

crystallisation of pyrite. The pattern of trace element uptake in pyrite in deposits such as Argo, 

is similar to behaviour in Au deposits globally.  This further supports a universal mechanism 

controlling trace element uptake in sulfides and thus common drivers for ore deposition, 

while phases present dictate how these trends are expressed. Finally, in orogenic gold 

deposits containing pyrite and pyrrhotite, partition coefficient ratios distinguish uneconomic 

(DAu/DAs = <1), from economic (DAu/DAs ≥1) stages. 
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APPENDIX 1 – DATA STATISTICS  

Table 3.2: SHRIMP- SI  Statistics 
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Table 3.3: Standards from LAICPMS 

 

Table 3.4: Limits of Detection (LOD) from LAICPMS 
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APPENDIX 2 – DATA  

Table 3.5: SHIMP-SI data 

Title 34S/32S 95%T_err wStdErr_95%T_permil Values 

ANU234_1 0.044091257 0.000003 0.07 7.41 

ANU234_2 0.044036352 0.000002 0.05 6.16 

ANU234_3 0.044015013 0.000003 0.07 5.67 

ANU234_4 0.044028805 0.000003 0.07 5.98 

ANU234_5 0.044187988 0.000003 0.06 9.62 

ANU234_6 0.044305146 0.000003 0.06 12.29 

ANU234.2_1 0.044084954 0.000003 0.08 7.27 

ANU234.2_2 0.044051546 0.000003 0.07 6.50 

ANU234.2_3 0.044069172 0.000002 0.05 6.91 

ANU234.2_4 0.044025247 0.000003 0.06 5.90 

ANU234.2_5 0.044023165 0.000002 0.04 5.86 

ANU234.2_6 0.044125113 0.000004 0.09 8.18 

AS21287_1 0.043942358 0.000002 0.06 4.01 

AS21287_2 0.043917863 0.000002 0.05 3.45 

AS21287_3 0.043914224 0.000003 0.06 3.37 

AS21287_4 0.043950361 0.000003 0.07 4.19 

AS21287_5 0.044049262 0.000003 0.06 6.45 

AS21287_6 0.044034384 0.000002 0.05 6.11 

AS21287_7 0.044028835 0.000003 0.06 5.98 

AS21287_8 0.044047756 0.000003 0.07 6.42 

AS21287_9 0.043998442 0.000003 0.07 5.29 

12005A_2 0.044101823 0.000007 0.17 9.21 

12005A_3 0.04404761 0.000007 0.15 8.06 

12005A_4 0.044031874 0.000008 0.19 7.79 

12500A3_1 0.044089892 0.000007 0.16 9.30 

12005A3_2 0.043996622 0.000009 0.20 7.26 

12500A3_3 0.044050025 0.000008 0.18 8.58 

12500A3_4 0.044048399 0.000008 0.18 8.64 

ARGO-276-1 0.043969566 0.000009 0.20 5.52 

ARGO-276-2 0.043961708 0.000009 0.21 5.34 

ARGO-276-3 0.043951962 0.000009 0.21 5.12 

ARGO-276-4 0.043947386 0.000008 0.18 5.01 

ARGO-276-5 0.043994926 0.000008 0.18 6.10 

ARGO-276-6 0.044064898 0.000007 0.16 7.70 

ARGO-276-7 0.044004901 0.000009 0.21 6.33 

ARGO-276-8 0.044102466 0.000009 0.19 8.56 

ARGO-380-1 0.043711888 0.000011 0.26 -0.36 

ARGO-380-2 0.043729537 0.000012 0.27 0.04 

ARGO-380-3 0.043746683 0.000011 0.26 0.43 

ARGO-380-4 0.04371705 0.000015 0.34 -0.25 

ARGO_266_1.1 0.043987261 0.000018 0.41 5.50 

ARGO_266_1.3 0.043977286 0.000017 0.38 5.28 
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ARGO_266_1.4 0.043904045 0.000016 0.36 3.60 

ARGO_266_1.5 0.043960911 0.000014 0.31 4.90 

ARGO_12005A_1.1 0.043927878 0.000018 0.41 4.15 

ARGO_12005A_1.2 0.044071003 0.000015 0.34 7.42 

ARGO_12005A_1.3 0.043980618 0.000020 0.46 5.35 

ARGO_12005A_1.4 0.044147594 0.000019 0.43 9.16 

ARGO_033A_1.1 0.043885171 0.000019 0.43 3.17 

ARGO_033A_1.2 0.043876098 0.000018 0.42 2.97 

ARGO_033A_1.3 0.043895024 0.000017 0.39 3.40 

ARGO_033A_1.4 0.043898372 0.000019 0.42 3.47 

ARGO_033A_1.5 0.043860214 0.000014 0.33 2.60 

ARGO_033A_1.6 0.04385337 0.000016 0.36 2.45 

ARGO_033A_1.7 0.043854882 0.000018 0.41 2.48 

ARGO_033A_1.8 0.043850868 0.000014 0.33 2.39 

ARGO_033A_1.9 0.04385724 0.000014 0.32 2.54 

ARGO_033A_1.10 0.043871892 0.000021 0.47 2.87 

ARGO_033A_1.12 0.043825373 0.000020 0.46 1.81 

 

Table 3.6: Stage 1 Pyrite LA-ICPMS results 
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Table 3.7: Stage 2 Pyrite LA-ICPMS results 

 

Table 3.8: Stage 3 Pyrite LA-ICPMS results 
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Table 3.9: Stage 4 Pyrite LA-ICPMS results 

 

Table 3.10: All stages of Pyrrhotite LA-ICPMS results 
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4.  THE LINK BETWEEN GRANITES AND HYDROTHERMAL ORE 
DEPOSITS: THE LACHLAN FOLD BELT GRANITE CONNECTION 

ABSTRACT 

The establishment of the S- and I-type granite classifications was based upon bulk chemistry 

and silicate mineralogy. Sulfides are commonly identified, albeit in rare abundance.  Pyrite 

is the most common sulfide and hosts a gamut of major and minor elements as a function 

of crystallisation conditions, but has been largely overlooked in the granite story and, due 

to its late formation, provides valuable trace element trends that can be clearly linked to 

redox conditions.  We assert that a single mineral approach using in-situ micro-analysis 

reflects the reduced nature of S-type granites and the exploration potential of specific 

granites may be ascertained. We also suggest that the trends observed in this study suggest 

a universal control on partitioning of elements of economic interest in sulfides. Thus, an 

over-arching redox control on pyrite compositions and the link between redox states of 

granites and associated ore deposit type has been established. 

4.1 INTRODUCTION  

Granites are clearly considered the source of fluids responsible for magmatic-hydrothermal 

ore deposits (Blevin et al., 1996; Hedenquist and Lowenstern, 1994).  However, establishing 

clear links between individual intrusive and specific ore deposits remains elusive. Within 

hydrothermal ore deposits, sulfur isotopes and trace elements of pyrite have been useful 

monitors of conditions attending ore deposition. In particular,  stages or groups of pyrite can 

be effectively monitored by in situ analysis of individual pyrite grains and used to indicate 

geochemical conditions, such as redox (Belousov et al., 2016; Peterson and Mavrogenes, 

2014; Ward et al., 2017). Given that clear redox differences have been established for the I- 

and S-type granites of the Lachlan Fold Belt (LFB) by Chappell and White, late stage pyrite 
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grains from specific granites were selected for in situ analysis. These pyrite grains link the 

magmatic and the hydrothermal stages since they crystallised late yet before fluid saturation. 

Thus, any differences in the redox of the granites reflected in these pyrite grains could control 

the type of mineral deposit formed by the exsolved hydrothermal fluids. 

Within the LFB, S- denotes a supracrustal (sedimentary) granitic source while I- denotes an 

intracrustal (igneous) source (Chappell and White, 1974).  In a similar manner, Ishihara (1998) 

separated granites into the “magnetite” vs. “ilmenite” series. The major difference being their 

relative redox states (Trail et al., 2015a; Whalen and Chappell, 1988). On a basic level, S-type 

(ilmenite) granites contain white feldspar phenocrysts (no Fe3+) while I-type (magnetite) 

granites often contain red feldspars (Fe3+). Thus, S-type (ilmenite) granites are considered 

reduced relative to I-type (magnetite) granites. Suites of previously categorized granites from 

the classic localities of the Lachlan Fold Belt (LFB) of Eastern Australia will be referred to 

herein as of I- or S-type. 

Although ubiquitous in granites, sulfide minerals have generally been ignored, except as trace 

components of bulk analyses. Pyrite, the most abundant sulfide, hosts variable major, minor 

and trace elements, as a function of depositional conditions (Abraitis et al., 2004). This 

information, however, can only be extracted via small-spot in situ analyses. Ward et al. (2017) 

showed that sulfur isotopes and trace elements in hydrothermal pyrite vary with redox 

conditions. The goal of the present study is to determine if pyrite crystals formed within 

oxidized vs. reduced granites are distinguishable by pyrite chemistry, and if this may control 

the type of ore deposit formed by the associated exsolved fluids. 

This paper documents a selection of pyrites from LFB granites analyzed by micro-analytical 

techniques; LA-ICP-MS and SHRIMP-SI. This is the first time that in situ sulfur isotope data has 
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been coupled with trace element trends in pyrites from felsic intrusive suites. Our results 

show clear differences between the 2 populations consistent with a change in redox and/or 

source composition. The trends observed suggest a robust sensor of redox in granites, and 

confirm the long-held belief that these granite types are clearly distinguished by redox.  

Secondly, this study establishes pyrite as a redox sensor able to monitor hydrothermal and 

igneous systems. While zircon monitors redox during high temperature igneous stages, pyrite 

monitors the later stages as the system evolves toward volatile saturation. Finally, pyrite is 

the ideal phase to track the behaviour of chalcophile elements in granitic systems. 

4.2 BACKGROUND 

It is widely accepted that I-type and S-type granites result from melting of different material 

and differing fractionation history (Chappell and White, 1974; Chappell and White, 1992; 

Collins and Richards, 2008). The major element chemistry of S-type granites is high 

peraluminousity (i.e., ASI>1.1) with lower Ca, Na, Sr, Fe3+/2+ and higher concentrations of Cr 

and Ni compared to I-type granites from the same region (Chappell and White, 2001). S-type 

granites also have higher δ18O and more evolved Sr and Nd isotopes relative to I-type granites 

(Chappell and White, 2001; McCulloch and Chappell, 1982). I- and S-type granites, 

traditionally categorised using whole rock geochemistry, often overlap compositionally 

(Blevin et al., 1996; Chappell and White, 1992), except for mafic enclaves in I-type granites, 

which are clearly distinct. Mafic enclaves, the initial phases of granite-magma generation 

(Holden et al., 1991), contain up to 3 times more Ti, Al, Mg, Fe, Ni and REE than their host 

(Chappell et al., 1998; Eberz and Nicholls, 1990). Ascertaining trace element concentrations 

of a single mineral across a suite of samples may uncover trends that have been historically 

overlooked, and clarify the link between magmatic processes and hydrothermal ore deposits 

and provide new insights into the formation of granite-related metallic ores. 
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For chalcophile elements, valence strongly affects melt-sulfide partitioning. Belousova et al. 

(2002b) used redox trends to distinguish most I-type from S-type granites, in particular, Ce3+ 

when Ce4+ (i.e pegmatites), behaves similarly to Zr4+ and is preferentially partitioned into 

zircon over other REE. More recently Trail et al. (2015) and Burnham and Berry (2017) showed 

that Ce anomalies reliably track redox conditions (Burnham and Berry, 2017). In a similar 

manner, hydrothermal pyrite formed during reduction showed enrichments in the redox-

sensitive elements; As, Sb, and Te (Ward et al. 2017), thus, zircon signatures monitor the early 

stages of granite evolution while pyrite captures the late stages. 

A useful measure of redox in granites is the modal abundances of magnetite, ilmenite, pyrite 

and pyrrhotite (Whalen and Chappell, 1988), or the magnetite-ilmenite distinction of Ishihara  

(1998). This distinction seems odd given that magnetite and ilmenite are not mutually 

exclusive phases.  The Fe-Ti ternary diagram (Figure 4.1) clearly shows that under reducing 

conditions (WM for the wustite-magnetite buffer), the stable oxides are titanium-rich at all 

temperatures. However, under the more oxidized conditions of NNO (the Nickel-nickel oxide 

buffer) high temperature (1000°C) magnetitess coexists with titanium-rich ilmenitess but 

during cooling (600°C) the tie-lines rotate to nearly pure magnetite. Thus, oxidised systems 

contain magnetite (+ilmenite) while reduced granites contain no magnetite. An alternative 

method for determining redox conditions during granite crystallization involve directly 

measuring the Fe2+/Fe3+ of powdered rock samples (reported in the Chappell database).   
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Figure 4.1: Fe-Ti oxide ternary, with tie-lines linking coexisting phases as a function of temperature (After 
Lindsley 1991). 

The link between granite type and ore is well established (Chappell and White, 1992; Ishihara 

et al., 1979). The dominant relationships include Sn mineralization associated with highly 

silicic S-type granites and porphyry type Cu and Mo deposits associated with I-type granites 

(Chappell and White, 1992). Plant et al. (1990) linked S-type granites of the Pennine ore fields 

(Central England) to Sn mineralization, mostly due to their reduced nature. Sn2+ is expected 

to be more abundant in reduced melts than in oxidized melts where Sn4+ predominates. The 

large differences in atomic radii between [VI]Sn+2 (0.93 Å) vs [VI]Sn+4 (0.71 Å) control 

substitutions for [VI]Ti4+ (0.79 Å) in minerals such as titanite or rutile, according to 

Goldschmidt’s rules (Ahrens, 1952). Thus, oxidized melts lose Sn4+ to Ti-bearing minerals while 

reduced melts retain Sn2+ until volatile exsolution occurs.  

There are numerous hydrothermal environments in which redox clearly controls partitioning 

of multi-valent elements. Arsenic, for instance, is commonly found in gold-rich pyrite ores., 
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As+3  undergoes reduction on the surface of pyrite as it bonds to both Fe and S (Bostick and 

Fendorf, 2003), resulting in S disproportionation, which promotes cation retention (Bancroft 

and Hyland, 1990). Thus, reduction promotes As precipitation, while Bi on the other hand, is 

precipitated due to oxidation (Skirrow and Walshe, 2002). This raises the question; do trace 

and stable elements in pyrite accurately reflect redox conditions during granite 

crystallisation? 

4.3 METHODOLOGY 

Granite samples were collected from established LFB localities. Samples were chosen from 

the Chappell database and include the most oxidised (Braidwood) and most reduced 

(Jillamatong) examples identified within that collection (Chappell et al., 1991; Trail et al., 

2015b). Sample locations are shown in Figure 4.2 and GPS coordinates in Table 4.1.  

 

Figure 4.2: Simplified geologic map of granitoid types and sampling locations from this study. Red dots indicate 
sampling localities, dark grey = A-type plutons, mid-grey = I-type plutons and light-grey = S-type plutons. 
Image modified after Chappell et al. (1990) 



89 
 

WARD PHD THESIS 2020 

Table 4.1: GPS coordinates of samples and SIAM classification (* Chappell reference number). A full list of 
samples and associated analyses are found in (Appendix 1). 

 

Samples, provided by Nick Tailby (American Museum of Natural History), were cut, set in 

mounts and polished to 0.25 µm and studied by reflected light microscopy, Scanning Electron 

Microscopy (SEM), Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS) and 

Sensitive High Resolution Iron Micro-Probe Stable Isotope (SHRIMP-SI) analysis. A complete 

list of pyrite samples and the analyses performed are found in Appendix 1. 

Multiple interstitial pyrite grains from selected granites were identified under reflected light 

and documented with associated Fe-Ti-Oxides (Figure 4.4). S-type granites saturate in sulfur 

earlier than I-type granites, while, I-type granites contain higher sulfur concentrations pre-

sulfide saturation due to their higher intrinsic oxygen fugacity (Wyborn, 1994). Given that 

pyrite is unstable at temperatures above 750 °C (Kullerud and Yoder, 1959) pyrite only forms 

during the late stages of crystallisation.  Pyrites in this study were selected to avoid inclusions 

and found within fine-grained quartz groundmass and were not observed as inclusions in 

phenocrysts. 

SHRIMP-SI 

SHRIMP-SI was used to measure δ34S using a 10µm spot on Al-coated polished mounts for a 

selection of S and I-type pyrites over a 24-hour period (Table 4.9 Appendix 2). Pyrite from 

Ruttan, Manitoba (δ34S 1.2 per mil, Crowe and Vaughan 1996) was used to standardize the 
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session and was analysed at the start, after every 6 spots and at the conclusion of each 

session, with standard analyses all within error (Table 4.6 Appendix 1). SHRIMP –SI analyses 

used 2 detectors with data acquired through 10 separate integrations of 10 seconds.  Total 

error on samples was +/- 0.37 per mil for all pyrites analysed. Samples were polished and 

cleaned in an ultrasonic bath after the SHRIMP analyses to remove any remnant Al on the 

surface or in pits. All measurements are relative to Canyon Diablo Troilite (CDT). 

LA –ICP-MS 

Pyrite grains were then analysed at the Research School of Earth Science at the Australian 

National University by an Agilent 100 LA-ICP-MS system using a 20um traverse to acquire 

average trace element concentrations across a crystal’s surface. The LA–ICP-MS operated 

using a ‘time slice’ method outlined in Longerich et al (1996a). This method enables the 

identification of anomalous trends that may be caused by mineral inclusions.  

Pyrite crystals were ablated by a Lambda Physik Laser ablation system and traverses were 

selected to avoid large inclusions, however small (under 10s) spikes due to mineral inclusions 

were unavoidable, examples of the laser traces are observed in Figure 4.3 and Figure 4.4. This 

system was operated at 193nm with an energy output of 45mJ. The sample was initially 

transported in a H-He-Ar mixture to the Agilent Technologies 7700 series quadrupole. NIST 

SRM-610 and iron sulfide pellet MASS-1 were employed as standards compared to published 

values (Jochum et al. 2005) to ensure acceptable homogeneity for the elements analysed. 

Elements analysed were selected as they have been commonly studied in relation to pyrite 

and economic ores, they include Co, Ni, Cu, 77Se, 82Se, Ca, Ti, V, Mn, Zn, As, Mo, Ag, Sn, Sb, Te, 

W, Au, Pb, Bi and all produced results within error and limits of detection (Table 4.5 Appendix 

1).  Raw CPS signals were reduced using Iolite and Igor Pro (6.34A). The aim of this software 
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is to minimise operator errors during processing and to normalise the unknown samples to 

known standards.  

 

Figure 4.3 CPS laser trace examples for A) I Type Braidwood granite pyrite sample and B) S- Type Jillamatong 
granite pyrite sample 

Trace element ratios of pyrites were calculated using the absolute element concentrations of 

individual pyrites and then an average determined for each pyrite stage to reflect the group. 

Ratios were determined through likely coupled substitution pairings and observing any trends 

through boxplots of the LA-ICPMS data.  

A B 



92 
 

WARD PHD THESIS 2020 

 

Figure 4.4: Pyrite grains, from A. Braidwood (I-type) with red line indicating laser traverse, B. Moruya (I-type) 
with small chalcopyrite inclusions indicated by red arrow, red line shows laser traverses, C. Mafic enclave 
pyrites from Braidwood (I-type), D. Dalgety (S-type) with red line showing laser traverse and red spots 
showing SHRIMP-SI analysis sites. 
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4.4 RESULTS  

(A COMPLETE LIST OF RESULTS CAN BE FOUND IN APPENDIX 2) 

I-Type Granites 

I-type pyrites yielded a range of δ34S of 0.7-2.7 per mil (Figure 4.5). Relative to S-type pyrite 

averages, I-type pyrites have higher median concentrations of Ni (1090 vs 633 ppm) and Co 

(2777 vs 176 ppm) relative to S-type pyrites (Figure 4.6). Pyrite grains contain minor Cu, As, 

Ag, Pb and Bi, and trace W, Sb, Sn, Mo and V (Table 4.2).  

 

Figure 4.5: SHRIMP-SI results plotted as sample type indicator in red included to show the change in redox 
field.  Total error displayed as error bars. Circle samples are from oxidised (I-type) granites, square samples 
are from reduced (S-type) granites. 
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Figure 4.6 A) LA-ICPMS Ag ppm boxplot for S and I - Type granites B) As ppm C) Co ppm D) Mn ppm E) Ni 
ppm F) Pb ppm G) Sb ppm H) W ppm  

Table 4.2: Trace element and sulfur isotopic comparison of S- vs I-type pyrites. 

 

Pyrites from mafic enclaves in I- type granites can be distinguished by their lower median Ni 

(456 vs. 1513 ppm) and Te (0.3 vs. 4 ppm) than I-type granite pyrites. Enclave pyrites also 

contain higher median V (8 vs. 0.9 ppm), Mn (80vs. 3 ppm), Bi (11 vs.7 ppm), Mo (2 vs. 0.4 

ppm) and As (665 vs. 322 ppm) than I-type pyrites. Sulfur isotopes are indistinguishable 

between I-type granite and mafic enclave pyrites (Figure 4.5). 

 

 

 S Type I Type 

δS34 range 1.8-6 per mil 0.7-2.7 per mil 

Higher concentrations Sb, Zn, As, Au, Sn, Pb, Bi Co, Ni 

Similar concentrations Se, Mo, Ag, Te, W, V, Mn, Cu 
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S-Type Granites 

S-type pyrite sulfur isotopes yielded a range of δ34S from 1.8 to 6 per mil (Figure 4.5). S-type 

pyrites have higher median concentrations of Zn (14 vs. 9 ppm) Mn (53 vs. 35 ppm), Sn (3 vs. 

0.15 ppm), Sb (4 vs. 0.18 ppm), Pb (185 vs. 19 ppm), Au (1 vs. 0.03 ppm), and Bi (63 vs. 9 ppm) 

relative to I-types (Figure 4.6, Table 4.7 and Table 4.8 Appendix 2).  

4.5 DISCUSSION 

Comparison of elemental ratios  

Minor and trace element ratios distinguish pyrites from I- vs S-type granites, but given the 

heterogeneity of trace elements in pyrite, a combination of ratios best discriminates pyrites 

from different populations. Pb/W and As/Ni (Figure 4.7 and Table 4.10 Appendix 3) categorize 

most samples into granite types, but because these ratios partially overlap, plotting a ratio 

against a third redox sensitive element further separates granite types.  As/Ni vs Sb clearly 

distinguish the two populations (Figure 4.6 and Figure 4.7). 
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Figure 4.7: As/Ni vs Sb ppm for S-type and I-type pyrites 

 

I-type pyrites have higher concentrations of Co and Ni than S-type pyrites; however, relative 

differences between pyrite groups are only observed via Co/Ni, where Co/Ni is higher in S-

type than in I-type pyrites (Table 4.10 and Appendix 3). I-type pyrites contain less Sb and As 

compared to S-types (Table 4.7 and Table 4.8 Appendix 2).  I-type samples contain lower Au, 

while the highest Au concentrations are found in reduced granites (average 0.9 ppm) and the 

highest individual Au concentration was found in the most reduced granite sampled, 

Jillamatong (1.2 ppm). 
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Sulfur isotopic trends  

Chappell and White (1992) found that bulk δ18O distinguished granite types, in that S-type 

granites are enriched in heavy oxygen relative to I-type granites. To our knowledge, no 

significant study of LFB δ34S has been completed (Chappell and White, 1992). Sasaki & Ishihara 

(1979) used redox to distinguish magnetite series with bulk sulfur isotopes between 1 and 9 

‰ from ilmenite series with sulfur between -11 and -1 ‰ (Sasaki and Ishihara, 1979).  The 

isotopic trends in the present study also found that reduced granites contain higher δ34S than 

oxidized granites (Table 4.3). We suggest that granites are best divided at the Ni-NiO buffer 

rather than the magnetite-hematite (MH) buffer of Sasaki and Ishihara (1979). LFB pyrites are 

clearly delineated by sulfur isotopes: S-type pyrite have δ34S > 3‰ and I-type pyrite δ34S < 

3‰, which is consistent with S-type granites involving heavy sulfur-rich sediments which 

reduce the magma (Sasaki and Ishihara, 1979; Ishihara and Sasaki, 1973; Chappell, 1974).  

Sasaki and Ishihara (1979) also determined that the mafic gabbros contained δ34S between -

1 and 3 ‰, in agreement with the present study.  

Sulfur isotope fractionation is governed by temperature, pH and reduction-oxidation (Rye and 

Ohmoto, 1974). In magmas we can assume gradual cooling and negligible ‘pH’ change, leaving 

redox as the driver of sulfur fractionation (Rye and Ohmoto, 1974). The use of redox sensitive 

trace elements in pyrite to distinguish granite types may indicate oxygen fugacity 

measurement on a small scale. Burnham and Berry (2017) and Trail et al. (2015) used Ce/Ce* 

from LFB granites to discriminate S-type from I-type zircons based on oxygen fugacity. When 

these Ce/Ce* are plotted against sulfur isotopes from the same samples, the link between 

redox and sulfur isotopes becomes clear (Table 4.3 and Figure 4.8). The same trend is seen 
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when bulk Fe2+/Fe3+ (Chappell database) is plotted against δ34S of pyrites (Table 4.3 and Figure 

4.9).  

Table 4.3: Zircon (chondrite normalised) trace element data from Burnham and Berry (2017) and Trail et al. 
(2015), average SHRIMP sulfur isotopes(this study) and whole-rock Fe2+/Fe3+ from the Chappell database and 
Trail et al. (2015). 

 

 

 

Figure 4.8: Zircon Ce/Ce* vs pyrite δ34S. Reduced and oxidised granites, S-type granites denoted by circle 
symbols and square symbols are I-type granites. Granites with high Ce/Ce* contain pyrites with low δ34S. 
Zircon Ce/Ce* from Burnham and Berry (2017) and Trail et al. (2015) 
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Figure 4.9: δ34S of pyrites versus whole rock Fe2+/Fe3+. Circle samples are from reduced (S-type) granites and 
square samples are from oxidised (I-type) granites. Fe2+/Fe3+from the Chappell database and Trail et al. (2015). 

 

Trace element trends in granites 

Bulk geochemical approaches produced significant overlap between I- and S-type granite 

compositions. For this study, in a manner similar to Park et al. (2013), co-existing Fe-Ti-O and 

Fe-S phases discriminate I- from S- type (Ishihara et al., 1979; Park et al., 2013).  

Generally, higher Pb/W is found in S-type-pyrites relative to I-type due to higher average Pb 

concentrations in S-type pyrite (604 vs 19 respectively). While sulfur isotopes discriminate 

granite types, when combined with trace elements the distinction becomes even clearer. 

Similar concentrations of W are identified in pyrites of both type, although higher Sn 

concentrations (Table 4.2) in S-type pyrites fit the associations of S-types and Sn-porphyries 

set out by Blevin and Chappell (1995). Arsenic is lower in I -type pyrites than in S-types, likely 
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due to redox controlled partitioning (Table 4.2). This is similar to the Wallaby gold deposit 

(Western Australia) where As and Sb are concentrated into pyrite under reducing conditions 

(Ward et al., 2017) Conversely, Mn concentrations in pyrite are similar in both granite types. 

It is likely that many of the ‘redox sensitive’ elements are able to effectively differentiate 

granite types, due to inherent atomic radius controls. It follows that while availability of an 

element is vital, oxidation state controls the type of associated ore system.  

Mafic Enclaves  

Trace elements are able to be used to distinguish pyrites in host rock from pyrite in enclaves 

in a manner similar to zircon (Belousova et al., 2002; Villaros et al., 2009). Enclave pyrite 

contains an order of magnitude higher V, Mn, Mo and Bi than host granite pyrites, with lower 

Ni, Zn and Te. This may be a measure of assimilation as no associated change in sulfur isotopes 

is seen. Note that the majority of these elements are economically significant.  These 

consistent trace element trends are not seen in bulk analyses, because of dilution by other 

minerals, such that only in situ sulfide analyses can properly track chalcophile elements in 

granitic systems. 

Cu-Mo versus Sn-W bearing granites 

Whalen and Chappell (1988) grouped S- and I-type granites based on Fe+2/Fe+3, and modal 

abundances of opaque minerals (titanite, ilmentite, magnetite), with some overlap between 

the two groups. They attributed the association of S-type granites and Sn deposits to source 

rock chemistry and fractionation (Whalen and Chappell, 1988). Blevin et al. (1996) used redox 

to explain this link. Sulfur isotopes support the proposal of Blevin et al. (1996) and Whalen 

and Chappell (1988) that Sn+4 in oxidized magmas substitutes into Ti+4 sites in opaque 

minerals, such that high Sn concentrations are only seen in reduced hydrothermal systems.  
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As found by Chappell and White (1974) in whole rock studies, this study found similar W 

concentrations in both I-type and S-type pyrites. Consistent with Blevin and Chappell (1992), 

W is observed to be incompatible in oxidised and reduced granite types undergoing 

fractionation. W is demonstrated as having a weaker redox driver than Mo (Candela and 

Bouton, 1990) and as such can be used as a normalising element. I-type pyrites have an 

average Sn/W of 0.5 while S-type pyrites have an average Sn/W of 72. This is an excellent 

sensor of redox that is seen more clearly in pyrite analyses than in whole rock chemistry.  

Trends observed in the reduced S-type Hatapang granite suite (Sumatra) pyrites are similar 

to those identified here. These granites, associated with Sn-W deposits, contain pyrites rich 

in Pb, As, Zn and Bi (Clarke and Beddoe-Stephens, 1987). On the other hand, Mo is observed 

to exolve late during crystallisation and the Hongshan Cu-Mo-(W) deposit (China; (Wang et 

al., 2014; Yang et al., 2017) is associated with I-type granites that contain pyrites rich in Mo, 

Ag and Co. Thus, monitoring these key chalcophile elements in pyrite provide an appropriate 

method to distinguish oxidised from reduced pathways.  

Chappell and White (1974, 2001) established the link between Cu-Mo porphyries and I-type 

granites, and we have found this same relationship in granite pyrites. This allows assessment 

of granite fertility for associated economic concentrations of Cu and Mo. S-type pyrites have 

on average a higher Cu/Mo (189) compared to I-type (33). This suggests, regardless of 

concentration that I-type Cu and Mo are closer to unity relative to reduced systems. This 

difference relies on the concentration of Mo in pyrite during fractionation, as Mo prefers 

pyrite under oxidising conditions (Candela and Holland, 1984).  This is consistent with oxidised 

systems forming Cu-Mo deposits (Frikken et al., 2005; Rowins, 2000).  
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Au porphyry deposits are often linked to oxidised granite suites (Blevin, 2004). Particular 

examples include the shoshonitic deposits contained within Ordovician igneous units of the 

LFB. These Cu-Au deposits are highly oxidised. Given that the present study found trace gold 

in higher concentrations in S-type (0.9 ppm) than in I-type granites (0.03), it may be the case 

that bisulfide complexed (reduced) gold partitions into pyrite while chloride complexed 

(oxidised) gold ends up in hydrothermal fluids. This may explain the Braidwood (I-type) pyrites 

containing low average Au (0.3ppm) content despite its association with Major’s Creek gold 

deposit (Wake and Taylor, 1988).  

4.6 CONCLUSION 

We have shown that sulfur isotopes of paragenetically late pyrites independently sense 

redox, and discriminate S- from I-type granites. We have also shown that redox sensitive trace 

elements in pyrite reflect this. When combined, sulfur isotopes and trace elements of pyrite 

show remarkable trends, as follows: 

- S-type pyrites, precipitated under reducing conditions, contain high 

concentrations of As, Sn, Bi, Zn and Au. These pyrites also tend to contain micro-

inclusions of Ca-Ti silicates. 

- I-type pyrites, precipitated under oxidizing conditions, are concentrated in Co and 

Ni and have the lowest gold concentrations despite their association with 

hydrothermal gold deposits.  

Overall, absolute trace element concentrations are higher in pyrite formed under reducing 

conditions than those that formed under oxidising conditions. The As-Au affinity observed in 

economic gold deposits is also seen in S-type granites. This suggests a universal control on 

partitioning of elements of economic interest in sulfides.  We also suggest that despite the 
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gamut of trace elements available within melts or fluids, semi-transition metals most 

obviously substitute for Fe or S in the pyrite structure. Since redox controls oxidation states 

and therefore size of available anions and cations, the idea of an over-arching redox control 

on ore deposition is plausible for both magmatic and hydrothermal deposits, and explains 

why Sn deposits are associated with reduced granites while Cu deposits are associated with 

oxidised granites.  
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APPENDIX 1 – LOCATION and DATA COLLECTION STATISTICS 

Table 4.4: All samples and analyses used in this study 

              

Collection 

#    Sample Name   LA-ICP-MS 

SHRIMP 

W058 S Cootralantra granodiorite 58-1.d 
No Spot  

          No Traverse 
58_2 

          58-3.d 
58_3 

W139 S Kyeamba Monzogranite  139-1.d 
139-1 

            
139-2 

            
139-3 

W063 S Dalgety granodiorite DYTA-1.d 
DYTA_1.1 

            
DYTA_1.2 

            
DYTA_1.3 

          DYTA-2.d 
DYTA_2.1 

            
DYTA2_2 

            
DYTA2.3 

            
DYTA2_4 

            
DYTA2_5 

            
DYTA3_1 

            
DYTA3_2 

            
DYTA3_3 

            
DYTa_4 
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          DYTB-1.d 
DYTB_1 

            
DYTB_2 

            
DYTB_3 

            
DYTB_4 

            
DYT_B_5 

            
DYT_B_6 

            
DYT_B_7 

W118 I Braidwood Granodiorite BDW_1.d 
BDW_1 

            
BDW_2 

            
BDW_3 

          BDW_2.d 
BDW_4 

            
BDW_5 

            
BDW_6 

            
BDW_7 

            
BDW_8 

            
BDW_9 

            
BDW_10 

            
BDW_11 

            
BDW_12 

W118 I Braidwood Granodiorite BDWM_1a.d 
BDW_m_7 

    Mafic enclave   
BDWM_2.d 

BDW_m_8 

          BDWM_3.d 
BDW_m_3 

            
BDW_m_6 
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BDW_m_5 

          BDWM_4.d 
BDW_m_4 

            
BDW_m_13 

            
BDW_m_14 

            
BDW_m_15 

            
BDW_m_16 

            
BDW_m_17 

            
BDW_m_18 

W120 I Moruya Tonalite   120a_1.d 
120A_1 

          120a_2.d 
120A_2 

          120B-1.d 
120A_3 

          120B-2.d 
  

KB32 S 

Jillamatong 

Granite   No Traverse 

JILL 

          JILL_2.d 
No Spot  

KB32 S 

Jillamatong 

Granite   JILL_1.d No Spot  

      JILL_1b.d No Spot  
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Table 4.5: Statistics of analyses relative to GEOREM standards and the recorded Limits of Detection (LOD) 

 

Table 4.6: Statistics of SHRIMP –SI  analyses relative to Ruttan standard 
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APPENDIX 2 – PROCESSED DATA 

Table 4.7: All I-type trace element data collected using LA-ICP MS 

  

Table 4.8: S-type trace element data collected using LA-ICP MS 
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Table 4.9: All S and I-type sulfur isotope data collected using SHRIMP-SI 
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APPENDIX 3 – PROCESSED DATA 

 

Table 4.10: Table 1 Average ratios of trace elements in S- Type and I-Type Pyrites. From average element 
values. 
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5.  REDOX CONTROLLED VARIATION OF AU AND AS IN SYNTHESIZED 
PYRITE 

ABSTRACT 

Pyrite precipitates over a wide range of conditions and is found in most rock types, including 

gold deposits where a clear link between arsenic (As) and gold (Au) is observed within pyrite 

(Reich and Becker, 2006; Simon et al., 1999; Ward et al., 2017). There is limited 

understanding of the mode or tenor of gold deposition over a range of redox conditions in 

the presence or absence of As (Belousov et al., 2016; Kusebauch et al., 2018; Large et al., 

2016). Whether the initial oxidation state of Au impacts concentrations of gold with pyrite 

during transport and deposition is also unclear.  This study aims to show that the oxidation 

state of Au, in the presence of As, can affect the mode and tenor of pyrite-bearing gold ore 

deposition. While reduction is widely regarded as a destabiliser of complexes in solution 

and creation of Au bearing pyrite ore, we assert that the oxidation state the Au delivered 

to site and the presence of As, controls the mode of deposition, as well as the grade and 

tenor of a deposit. The experiments described here provide insights into how gold deposits 

form, particularly porphyry deposits and may be extended to lower temperatire Carlin 

deposit formation.  

Pyrite crystals were synthesized using Chemical Vapor Transport (CVT) over a range of 

buffered fO2 conditions (fO2= -14, -19, -24) at constant temperature (600 °C). Experiments 

were doped with combinations of trace elements including; arsenic (As0), gold (Au0) or Au+1 

(from AuCl).  Au0 was shown to be incompatible in pyrite with the greatest concentrations 

occurring in pyrite formed under the most reduced conditions. This contrasts with 

experiments starting with Au+, which produced an order of magnitude higher Au in pyrite 

but also precipitated gold inclusions under all experimental conditions, thus establishing 
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that Au oxidation state affects deposition style. Arsenic and Au (regardless of state) were 

shown to covary, although As and Au concentrations in pyrite increased systematically with 

reduction in experiments starting with As+Au0, in runs starting with As +Au+ concentrations 

decreased with reduction. This contrasting behaviour is controlled by the mode of Au 

deposition, i.e whether Au deposits as free Au or within the pyrite structure.  

5.1 INTRODUCTION 

Pyrite is the most common sulfide mineral in hydrothermal ore deposits (Abraitis et al., 2004; 

Vaughan and Corkhill, 2017) and the most important in gold deposits (Chen et al., 2014b). 

Anomalous As concentrations are often present within pyrite from high-yielding gold 

deposits, and the concentration of As in pyrite is known to affect and control the maximum 

solubility of Au in its structure (Reich et al., 2005; Simon et al., 1999; Zhu et al., 2011). While 

pyrite (FeS2) is most commonly found in the face centered cubic (FCC) structure, sulfur as a 

dimer (as shown in Figure 5.1; (Chen et al., 2014b) forms different crystal structures based on 

formation conditions (Dubosq et al., 2019) and the availability of compatible trace elements 

when crystallization occurs via either magma or fluid (Craig et al., 1998; King et al., 2014; 

Peterson and Mavrogenes, 2014). Pyrite has been shown to act as a trap for trace elements 

in magmatic-hydrothermal environments (Fontboté et al., 2017).  
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Figure 5.1: Modified after Chen et al. (2014), bulk FeS2 unit cell (2 x 2 x 2 supercell) with S2 dimer indicated. 

In pyrite-bearing gold deposits, where a clear link exists between As and Au concentrations, 

As-rich pyrite grains either contain significant Au or are associated with native Au (Reich et 

al., 2005; Ward et al., 2017). Pyrite contains As either as nano-inclusions of minerals such as 

realgar or arsenopyrite or substituted into its crystal lattice. The difference between these 

two scenarios is not easily determined given that sub-micron inclusions often appear as 

substitutions.   

Gold has been identified as micro inclusions in over-saturated conditions in the presence of 

Au - establishing a Au-As solubility curve (Reich et al., 2005), which demonstrates the 

significance of As in Au deposits.  Yet the oxidation states of the Au and As and how these 

affect gold deposition remains unknown.  Sulfur and chlorine are also recognised as important 

elements in Au transport as they are crucial ligand-formers (Zhu et al., 2011). Gold complexes, 

particularly when charged, enable effective adsorption of Au ligands to the surface of As-rich 

pyrite crystals via electrostatic attraction, i.e Au(HS) and Au(HS) -
2 (Widler and Seward, 2002).  

If ligand charge affects Au deposition then the oxidation state also must.  

A study of a Carlin style gold deposit at Twin Peaks shows gold and As present in pyrite as Au0, 

Au+1 and As-1 respectively (Simon et al., 1999).  Micro-inclusions of gold (Au0) were found in 
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pyrite in addition to Au+1 and As-1 in the pyrite structure. This provides an explanation for how 

gold is found in any given deposit (i.e structural or as inclusions) and provides an indication 

of the depositional mechanism that took place.  If As aids surface adsorption of Au on pyrite 

via electrostatic attraction, i.e semi-conducting properties, then the coordination of the Au 

controls the size of the vacancy in pyrite, such that As creates vacancies favourable for Au 

deposition into said vacancies.  

Reduction of sulfur (SO4 (S4+) to H2S (S2-) results in precipitation of sulfides in combination 

with one or more of the following anions; Fe+2, Ni+2, Co+2. Thus, sulfide formation depends on 

cation availability and redox conditions. Metalloids, such as As and antimony precipitate due 

to reduction (Skirrow and Walshe, 2002; Ward et al., 2017).  The common association 

between Au and As within pyrite suggests a clear link to Au depositional processes (Maddox 

et al. 1998, Reich et al. 2005). However, this association is found in pyrite under both oxidized 

and reduced conditions, obscuring the controlling process(es). Additionally, arsenopyrite 

often contains higher concentrations of Au than coexisting pyrite (Maddox et al. 1998), 

further complicating this link. The conditions driving the Au-As affinity in Fe-S minerals is 

unclear, as is the mode of deposition, whether as mineral inclusion or in substitution (Reich 

et al. 2005).   

Thermodynamic modelling suggests that As-S bonding is energetically favourable during FeS2 

crystallization at low fO2 (Reich and Becker, 2006). In a study of natural pyrites, Reich et al. 

(2005) found concentrations of As as high as 19 wt. % in pyrite at formation temperatures as 

low as 300 °, however these samples were not measured for redox conditions and so no direct 

link should be made between As content of pyrite and redox. Thus, the present study seeks 

to determine the maximum solubility of As in pyrite and its redox sensitivity. Direct 
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measurement of Au and As concentrations in pyrite formed over a series of oxygen fugacity-

controlled experiments aims to clarify the As-FeS2 and As-Au-FeS2 relationships.  

Anomalous As has been shown experimentally to correlate with Fe cation deficiencies in 

pyrites containing structurally bound  ‘invisible’ Au over a range of temperatures (Fleet and 

Mumin, 1997a). Substitution of As+3 (0.58 atomic radius) for Fe+2 (0.61) into the crystal lattice 

of pyrite can modify inherent bond lengths making substitution of unusual trace element sizes 

(Au+1) via hetero-valent substitution favourable (Deditius et al., 2008; Reich et al., 2005).  

Thus, arsenian pyrite may be the key to gold deposition. Conversely, Au+3 adheres to 

arsenopyrite more readily than pyrite (Maddox et al. 1998) and arsenopyrite contains higher 

concentrations of Au than pyrite in many gold deposits, where Au positively correlates with 

As (Fleet et al., 1993). However, pyrite is generally more abundant than arsenopyrite (Abraitis 

et al., 2004), making arsenian-pyrite the key control on economic concentration of Au.  

Gold has been reported in pyrite as free gold (Au0) and/or within the pyrite structure as Au+ 

or Au3+. This study used synthesized pyrites to determine if correlations exist between As and 

Au concentrations in pyrite as a function of redox state. This study also sought to determine 

how redox controls depositional mechanisms, which in turn determine if Au ends up in pyrite 

or as nuggets, which will be referred to as its mode of occurrence, which is indicative of the 

oxidation state of the Au and whether it is coupled with As or not.  The relationships 

established in this paper may better explain Au deposition in the Fe-S system and clarify the 

role played by As in such systems.   

5.2 METHODOLOGY 

Pyrite crystals, varying from 10-100 microns across, were precipitated using chemical vapor 

transport (CVT) in sealed silica tubes containing oxide buffers and dopants. Crystals were then 
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mounted, polished to ¼μm, imaged via reflected light microscopy, Scanning Electric 

Microscopy (SEM) and analysed by Laser Ablation Inductively Coupled Plasma Mass 

Spectroscopy (LA-ICP-MS). Co-precipitating FeO and AsS minerals were documented and used 

to ensure experiments occurred at the correct oxygen fugacity.  

This study aimed to determine if the oxidation state of Au, in the presence of As affects the 

mode and tenor of gold deposition. Using a table of standard electopotentials, it is predicted 

that Au+ is far more likely to substitute into pyrite during than Au0 (Table 5.1). As previously 

mentioned, As is thought to aid in Au deposition in pyrite via electrostatic attraction, 

providing defects in the pyrite structure and binding with gold substituting for Fe+2 (Reich et 

al., 2005; Simon et al., 1999; Zhu et al., 2011). Due to the volatile nature of As and its many 

oxidation states, no appropriate half-equation exists to predict its behaviour.  

Table 5.1: Electrochemical potential of pyrite reactions involving Au and the predicted volts 

Equation Volts 

Fe+2
(aq) +S2(g) ⇌ FeS2 0.033 

Fe+2
(aq) + Au+

(aq) + S2(g)  ⇌ Fe(Au)S2 1.713 

Fe+2
(aq) +S2(g) +Au(s) ⇌ Fe(Au)S2 + e- -1.647 

 

 

Crystal Synthesis 

Pyrite crystals were synthesized from a mix of 99.9% FeS powder, 99.999% pure granulated 

sulfur, and 98+% Fe(III)Br3 (Anhydrous) powder (Equation 1).  
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Equation 1 FeS(s) + S2(S) + FeBr3(s) ⇌ 2FeS2(s) + Br2(g) 

Dopants were added in a fixed amount to each experiment as either 99.9% pure As powder, 

99.9% Au(I)Cl powder or Au0. A full list of experiment components are shown in Appendix 1. 

Oxygen buffers used in the experiments include pure hematite, magnetite and ulvȍspinel 

(Mt15Usp85 and Mt90Usp10, both equation 2, 3 respectively and made using gas ratios in Table 

5.2) and aimed to mimic fugacities shown in Figure 5.2.  

 

Figure 5.2: fO2-fS2 phase diagram of the Fe-S-O system at 600°C and 1 kbar generated using Outotec HSC 
chemistry software. Points represent positions of buffered experiment at the 3 oxygen fugacities studied (hm-
mt-py, py-mt-po and po-py). 

Buffers were synthesized in 1 atmosphere gas furnaces using carbon-dioxide and carbon-

monoxide mixtures at ratios appropriate to the oxygen fugacites outlined in Buddington and 

Lindsley (1964) at 600 °C . Oxygen fugacity conditions of pyrite synthesis were confirmed via 

observation of co-existing As-S and Fe-O minerals present.  This provided a check for 

1

4 
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approximate oxygen fugacity of fO2 =-14, -19 and -24. Excess sulfur set S fugacity at 

approximately fS2= -2.  

Equation 2 Fe2O3(s) + TiO2(s) ⇌ 2FeTiO3(s)  

Equation 3 2Fe3O4(s) + 3TiO2(s) ⇌ 3Fe2TiO4(s) + O2(g) 

Table 5.2: Gas mixes used in the 1 atmosphere furnaces to make buffers according to the methods outlined in 
Buddington and Lindsley (1964) and modelled using the Bioanalytical Microfluidics Program from the School 
of Chemical and Biological Engineering at Colorado State University.  

 CO CO2 

logfO2 -19 4x10ppm 69x200ppm 

logfO2-24 100x10ppm 5x 10ppm 

 

FeBr3 was used as a halogen accelerator, forming Br2 which was lost upon cracking of the tube 

(Equation 4) (Lehner et al., 2006b). 

Equation 4  FeBr3 ⇌ Fe2+ + Br2(g) 

Chemical vapor deposition (CVD) in silica tubes (Outside Diameter 50mm and Internal 

Diameter 40mm) yielded fine-grained pyrite crystals (<80µ𝑚) using the apparatus in Figure 

5.3. Sealed silica tubes were contained in pressurised steel vessels within a box furnace held 

at a constant 600°C for 48 hours and subsequently cooled over 24 hours to promote crystal 

growth producing measurable crystals.  
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Figure 5.3: Schematic of apparatus used to grow pyrite crystals at buffered conditions 

Experimental products were mounted in epoxy and polished. SEM confirmed mineral 

identifications and major element concentrations. Subsequent LA-ICP-MS analyses utilized an 

Agilent 100 at the Australian National University’s Research School of Earth Sciences, 

analysing Fe, As and Au CPS (Longerich et al., 1996).  

Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) 

Grains larger than 30 µm were selected for LA-ICP-MS analysis. Multiple measurements of 

each phase were made to assess variability, a full list can be found in Appendix 1.  20 µm wide 

traverses were used to measure trace element concentrations in pyrite grains.  Pyrites were 

ablated using a Lambda Physik laser ablation system at the Australian National University, 

operating at 193nm, with an output energy of 45mJ. The ablated sample was initially 

delivered to the Agilent Technologies 7700 series quadrupole via a H-He-Ar stream. Standards 

used during analyses were NIST SRM-612 and iron sulfide pellet MASS-1 (Appendix 2, Table 

5.4).  All raw counts per second were processed using Iolite and Igor Pro (6.34A). This software 

minimizes operator error when signal processing and normalization to known standards. The 
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averages attained were compared to published values (Jochum et al., 2005). Average values 

and standard deviations can be found in Appendix 2.  Limits of detection located in Appendix 

2, Table 5.5.  

 

5.3 RESULTS  

(APPENDIX 3 HAS A COMPLETE LIST OF DATA AND AVERAGED RESULTS) 

Experiments doped only with As resulted in mean As concentrations increasing with reduction 

in a linear pattern (Figure 5.4A, Figure 5.5). Experiments doped with Au0 resulted in mean Au 

concentrations in pyrite decreasing, best fitting a polynomial relationship (Figure 5.4B). 

Experiments doped with Au+1 show  average most oxidised and reduced conditions to be 

higher than log 19 oxygen fugacity (saddle pattern), the raw data and averaged trend exhibit 

a polynomial fit (Figure 5.4C)).  Pyrite grains doped with Au+1 contain an order of magnitude 

more gold than those starting with Au0 (Figure 5.4).  
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Figure 5.4: Single element experiments: A) Average concentration of As, B) Au0 and C) Au+1 in pyrite crystals 
from each experimental run across 3 oxygen fugacities. Error bars depict standard deviation of results. 

Experiments with As and Au0 also show both elements exhibiting highest concentrations at 

reduced conditions compared with the most oxidised condition (Figure 5.6 and Figure 5.7). 

However, As and Au0  both display a polynomial relationship that displays a saddle between 

fO2 14-19.  Conversely, Au+1+ As experiments show the inverse trend, with the lowest average 

As and Au+ concentrations found at the most reduced oxygen fugacity (Figure 5.8 and Figure 

5.9). The average values for As and Au+ are similar between fO2 14 and 19 however, the 

highest average values for both are identified at fO2 19. 

 

 

Figure 5.5: Micrographs of pyrite taken using reflected light microscope with oil A) Most oxidized pyrite doped 
with Arsenic B) Pyrite formed at fO2 -19 with As C) Pyrite formed at fO2 -24 with As. 
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Figure 5.6: A) Pyrite grown at fO2 -14 doped with Au0 and As B) Pyrite grown at fO2 -19 doped with Au0 and As 
showing native gold C) Pyrite grown at fO2 -24 doped with Au0 and As D) Pyrite grown at fO2 -14 doped with 
Au0 E) Pyrite grown at fO2 -19 doped with Au0 F) Pyrite grown at fO2 -24 doped with Au0 

 

 

Figure 5.7: Average concentrations of Au and As in the experiments containing both. Error bars are standard 
deviation of results in each experimental run for 3 oxygen fugacities  
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Figure 5.8: A) Pyrite grown at fO2 -14 doped with Au1 showing native gold B) Pyrite grown at fO2 -19 doped 
with Au1 and showing native gold C) Pyrite grown at fO2 -24 doped with Au1 showing native gold D) Pyrite 
grown at fO2 -14 doped with Au1 and As E) Pyrite grown at fO2 -19 doped with Au1 and As, showing native gold 
F) Pyrite grown at fO2 -24 doped Au1 and As and showing native gold. 
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Figure 5.9: Average concentrations of Au+1 and experiments containing both. Error bars are standard deviation 
of results in each experimental run for 3 oxygen fugacities. 
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Au+) the concentrations of both elements co-vary, regardless of rexdox environment (Figure 

5.7 and Figure 5.9). 

Arsenic only experiments formed pore free euhedral crystals below fO2 -24, where they 

developed a porous rim. Experiments with Au0 all exhibited clear euhedral- anhedral crystals. 

Experiments starting with As+Au0 all produced euhedral crystals, while those starting with 

As+Au+ produced clear rounded-anhedral crystals.  Au+ experiments exhibited qualitatively 

smaller rounded crystals (Figure 5.5, Figure 5.6 and Figure 5.8).  

 

5.4 DISCUSSION  

Oxidation state and the occurance of bonanza grade Au  

This study shows that the oxidation state of gold affects the mode and tenor of deposition. 

Experiments undertaken in the gas phase, demonstrate As and Au (Au0 and Au+1) do not solely 

concentrate in pyrite during reduction. Gold and As concentrate into pyrite over a large range 

of oxygen fugacity, which has not been previously shown, i.e  Au and As co-existing in pyrite 

over fO2 -14 to -24.  The Au+ only experiments all exhibit Au inclusions regardless of fO2, and 

the concentration of Au in pyrite is an order of magnitude higher than in the Au0 only 

experiments. Further, in the Au0 only experiments no  visible Au inclusions are observed,  

suggesting that  Au+ greatly reduces the solubility of Au.   

This study shows that when Au (Au or Au+) is in the presence of As the change in concentration 

of these trace elements covary during reduction. This supports the well established link 

between Au and As in pyrite, particularly the solubility curve determined by Reich et al. 

(2005). Further, As and Au, regardless of oxidation state substitute into pyrite via a coupled 

substitution. The Au++As experiments show that these elements concentrate most efficently 
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into pyrite under oxidised conditions in the absence of native Au formation. With further 

reduction, Au++As experiments show a decrease in trace elements in pyrite when comparing 

results from the most oxidised and reduced conditions. This coincides with the appearance of 

native Au. The Au++ As experiments result in gold in pyrite very similar to the Au0 + As 

experiments for fO2 14 and 19 experiments, however the fO2 24 Au0 is an order of magnitude 

higher. The concentration of As is also an order of magnitude higher across all AuCl + As 

experiments, suggesting that the difference in Au oxidation state facillitates deposition more 

than the presence of As.  

Au0 + As experiments showed As and Au both concentrated systematically in pyrite according 

to a polynomial relationship that generally increased concentration with reduction however, 

native Au was only precipitated at logfO2 -19. Gold concentrations in pyrite were greatest at 

the most reduced condition. Au0 deposition is an order of magnitude higher when in the 

presence of As under all redox conditions. This suggests that while Au0 is harder to attenuate, 

As can increase the incorporation of Au into the pyrite lattice, most likely by creating defects 

in its structure (Simon et al. 1999).  The role of As on effecting deposition of native gold 

inclusions is not clear in this study. 

While unmeasured, it is assumed that during the Au0 + As  experiments, Au remained largely 

as Au0 or was incorporated into other minerals until significant reduction encouraged 

deposition into pyrite or as inclusions.  

Gold in Pyrite in Natural Systems 

Arsenic and Au are understood to concentrate strongly in pyrites that have crystallised during 

desulfidation (Figure 5.2). An example includes the low sulfidation-epithermal deposits of 

Emperor (Fiji) containing Au and As-rich pyrite formed as a result of an oxidised fluid 
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undergoing desulfidation (Hedenquist, 2000; Pals et al., 2003). Emperor displays ‘invisible Au’ 

(structural Au) within pyrite, similar to what is observed in this study in the oxidised As + Au+1 

experiments. We assert that Au is most likely present in the Au+1 oxidation state to occur as 

‘structurally bound’ Au via substitution (Chen et al. 2014). As both Au and As positively 

correlate under these conditions we suggest that low-sulfidation epithermal deposits are 

favourable to As-1 + Au3+ coupled substitution for Fe+2 , resulting in an expansion of the pyrite 

lattice (Chen et al. 2014). We also assert that As-1 can directly substitute for S-2, thus explaining 

the high concentrations of As in all experiments starting with As and Au+1 compared to those 

starting with As and Au0. 

Rapid crystal growth can alter lattice configuration and result in irregular crystal formation, 

enabling greater trace element accumulation into the pyrite structure (Dowty, 1976; Tomm 

et al. 1995; Reich et al., 2005). Thus,  changes in the crystal surface of any mineral due to the 

conditions under which it forms is more likely to affect crystal trace element concentrations 

as changes in oxidation state of elements at the surface may establish electronegative 

gradients favouring particular element adsorption This is a significant factor affecting Au in 

pyrite formation (Tomm et al., 1995). The results of Tomm et al. confirm the association of As 

and Au in pyrite formed under reduced conditions (Reich et al., 2005; Deditius et al., 2011).    

Arsenic and Au concentrations generally increase with greater reduction in As+ Au0 

experiments. The most reduced condition resulting in micro-Au inclusions within As-enriched 

pyrites.  

Zhu and Tan (2011) assert that the fluids responsible for Carlin deposits were undersaturated 

in gold resulting in As-pyrite incorporating and subsequently concentrating rare Au from fluids 

during  reduction, possibly as a result of preferential partitioning (As discussed in Chapter 3 
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of this thesis). Ore fluids have undergone decarbonisation and reactions with reduced sulfur 

during wall rock interactions that has resulted in the deposition of pyrite containing economic 

concentrations of submicron Au (Cline et al., 2005). Typically in Carlin deposits, Au is 

concentrated with As in rims at a later stage of mineralisation (Cline, 2001).  This occurs by 

the greater As-1 concentration in the pyrite stucture making the pyrite surface relatively more 

electro-negative and thus more likely to adsorb Au+1 onto crystal surfaces (Simon et al., 1999).  

The enriched Au and As rims of Carlin pyrites, observed by Zhu and Tan, are similar to the As 

and Au enriched rims at Wallaby (WA) (Ward et al. 2017)(Laidler, 1987). We suggest that while 

hydrothermal deposits are thought to form from Au-saturated fluids, they are unlike Carlin 

style deposits, in which As scavenges Au either via coupled substitution (under oxidised, sulfur 

defficient environments such as Ladolam (PNG)) or by lowering the activation energy for 

sulfide formation (Lengke and Tempel, 2005). Laidler (1987) suggested that Au could catalyse 

homogenous and heterogenous substitution reactions by lowering activation energies by a 

factor or 2-10 in sulfides. The mechanism that may control this is based on Sabatier’s Principle 

(suggesting there is an ideal ratio between substrate to reactant during reactions)  and 

involves heterogeneous catalysis where the reactants (pyrite forming elements) adsorb onto 

the surface of  trace catalyst atoms (or nanoparticles) of Au  (Haruta, 1997; Haruta, 2005). 

When the Au is in oxidised form and in trace amounts in a fluid, the resulting surface 

attraction during crystallisation yields a ‘domino’ effect of concentrating gold into the pyrite 

structure, thereby lowering the activation energy.   

The role of substitution and the formation of Au deposits  

Pyrite can concentrate a heterogenous trace element array in ore-bearing deposits 

irrespective of origin (Raisewell and Plant, 1980; Large et al. 2009). While trace element 
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variations in pyrite are largely redox controlled and highly influenced by the presence (or 

absence) of sulfur, the presence of As and the oxidation state of Au  in the fluid or magma  

significantly affects how Au attenuates in pyrite by affecting the geometry and amount of 

defects in the lattice available for exploitation. The pyrites produced in this study 

demonstrate the clear link between  structural Au with As over a range of oxygen fugacities 

and the concentration of Au inclusions (free Au) with As. We suggest that when  free Au 

inclusions form it is dependent on the oxidation state of Au, not solely reduction or the 

presence of As, i.e Au inclusions with pyrite crystals is not only identified in the most reduced 

condition. Single Au+1 experiments show that, in the absence of As, Au+1 is mostly 

concentrated as micro nuggets at the lowest oxygen fugacity. The As + Au0 experiments show 

no observable micro-nuggets and concentrate with As in structure sites.  Interestingly, in As 

+ Au+1 experiments, As generally decreases with reduction albeit not systematically, however 

the average Au concentration stays relatively stable between fO2 14 and 18  but has lowest 

average of all experiments at the most reduced condition.  Highly oxidised environments are 

understood to be relatively sulfide deficient, thus the As is believed to be directly substituting 

for S in the FeS2 structure as FeAsxS(1-x).  This is consistent with Reich and Becker (2006) as the 

end-member FeAsS is shown to be energetically favourable at high oxygen fugacities.  
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Arsenic substitution and the potential of As fugacity in sulfur deficient deposits  

The concentration of Au+1 and As under extremely oxidising conditions suggests that coupled 

substitution and direct ion exchange of Au+3 for Fe+2 may occur, similar to substitutions 

documented for pyrite formed under oxidising conditions at the Au-Ag-Cu Pascua deposit in 

Chile (Chouinard et al. 2005). In the present study, As is not as strongly correlated to Au+1, 

likely because differences in oxidation state enables simpler substitution for Fe+2. Hayashi and 

Ohmoto (1991) showed that Au solubility is independent of Cl-1 activity and pH, implying that 

chloride complexes are unimportant. Zajacz et al. (2017) showed that ore systems with 

abundant chloride form at lower activation energies i.e partitioning of Au into vapour in 

shallow environments is increased via metal-chloride reactions. There is much debate over 

the transport of Au in liquid and vapour and we propose that As, even in trace amounts, is 

extremely volatile and with multiple oxidation states, has a fugacity component similar to fS2 

in ore systems. That is, in deposits where S is deficient, volatile As species may play a 

controlling role in forming As-pyrite and/ or concentrating Au as either nano-inclusions or 

within mineral structures.  

5.5 CONCLUSION  

This study supports the widely observed Au-As relationship within pyrite in ore deposits. 

Experiments have shown that oxidation state of Au affects the mode and tenor of deposition 

to a greater extent than the presence of As.  This study also establishes that Au and As 

concentrate into pyrite over a large range of oxygen fugacity and when Au (Au or Au+) is in 

the presence of As, of both trace elements covary with respect to reduction.  

This study demonstrates the link between  structural Au  deposited with As over a range of 

oxygen fugacities and the presence of Au inclusions (‘free gold’) with As.  
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The differences observed in Au and As concentration over the range of oxygen fugacities may 

explain Au deposition in natural systems i.e epithermal, hydrothermal.   
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APPENDIX 1 

 

Table 5.3: Starting materials for all experiments, organized by dopants and redox condition. 

fO2 -14  (Fe2O3) -19 (Mt15Usp85) -24 (Mt90Usp10) 

As 
FeS (99.9%), S (99.999%), As (99.9%), FeBr3 (98+%) 

Au0 FeS (99.9%), S (99.999%), Au (99.9%), FeBr3 (98+%) 

Au+1 
FeS (99.9%), S (99.999%), Au(I)Cl (99.9%), FeBr3 (98+%) 

As+Au0 
FeS (99.9%), S (99.999%), As (99.9%), Au (99.9%), FeBr3 

(98+%) 

As+Au+1 
FeS (99.9%), S (99.999%), As (99.9%), Au(I)Cl(99.9%), 

FeBr3 (98+%) 

 

APPENDIX 2 

Table 5.4: Standard data for NIST SRM 612 and MASS-1 from the LA-ICPMS analyses 

  As Au 

  Av SD Av SD 

NIST SRM 612 40.6 10.7 5.3 0.4 

MASS- 1 148 172.6 102 19 
 

Table 5.5: Limits of Detection of Au and As from the LA –ICPMS 

Element LOD 

As ppm 11.48 

Au ppm 0.33 
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APPENDIX 3 

Table 5.6: Average ppm values of As and Au in each experiment set.[ ] indicate which trace element measured for two-element experiments. Each doping experiment 
contains results from fO2 -14, -19 and -24. 
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Table 5.7: Data for each As only experiments 
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Table 5.8: Data for each Au0 only experiments 
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Table 5.9: Raw data for each Au+ only experiments 
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Table 5.10: Raw data for each Au0 and As experiments 
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Table 5.11: Raw data for each Au+ and As experiments 
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