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Chapter 1

IntroductIon

1.1 project scope and background

The aim of this thesis is to understand the fundamental characteristics of mineralised and 
unmineralised shear systems within the late Archaean Eastern Goldfields Province (EGP), 
Yilgarn Craton, Western Australia; a major orogenic gold province with one giant (>500 t Au) 
and over ten world-class (>100 t Au) fault- or shear system-hosted gold deposits (Fig. 1.1, 
1.2; Hagemann and Cassidy 2000). The majority of research on the formation of gold deposits 
within the Yilgarn Craton has focussed on understanding the evolution of the larger, world-class 
deposits and camps (e.g., Duuring et al. 2001; Brown et al. 2002; Bateman and Hagemann 2004; 
Ross et al. 2004), and the regional processes associated with these deposits (e.g., Witt 1993; 
Groves et al. 1992, 2000; Witt and Vanderhor 1998; Hodkiewicz et al. 2005; Weinberg et al. 
2005). However, studies concentrated on understanding systems that only host small deposits 
are lacking. To gain a wider view of gold mineralisation within Archaean granite-greenstone 
terranes, this project specifically studies the geological characteristics of a shear system that 
hosts sub world-class orogenic deposits. Such studies improve our understanding of gold 
deposition within poorly to moderately endowed shear systems, and through comparisons with 
their richly endowed counterparts, help to reveal the fundamental differences between shear 
systems that host world class and smaller orogenic deposits, with implications for exploration 
targeting. This project forms part of the predictive mineral discovery Cooperative Research 
Centre’s Architecture project, which also investigates the regional- to camp-scale controls on 
mineral endowment (e.g., Bierlein et al. 2006; Vos et al. 2006).

1.2 aims and objectives

The 80 km-long Bardoc Tectonic Zone (BTZ; Fig. 1.3; Witt 1994; Swager et al. 1995) is a prime 
example of a comparatively poorly endowed shear system within the EGP. The BTZ has yielded 
~100 t Au from over 80 historic and recent deposits (Witt 1992), with the Paddington deposit the 
largest known example (~40 t Au; Fig. 1.3; Alardyce and Vanderhor 1998; Witt 1992). Along 
strike to the south of the BTZ is the Boulder-Lefroy Shear Zone (Fig. 1.3; BLSZ), which hosts 
the giant Golden Mile and the world-class Mt. Charlotte orebodies (>1500 t Au combined, e.g., 
Clout et al. 1990; Ridley and Mengler 2000); the New Celebration deposits (~100 t Au); and the 
St. Ives Gold Camp (>100 t Au; Weinberg et al. 2005; Fig. 1.3). A fundamental question exists 
as to why these two physically linked shear systems, which traverse similar rock packages, have 
disparate gold endowments, when subject to the same broad shortening regime (e.g., Swager 
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1997). The aims of this project are:

a) To define key structural, petrological, and geochemical characteristics of a select 
suite of gold deposits associated with the BTZ.

b) To determine the regional setting of the Paddington deposit; if it is associated within 
the BTZ (e.g., Witt 1993, 1994), or the BLSZ (e.g., Hodkiewicz et al. 2005; Fig. 1.3). 

c) Based on the studies in a), and with supporting geophysical data, build a regional 
understanding of gold mineralisation within the BTZ, and to compare these outcomes 
with other similar studies from the larger gold deposits of the BLSZ and globally, to 
identify key features that discriminate richly endowed shear systems from their less 
endowed counterparts. 
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Fig. 1.1  Regional subdivision of the Yilgarn Craton based on the delineation of 
aeromagnetic domains. After Whitaker and Bastrakova (2002). Inset: location of the 
Yilgarn Craton, in Australia.
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1.3 Description of the study area

The study area encompassing the BTZ is located within the Eastern Goldfields Province (EGP) 
of Western Australia (Fig. 1.2, 1.3). This shear system is a NNW-tending, crustal-scale structure 
that is at least 5 km wide and approximately 80 km in length (Witt 1994). The study area is 
covered by the Kalgoorlie and Menzies 1: 250 000 (Wyche 1993; Wyche 2004), and the Bardoc 
and Menzies 1:100,000 (Witt 1994; Swager and Witt 1998) map sheets. Typical of the Archaean 
Yilgarn Craton, surface exposures of unweathered rocks are limited, and rock samples and data 
within this project are primarily sourced from open pit exposures, diamond drill core, regional 
geophysical databases and geological maps. 
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Fig. 1.2  Simplified geological map of the Eastern Goldfields 
Province, showing the distribution of granite-greenstone 
belts, major shear systems and the location of selected 
world class gold deposits (Modified from Hagemann and 
Cassidy 2000).
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1.4 thesis structure and methodologies

After this introductory chapter, where the research topic and scientific rationale are set up, 
Chapters 2 to 6 detail the different scientific disciplines that are used to assesses the aims and 
objectives of this thesis. These chapters are constructed as stand-alone manuscripts intended for 
publication in peer reviewed journals. 
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Fig. 1.3  Geological map of the southern Eastern Goldfields Province showing the 
location of the Bardoc Tectonic Zone and linked Boulder-Lefroy Shear Zone with 
selected gold deposits (modified after Swager and Griffin 1990).
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Chapter 2: The structural controls of gold mineralisation within the Bardoc Tectonic 
Zone, Eastern Goldfields Province, Western Australia: implications for gold endowment 
in shear systems

This chapter describes the nature of deformation and gold-bearing structures from three well-
spaced gold deposits within the BTZ, being the Paddington, New Boddington and Yunndaga 
deposits (Fig. 1.3). This work is based on field mapping by the author, and the outcomes form 
the foundation to understand the structural controls for gold mineralisation and their relationship 
to regional deformation. The conclusions allow for the comparison to similar studies along the 
BLSZ and elsewhere within the EGP, which show that the relative timing of gold mineralisation 
within the BTZ is relatively earlier than the dominant gold mineralisation events for the EGP. 

Chapter 3: Gold deposits of the Bardoc Tectonic Zone: a distinct style of orogenic gold 
in the Archaean Eastern Goldfields Province, Yilgarn Craton, Western Australia

This chapter builds on the uniform structural timing of gold mineralisation (Chapter 2) by 
studying the wall rock alteration assemblages and the sulfur isotopic signatures of arsenopyrite, 
pyrite and pyrrhotite associated with the vein-gold structures. For this study, two other gold 
occurrences along the BTZ were included, being the Talbot South open pit and the Nerrin 
Nerrin gold prospect (Fig. 1.3). The opaque phases at all localities define a uniform, 3-stage 
alteration paragenesis, and in combination with the sulfur isotope data, define the hydrothermal 
conditions associated with gold mineralisation. A comparison with other alteration and sulfur 
isotope data from the BLSZ and other world-class deposits revealed a number of dissimilarities, 
which potentially differentiate hydrothermal systems related to: a) sub world-class, and b) 
world-class orogenic deposits. Chapters 2 and 3 also assess the second major aim of this thesis, 
demonstrating that the structural and hydrothermal characteristics of the Paddington deposit are 
comparable to other BTZ deposits. 

Chapter 4: The bimodal distribution of gold within pyrite and arsenopyrite: examples from 
the Archaean Boorara and Bardoc shear systems, Yilgarn Craton, Western Australia

In-line with the uniform structural and alteration characteristics of gold deposits along the BTZ 
(Chapters 2 and 3), this chapter documents the consistent microscopic features of invisible and 
visible gold predominantly within arsenopyrite. In the deposits studied in Chapter 4, gold was 
formed as invisible gold in initial phases of arsenopyrite and visible gold within texturally later 
arsenopyrite alteration rims. Phase relationships and hydrothermal constraints identified in this 
study show that after the crystallographic formation of invisible gold, continued hydrothermal 
alteration partially or fully remobilised the invisible gold and redeposited it as visible gold 
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through an increase in both temperature and sulfur fugacity of the hydrothermal fluid. The 
textural features of arsenopyrite and pyrite from the BTZ share many common characteristics 
with other orogenic gold deposits, and the outcomes of this study potentially have implications 
for the evolution of invisible and visible gold in many orogenic gold systems worldwide.

Chapter 5: The boundary conditions of shear systems and implications for gold endowment: 
examples from the Archaean Kalgoorlie Terrane, Yilgarn Craton, Western Australia

This chapter focuses on the third major aim of this thesis, and studies the influence of the 
competent granite bodies that bound the BTZ, and the broader, less competent units that bound 
the BLSZ system. Evidence is drawn from regional map patterns, field data, multi-scale gravity 
gradients and conceptual models. The different bounding rock units account for the different 
architectures seen within each shear system, and explain why the BTZ would disperse, and the 
BLSZ would more efficiently focus upwelling hydrothermal fluids during the same orogenic 
event. This study accounts for the variations in gold endowment typical of granite-greenstone 
terranes, with implications for exploration targeting in similar provinces worldwide. 

Chapter 6: Synthesis and discussion 

This chapter brings together the major results of the thesis. When compared to shear systems that 
host world-class orogenic deposits, the defining characteristic of the BTZ is that it underwent a 
less complex structural and hydrothermal evolution, and bulk straining rapidly formed a broad 
zone of pervasive shearing that dispersed upwelling auriferous fluids. Comparisons made here 
imply that a narrow shear system, with varying deformation events over a protracted orogenic 
period, and large gradients in hydrothermal alteration are major factors that promote the 
formation of world-class orogenic gold deposits. 

Appendix A: Background geology

The introduction section of each chapter contains a background geology section however this 
appendix also contains a literature review describing the major geological features of the Yilgarn 
Craton (in particular the EGP) and the major characteristics of greenstone-hosted orogenic gold 
deposits hosted within Archaean provinces. 

Appendix B: Neutron Activation Analysis (NAA) 

This appendix presents the results of NAA analyses conducted on key mineralised and 
unmineralised whole rock samples from the BTZ and Boorara Shear Zone (BSZ; Fig. 1.3). Bi-
variate diagrams are also included to demonstrate the systematic trends between gold and other 
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elements within mineralised and unmineralised whole rock samples. 

Appendix C: Geophysical images

This appendix contains additional images produced from applying the worming technique to 
regional potential field data. These images were used to assess the geometries and depth extent 
of lithological units and structures within the BTZ. 

Data DVD

All digital files related to this project, including full sample databases and raw data, field 
photographs, and thin section micrographs are included on a DVD placed in the back cover of 
this thesis. 
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Chapter 2

The sTrucTural conTrols of gold mineralisaTion wiThin The Bardoc TecTonic 
Zone, easTern goldfields Province, wesTern ausTralia: imPlicaTions for gold 

endowmenT in shear sysTems

Morey AA, Weinberg RF, Bierlein FP, in press, Mineralium Deposita

abstract 

The Bardoc Tectonic Zone (BTZ) of the late Archaean Eastern Goldfields Province, Yilgarn 
Craton, Western Australia, is physically linked along strike to the Boulder-Lefroy Shear Zone 
(BLSZ), one of the richest orogenic gold shear systems in the world. However, gold production 
in the BTZ has only been one order of magnitude smaller than that of the BLSZ (~100 t Au vs. 
>1500 t Au). The reasons for this difference can be found in the relative timing, distribution and 
style(s) of deformation that controlled gold deposition in the two shear systems. Deformation 
within the BTZ was relatively simple, and is associated with tight to isoclinal folding and reverse 
to transpressive shear zones over a <12 km wide area of high straining, where lithological 
contacts have been rotated towards the plane of maximum shortening. These structures control 
gold mineralisation and also correspond to the second major shortening phase of the province 
(D2). In contrast, shearing within the BLSZ is concentrated to narrow shear zones (<2 km wide) 
cutting through rocks at a range of orientations that underwent more complex dip- and strike-slip 
deformation, possibly developed throughout the different deformation phases recorded in the 
region (D1-D4). Independent of other physico-chemical factors, these differences provided for 
effective fluid localisation to host units with greater competency contrasts, during a prolonged 
mineralisation process in the BLSZ as compared to the more simple structural history of the 
BTZ. 

2.1 Introduction

The late Archaean Eastern Goldfields Province (EGP) of the Yilgarn Craton, Western Australia, 
is a globally significant orogenic lode gold province, with one giant (>250 t Au) and at least 
fifteen world-class (>100 t Au) gold camps or deposits (e.g., Hagemann and Cassidy 2000; 
Goldfarb et al. 2001). These deposits are associated with first-order regional shear zones and 
are commonly sited on second- or third-order faults that splay off these first-order structures 
(e.g., Groves et al. 1987; Eisenlohr et al. 1989). Past studies and reviews on this style of gold 
mineralisation (e.g., Robert and Poulsen 1997; Hagemann and Cassidy 2000, 2001; Brown et 
al. 2002; Baggott et al. 2005) have focussed on systems that host the larger (>100 t Au) gold 
systems, with smaller gold deposits being underrepresented within the literature. A very useful 
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approach to understand the processes that control gold endowment of an orogenic terrane is 
to compare the nature of shear systems that are richly endowed with those that are not.  The 
approximately 80km-long Bardoc Tectonic Zone (BTZ; Fig. 2.1) is one such shear system 
that only hosts small deposits. It produced only ~100 tonnes of gold from over 80 recent and 
historic deposits, summarised in Witt (1992). Deformation and mineralisation styles for the 
BTZ is characterised here by studying three representative deposits of the BTZ (Fig. 2.1), 
and then comparing these results to the well researched and connecting Boulder-Lefroy Shear 
Zone (BLSZ; e.g., Ridley and Mengler 2000; Bateman and Hagemann 2004; Cox and Ruming 
2004; Weinberg et al. 2005), and other major examples worldwide. This comparison highlights 
key structural features that help account for differences between well endowed (e.g., BLSZ) 
and moderately to poorly endowed shear systems (e.g., BTZ), typical of Archaean greenstone 
terranes. 

2.2 Geological Framework

Approximately 70% of the Archaean Yilgarn Craton is composed of metamorphosed granitoid 
rocks with the remainder comprising metamorphosed felsic to ultramafic volcanogenic rocks 
(termed greenstones) and banded iron formations. Relatively high-grade granite-gneiss units 
(ca. 3.73 Ga) dominate the western parts of the craton, whereas greenschist-facies units as young 
as 2.55 Ga prevail towards its eastern parts (Myers 1993). The EGP covers approximately the 
eastern third of the Yilgarn Craton, where the majority of gold deposits within this craton are 
located (Hagemann and Cassidy 2001).

The Yilgarn Craton has been divided into a number of tectonic provinces, terranes, and domains, 
which are demarcated by their differing rock types, ages, metamorphic grades, and tectonic 
histories (Williams 1974; Gee 1975; Myers 1993; Swager et al. 1995; Swager 1997). Whitaker 
and Bastrakova (2002) have divided the Yilgarn Craton into geophysical provinces based on 
the delineation of regional aeromagnetic domains. These boundaries are defined by major faults 
and shear systems and, especially within the EGP, have a dominant NNW trend. Greenstone 
units and granites also dominantly strike towards NNW.

Within the ca. 2.72 to 2.60 Ga southern EGP, the greenstones are divided into a lower basalt 
unit, overlain by komatiite, upper basalt, volcanogenic sedimentary rocks, and unconformable 
fluvial quartzo-feldspathic units (Witt 1993; Swager 1997). A number of mafic intrusive rocks 
(dolerites and gabbros) have also been emplaced into these successions (Witt 1993, 1994). 
A regional four-phase contractional deformation history has been constructed for the EGP, 
occurring between ca. 2.675 to 2.620 Ga (Swager 1997). Details of this deformation scheme are 
outlined in Table 2.1. The earliest shortening event (D1) is characterised by ~N-directed thrusting 
and recumbent folding that resulted in large-scale repetition of the greenstone sequences, 
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clearly defined south of Kalgoorlie-Boulder (Gresham and Loftus-Hills 1981; Swager and 
Griffin 1990b; Fig. 2.1). This was followed by a major phase of ENE–WSW shortening (D2), 
which gave rise to NNW-trending regional upright folds and major reverse faulting/thrusting 
that defines much of the present-day architecture of the EGP (e.g., Passchier 1994; Swager et 
al. 1995; Swager 1997; Weinberg et al. 2003; Davis et al. in press). This deformation episode 
occurred between ca. 2.650 (Hammond and Nisbet 1992) and ca. 2660 (Swager 1997), or from 
2655 onwards (Weinberg et al. 2003), and was associated with multiple shortening episodes 
(Davis et al. 2001) and intervening extensional phases (Davis and Maidens 2003; Blewett et 
al. 2004). Further ENE–WSW shortening reactivated NNW-trending D2 structures to produce 
dominantly sinistral strike-slip ductile faults (D3, e.g., Swager et al. 1995; Chen et al. 2001a). 
This was followed by brittle-ductile NE-tending dextral and NW-trending sinistral faulting 
(D4). The major stages of orogenic gold mineralisation within the EGP took place during the 
later stages of deformation (e.g., D3-D4, Groves et al. 2000). Regional studies on intrusive 
rocks by Yeats et al. (1999) and Yeats et al. (2001) concluded that gold mineralisation, broadly 
constrained between ca. 2680 to 2625 Ma, occurred diachronously in different parts of the EGP, 
however the major gold mineralisation event for this province has been further constrained to 
ca. 2640 and 2630 Ma (Groves et al. 2000), with evidence for an earlier mineralisation episode 
within the Laverton greenstone belt occurring between ca. 2655 to 2650 Ma (Brown et al. 2002; 

Table 2.1 Details of regional shortening and gold mineralisation events within the Eastern
Goldfields Province. Adapted from Swager and Griffin (1990b); Witt (1993); Swager (1997);
Nguyen et al. (1998); Ridley and Mengler (2000); Bateman and Hagemann (2004); and
Weinberg et al. (2005)

Event and

timing

constraints

(Ma)

Description Localities, see Figure 2.1

Gold mineralisation

associated with the

Boulder Lefroy Shear

Zone

D1

Pre-

2681±5

Subhorizontal thrusting

and recumbent folding

- Kalgoorlie to south of

Kambalda (not in Fig. 1)

- Subhorizontal granite-

greenstone contacts

D2

Post-

ca. 2675

Upright regional folds

with NNW-trending

axial planes and

shallowly plunging fold

axes

- Kambalda anticline (not in

Fig. 1)

- Goongarrie–Mount Pleasant

anticline

- Scotia Kanowna anticline

- Kurrawang syncline

? D1 or early D2 Fimiston

lodes

Cross-cutting D2 Oroya

lodes (Kalgoorlie)

D3

Post-

ca. 2660

Sinistral strike-slip on

NNW-trending shear

zones, and continued

regional shortening; sub

vertical movements on

some shear zones

during late D3

- Boulder-Lefroy Shear Zone

- Zuleika Shear Zone

- New Celebration

- Kambalda-Saint Ives

D4

Pre-

ca. 2620

Dominantly dextral

movements on NNE-

trending shear zones

- Kalgoorlie

- Paddington

- Mount Pleasant (Ora Banda)

- Mount Charlotte

(Kalgoorlie)
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Salier et al. 2004, 2005). 

2.3 Overview of the Bardoc tectonic Zone

The BTZ is a NNW-tending corridor of highly strained supracrustal rocks situated between two 
elongate granitic bodies, known as the Scotia-Kanowna and Goongarrie-Mt. Pleasant domes 
(Fig. 2.1). These domes are regarded as pre- to syn-D2 antiformal structures and the BTZ likely 
represents the sheared-out synclinal sequence that separates these two regional structures (Witt 
and Swager 1989; Witt 1994). Beeson et al. (1996) reported that units within the BTZ areBeeson et al. (1996) reported that units within the BTZ are(1996) reported that units within the BTZ are 
partitioned into narrow high-strain shear zones and relatively wider, synclinal low-strain zones, 
inferring that the high-strain zones are sheared off anticline hinges separating synclines. The 
BTZ is also the boundary structure between two tectono-stratigraphic sequences: the Ora Banda 
Domain to the west and the Boorara Domain to the east (Swager et al. 1995).

Rock units within the BTZ include peridotites, komatiites, high-Mg and tholeiitic basalts, 
ultramafic to mafic intrusive sills, rare felsic intrusive bodies, shales, and felsic to intermediate 
volcanogenic sedimentary rocks. Along strike, these units are strained and attenuated, however 
some units can be traced continually for more than 100 km (Witt 1994). The relatively small 
(~5 x 10 km) and circular Comet Vale granite also lies within the tectonic zone (Fig. 2.1). 
Regional aeromagnetic images show that this granite is made up of undeformed structures, 
suggesting it is a post-tectonic intrusive body that truncates the NNW-trending fabric of the BTZ 
(Witt 1993). The BTZ splays into a number of regional shear zones towards the south, which 
includes the Kanowna, Boulder-Lefroy, and Abattoir Shear Zones. These splays occur where 
the corridor between the bounding granitic domes opens up into a broad and less deformed 
zone of supracrustal rocks (Fig. 2.1). In the Menzies region in the north, the strike of the BTZ 
changes from a NNW trend to a NW trend (Witt 1993; Swager 1997; Hodkiewicz et al. 2005).  

A number of reports have previously described individual gold deposits along the BTZ (Booth 
1989; Bottomer and Robertson 1990; Colville et al. 1990; Hancock et al. 1990; Ransted 1990). 
However, regional overviews of deformation and gold mineralisation are limited to Witt (1992, 
1993) and unpublished exploration reports (Beeson et al. 1996; Manly 2003). From these reports, 
all types of rock units exposed within the BTZ can potentially host gold mineralisation, but as 
with most of the EGP, the majority of past gold production has been derived from relatively 
competent mafic extrusive or intrusive units. Styles of gold mineralisation within the BTZ range 
from brittle to ductile, vein-dominated ore bodies that are located dominantly within, or at the 
margin of, the relatively more competent units (Witt 1993). Towards Menzies, mineralisation 
is progressively more ductile as the metamorphic conditions recorded by rocks hosting gold 
change from greenschist to lower-amphibolite facies (Beeson et al. 1996), a pattern consistent 
with the continuum model of Groves (1993). 
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There are limited geochronological data constraining the absolute timing of host rock extrusion/
intrusion, structural deformation, or gold mineralisation within the BTZ. A granophyre dike, 
approximately 20km NNW of the Paddington Deposit, yielded a formation age of 2661 ± 3 
Ma (Nelson 1998). An emplacement age for the Scotia-Kanowna Dome bounding the BTZ on 
its eastern side (Fig. 2.1) was determined by a U-Pb zircon SHRIMP age to be 2657 ± 5 Ma 
(Nelson 2002). This can be interpreted as a maximum age for D2 as the Scotia Kanowna Dome 
is interpreted as a pre- to syn-tectonic intrusive dome (Witt and Swager 1989). Overprinting 
relationships and SHRIMP U-Pb studies on felsic porphyries within Kanowna Belle Deposit 
to the east of the BTZ (Ross et al. 2004; Fig. 2.1), yielded a similar maximum D2 age of 2655 
± 6 Ma. 

Gold mineralisation was inferred by Witt (1993) to be associated with relatively late strike-slip 
D3 or D4 structures. Beeson et al. (1996) in contrast, reported that the bulk of gold mineralisation 
within the BTZ is hosted within relatively early, compressional or transpressional D2 structures, 
and that later strike-slip structures are only a minor host to economic gold mineralisation. This 
study attempts to further resolve the relative structural timing of gold mineralisation within the 
BTZ, and compare these results with published data from other shear systems within the EGP, 
especially the connected BLSZ. 

2.4 paddington Gold Deposit

2.4.1 Geological setting

Paddington is the largest known gold deposit within the BTZ, and is located approximately 35 
km NNW of Kalgoorlie-Boulder, close to where the BTZ splays southwards into the Abattoir, 
Boulder-Lefroy, and Kanowna Shear Zones (Fig. 2.1). The open pit is divided into a northern 
and a southern section, which are offset by a series of NE-trending brittle-dominated faults 
(Fig. 2.2). The northern Paddington pit is partially obscured by mine tailings. Between 1985 
and 2001, 18 Mt of ore was mined averaging 2.28 g/t Au, or ~37 t of gold (Sheehan and Halley 
2002). A number of other open-pit gold deposits have been mined within the greater Paddington 
area, including four open pits within the Broad Arrow locality, ~5 km to the north (Fig. 2.1).

Rock units at Paddington trend NNW and dip steeply to the east and west. The lowest 
stratigraphic unit is an ultramafic unit, dominated by foliated talc-chlorite-carbonate schists, 
with minor spinifex and fragmental komatiite rocks (Fig. 2.2). Overlying the ultramafic unit are 
two tholeiitic basalt units and a leucoxene-bearing dolerite sill (Paddington Dolerite; Sheehan 
and Halley 2002). A less extensive, leucoxene-free dolerite lens also exists within the central 
portion of the deposit. A number of highly strained sulfidic carbonaceous shales occur at the 
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contact of the mafic units, or as interflow units within the basalt (Hancock et al. 1990). A thick 
unit of volcanogenic sedimentary shales and sandstones (regionally known as the Black Flag 
Group; e.g., Hunter 1993) is the highest stratigraphic unit (Fig. 2.2).

Gold mineralisation and associated veins are dominantly hosted within the more competent 
dolerite and basalt units (Fig. 2.2). Throughout the deposit, two major types of gold-bearing 
veins exist: a) a steeply-dipping, laminated vein that is up to 3 m wide and runs continuously 
along the strike of the open pit (~1.2 km in length), and b) a series of sub-horizontal and stacked 
ladder veins (Alardyce and Vanderhor 1998; Sheehan and Halley 2002), which were described 
as ‘stockworks’ by Hancock et al. (1990). These structures are further described below.

2.4.2 Local deformation and gold mineralisation events

The first local deformation phase at Paddington is characterised by a NNW-trending foliation 
(Fig. 2.2) that overprints primary bedding surfaces (S0). This foliation is associated with steeply-
dipping stretching lineations and both of these structures are more intensely developed within 
the less competent sedimentary and ultramafic units as well as near the margins of the more 
competent mafic units. This foliation is axial planar to tight to isoclinal upright folds (Fig. 2.3a). 
Within all units, reverse and thrust faults strike between 315o and 350o. These faults have sub 
metric offsets, cross cut the isoclinal upright folds (Fig. 2.3b), and also indicate ENE-WSW 
shortening. Consistent with multiple local shortening events described in Davis et al. (in press), 
all of these structures indicate an intense ENE–WSW shortening episode, and can be directly 
correlated with the regional D2 deformation phase described in Table 2.1. 

A major steep reverse D2 shear zone within the mafic unit hosts the laminated vein. The margins 
of this vein are characterised by alternating laminations of wall rock and quartz-carbonate 
vein material (Fig. 2.3c-e). Similar to S0 and S2, this vein strikes NNW but dips vertically or 

Fig. 2.3 (Next page)  Representative D
2
 structures and the laminated vein from the 

Paddington deposit. a Photograph of an F
2
 fold hinge, panned out and close up showing 

isoclinally folded S
0
 layers. b Photograph of a NNW-tending reverse fault and folded 

unmineralised vein associated with D
2
. c Photograph of the laminated vein and hosting 

foliated basaltic rock from the southern part of the Paddington open pit. Note the vein 
margins, where alternating selvages of wall rock and vein minerals occur. d Close up of 
the margin of the laminated vein showing the characteristic wall rock selvages and vein 
laminations. e Trace of the laminated vein selvages, showing shear sense indicators and 
arsenopyrite (Apy) quartz (Qtz) veins and muscovite (green) and quartz-dominated (grey) 
alteration selvages. f Reflected light photomicrograph of the wall rock alteration halo 
associated with the laminated vein showing the fractured nature of the arsenopyrite (Apy) 
grains. g Close-up of Fig. 3f, showing native gold grains distributed along arsenopyrite 
(Apy) grain boundaries and fractures. Mineral abbreviations used in all figures follow Kretz 
(1983).
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steeply towards the east. Wall-rock alteration, as much as 1 m outward from the laminated vein, 
is characterised by carbonate-quartz-muscovite-sulfide-gold assemblages. The sulfides are 
dominated by arsenopyrite, with lesser amounts of pyrite + chalcopyrite + galena ± sphalerite 
(Booth 1989; Hancock et al. 1990; this study).

At the margins of the laminated vein (Fig. 2.3c), steeply plunging stretching lineations along C-
planes and associated S-C fabrics imply reverse dip-slip movement (Fig. 2.3d-e). Rotated and 
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fractured arsenopyrite grains and associated pressure shadows also indicate reverse movement 
parallel to the stretching lineation. Visible gold is located within arsenopyrite fractures (Fig. 
2.3f), which are restricted to the alteration haloes of the laminated veins. Like the vein itself, the 
alteration halo and its deformation, including the fracturing of arsenopyrite are also most likely 
due to the progressive ENE–WSW D2

 (c.f. Hodgson 1989; Robert and Poulsen 2001).

The flat-lying ladder veins are generally 1 to 5-cm-thick (locally as much as 30 cm thick, Fig. 
2.4a), and like the laminated vein, wall rock alteration is characterised by carbonate-quartz-
sericite-sulfide-gold assemblages, which extend <20 cm on either side of the vein margins (Fig. 
2.4b). Consistent with the laminated lode, the sulfides proximal to the ladder veins are dominated 
by arsenopyrite with accessory pyrite + sphalerite ± galena. Unlike the shear-related laminated 
vein, the shallowly-dipping ladder veins are planar and extend for tens of metres in a ~N–S 

(a)

SENW

1 m

ladder veins

SSENNW

4 cm

ladder vein

(b)
Qtz + Carb + Apy

ladder vein

(c)S2 foliation overprinting 

a ladder vein

cm

Fig. 2.4 Representative images of 
the ladder veins from the Paddington 
deposit. a Pit wall photograph 
showing the nature of the fine 
(generally < 5cm thick) ladder veins 
hosted within the dolerite unit. b 
Close-up of a quartz-carbonate 
ladder vein showing its associated 
quartz- (Qtz), carbonate- (Carb) 
and arsenopyrite- (Apy) dominated 
wall rock alteration assemblage. c 
Diamond drill core intersection of a 
mineralised ladder vein cross-cut by 
S

2
 foliation.
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direction (Fig. 2.4a). They are generally oriented at a high angle to the steep NNW-trending D2 
axial planar foliation and lineation, indicative of extensional vein array-type structures (cf. Fig. 
2.16 in Robert and Poulsen 2001). 

The poles to the ladder veins define two broadly distributed clusters (Fig. 2.2), which most likely 
represent a conjugate pair. The wide variation in attitude within these clusters might represent 
local and complex variations in stress orientation during vein formation. The conjugate ladder 
veins are not folded, but quartz in the veins are recrystallised and define a faint foliation parallel 
to S2, or mutually cross cut or overprinted by the S2 foliation (Fig. 2.4b-c). Considering the veins 
as a conjugate pair, a ENE–WSW subhorizontal shortening axis and vertical extensional axis 
can be inferred. This is essentially the same shortening axis inferred for D2-related structures, 
and since these veins are mutually overprinted by or cut across S2, we conclude that they also 
formed during D2. 

The structural and overprinting relationships described above indicate that the laminated and 
ladder veins are controlled by the same deformation event (D2). This is remarkably similar to 
gold bearing veins at the Beaufor (formerly Perron or Pascalis Nord) and Sigma mines, Abitibi 
greenstone belt, Canada. In these deposits shear-related fault-fill and relatively later conjugate 
extensional veins were interpreted to have progressively formed during the one deformation 
event (Ames 1948; Hodgson 1989; Robert and Brown 1986; Gaboury et al. 2001; Tremblay 
2001). 

2.4.3 Post-mineralisation deformation

In the central part of the Paddington open pit, steeply-plunging, subvertical open folds refold 
S0 and S2 planes (Fig. 2.2). These folds trend between 070o to 085o and fold axes dip steeply 
WSW (Fig. 2.5a-b). These structures define a second local deformation phase and a maximum 
shortening axis oriented NNW–SSE. These structures are poorly-developed, restricted to 
localised areas of the Paddington pit, and thus most likely represent a local deviation of regional 
stresses occurring between D2 and D4 (termed DNS; Fig. 2.5c). 

Within the southern part of the Paddington pit, D2 ladder veins are offset by reverse faults that 
trend between 225o/68oS and 239o/64oS. Quartz-carbonate veins infill these late faults, but in 
contrast to the laminated and ladder veins, no sulfide or gold assemblages are associated with 
these unmineralised structures. Similar to the steeply-plunging open folds (above), slickenslide 
measurements along fault surfaces (75o’157o, 70o’171o) and associated en echelon tension 
veins suggest localised subhorizontal NNW–SSE shortening (Fig. 2.2, 2.5d). These reverse faults 
likely formed during the same local deformation event as the steeply-plunging second generation 
of folds, as they have similar inferred shortening axes and relative timing relationships.
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The last deformation event at Paddington is characterised by a series of steeply dipping 035o- 
to 045o-trending, brittle-ductile dextral faults that laterally displace the NNW-trending ore-
bearing veins by less than 50 m (Fig. 2.2; Hancock et al. 1990; Alardyce and Vanderhor 1998). 
The faults drag S0 and S2 planes in an oblique fashion and kinematic indicators such as drag 
folds and slickenslide lineations (Fig. 2.2) indicate oblique dextral/reverse movement. This 
event corresponds to the regional D4 event (Table 2.1).
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2.5 New Boddington Gold Deposit

2.5.1 Geological setting

The New Boddington gold deposit (Fig. 2.6) is located approximately 85 km north of Kalgoorlie-
Boulder, mid-way between the Paddington deposit and the Menzies township (Fig. 2.1). The 
inaccessible Frank’s Dam and Hicks Line open pits are situated less than 1 km from New 
Boddington (Witt 1992) and are part of the same gold camp (Colville et al. 1990). From 1893 
to 1942, underground production, mainly centred in what is now the New Boddington open pit, 
yielded 29,992 t of ore for 0.6 t of gold (Colville et al. 1990). More recent operations from 1987 
to 1989 mined a pre-production resource of 368,240 t of ore for 1.527 t of gold (Witt 1992). 

The New Boddington open pit is hosted within a series of ultramafic schists, extrusive and 
intrusive mafic rocks, and an interflow carbonaceous shale (Fig. 2.6). These units are highly 
strained and hydrothermally altered, trend NNW, and dip steeply to the west. Unit contacts are 
also defined by strike-parallel shear zones (Fig. 2.6; Colville et al. 1990). Gold mineralisation 
is hosted by the mafic units, and is associated with stockwork and planar veins cropping out in 
the western part of the open pit and planar veins in the eastern and central parts of the open pit. 
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Wall rock alteration for both vein types consists of carbonate-quartz-chlorite-biotite-muscovite-
arsenopyrite-pyrite-ilmenite-gold assemblages (Morey et al. in press). Interpreting that these 
veins were undeformed, Colville et al. (1990) inferred that gold mineralisation was relatively 
late. Witt (1992) further reported that gold mineralisation was associated with sinistral strike-
slip shearing on NNW-trending planes.

2.5.2 Local deformation and gold mineralisation

The earliest deformation event observed in the open pit is characterised by a pervasive NNW-
trending foliation that dips steeply to the west. This foliation is strongly developed in all units and 
stretching lineations on the foliation planes plunge steeply towards ~315o (Fig. 2.6). Deformed 
quartz grains (Fig. 2.7a) as well as S-C fabrics observed parallel to the lineation and orthogonal 
to steep W-dipping foliation planes, consistently indicate reverse movement. Steeply dipping 
unmineralised quartz veins are isoclinally folded with axial planes parallel to the dominant 
NNW-trending foliation (Fig. 2.7b). Both the shear sense indicators and the folded veins imply 
that the dominant fabric was associated with subhorizontal ENE–WSW crustal shortening, 
which we interpret as being part of the regional D2 event. 

The stockwork veins outcrop in the western part of the open pit but were inaccessible, and out-
of-situ stockwork ore blocks were therefore sampled (Fig. 2.7c). The minor, quartz-tourmaline 
planar veins are accessible in-situ on the eastern side of the open pit (Fig. 2.7d). The wall rock 
alteration zone extends up to 20 cm from both of these structures. The stockwork blocks have 
a pervasive foliation within the wall rock proximal to these veins (Fig. 2.7c, e). This foliation 
is comparable in style and mineralogy to that of the dominant foliation (D2) in the open pit 
and is therefore interpreted to represent this structure. Gold-bearing arsenopyrite and lesser 
pyrite grains proximal to the stockwork veins are fractured and overprinted by the foliation, as 
revealed by strain shadows surrounding arsenopyrite grains that include gold in fractures (Fig. 
2.7e, f). Given the lack of earlier structures, gold mineralisation is interpreted to have formed 

Fig. 2.7 (Next page) Collection of deformation and mineralised structures from the New 
Boddington gold deposit. a Photomicrograph parallel to L

2
 and perpendicular to S

2
 showing 

a rotated and recrystallised quartz grain inferring reverse movement associated with the W-
dipping S

2
 planes. Plane polarised light. b Plan view of an isoclinally folded, unmineralised 

subvertical quartz vein defining an F
2
 fold, inferring intense ENE–WSW shortening. c 

Photograph of a mineralised quartz-carbonate (Qtz-Carb) stockwork vein. The S
2
 foliation is 

visible as well as arsenopyrite (Apy) and chlorite (Chl). d Photograph of a ~N-trending planar 
vein that is offset by small scale (<1 m offset) faulting. Inset: Photograph of a planar vein 
boudinaged by S

2
. e Transmission light photomicrograph of gold bearing arsenopyrite (Apy) 

grains that formed either prior to or during the development of  S
2
. f Backscatter SEM image 

of a fractured arsenopyrite (Apy) grain with visible gold hosted in one of these fractures. 
Ilmenite (Ilm) also occurs as inclusions and within voids within arsenopyrite. g Profile view 
of S

2
 planes dragged into local, ~ENE–WSW-trending moderately-dipping thrust faults.
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during, and subsequently deformed by this dominant deformation event. 

The in-situ planar veins from the eastern section of the open pit were responsible for a small 
portion of total gold production (Colville et al. 1990). They are 20- to 30-cm-wide, trend 350o 
to 360o, and dip steeply to the east and west (Fig. 2.6, 2.7d). In contrast to unmineralised 
veins (Fig. 2.7b), these veins are not significantly deformed, but they are still boudinaged along 
strike by the S2 foliation (inset, Fig. 2.7d). Boudin necks are perpendicular to the L2 lineation, 
indicating that boudinage took place during this main deformation phase and are inferred to be 
contemporaneous with its development. 

2.5.3 Post-mineralisation deformation

Within the ultramafic unit, a later deformation event is characterised by brittle-ductile faults 
with small-scale (<1 m) offsets that trend between 031o and 041o, dip shallowly to moderately 
to the SE, and truncate the major D2 foliation (Fig. 2.6). No stretching/slickenslide lineations 
were identified along these fault planes; however, drag folds on the hanging wall (Fig. 2.7g) 
indicate thrusting towards the NW. Similar to the local deformation event at Paddington (DNS; 
Fig. 2.5c-d), these small-scale faults define a local shortening event occurring after D2 with a 
subhorizontal shortening axis oriented NNW–SSE. Another set of local faults were observed 
within the eastern part of the pit (Fig. 2.7d). These faults trend ~310o, dip steeply to the SW, and 
offset veins and foliations in a dextral fashion. One of these faults corresponds with the New 
Boddington fault of Colville et al. (1990) (Fig. 2.6). The isolated nature, brittle-ductile style and 
similar relative timing and maximum shortening axes of these dextral and thrust faults suggest 
that they could be related to the same NNW–SSE shortening event (DNS; Fig. 2.5c-d) already 
defined at Paddington, and are most likely the result of minor and isolated reorientations of 
regional ENE–WSW shortening between D2 and D4. 

2.6 Yunndaga Gold Deposit

2.6.1 Geological setting

The Yunndaga gold deposit is located 6 km south of the Menzies township. The regional strike 
of the BTZ changes in this area from 350o to 330o (Fig. 2.1; Witt 1993; Hodkiewicz et al. 2005). 
Between 1897 and 1935, Yunndaga yielded approximately 8.75 t of gold (Witt 1992), and recent 
open pit operations (1995-1998) produced approximately 2.02 t of gold (Evans 2003). The NW-
trending units at Yunndaga dip steeply to the SW, and comprise biotite-bearing sandstones with 
interbedded shale units, a minor layer of ultramafic schist, carbonaceous shale, and a central 
mafic dolerite unit (Fig. 2.8). All of these rocks have been metamorphosed to lower amphibolite 
facies (Witt 1993; Beeson et al. 1996). The southern section of the open pit has been back-filled 
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with mine tailings, restricting descriptions here to its northern section.

2.6.2 Local deformation and gold mineralisation 

The earliest deformation phase at Yunndaga is characterised by a NW-trending, steep westerly-
dipping pervasive foliation (Fig. 2.8). Similar to the BTZ gold deposits further south, this 
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foliation is pronounced within the sandstone, shale, and ultramafic units, and also at the 
dolerite contacts. In contrast to Paddington and New Boddington, stretching lineations plunge 
dominantly shallowly to the south. The pervasive foliation is axial planar to moderately plunging 
symmetric folds, and steeply plunging asymmetric and symmetric folds (Fig. 2.9a-c). For either 
style of fold, no earlier foliations were observed within the fold hinge zones. Thus, asymmetric 
and symmetric folds are interpreted here to have formed during the same deformation event, 
and the variation in fold styles could be due to thickness variations and anisotropies within 
the sedimentary units, or due to a component of sinistral strike-slip motion during shortening 
and folding, causing fold rotation. There are a number of features, particularly well-developed 
within the sedimentary units, such as asymmetric, sigmoidal quartz grains, elongated parallel 
to the lineation (Fig. 2.9d), asymmetric sheared quartz-veins showing sigmoidal shapes, and 
fold asymmetries that suggest a sinistral component of strike-slip deformation parallel to the 
shallowly plunging lineation. Although resolving strike-slip deformation in arcuate shear zones 
is complex (Tikoff and Greene 1997; Lin and Jiang 2001), the mutual relationships between 
symmetrical and asymmetrical folds are most simply explained by the same ENE–WSW 
maximum shortening axis determined for the Paddington and New Boddington deposits, and is 
typical of other regional shear systems within the EGP (Chen et al. 2001b). 

Gold mineralisation is associated with a strike-parallel laminated vein located at the contact 
between the western margin of the dolerite and the quartz-rich sedimentary units (Fig. 2.8). Wall 
rock alteration is characterised by quartz-carbonate-biotite-chlorite-arsenopyrite-pyrrhotite-
gold assemblages. Structural analysis of high grade diamond drill core intersections (4 to 5 
ppm Au) reveal that the laminated vein and associated wall rock sulfides are deformed and 
boudinaged by S2. Similar to Paddington and New Boddington, visible gold is associated with 
fine fractures within arsenopyrite (Fig. 2.9e-f). As the trace of the laminated vein follows a NW-
tending D2 structure (Fig. 2.8), gold mineralisation has been interpreted to have formed during, 
and consequently deformed by D2. 

Within the central and northern sections of the Yunndaga deposit, NE- and ENE-trending brittle-
ductile faults (Fig. 2.8) cut across and offset all lithologies and earlier structures. These faults 

Fig. 2.9 Collection of deformation and gold mineralisation images from the Yunndaga 
gold deposit. a photograph of a moderately plunging, symmetric F

2
 fold. b Plan view 

of a subvertical asymmetric F
2
 fold suggesting a component of strike-slip movement 

associated with D
2
. c Plan view of a symmetric subvertical F

2
 fold with boudinaged limbs, 

indicating intense ENE–WSW D
2
 shortening. d Transmission light photomicrograph of a 

rotated quartz grain with s-type asymmetrical recrystallised tails in a plane parallel to 
L

2
 and perpendicular to S

2
, which implies sinistral strike-slip shearing. e Photograph of 

a boudinaged, S
2
-parallel laminated vein and associated gold-bearing, arsenopyrite-

dominated sulfide assemblage. f Backscatter SEM image of a fractured arsenopyrite (Apy) 
grain with a fine fracture leading to a gold (Au) grain.
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are not associated with a pervasive foliation, have sinistral lateral offset <10 m, cut across 
bedding and the pervasive S2 planes, and reflect a later deformation event, associated with 
unmineralised quartz-carbonate veins within the dolerite unit. Slickenslide lineations along 
the ENE–WSW-trending faults vary from 40o’096o to 46o’071o and drag folding of the S2 
foliation and bedding indicate composite reverse-sinistral shearing. The brittle-ductile style, 
and reverse-sinistral movement sense suggests a late and local anticlockwise rotation of the 
D2 maximum shortening axis, towards a more northerly orientation. These late-stage faults are 
comparable in relative timing and style to regional D4, as described in Table 2.1.

2.7 Discussion

2.7.1 Deformation and gold mineralisation within the Bardoc Tectonic Zone

When compared to the regional shortening and gold mineralisation events of the EGP (i.e., D1-
D4 of Table 2.1; Fig. 2.10a), results from this study indicate that the BTZ is characterised by a 

relatively simple structural evolution (Fig. 2.10b). Low-angle thrusting, recumbent folding and 
stacking of stratigraphy associated with N–S shortening is the first recognised shortening phase 
within the southern EGP (D1, e.g., Gresham and Loftus-Hills 1981; Swager and Griffin 1990b). 
This style of deformation is typical of many greenstone-hosted orogenic gold deposits and 
shear systems (e.g., Hubert 1990; Milési et al. 1992; Robert and Poulsen 2001), but no evidence 
for it was found in the BTZ (Witt 1992, 1993; Beeson et al. 1996). If the supracrustal units that 
now define the BTZ did undergo D1 deformation, any structures developed were likely rotated 
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parallel to, and overprinted by subsequent deformation events. 

The first and most pervasive deformation event documented in all deposits is characterised by: a) 
a steeply-dipping, NNW-trending foliation axial planar to tight to isoclinal subhorizontal folds, 
and b) NNW-trending reverse/thrust shear systems. Together, these structures define a phase 
of intense crustal deformation related to ENE–WSW subhorizontal shortening and subvertical 
extension along NNW-trending planes. The style and relative timing of this event is comparable 
to regional D2 (Fig. 2.10; Swager and Griffin 1990b; Swager 1997; Weinberg et al. 2003). 

In addition, D2 at Yunndaga was associated with a component of sinistral strike-slip deformation 
along NW-trending planes. This is interpreted as a result of sinistral transpression during regional 
D2, where the sinistral motion results from the change in strike of the BTZ in that area towards 
the NW (Fig. 2.1; cf. Hodkiewicz et al. 2005). An independent phase of D3 sinistral strike-slip 
deformation is absent from the three deposits studied, which contrasts with Witt (1993; 1994) 
and other regional studies within the EGP (Swager 1997; Weinberg et al. 2003), where D3 
deformation was regarded as a major event. The lack of D3 in the deposits studied could possibly 
be related to the geometrical constraints imposed by the large competent granite domes that 
bound this narrow corridor of supracrustal rocks. During regional ENE–WSW D2 shortening, 
these granitic domes would have rotated the supracrustal rocks to their current orientation, 
roughly orthogonal to the maximum shortening direction (Fig. 2.1). Such an orientation would 
be unfavourable for reactivation of D2 structures to strike-slip shearing. 

Relatively late NE- and ENE-trending faults occur at Paddington and Yunndaga, as well as at 
numerous other localities in the BTZ (Witt 1993; 1994). These structures are brittle-ductile in 
nature, represent the last deformation phase, have low offset magnitudes and depending on their 
orientation, record oblique dip-slip to strike-slip movements (Witt 1993; Beeson et al. 1996; 
this study). These faults can be readily correlated with the regional D4 (Fig. 2.10). 

In between D2 and D4, this study recorded structures at Paddington and New Boddington (Fig. 
2.10b) derived from an inferred NNW–SSE subhorizontal shortening axis. This deformation 
produced only relatively minor structures (sub metric offsets; Fig. 2.5d, 2.7g), and they match 
those documented other by local- and regional-scale studies within the EGP (Ellis 1939; McMath 
1953). Because of their minor offsets and localised nature, these structures are considered to be 
local variations of regional ENE–WSW shortening between regional D2 and D4. 

2.7.2 Comparison to other major deposits and shear systems

The broad question underlying this study is why gold endowment within the BTZ (100 t Au) 
is an order of magnitude less than the BLSZ (>1500 t Au), despite the two shear systems being 
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physically linked along strike, cutting through similar rock packages, and having had broadly 
the same geological history (Fig. 2.1). The BTZ deposits from this study are characterised by 
a common ore paragenesis, comprised of carbonate, quartz, chlorite, muscovite, arsenopyrite, 
and pyrite ± biotite (Morey et al. in press), but more importantly, our local studies show that 
veins and their gold-bearing sulfide assemblages are associated with, and deformed by a major 
phase of ENE–WSW deformation (Fig. 2.3d-e, 7c, 9e), which corresponds with regional D2 
(Fig. 2.10). When applied to the whole shear system, this indicates that D2 dominated the 
structural evolution and gold endowment history of the BTZ, which is characterised by uniform 
and intense reverse shearing and upright folding dispersed over a broad (>5 km across strike) 
deformation zone. Other regional (Witt 1993) and local (Colville et al. 1990; Alardyce and 
Vanderhor 1998) studies of the BTZ argued that gold mineralisation was controlled by strike-
slip or oblique-slip faults related to D3 and D4, but as demonstrated by this work, these styles of 
deformation are either absent (D3), or post-date (D4) gold mineralisation. This is unlike a large 
number of gold camps in the EGP and elsewhere, where gold is related to either D3 and D4 (c.f., 
Vearncombe 1998; Phillips et al. 1998; Ridley and Mengler 2000; Groves et al. 2000; Robert 
and Poulsen 2001; Micklethwaite and Cox 2004). 

The deformation history of the BLSZ was more complex than that of the BTZ (Gresham and 
Loftus-Hills 1981; Swager and Griffin 1990b; Swager et al. 1995; Weinberg et al. 2005), where 
gold mineralisation was controlled by a greater variety of deformation styles and events (at least 
D2-D4; Fig. 2.10a-b; Bateman and Hagemann 2004; Nguyen et al. 1998; Weinberg et al. 2005; 
Ridley and Mengler 2000). The greater complexity in deformation and gold mineralisation 
is also reflected in the architecture of the BLSZ. This shear zone is a more tortuous, narrow 
(<2 km across strike; Micklethwaite and Cox 2004) shear system, linked to higher order, 
low offset splay structures in the vicinity of regional antiforms (Fig. 2.1; Hodkiewicz et al. 
2005; Weinberg et al. 2005). These architectural characteristics are repeated in other richly 
endowed shear systems, such as the Abitibi Subprovince in Canada and the Ashanti gold belt in 
western Africa (e.g., Robert and Poulsen 1997, 2001; Milési et al. 1991). The giant Hollinger-
McIntyre deposits of the Abitibi Subprovince, Canada are particularly noteworthy. Here, a large 
antiformal structure composed of mafic volcanic rocks is linked by higher order faults to the 
regional Porcupine-Destor Fault (Hodgson et al. 1990), which is very similar to the structural 
setting of the Golden Mile in the BLSZ (Fig. 2.1; Phillips et al. 1996). The competent, large 
antiformal structures provide more pronounced structural and lithological complexities, which 
are thought to give rise to regions of low mean stress and favour the formation of focussed, high 
permeability fluid systems that lead to large-scale gold deposition (Hodgson 1989; Ridley 1993; 
Ojala et al. 1993). In contrast, the BTZ does not contain any large-scale antiforms, or other 
favourable structural features such as secondary splay faults (Eisenlohr et al. 1989; Cox et al. 
2001) or significant variations in strike of the shear system (Hodkiewicz et al. 2005) to promote 
host rock dilation and gold mineralisation. The most likely reason for the lack of geometrical 
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and lithological complexities within the BTZ is that deformation was more intense within this 
broad shear system. More intense deformation explains the dominance of isoclinal folds and 
pervasive reverse shear zones at Paddington, New Boddington and Yunndaga, and also why 
the majority of lithological contacts in map view are orthogonal to the regional ENE–WSW 
shortening direction, as opposed to the more variably-striking features of the BLSZ system 
along strike to the south (Fig. 2.1). 

The advantage of a more variable deformation history, as typified by richly endowed shear 
systems, is also demonstrated by geochronological studies within the Juneau gold belt of Alaska, 
USA, where a rapid release of mineralising fluids was associated with a switch in tectonic 
activity from orthogonal to transpressive shearing (Goldfarb et al. 1991). In contrast, the less 
complex architecture of the BTZ (Fig. 2.10b) would decrease the potential for the shear system 
to undergo switches in deformation. Complex variations in deformation events are more typical 
of the BLSZ and other richly endowed shear systems. 

Even though gold endowment is also dependent on other factors, such as the presence of 
gold-bearing hydrothermal fluids that can undergo sulfidation in a suitable physico-chemical 
environment, the key structural factors defined above, explain the lower gold endowment of the 
BTZ. Thus, variety of deformation events, developed within a lithologically and structurally 
complex, narrow shear system, all favour the gold endowment potential of an orogenic shear 
system. 

2.8 Conclusions

As revealed by field studies from the Paddington, New Boddington and Yunndaga gold 
deposits, the structural history of the BTZ is dominated by intense D2 shortening through the 
development of NNW-trending tight to isoclinal folds and reverse to transpressive shear zones. 
This deformation event controlled the distribution of gold bearing structures within the BTZ, 
evident as syn-S2 shear and stockwork veins, or conjugate planar vein arrays that mutually cross-
cut and are overprinted by S2. The BTZ is also characterised by a lack of evidence for other 
major deformation events (D1, D3), and even though D4 faulting is common, these structures 
consistently post-date gold mineralisation. This is in contrast with the highly endowed BLSZ 
immediately to the south along strike, where a more complex sequence of dip- and strike-
slip deformation events (D2, D3 and D4) are more well preserved and associated with gold 
mineralisation, and the shear system is characterised by a narrow (<2 km across strike), tortuous 
geometry in the vicinity of supracrustal units that preserve more complex geometries. Despite 
the possible influence of other physico-chemical factors, the comparatively simple structural 
and gold mineralisation evolution of the BTZ, when compared to the more complex BLSZ, 
helps explain the differences in gold endowment between these along strike shear systems.
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Chapter 3

Gold deposIts of the Bardoc tectonIc Zone: a dIstInct style of oroGenIc 

Gold In the archaean eastern GoldfIelds provInce, yIlGarn craton, Western 

australIa

Morey AA, Weinberg RF, Bierlein FP, Davidson GJ, in press, Australian Journal of 

Earth Sciences

abstract

The Bardoc Tectonic Zone (BTZ) is a ~80 km-long and up to 12 km-wide, intensely sheared 
corridor of Late Archaean supracrustal rocks that is bounded by pre- to syn-tectonic granites 
within the Eastern Goldfields Province (EGP), Yilgarn Craton. This zone has produced over 
100 tonnes of gold from a range of deposits, the largest being Paddington (~40 t Au). This 
shear system is connected along strike to the Boulder-Lefroy Shear Zone (BLSZ), which hosts 
considerably larger deposits including the giant Golden Mile Camp (>1500 t produced Au). In 
contrast to the diverse characteristics of gold deposits associated with the BLSZ, mineralogical 
and geochemical data from five representative localities within the BTZ have relatively uniform 
features. These are: a) quartz-carbonate veins within competent mafic units with wallrock 
alteration characterised by carbonate + quartz + muscovite + chlorite ± biotite + sulf-arsenide 
+ sulfide + oxide + gold assemblages, b) arsenopyrite as the dominant sulfur-bearing mineral, 
c) a unique three-stage paragenetic history, commencing with pyrrhotite, and progressing 
to arsenopyrite and then to pyrite-dominated alteration, d) a lack of minerals indicative of 
oxidising conditions, such as hematite and sulfates, e) δ34 sulfur compositions of pre- to syn-
gold iron sulfides ranging from 1-9 ‰, and f) a lack of tellurides. These features characterise a 
coherent group of moderately-sized orogenic gold deposits, and when compared to the larger 
gold deposits of the BLSZ, potentially highlight the petrological and geochemical differences 
between high-tonnage and smaller deposits within the EGP. 

3.1 Introduction

The Late Archaean Eastern Goldfields Province (EGP) of the Yilgarn Craton hosts at least one 
giant (>500 t Au) and over ten world-class (>100 t Au) orogenic gold deposits (Hagemann 
and Cassidy 2001). These deposits are primarily located along major shear zones and their 
subordinate fault systems (e.g., Groves et al. 1984; Eisenlohr et al. 1989). Due to the broad range 
of geological conditions over which orogenic gold deposits form (e.g., Groves 1993; Groves et 
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al. 1998; Witt and Vanderhor 1998), these systems display a wide range of characteristics such 
as variations in vein style, metamorphic grade, host lithologies, hydrothermal alteration, fluid 
chemistry, interpreted fluid/rock ratios and redox conditions (Hagemann and Cassidy 2001). 
This diversity requires that exploration models for orogenic gold deposits be reassessed and 
modified to suit specific target areas, even at the camp to district scale. This is demonstrated 
by studying orogenic gold mineralisation within the Bardoc Tectonic Zone (BTZ), which hosts 
relatively small gold deposits (<40 t Au) with uniform features over its ~80 km length. This 
uniformity is very distinct from the characteristics of larger (>100 t Au) deposits associated 
with the connecting Boulder-Lefroy Shear Zone (BLSZ). In this paper, we first describe the 
nature of sub world-class mineralisation, hydrothermal alteration and sulfur isotope data of 
five localities within the BTZ. These include the Paddington, Talbot South, New Boddington 
and Yunndaga gold deposits, and the Nerrin Nerrin gold prospect (Fig. 3.1). As the Paddington 
gold deposit is located near the intersection of the BTZ and BLSZ, this study also assesses the 
regional setting of this significant structural boundary. By comparing mineralisation styles of 
the BTZ with the much larger deposits of the BLSZ and other world-class gold deposits within 
the EGP, it is possible to further define the major characteristics that distinguish world-class and 
sub world-class, shear zone-hosted orogenic gold deposits. 

3.2 the Bardoc tectonic Zone

The BTZ is a ~80 km-long, NNW-trending regional shear system that separates two distinctive 
tectono-stratigraphic domains within the multiply deformed EGP (Fig. 3.1; Swager et al. 1995; 
Goleby et al. 2002). The BTZ is unique at least within the EGP, in that it is a system in which 
intense strain is distributed within a <12 km-wide corridor of supracrustal rocks between 
competent pre- to syn-deformation granites (sensu stricto), the Scotia-Kanowna Dome to 
the east and the Goongarrie-Mt. Pleasant Dome to the west (e.g, Witt 1993). Whereas many 
orogenic gold deposits within the EGP are sited on second- or third-order structures that splay 
off first-order shear systems (e.g., Eisenlohr et al. 1989), the BTZ-hosted gold deposits are 
situated within the wide zone of shearing itself (Witt 1993). 

Within the BTZ, lithological contacts and internal foliations trend NNW and generally dip 
steeply to the west. Major lithologies include mafic and ultramafic extrusive rocks, both with 
various interflow shale units, intruded by dolerites and gabbros, and less commonly by felsic 
intrusive units (Witt 1994). These rock units are unconformably overlain by volcanogenic 
sedimentary rocks known regionally as the Black Flag Group (e.g., Hunter 1993). Even though 
there is a large degree of structural disruption and attenuation within the BTZ, a number of 
lithologies can be traced along the length of the shear zone from Paddington to Menzies (Fig. 
3.1; Witt 1994). Previous work (Witt 1993; Beeson et al. 1996), shows that all lithologies can 
host gold mineralisation, although, recent and historical gold production is chiefly from mafic 
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extrusive and intrusive units. Metamorphism is mostly of greenschist facies, except close to the 
bounding granites, (Mikucki and Roberts 2004) and in the Menzies area to the north (Fig. 3.1) 
where the metamorphic grade increases to lower-amphibolite facies (Witt 1992, 1993; Beeson 
et al. 1996). 

Strain within the BTZ is variably localised, with less competent ultramafic and sedimentary 
units being more strongly deformed than the more competent granitic and mafic units. Within 
the southern EGP, which includes the BTZ, four major shortening events have been identified, 
starting with thin-skinned thrust stacking indicating ~N-S shortening (D1), followed by a 
major inclined to upright folding and reverse faulting episode on NNW-trending planes (D2) 
that was also associated with localised orogen-parallel extension (Davis and Maidens 2003).Davis and Maidens 2003).. 
Continued shortening formed oblique-sinistral motion on NNW-trending shear zones (D3), and 
later by dominantly NE-trending, brittle-ductile oblique-slip faulting (D4). The major (D2-D4) 
deformation events are consistent with regional ENE–WSW shortening (e.g., Swager et al.(e.g., Swager et al. 
1995; Swager 1997; Weinberg et al. 2003). 

Based on their geologic setting, styles and hydrothermal alteration assemblages, the gold 
deposits studied within the BTZ are considered to be orogenic (e.g., Witt 1992, 1993). Gold 
mineralisation is dominantly associated with epigenetic quartz-carbonate veins and/or shear 
zones, which formed during the major ENE–WSW shortening event that produced upright folds 
and reverse shearing. Northward from Paddington to Menzies, veins are hosted in structures 
that generally become more ductile in nature, which also corresponds to a progressive change 
from greenschist facies metamorphic assemblages in the south to lower-amphibolite facies 
assemblages in the northern part of the shear system (Witt 1993; Beeson et al. 1996; Mikucki 
and Roberts 2004). Wallrock hydrothermal alteration minerals associated with mineralised 
veins typically consist of quartz, carbonate, chlorite, sericite, biotite, epidote, arsenopyrite, 
pyrite and base-metal sulfides, with a greater abundance of biotite alteration within the higher 
grade deposits towards the northern sections of the BTZ (Beeson et al. 1996). 

3.3 Field sites and analytical techniques

Thirty thin sections were prepared from the Paddington (7), Talbot South (3), New Boddington 
(7), and Yunndaga (9) localities (Fig. 3.1). In the absence of surface exposure at Nerrin Nerrin, 
4 thin sections were obtained from drill core from this prospect. The mineralogy, paragenesis 
and textures of mineral phases were analysed using optical, scanning electron microscopy 
(Jeol© JSM 6300 scanning electron microscope, SEM, at the University of Ballarat) and energy 
dispersive X-ray spectrometry (EDS). Analytical conditions for the SEM were 15kV and 1.5Analytical conditions for the SEM were 15kV and 1.5 
nA. Backscattered images on the SEM were acquired using an Oxford Instruments four-elementBackscattered images on the SEM were acquired using an Oxford Instruments four-element 
quadrant detector. 
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In-situ major- and trace-element analyses of representative sulfide phases were carried out with 
a laser-ablation inductively coupled plasma-mass spectrometer (LA-ICP-MS), at the Centre of 
Ore Deposit Research, University of Tasmania, Hobart. Twenty-six major and trace elements 
were analysed (Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Zr, Mo, Ag, Cd, Sn, Sb, Te, Ba, W, Au, Tl, 
Pb, Bi, La, Th, and U) using a New Wave OP213 laser probe and HP4500 quadrupole ICP-MS. 
As this analytical technique was exclusively used to detect the presence of gold within sulfides/
sulf-arsenides, only gold and silver data are presented here (Table 3.2). Calibration techniques 
follow Norman et al. (2003) and Danyushevsky et al. (2004), where data were quantified with 
the use of a primary standard (STDGL2b-2). Ablation spot sizes varied between 8 and 30 µm at 
a frequency of 5 to 10Hz. Each analysis consisted of a 30 s background run and a 60 s analysis 
time. Analytical detection limits and precision data are provided within Table 3.2.

Sulfur isotope analyses were carried out at the Central Science Laboratory, University of 
Tasmania in Hobart. In-situ laser ablation (Huston et al. 1995) and conventional digestion 
techniques (Robinson and Kasakabe 1975) were applied on selected sulfide-bearing samples. 
Stable sulfur isotope ratios (δ34S) are reported relative to the Canyon Diablo Triolite (CDT) in 
parts per mil (‰). Error margins are quoted within Tables 3.3 and 3.4 and precision values for 
in-situ and conventional analyses are typically 0.05 ‰ and 0.1 ‰, respectively (Huston et al. 
1995).

3.4 hydrothermal alteration and mineral paragenesis related to gold 

mineralisation

All rock samples are from hydrothermal alteration selvages directly adjacent to quartz-carbonate 
veins hosted in mafic rocks. Table 3.1 outlines the characteristics of each mineralised locality 
and sketch maps of each study area with coordinates are shown in Figure 3.2. Other rock units 
can host gold mineralisation (Witt 1993), however, production from gold deposits within the 
BTZ is dominated by mafic-hosted vein and shear zone systems. Therefore, mafic-hosted units 
provide representative examples of gold mineralisation within the BTZ. The overprinting 
relationships of different hydrothermal silicate minerals are ambiguous, and therefore the 
hydrothermal alteration history is derived from the overprinting relationships of the sulfide 
and oxide minerals. Abbreviations for mineral phases used in figures and tables follow Kretz 
(1983).

3.4.1 Paddington deposit

The Paddington gold deposit comprises two linked, elongate open pits that are aligned with the 
regional NNW trend of the BTZ (Hancock et al. 1990; Alardyce and Vanderhor 1998; Fig. 3.2a). 
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Between 1985 and 2001, 18 Mt of ore was mined, averaging 2.28 g/t Au, producing 37 t of gold 
(Sheehan and Halley 2002). Rock units exposed within the open pits trend NNW and dip steeply 
west and east. The mineralisation is hosted by a dolerite unit in the northern pit, and by basalt in 
the southern pit. Both mineralised units are flanked on the west by volcaniclastic sedimentary 
rocks and on the east by talc-chlorite ultramafic schist. Interflow sulfidic and carbonaceous 
shales also occur within and at the boundaries of the basalt unit (Fig. 3.2a; Hancock et al. 
1990). 

There are two styles of mineralised structures at Paddington: a) a single, continuous, quartz-
carbonate laminated vein; and b) arrays of subhorizontal quartz-carbonate ladder veins 
(Alardyce and Vanderhor 1998; Sheehan and Halley 2002). The NNW-tending, steeply east 
dipping laminated vein is up to 3 m thick and is characterised at its margins by alternating layers 
of quartz-carbonate and altered/mineralised wallrock selvages. The laminated vein (Fig. 3.3a) is 
parallel to, and hosted within a NNW-trending, steeply-dipping, reverse sense shear zone. The 
ladder veins (Fig. 3.3b) are defined by an array of gently dipping, thin veins (~2-5 cm wide), 
and based on their planar nature and orientation at a high angle to the steeply-dipping, NNW-
trending pervasive foliation and associated stretching lineation, are interpreted as tension veins. 
Both vein styles are strikingly similar to mineralised structures at the greenstone-hosted Sigma 
Mine, Canada (Robert and Brown 1986). For both vein types, visible gold is dominantly located 
within the hydrothermal wallrock alteration halo, which extends up to tens of centimetres away 
from the vein margins (Table 3.1; Fig. 3.4). The alteration minerals are dominated by carbonate, 

Table 3.1 Major characteristics of each deposit/study locality

Deposits

from S to N

Gold

mined

(t Au)

Host lithology Metamorphic

facies of host

lithology

Vein

structure

Alteration assemblage*
(in decreasing abundance)

Paddington

Laminated

vein

Dolerite and

basalt

Greenschist Shear vein Carb, Qtz, Ms, Bt, Apy,

other sulfides, Fe-oxides

Paddington

Ladder vein

~40

Dolerite and

basalt

Greenschist Planar vein Carb, Qtz, Ms, Apy, other

sulfides, Fe-oxides

Talbot

South

12 Gabbro Greenschist Brecciated and

planar veins

Qtz, Carb, Ms, Chl, ± Bt,

Apy, other sulfides, Fe-

oxides

Nerrin

Nerrin

0.02 Dolerite Greenschist Planar veinlets Qtz, Carb, Ms, Chl, Apy,

other sulfides, Fe-oxides

New

Boddington

~2 Basalt Greenschist Stockwork

and planar

veins

Carb, Qtz, Chl, Bt, Ms,

Apy, other sulfides, Fe-

oxides

Yunndaga 11 Contact between

sedimentary rock

and dolerite

Lower

amphibolite

Shear

laminated vein

Qtz, Carb, Bt, Ms, Apy,

other sulfides, Fe-oxides

* Apy = arsenopyrite, Bt = biotite, Carb = carbonate, Chl = chlorite, Ms = muscovite, Qtz = quartz
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quartz, muscovite, biotite, sulf-arsenides, sulfides, oxide minerals and visible gold (Table 3.1). 
Through EDS analyses, the carbonate grains are dominated by calcite that generally contain up 
to 5 atomic % Fe (ferroan calcite). Muscovite has replaced biotite within the wallrock selvages 
of the laminated vein, and due to the localisation of the alteration minerals along a major reverse 
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Fig. 3.2  Lithology maps of the open pits covered in this study. Lithological units trend NNW 
and dip steeply to the west. The sub-surface Nerrin Nerrin prospect is not shown. Geology 
is based on unpublished maps from Barrick Gold. See Figure 1 for the locations of each 
deposit. a Paddington gold deposit. b Talbot South gold deposit. c New Boddington gold 
deposit. d Yunndaga gold deposit.
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Fig. 3.3 Photographs from the Paddington gold deposit. a Laminated vein showing characteristic 
alternating laminations of quartz-carbonate veins and hydrothermally altered and mineralised 
wallrock. b Ladder vein from Paddington. Vein thickness is 1-2 cm and sulfides (dominantly 
arsenopyrite) are located within <10 cm-wide wallrock alteration halo. c Microstructure in plane 
polarised light of the laminated vein margin and related hydrothermal silicate, carbonate and 
sulfide alteration assemblage. Note the fractured nature of the arsenopyrite grains. d Cross 
polarised photomicrograph of the hydrothermal assemblage associated with the ladder vein. 
Note the intense carbonate, silica, muscovite and sulfide wallrock alteration proximal to the 
ladder vein. e Backscatter electron SEM image of Stage 3 pyrite and visible gold within a Stage 
2 arsenopyrite fracture. f Backscatter electron SEM images of a Stage 2 arsenopyrite fracture 
infilled with Stage 3 pyrite, and inset: Close-up of highlighted area with contrast adjusted to 
reveal Stage 3 visible gold within the arsenopyrite fracture. Apy = arsenopyrite, Au = visibleAu = visible 
gold, Bt = biotite, Carb = carbonate, Ms = muscovite, Py = pyrite, Qtz = quartz. Bt = biotite, Carb = carbonate, Ms = muscovite, Py = pyrite, Qtz = quartz..
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fault, alteration assemblages are more strongly deformed than those associated with the ladder 
veins (Fig. 3.3c-d). 

Arsenopyrite is the most abundant sulfur-bearing phase in the alteration zone of both vein styles. 
It occurs as euhedral grains up to 7 mm in length (Fig. 3.3a), and has commonly undergone 
brittle fracturing (Fig. 3.3c-f). The hydrothermal sulfur-bearing and oxide phases define three 
overprinting alteration stages. Stage 1 is characterised by abundant pyrrhotite inclusions within 
the cores of Stage 2 arsenopyrite grains (Fig. 3.4; cf. Hancock et al. 1990). Groups of isolated 
pyrrhotite inclusions within any particular arsenopyrite grain have identical extension angles 
in cross-polarised light, confirming that they are remnants of a single grain that pre-dated the 
formation of Stage 2 arsenopyrite. Stage 3 is the most complex hydrothermal stage, and is 
characterised by pyrite, chalcopyrite, galena (only documented within the laminated vein), rutile 
and visible gold (with silver up to 20 atomic %). Visible gold occurs within microfractures, and 
along the grain boundaries of Stage 2 arsenopyrite grains (Fig. 3.3e-f). Within the laminated 
vein, pyrite also occurs within fine veinlets that cut across the vein laminations at a high angle. 
Scheelite (as reported by Booth 1989 and Hancock et al. 1990) was also documented as fine 
(<<1mm) grains within the hydrothermal alteration assemblage, but in contrast to the findings 
of Hancock et al. (1990), no marcasite was recorded in pyrite grains.
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Fig. 3.4  Schematic representation of the paragenesis of sulfide, oxide and visible 
gold phases from all studied localities. Apy = arsenopyrite, Au = visible/invisible 
gold, Ccp = chalcopyrite, Ilm = ilmenite, Py = pyrite, Po = pyrrhotite, Rt = rutile, Sp 
= sphalerite.
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3.4.2 Talbot South deposit

Talbot South is located within the Broad Arrow Camp, 5 km north-northwest of Paddington 
(Fig. 3.1). It produced 1.2 t of gold from 1903 to 1911 (Witt 1992). From the mid 1990’s to 2000, 
open pit mining produced approximately 12 t of gold (Manly 2003). The mineralised structures 
are located within a steep, westerly-dipping, NNW-trending gabbro unit that is bounded on 
both sides by more intensely deformed sandstone and shale units (Fig. 3.2b). Within the open 
pit, the gabbro is up to 100 metres in thickness and is only pervasively foliated at the contacts 
with the sedimentary rocks. The ore is associated with a strike-parallel, hydrothermal breccia 
zone, up to 8 m thick and dipping steeply to the east, which is also characterised by a zone of 
intensified silicification and carbonation that extends for the length of the open pit (Fig. 3.2b; 
Revell 2000). 

Hydrothermal alteration minerals associated with the breccia zone include quartz, carbonate, 
muscovite, chlorite after biotite, sulfides and oxide phases (Fig. 3.5a; Table 3.1). Quartz, 
carbonate and muscovite overprint primary plagioclase grains and biotite is overprinted by 
chlorite, which also occurs within fractures in arsenopyrite (Fig. 3.5b). In order of decreasing 
abundance, arsenopyrite, pyrite, chalcopyrite, ilmenite, pyrrhotite and visible gold also occur 
within the altered wallrock. Overprinting relationships of the sulfur-bearing and oxide phases 
define a three-stage alteration history, analogous to those determined at Paddington (Fig. 3.4). 
Stage 1 is defined by remnant pyrrhotite preserved as <0.5 mm rounded inclusions within Stage 
2 arsenopyrite, which commonly has pitted cores hosting Stage 1 pyrrhotite and inclusion 
free rims (inset, Fig. 3.5c). Like Paddington, Stage 3 is characterised by the fracturing and 
overprinting of arsenopyrite grains by coliform pyrite, chalcopyrite, visible gold and ilmenite 
(Fig. 3.5c-d). Stage 2 arsenopyrite grains are also sparsely embayed (Fig. 3.5c-d), suggesting that 
minor hydrothermal corrosion occurred prior to or during the formation of Stage 3 phases. 

3.4.3 Nerrin Nerrin gold prospect

Nerrin Nerrin is an exploration prospect within the BTZ, 30 km north-northwest of Paddington 
(Fig. 3.1). Locally, Witt (1992) reported historical production of 15.1 kg of gold from 1879 
to 1919. Ultramafic, dolerite and carbonaceous sedimentary rock units have been intersected 
by diamond drilling (Manly 2003). The dolerite unit has been interpreted to be the northerly 
extension of the same mafic sequence that hosts the Paddington and Talbot South gold deposits 
(Manly 2003). A 2 m core section within the dolerite unit at Nerrin Nerrin assayed an average 
of 1.32 g/t of gold, and is used here to characterise the hydrothermal alteration history of this 
prospect. 
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Thin section analyses reveal that the gold-bearing assemblage occurs within wallrock adjacent 
to <5 cm-wide quartz-carbonate veinlets (Fig. 3.6a), within a <10 cm-wide wallrock alteration 
assemblage dominated by carbonate (ferroan calcite), quartz, chlorite and muscovite (Table 3.1) 
and including arsenopyrite, pyrite, ilmenite, pyrrhotite and visible gold. From EDS analyses, 
the carbonate grains are characterised by a Ca-rich chemistry, generally with less than 5 atomic 
% Fe. Analogous to the characteristics of alteration minerals already described at Paddington 
and Talbot South, Stage 1 remnant pyrrhotite inclusions occur within Stage 2 arsenopyrite. 
Stage 2 arsenopyrite grains were later fractured and overprinted by Stage 3 pyrite, visible gold 
and ilmenite (Fig. 3.4; 3.6b-c). In addition to the alteration mineral paragenesis reported here, 
Manly (2003) noted the geometry of gold-bearing veins at Nerrin Nerrin to be similar to those 
at Paddington. 

1 cm

Qtz-Carb
breccia infill

Sulphides and
altered wall rock

(a) (b)

Chl infilling Apy
fracture

0.25 mm

(d)

Py

Apy

Py

Py

Ilm

Ccp

0.2 mm

Remnant Bt

Apy

Apy

(c)

inset

Ilm

Au

Apy

Apy

Po

0.5 mm

Fracture

Fig. 3.5  Photographs from the Talbot South gold deposit. a Brecciated ore. Note the 
abundance of sulfides within the altered wallrock fragments. b Photomicrograph of chlorite at 
the margin of a fractured arsenopyrite grain. Note remnant biotite in chlorite. Plane polarised 
light, thin section ~100 mm thick. c Reflected light photomicrograph of fractured arsenopyrite 
grains with visible gold within one fracture. Ilmenite has overprinted the arsenopyrite. Inset: 
Close-up of an arsenopyrite grain with rounded remnant pyrrhotite inclusions (Stage 1) within 
its pitted core. Plane polarised light. d Reflected light photomicrograph of a hydrothermally 
corroded arsenopyrite grain replaced by coliform pyrite and chalcopyrite, which is in turn 
overprinted by lenticular ilmenite grains. Plane polarised light. Bt = biotite, Apy = arsenopyrite, 
Au = visible gold, Ccp = chalcopyrite, Ilm = ilmenite, Py = pyrite.
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3.4.4 New Boddington deposit

The New Boddington gold deposit (~2 t produced Au) is situated approximately halfway 
between Paddington and Menzies (Fig. 3.1). The NNW-trending host rocks exposed within the 
open pit include a talc-chlorite schist (i.e., ultramafic unit) on its western margin, and a basaltic 
rock unit in the central and eastern parts of the pit (Fig. 3.2c). There are also two interflow 
carbonaceous shale units (both <1 m thick) within the mafic sequence. All contacts are sheared 
and dip steeply to the west. Gold-bearing veins are hosted within the basalt unit and occur asGold-bearing veins are hosted within the basalt unit and occur asold-bearing veins are hosted within the basalt unit and occur as 
stockwork and planar veins (Colville et al. 1990). 

Access restrictions prohibited the recovery of in-situ stockwork ore samples, and hence 
displaced blocks of foliated ore-bearing basalt from the open pit ramp were used to characterise 
hydrothermal alteration and gold mineralisation (Fig. 3.7a). The alteration assemblage proximal 
to the stockwork vein consists of carbonate (ferroan calcite), quartz, biotite (partly altered to 
chlorite), muscovite, sulf-arsenides, sulfides, and ilmenite (Fig. 3.7b). Biotite is more abundant 
here than at Paddington, Talbot South or Nerrin Nerrin, but the sulfur-bearing minerals are still 
dominated by arsenopyrite, with lesser pyrite, pyrrhotite and chalcopyrite.

0.5 mm

Apy

Apy

Qtz-Carb veinlet

(a)Carb-Qtz-Chl wall rock alteration

(c)

AuAu

20
0
μ
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Apy

Py

Py

Apy Apy
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20
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μ
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(b)

Fig. 3.6  Photographs of 
rock samples collected from 
the Nerrin Nerrin exploration 
drill hole. a Transmitted 
light photomicrograph of 
hydrothermal sulfide (opaque), 
carbonate, chlorite wallrock 
proximal to quartz-carbonate 
veinlets. Plane polarised 
light. b Backscatter SEM 
image of Stage 3 visible gold 
inclusions and pyrite,  which 
both infill fractures within 
Stage 2 arsenopyrite. c 
Photomicrograph of b, showing 
Stage 3 ilmenite overgrowing 
and infilling a fractured 
arsenopyrite fragment. Note 
that in reflected light it is difficult 
to discriminate between Stage 
2 arsenopyrite and Stage 3 
pyrite. Apy = arsenopyrite, Au = 
visible gold, Carb = carbonate, 
Chl = chlorite, Ilm = ilmenite, 
Py = pyrite, Qtz = quartz
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As with the sulfur-bearing and oxide 
assemblages from Paddington, 
Talbot South and Nerrin Nerrin, 
arsenopyrite-dominated ore samples 
from New Boddington preserve 
Stage 1 pyrrhotite inclusions in Stage 
2 arsenopyrite grains. Fractured 
arsenopyrite grains are zoned, with 
relatively pitted cores, and bordered 
by muscovite bearing strain shadows, 
which are parallel to the pervasive 
foliation (Fig. 3.7b). Stage 3 
pyrrhotite, chalcopyrite and ilmenite 
overprint arsenopyrite, and fractures 
in arsenopyrite are partly filled with 
Stage 3 visible gold (Fig. 3.4, 3.7c). 
Unlike Paddington, Talbot South and 

Nerrin Nerrin, the ore paragenesis at New Boddington lacks Stage 3 pyrite, and pyrrhotite is 
also present during this alteration stage (Fig. 3.4).
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Carb rim Qtz
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Apy
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(b)
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Chl
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(c)
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Ilm

Qtz-Carb
Ms

Fig. 3.7  Photographs from the 
New Boddington gold deposit. 
a Deformed stockwork ore, with 
its associated carbonate, quartz, 
biotite, muscovite, chlorite and 
sulfide alteration assemblage. b 
Photomicrograph in transmitted 
light showing characteristic 
hydrothermal alteration, with 
biotite, chlorite and muscovite 
within arsenopyrite (opaque) strain 
shadows. Plane polarised light. c 
Photomicrograph in reflected light 
showing a Stage 2 arsenopyrite 
grain where fractures are infilled 
with Stage 3 visible gold + ilmenite. 
Apy = arsenopyrite, Au = visible 
gold, Carb = carbonate, Chl = 
chlorite, Ilm = ilmenite, Py = pyrite, 
Qtz = quartz
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3.4.5 Yunndaga deposit

The Yunndaga gold deposit is located 6 km south of the township of Menzies and is the largest 
known gold deposit at the northern end of the Bardoc Tectonic Zone, having yielded 11 t of gold 
from historical (1895-1943) and recent (1995-1998) mining activities (Evans 2003). All rock 
units within the open pit trend towards the northwest and dip moderately to steeply towards the 
west. Exposed rock units on the western side of the pit mainly comprise a folded and foliated 
sequence of interlayered micaceous sandstones and shales, with a less extensive ultramafic 
layer, and a carbonaceous shale unit up to 5 m thick. A dolerite unit is exposed within the centre 
of the open pit and is flanked on its eastern side by micaceous sandstones and lesser interbedded 
shales (Fig. 3.2d; Beeson et al. 1996). Beeson et al. (1996) and Witt (1993) reported lower-
amphibolite facies peak metamorphic conditions within the northern BTZ.

Gold mineralisation is associated with a layer-parallel, laminated to massive quartz-carbonate 
shear vein, hosted within the dolerite near its western contact with the carbonaceous shale 
(Fig. 3.2d, 3.8a). Witt (1992, 1993) also reported that a now inaccessible ultramafic unit also 
hosted gold mineralisation. The mafic wallrock alteration assemblage directly adjacent to 
this vein consists of quartz, carbonate (ferroan calcite and siderite), biotite, muscovite, sulf-
arsenides, sulfides, minor chlorite, and epidote. In decreasing order of abundance, the sulfur-
bearing minerals comprise arsenopyrite, pyrrhotite, sphalerite, and chalcopyrite, together with 
visible gold. Chlorite primarily occurs within arsenopyrite fractures. The exact metamorphic 
conditions during the mineralising event(s) cannot be determined without a detailed study of 
the hydrothermal phases. However, the presence of biotite and epidote in textural equilibrium 
with the mineralised assemblages provides evidence that metamorphic conditions during 
mineralisation possibly reached lower amphibolite facies. Lower amphibolite metamorphic 
conditions are further supported by hornblende and biotite assemblages preserved within 
the dolerite unit 10 m from the mineralised laminated vein. Metamorphic hornblende is not 
observed within gold deposits of the southern BTZ, where greenschist-facies assemblages are 
stable (Witt 1993; Beeson et al. 1996; Mikucki and Roberts 2004). Despite these differences, 
the overprinting relationships of gold-bearing sulf-arsenide, sulfide and oxide phases are still 
similar to the other localities investigated. Stage 2 arsenopyrite grains also contain abundant 
Stage 1 pyrrhotite inclusions (Fig. 3.8c). Furthermore, Stage 2 arsenopyrite grains are fractured 
and infilled with Stage 3 pyrite, pyrrhotite, sphalerite, minor chalcopyrite and visible gold (Fig. 
3.4, 3.8c-d). Similar to New Boddington, pyrrhotite is associated with Stage 3 alteration (Fig. 
3.8e) but unlike all other deposits there are no Ti-bearing oxides observed within the mineralised 
assemblage. 
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Fig. 3.8  Photographs from the Yunndaga gold deposit. a The mineralised and boudinaged 
laminated vein from Yunndaga, showing arsenopyrite, carbonate, quartz, biotite, chlorite 
wallrock alteration assemblage. b Photomicrograph of an arsenopyrite grain (opaque) 
within a quartz, carbonate, biotite and chlorite alteration assemblage. Plane polarised 
light. c Reflected light photomicrograph showing Stage 1 pyrrhotite inclusions within 
Stage 2 arsenopyrite and Stage 3 sphalerite. Plane polarised light. d Reflected light 
photomicrograph of fractured Stage 2 arsenopyrite grains infilled with Stage 3 pyrite and 
visible gold. Plane polarised light. e Reflected light photomicrograph showing a Stage 3 
visible gold particle within a Stage 2 arsenopyrite grain that is rimmed by Stage 3 pyrrhotite 
(Po). Plane polarised light. Apy = arsenopyrite, Carb = carbonate, Po = pyrrhotite, Py = 
pyrite, Qtz = quartz, Sp = sphalerite
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3.5 Gold in sulfides from the Bardoc Tectonic Zone

Optical and SEM backscatter images show that visible gold is found in arsenopyrite fractures 
and along its margins, related to Stage 3 hydrothermal alteration (e.g., Fig. 3.4, 3.8d). However, 
gold in orogenic systems commonly occur as submicroscopic or invisible grains within sulfides 
(e.g., Cathelineau et al. 1989). Only particulate (free milling) gold was recovered from the 
Paddington deposit (Booth 1989), however, quantitative LA-ICP-MS analysis reveals that Stage 
2 arsenopyrite grains from all five localities contain gold in trace amounts of up to 28 ppm. 
Silver in these samples remains below detection limits (Table 3.2; Fig. 3.9). Analyses failed 
to detect elevated concentrations of sub-microscopic gold in Stage 3 pyrite. In all cases, SEM 
backscattered images were used to ensure ablation spots were away from any fractures within 
Stage 2 arsenopyrite and other visible gold grains. As typified in Figure 3.9, the gold signal 
within arsenopyrite is relatively uniform with no noticeable spikes in the ablation analyses, 
which are used here to suggest that gold is sub-microscopic and uniformly dispersed throughout 
arsenopyrite. From this we conclude that sub-microscopic or invisible gold is associated with 
Stage 2 arsenopyrite, whereas visible gold is associated with the Stage 3 influx of pyrite, base 
metal sulfides and Fe-oxides. 

Table 3.2 Invisible gold and silver concentrations (ppm) of Stage 2
arsenopyrite from quantitative LA-ICP-MS analyses
Sample name Location Au Ag Detection

limit (ppm)

Precision

Laminated vein

S051910A-17

Paddington

E: 341446

N: 6625231

23 ppm 1.42 ppm 1 ± 8%

Ladder vein

PD231609-18

Paddington

E: 340945

N: 6626555

11 ppm < 1 ppm 1 ± 6%

Talbot South

BWRCD247B-27

Talbot South

E: 339147

N: 6630276

9.8 ppm < 1ppm 1 ± 9%

Nerrin Nerrin

NNDD001-11

Nerrin Nerrin

E: 335680

N: 6639490

8.2 ppm < 1 ppm 1 ± 5%

New Boddington

GG011906B-9

New Boddington

E: 323142

N: 6675085

28 ppm < 1 ppm 1 ± 5%

Yunndaga

YD10800-6

Yunndaga

E: 311327

N: 6707386

1.6 ppm < 1 ppm 1 ± 14%
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A structural and alteration study of the Aphrodite prospect (Crameri 2002), situated between 
Nerrin Nerrin and New Boddington (Fig. 3.1), reported that gold within pyrite-arsenopyrite 
ore assemblages was refractory. No details were provided regarding the relative overprinting 
relationships of the sulfide phases and therefore more research needs to be conducted at 
Aphrodite to establish the paragenesis of gold at this prospect and relevance to other deposits 
within the BTZ.

3.6 Sulfur isotope Data

Fifty-six in-situ and 4 conventional sulfur isotope analyses were conducted on samples from the 
BTZ (Tables 3.3 to 3.4), including 41 analyses on Stage 2 and Stage 3 arsenopyrite and pyrite 
(Fig. 3.10a), and 18 analyses on unmineralised, pyrite-bearing carbonaceous shale units that 
outcrop within all open pits studied (Fig. 3.2a-d; 3.10b). One mineralised gabbro (whole rock 
sample) from Talbot South was also analysed to compare with in-situ analyses on the sulfides 
and sulf-arsenides.

In-situ and conventional δ34 sulfur isotope analyses on Stage 2 arsenopyrite and Stage 3 pyrite 
from all localities yielded values in the range between 0 and +9 ‰ (Fig. 3.10a), with no distinct 
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Fig. 3.9  Representative LA-ICP-MS analysis graph used to calculate the concentration 
of invisible gold within Stage 2 arsenopyrite. Arsenic, Fe, Au and Ag traces shown 
only. The detection limit for the analysis run is also indicated (dashed line). Note 
that the gold trace is uniform without spikes, suggestive of a uniform distribution of 
gold within the ablated arsenopyrite grain. Data from the ladder vein (Table 3.2), 
Paddington gold deposit
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clustering of data from deposit to deposit (Tables 3.3 to 3.4; Fig. 3.10a). The average δ34S value 
of Stage 2 arsenopyrite grains is +5.8 ± 0.6 ‰, which varies between +1 and +9 ‰. In contrast, 
the average δ34S composition of Stage 3 pyrite grains is +3.6 ± 0.6‰, with a range from 0 to +7 
‰. This difference, albeit relatively minor, can be accounted for by numerous competing factors, 
including different sulfur isotope fractionation factors for arsenopyrite and pyrite, the state of 
equilibrium between the sulfur species and the sulfides during each stage, oxygen fugacity or 
redox state of the hydrothermal system and the source of sulfur within the different phases (e.g., 

Table 3.4 Sulphur isotope data from unmineralised rock
samples. Pyrite = Py, ISLA = In-situ laser ablation
Location Analysis* Sample details δ34S

(‰)*

Paddington Conventional Py separate from

sulphidic shale

2.0

Paddington ISLA Py within sulphidic

shale

3.2

Paddington ISLA Py within sulphidic

shale

4.4

Paddington ISLA Py within sulphidic

shale

4.6

Talbot South ISLA Py within sulphidic

shale

2.8

Talbot South ISLA Py within sulphidic

shale

3.5

Talbot South ISLA Py within sulphidic

shale

4.0

Between

Paddington &

Talbot South

ISLA Py associated with

carbonate-dominated

vein

2.7

Between

Paddington &

Talbot South

ISLA Py within sulphidic

shale

8.0

Between

Paddington &

Talbot South

ISLA Py within sulphidic

shale

3.9

Between

Paddington &

Talbot South

ISLA Py within sulphidic

shale

3.6

Between

Paddington &

Talbot South

ISLA Py within sulphidic

shale

3.4

South Duke ISLA Py within sulphidic

shale

3.3

South Duke ISLA Py within sulphidic

shale

4.1

South Duke ISLA Py within sulphidic

shale

6.8

Yunndaga Conventional Py separate from

sulphidic shale

2.2

Yunndaga ISLA Rim of Py grain

within sulphidic shale

1.4

Yunndaga ISLA Py within sulphidic

shale

2.4

*Errors for conventional and ISLA is ±0.15 & ±0.4, respectively
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Ohmoto and Goldhaber 1997). In spite of this, the range of δ34 sulfur values of sulfides from 
BTZ samples is relatively narrow, as opposed to the broad range of δ34 sulfur compositions from 
world class gold deposits elsewhere within the EGP (Phillips et al. 1986; Weinberg et al. 2002). 
Stage 3 pyrrhotite, which has only been observed at New Boddington and Yunndaga, yields 
δ34S values of +3.5 and +0.1 ± 0.4 ‰, respectively (Fig. 3.10a). The presence of pyrrhotite 
requires reduced hydrothermal conditions and under these conditions the fractionation of δ34S 
into pyrrhotite from an H2S

- fluid is negligible (e.g., Ohmoto and Goldhaber 1997), so that 
the above δ34S values can be considered as representative of a reduced fluid source. Stage 1 
pyrrhotite inclusions were not analysed as they were too small for in-situ analysis. 

The sulfur isotope composition of pyrite within unmineralised sedimentary rocks, as determined 
from conventional and in-situ analyses proximal to mineralised mafic rocks (Table 4; Fig. 3.10b) 
yields an average δ34 sulfur value of +3.9 ± 0.6 ‰, and ranges between +1.4 and +8.0 ‰, which 
is broadly identical to those in mineralised samples. Conventional analysis of a mineralised 
whole rock sample from Talbot South yielded +2.25 ± 0.15 ‰ (Table 3), well within the δ34 
sulfur range of the sulfide separates and further suggests that there were no highly positive or 
negative sulfur isotope species associated with the mineralised assemblage.    

3.7 Discussion

Orogenic gold deposits within the EGP have a considerable variety of host rocks, structural, 
mineralogical and alteration characteristics (Hagemann and Cassidy 2001; Witt and Vanderhor 
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Fig. 3.10  a Distribution of δ34S (‰) values from gold-bearing arsenopyrite and pyrite from 
all study locations. Pyrrhotite analyses are only from New Boddington and Yunndaga. 
b Distribution of δ34 S (‰) values from unmineralised pyritic sedimentary units adjacent 
to the mineralised mafic rocks. See Tables 3-4 for related data.
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1998). This contrasts with the wide and anastomosing shear system that defines the BTZ, where 
gold deposits have a number of uniform features, such as (Table 3.5): a) similar opaque mineral 
assemblages dominated by arsenopyrite, b) a similar hydrothermal evolution characterised 
by three distinct stages (Fig. 3.4) taking place over one broad deformation event (Morey et 
al. in press), c) narrow arsenopyrite and pyrite δ34S values, ranging between 0 and +9 ‰, 
suggestive of a reducing hydrothermal environment, and d) a lack of hydrothermal minerals 
that are associated with oxidising conditions (i.e., hematite and sulfates). These features do not 
vary despite differences in the style of the quartz-carbonate veins (see Table 3.1), and the range 
of metamorphic grades of the host mafic units (greenschist facies within the southern BTZ and 
lower amphibolite facies metamorphism within the Yunndaga region; Witt 1992, 1993). 

Many of these similarities in mineralisation could be due to the similar host rocks of the deposits 
studied (i.e., mafic units). However, hydrothermal alteration and mineralogical characteristics 
of larger gold deposits hosted by mafic rocks associated within the BLSZ (e.g., Golden Mile, 
Mt. Charlotte and St. Ives; Table 3.5) and elsewhere within the EGP (Ora Banda Domain and 
Norseman gold camp; Harrison et al. 1990; McCuaig et al. 1993) are significantly different to 
those in the BTZ (Table 3.5). Furthermore, commonality in host rocks alone cannot explain 
the more profound similarities implied by the uniform three-stage evolution of the opaque 
minerals documented over a strike length of 80 km. This requires that the evolutionary path 
of the mineralising fluids, from source to deposit, and interaction with host rock, be similar. 
The profound similarities amongst these mafic-hosted gold deposits allows the definition of 
Bardoc-style mineralisation, which is potentially characteristic of the small- to moderate-size 
(<40 t gold), mafic-hosted deposits within this broad anastomosing shear system. Other rock 
units within the BTZ also host gold mineralisation, including ultramafic and sedimentary rocks 
(Witt 1992, 1993), and these deposits may have different alteration characteristics. However, 
the hydrothermal conditions during gold mineralisation suggested from this regional study 
(i.e., uniformly reduced, pyrrhotite-arsenopyrite-pyrite environments) are also considered to be 
applicable to other rock lithologies.

Past studies (Weinberg et al. 2004; Hodkiewicz et al. 2005) have linked the Paddington deposit 
with the BLSZ system, however, our study demonstrates that the style, stages of alteration 
and setting of gold mineralisation at the Paddington deposit is similar to that of other deposits 
associated with the BTZ (Fig. 3.4). This is consistent with the view that, despite generally being 
considered to be part of the BLSZ, Paddington is more likely part of the BTZ lying at a complex 
intersection between a number of shear systems, close to the boundary between the BLSZ and 
the BTZ. 

We speculate that the small to moderate size of the BTZ gold deposits is a key feature of 
this style, and results from the relatively planar and highly strained nature of the BTZ, and 
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Table 3.5 Comparison between gold deposits of the Bardoc Tectonic Zone (BTZ) and
the Boulder-Lefroy Shear Zone (BLSZ)

Bardoc Tectonic

Zone

Boulder-Lefroy Shear

Zone

Reference(s)

Past production (t gold) ~100 >2000 Witt (1992; 1993)

Major host units for
gold mineralisation

Mafic extrusive and
intrusive rocks

Mafic extrusive and
intrusive rocks

Witt (1993)

Thickness of individual
host units

<100 m <700 m Witt (1993);
Phillips et al. (1996)

Width of shear system <12 km <2 km Witt (1993)

Cox and Ruming (2004)

Gold deposits associated

with subordinate shear

system(s)?

No, located within

broad deformation

zone

Yes, except for New

Celebration

Weinberg et al. (2005)

Association with regional

antiformal structures

Only synformal

closures preserved,

not associated with
gold

Boomerang antiform

Celebration antiform

St. Ives antiform

Swager and Griffin

(1990b);

Beeson et al. (1996)

Strike of shear system
in plan view

Relatively linear, less
than 10o variation

Variable strike, more
than 10o variation

Weinberg et al. (2004);
Hodkiewicz et al. (2005)

N–S deformation and

thrust stacking (D1)

Not documented Well developed within

the southern BLSZ

Swager and Griffin

(1990b) Morey et al.
(2005)

Major ENE–WSW

shortening (D2)

Well developed Well developed Morey et al. (2005);

Weinberg et al. (2005)

Strike-slip

deformation (D3)

D2 sinistral component

only at Menzies

Well developed D3

sinistral

Morey et al. (2005);

Weinberg et al. (2005)

Strike-slip brittle

deformation (D4)

Well developed Well developed Morey et al. (2005)

Weinberg et al. (2005)

Relative timing of gold
mineralisation

Associated with D2 Associated with D2, D3

and D4

Morey et al. (2005)
Weinberg et al. (2005)

Major silicate and

carbonate alteration
minerals*

Cal, Qtz, Mus, Chl ±

Bt ± Sd

Qtz, Ank, Ser, V-Ms,

Anh (rare), Ab

Hagemann and Cassidy

(2001); this study

Sulfide, sulfate and oxide
alteration minerals*

Apy, Py, base-metal
sulfides, Po, Ilm, Rt

Py, Hem (rare), Mag,
Apy, Rt, Po, sulfates

Hagemann and Cassidy
(2001); this study

Sulfur isotopes

(δ34S, ‰)

0 to +9 -10 to +10 Phillips et al. (1986);

Weinberg et al. (2002);
this study

* Ab = albite, Anh = anhydrite, Ank = ankerite, Apy = arsenopyrite, Bt = biotite, Cal = calcite,
Chl = chlorite, Hem = hematite, Ilm = ilmenite, Mag = magnetite, Ms = muscovite, Po =

pyrrhotite, Py = pyrite, Qtz = quartz, Rt = rutile, Sd = siderite, Ser = sericite
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the nature of the regionally uniform mineralising fluids that permeated the system. Since the 
BLSZ is connected to the BTZ, a comparison between the deposits of these two adjoining shear 
systems may highlight features that discriminate large and small orogenic gold deposits within 
the EGP (Table 3.5). Distinguishing features between these two shear systems are: a) the BLSZ 
is a narrow, variably-striking shear zone, compared with a more constant strike and widespread 
shearing within the BTZ (c.f., Hodkiewicz et al. 2005), b) gold deposits associated with the 
BLSZ record a greater variety of deformation and gold mineralisation events (Bateman and 
Hagemann 2004; Weinberg et al. 2005), c) the BLSZ has a greater abundance of sedimentary 
rock units bounding the shear system and thicker mafic units hosting gold mineralisation, and 
d) gold deposits/camps associated with the BLSZ are located proximal to regional antiformal 
structures, such as the Boomerang anticline and the New Celebration anticline (Fig. 3.1). 
Thus, the two connected shear systems display a number different geological features that may 
have played an important role in controlling the nature of hydrothermal alteration and gold 
mineralisation within each respective shear system.

The range of δ34S compositions of gold-bearing sulfides from this study (0 to +9 ‰; Fig. 3.10) 
is similar to those typical of Archaean orogenic gold deposits within the EGP and elsewhere 
(e.g., Lambert et al. 1984; McCuaig and Kerrich 1998), and indicate that overall reduced 
hydrothermal conditions prevailed during gold mineralisation within the BTZ. These uniform 
S-isotope data further support mineral and paragenetic relationships from the BTZ (Fig. 3.4), 
which indicated the hydrothermal fluid related to gold mineralisation was similar throughout 
the whole shear system (cf., Salier et al. 2005). However, some world-class mafic-hosted 
deposits associated with the Kalgoorlie and Kambalda gold camps along the BLSZ (Fig. 3.1; 
Phillips et al. 1986; Weinberg et al. 2002; Neumayr et al. 2004), as well as some other world-
class deposits in the EGP (e.g., Sunrise Dam, Tarmoola and Kanowna Belle; Ren et al. 1994; 
Weinberg et al. 2002; Brown et al. 2003) have a broader range, with a combined distribution of 
δ34Spyrite from -10‰ to +10 ‰. Salier et al. (2005) accounted for the more negative δ34Spyrite and 
δ34Sgalena values (between -5.7 ‰ and +0.9 ‰) at the Jupiter deposit, Laverton, through reduced 
fluids reacting with a pre-existing, more oxidised host unit that fractionated the S in sulfides 
to a greater degree. However, the larger sulfur isotopic variations associated with many world-
class gold deposits within the EGP (summarised in Weinberg et al. 2002) are possibly due to 
more oxidised environments during gold mineralisation (Lambert et al. 1984; Phillips et al. 
1986; Cameron and Hattori 1987). For the smaller BTZ deposits, minerals indicative of reduced 
hydrothermal conditions (i.e., pyrrhotite and ilmenite) are consistently documented either as 
Stage 1 or as Stage 3 minerals (Fig. 3.4), and as such, may potentially be used to discriminate 
between large (>100 t Au) and smaller gold deposits within orogenic gold provinces. 

The observed shift from pyrrhotite (Stage 1) to pyrite and rutile (Stage 3) within the BTZ deposits 
(Fig. 3.4) can be explained through a relatively minor increase in fluid oxygen fugacity. Although 
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possible, this proposed oxidation is likely to be minimal or insignificant, as no noteworthy 
change of the isotopic values from Stage 1 pyrrhotite to Stage 3 pyrite could be observed (Fig. 
3.10). Other studies have also argued that significant variations in redox could be due to the 
influence of mineralising fluids from granites (Mueller et al. 1991) or fluid mixing (Neumayr 
et al. 2003; Walshe et al. 2003), with the latter studies speculating that these processes were a 
prerequisite to form large (>100 t Au) gold deposits. The lack of more significant variations in 
δ34S values of sulfides from the BTZ deposits (Fig. 3.10) do not support redox changes or fluid 
mixing as the main gold mineralisation mechanism(s), and reflect moreuniformhydrothermal

conditions,linkedherewiththeformationofrelativelysmall(<100tAu)golddeposits.

Pyrite grains within the unmineralised carbonaceous shale units that straddle mineralised 
lithologies (Fig. 3.2) have similar δ34S values and ranges to mineralised pyrite (Fig. 3.10). 
Other unmineralised, sedimentary-hosted pyrite grains from the EGP similarly range between 
0 ‰ and 12 ‰, with an average of 5.5 ‰ (Weinberg et al. 2002). If the sedimentary-hosted 
sulfur is considered diagenetic, the sedimentary units could have acted as a source of sulfur for 
the mineralised arsenopyrite and pyrite within the proximal mafic units. However, due to the 
unmineralised pyrite grains being significantly affected by deformation and silica infiltration, 
it is also possible that both types of sulfides have a hydrothermal origin, or the available 
stable isotopic data is insufficient in discriminating between each pyrite (unmineralised vs. 
mineralised) phase. 

3.8 Conclusions 

The BTZ is an intensely deformed, broad deformation zone (<12 km wide in plan view), in 
which only small- to moderate-sized gold deposits (<40 t produced gold) have been discovered 
to date. Results herein illustrate that the mineralisation style along the length of this shear 
system is very similar, allowing for the definition of ‘Bardoc-style’ gold mineralisation. This 
style is typified by a three-stage wallrock alteration history within competent, mafic host rocks 
(Fig. 3.4), developed during a major deformation event (Morey et al. in press) under reduced 
hydrothermal conditions. Sulfur-bearing minerals associated with wallrock alteration haloes 
are dominated by arsenopyrite, with reducing mineral assemblages and a restricted range of 
sulfur isotope values (Fig. 3.10; Tables 3.3 to 3.4). This mineralisation style is also typified by 
the absence of phases indicative of oxidised hydrothermal conditions, the absence of tellurides 
and gold deposits are hosted directly within a wide (between 5 and 12 km across strike) shear 
zone (Fig. 3.1). These shared features differ significantly from many giant and world-class 
gold deposits in the EGP in general and the BLSZ in particular, and are inferred here to be 
why the known gold deposits within the BTZ are considerably lesser endowed. Bardoc-style 
deposits show little sensitivity to changes in vein style and the metamorphic grade of the host 
mafic unit (between greenschist to lower amphibolite facies). The definition of a geographically 
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constrained style of mineralisation allows for more specific exploration targeting within this 
corridor of deformed supracrustal rocks, and may also be applicable to similar shear systems 
within the EGP and other Archaean orogenic gold provinces.
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Chapter 4

the BImodal dIstrIButIon of Gold In pyrIte and arsenopyrIte: examples from 

the archaean Boorara and Bardoc shear systems, yIlGarn craton, Western 

australIa

Morey AA, Tomkins AG, Bierlein FP, Weinberg RF, Davidson GJ, Submitted, 

Economic Geology

abstract

This study investigates the microstructures, geochemistry and hydrothermal evolution of 
gold-bearing pyrite and arsenopyrite from 5 orogenic gold deposits and 1 prospect in the 
Archaean Eastern Goldfields Province, Western Australia. Backscatter SEM, EMP and LA-
ICP-MS analyses show that these minerals possess a number of similar hydrothermal features, 
including the occurrence of invisible gold within initial phases of pyrite/arsenopyrite, and later-
stage visible gold associated with pyrite/arsenopyrite alteration rims. The alteration rims are 
characterised by a higher than average atomic mass (dominantly due to an ~1.5 atomic % 
arsenic enrichment), and are preferentially located along pyrite/arsenopyrite fractures and grain 
boundaries, which indicates that visible gold deposition is driven by continued hydrothermal 
alteration and hydrostatic or structural deformation. The later-stage visible gold is remobilised 
from invisible gold to some extent, but a separate influx of auriferous fluids cannot be 
discounted. In-situ geochemistry and phase relationships of are used here to further constrain 
the formation of alteration rims and visible gold in fractures, as these are a common feature 
of many orogenic vein systems. Our data indicate that alteration associated with late-stage 
visible gold deposition is related to an increase in temperature (maximum increase from 310o 
to 415oC) and up to of 6 orders of magnitude increase in sulfur fugacity of the hydrothermal 
fluid, whereas changes in oxygen fugacity are less important. Laser ablation-ICP-MS analyses 
show that the relative and absolute variations in selected trace element (Au, Ag, Sb, Bi, Ba, Te, 
Pb, Co and Mo) concentrations can also be used to distinguish between unaltered and altered 
pyrite/arsenopyrite. In general, trace elements within initial phases of pyrite/arsenopyrite have 
a relatively uniform distribution, whereas later-stage alteration rims have more variable trace 
element distributions. 

4.1 Introduction

Gold is commonly associated with sulfide and sulf-arsenide minerals within many hypogene ore 
systems, including sediment-hosted disseminated gold, or Carlin type (e.g., Bakken et al. 1989; 
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Arehart et al. 1993; Palenik et al. 2004), orogenic (e.g., Mumin et al. 1994; Genkin et al. 1998; 
Ashley et al. 2000), epithermal (e.g., Griffin et al. 1991) and intrusion related systems (e.g., 
Lang and Baker 2001; Marsh et al. 2003). Past studies have assessed the nature, chemical state 
and distribution of gold relative to these sulf-arsenides (see Boyle 1979; Cabri et al. 2000 for 
reviews), however the physiochemical controls driving gold mineralisation are still emerging, 
where fluid temperature, pH and oxygen and sulfur fugacity (fO2 and fS2, respectively) play 
important roles in their evolution (e.g., Heinrich and Eadington 1986; Cathelineau et al. 1989; 
Mikucki and Ridley 1993). 

The chemical state and distribution of gold in sulfide and sulf-arsenide phases varies 
considerably, ranging between 1 ppm to more than 1 % (Cathelineau et al. 1989; Cabri et al. 
1989) and occurring as invisible or visible phases that were deposited or remobilised via multi-
stage hydrothermal events (e.g., Neumayr et al. 1993; Oberthür et al. 1997; Genkin et al. 1998; 
Tomkins and Mavrogenes 2001). Invisible gold can occur in solid solution within the host 
crystal lattice, or exist as <1 µm, sub-microscopic particles (Boyle 1979). The chemical state 
of gold in solid solution is complex, with studies suggesting an oxidation sate of Au3+ (e.g., 
Arehart et al. 1993) or a combination of Au0 and Au1+ (e.g., Simon et al. 1999). Arsenopyrite 
grains can also host Au0 and Au1+ (Cabri et al. 2000). Despite these variations, a number of 
studies show that Au in solid solution exchanges for Fe sites within arsenopyrite and pyrite (Wu 
and Delbove 1989; Fleet and Mumin 1997; Tarnocai et al. 1997). Oscillatory-zoned arsenic-rich 
growth bands in pyrite also typically correlate with elevated gold concentrations (e.g., Fleet et 
al. 1989; Fleet and Mumin 1997), where growth bands enriched in As and depleted in Fe carry 
higher concentrations of gold (Genkin et al. 1998; Johan et al. 1989). For orogenic systems, gold 
commonly has a bimodal distribution, where invisible gold within arsenopyrite is overprinted 
by later-stage visible gold (Coleman 1957; Mumin et al. 1994; Oberthür et al. 1997; Genkin 
et al. 1998). This study expands on this observation, and assesses the textures, overprinting 
relationships and major- and trace-element geochemistry of composite gold-bearing pyrite and 
arsenopyrite grains to further constrain hydrothermal processes associated with the formation 
of this common ore type.   

4.2 Geologic setting

Mineralised rock samples utilised in this study are from the Boorara Shear Zone (BSZ) and the 
Bardoc Tectonic Zone (BTZ), which are broad (>5 km wide in map view), crustal-scale shear 
systems within the Eastern Goldfields Province (EGP) of the Archaean Yilgarn Craton (Witt 
1993; Swager 1997; Fig. 4.1a-c). The EGP hosts a number of world-class gold deposits that 
are distributed along major fault systems and their subordinate structures (e.g., Groves et al. 
1984; Eisenlohr et al. 1989; Fig. 4.1b). The EGP has a geologic history spanning between ca. 
2710 and 2600 Ma (e.g., Swager 1997), beginning with the formation of mafic, ultramafic and 
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volcanogenic sedimentary rock sequences. This was followed by multiple stages of ductile-
brittle deformation, metamorphism and abundant granitic intrusion (Champion and Sheraton 
1997; Swager 1997), which produced the major north-northwest trending shear systems 
preserved today. Orogenic gold mineralisation occurred late within the tectono-thermal history 
of the EGP, generally constrained between ca. 2655 and 2625 Ma (Groves et al. 2000; Brown et 
al. 2002; Salier et al. 2005), however, a recent study based within the BTZ has shown that gold 
mineralisation occurred early relative to the deformation history of the host terrane (Morey et 
al. in press a).

Mineralised samples from one gold deposit within the BSZ (Golden Ridge; Fig. 4.1c) and 
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from 5 localities within BTZ (Paddington Talbot South, Nerring Nerrin, New Boddington and 
Yunndaga) are used in this study to understand the gold distribution and geochemistry of pyrite 
and arsenopyrite. All mineralised rocks from the BTZ are hosted within mafic extrusive or 
intrusive units, whereas the host unit for the Golden Ridge deposit is a felsic porphyry unit. 
All samples studied are taken from arsenopyrite- and/or pyrite-rich wallrock alteration halos 
directly adjacent to quartz-carbonate veins. A summary of each gold deposit within this study 
is included within Table 4.1. 

4.3 analytical methods

Optical and scanning electron microscope (SEM) imagery were used to define ore textures, and 
electron microprobe (EMP) and laser ablation inductively coupled plasma mass spectrometer 
(LA-ICP-MS) data were used for the qualitative and quantitative characterisation of gold 
bearing pyrite and arsenopyrite grains. A JeolTM JSM 6300 SEM at the University of Ballarat 
was utilised, with a 15kV and 1.5 nA electron beam. Backscattered electron images (BSE) and15kV and 1.5 nA electron beam. Backscattered electron images (BSE) and electron images (BSE) and 
Energy Dispersive X-ray spectroscopy (EDS) data were acquired using an Oxford Instruments 
four element quadrant detector. The EMP data were acquired using a Cameca SX50 electron 
microprobe with four vertical wavelength dispersive spectrometers at the School of Earth 
Sciences, University of Melbourne. Elements assayed were S, Fe, As, Sb, Te and W (Tables 4.2, 
4.4 and 4.5). A New Wave OP213 laser probe and HP4500 quadrupole ICP-MS from the Centre 

Table 4.1 Major characteristics of each deposit/study locality

Deposits

from S to N

Gold

mined

(t Au)

Host lithology Metamorphic

facies

Vein

structure

Alteration assemblage
1

(in decreasing abundance)

Paddington

Laminated

vein

Dolerite and

basalt

Greenschist Shear vein Carb, Qtz, Ms, Bt, Apy,

other sulphides, Fe-oxides

Paddington

Ladder vein

40

Dolerite and

basalt

Greenschist Planar vein Carb, Qtz, Ms, Apy, other

sulphides, Fe-oxides

Talbot

South

12 Gabbro Greenschist Brecciated and

planar veins

Qtz, Carb, Ms, Chl, ± Bt,

Apy, other sulphides, Fe-

oxides

Nerrin

Nerrin

0.02 Dolerite Greenschist Planar veinlets Qtz, Carb, Ms, Chl, Apy,

other sulphides, Fe-oxides

New

Boddington

~2 Basalt Greenschist Stockwork

& planar veins

Carb, Qtz, Chl, Bt, Ms,

Apy, other sulphides, Fe-

oxides

Yunndaga 11 Contact between

sedimentary rock

and dolerite

Lower

amphibolite

Shear

laminated vein

Qtz, Carb, Bt, Ms, Apy,

other sulphides, Fe-oxides

Golden

Ridge

8 Felsic porphyry Greenschist Conjugate

planar veins

Qtz, Carb, Ms, Chl, Apy,

Py

1 Apy = arsenopyrite, Bt = biotite, Carb = carbonate, Chl = chlorite, Ms = muscovite, Qtz = quartz
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of Ore Deposit Research, University of Tasmania, Hobart was utilised for major and trace 
element analysis. Qualitative and quantitative LA-ICP-MS data with associated detection limits 
and analytical precisions are presented in Table 4.3 and Figures 4.2 and 4.7. Qualitative analyses 
consisted of a 30 s background run and a 60 s analysis time, with data only above detection 
limits presented. Calibration techniques follow Norman et al. (2003) and Danyushevsky et 
al. (2004), where data were quantified with the use of a primary standard (STDGL2b-2). Iron 
concentrations, for use as an internal standard, were determined through EMP analysis. Ablation 
spot sizes varied between 8 and 30 µm at a frequency of 5 to 10Hz. Mineral abbreviations used 
within the text are adapted from Kretz (1983).

4.4 results from SeM, eMp and La-ICp-MS analyses

4.4.1 Gold within pyrite

The Golden Ridge deposit is the largest known gold mine within the Boorara Shear Zone (BSZ; 
Fig. 4.1c), with a production of approximately 8 t of gold from 1904 to 2003. Gold mineralisation 
predominantly occurs in hydrothermally altered rocks adjacent to quartz-carbonate ± plagioclase 
planar veins that are generally <1 m thick and hosted within an intensely veined and altered felsic 
porphyry unit (Fig. 4.2a). Within 1 m of the vein margins, wallrock alteration is characterised 
by quartz, carbonate, muscovite, chlorite, anorthite, sulfide, ilmenite and hematite alteration 
assemblages. The sulfur-bearing phases are dominated by arsenopyrite, followed by pyrite, 
sphalerite and chalcopyrite. High-grade diamond drill core intersections (~5 ppm Au) used in 
this study are dominated by pyrite (Fig. 4.2b). 

The gold-bearing pyrite grains are pervasively fractured, have irregular grain boundaries and 
BSE images show that the bulk of the pyrite grains are relatively uniform in composition (Fig. 
4.2b). Parallel to the fractures and grain boundaries, however, fine composite rims within 
pyrite are characterised by a higher than average atomic mass (Fig. 4.2c-e). These rims vary 
in their dimensions, but are in general up to 250 µm in thickness from grain boundaries and 
fracture margins. As shown in Figures 4.2c-d, the rims define zones where selective chemical 
modification of the pre-existing pyrite parallel to fracture/grain boundaries has taken place, 
and are thus defined herein as alteration rims. Visible gold grains are only observed within 
these alteration rims, and along margins between altered and unaltered pyrite (Fig. 4.2d). These 
observations indicate at least a two-stage hydrothermal evolution of the gold-bearing pyrite.
 
Electron microprobe data suggests that there are only minor elemental changes between unaltered 
and altered rims in pyrite. In unaltered and altered pyrite, total As concentrations are less than 
1 atomic % (Table 4.2), and altered rims are marginally enriched in As by approximately 0.01 
atomic %. This is typical of Yilgarn deposits, which in general have low As (<1 atomic %) 
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Fig. 4.2  Images and geochemistry of pyrite (Py)-dominated ore from the Golden Ridge 
deposit. a View of the pit wall showing mineralised planar conjugate veins hosted within 
a felsic porphyry. b Backscatter electron image of a pyrite grain showing well-developed 
fractures and erratic grain boundaries, indicating significant post-crystallisation alteration. 
c Close-up of pyrite grain margin showing a fracture plane (black) and adjacent alteration 
rim. Also shown are laser ablation analysis sites from unaltered (solid lines) and altered 
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an alteration rim boundary. e Arsenic and trace-element concentrations of unaltered (solid 
lines) and altered (pink lines) pyrite from positions referred to in image c.
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contents (Dahl et al. 1987). Furthermore, S and Fe concentrations within rims are enriched and 
depleted, respectively, in the order of 0.1 atomic %. Selected trace elements (Sb, Te, and W) 
within the bulk of unaltered pyrite also have minimal variations, with relatively less Sb and 
Te within the altered rims, and negligible changes in W (Table 4.2). However, LA-ICP-MS 
data (Fig. 4.2c, e; Table 4.3) highlight systematic variations between unaltered bulk pyrite and 
altered rims. This is shown by variations in Au, Ag, Sb, Bi, Ba, Te, Pb and Sn (Fig. 4.2c,e). 
These results (Fig. 4.2e) show that: a) analytical variations in the As concentration are either 
too small or not useful in differentiating between unaltered pyrite and alteration rims, b) lower-
level, invisible Au and Ag exist within the initial pyrite zone and, c) that trace concentrations 
of elements within the initial pyrite domains are more uniform than those associated with the 
later-stage alteration rims. Furthermore, all trace elements except Au and Ag are less abundant 
within the pyrite overgrowth zones, possibly indicating that elevated (albeit highly variable, 
<2277 ppm) Au and Ag concentrations within the alteration rims contribute to their increased 

Table 4.2 Electron microprobe data of gold-bearing pyrite from Golden Ridge, comparing
primary growth zones with alteration rims. Values in atomic %

Analysis

no.

Details Fe S As Sb Te W Total

10380-b Primary zone 33.83 66.07 0.077 0.0005 0.0038 0.025 100

10380-c Primary zone 33.57 66.32 0.088 0.01 0.003 0.013 99.9

10380-f Primary zone 33.71 66.17 0.082 0.0307 0.012 0.0003 100

10380-a Alteration rim 33.55 66.34 0.099 0.0004 0.0004 0.0067 99.9

10380-d Alteration rim 33.60 66.30 0.098 0.0004 0.0004 0.0003 99.9

10380-e Alteration rim 33.37 66.55 0.11 0.0004 0.0004 0.0017 100.00

Table 4.3 LA-ICP-MS data of pyrite from Golden Ridge (ppm)
Analysis

number
1 Ni Co Ni/Co As Au Ag Sb Bi Ba Te Pb Sn

Average

detection

limit

0.20 0.64 - 5.0 0.076 0.21 0.15 0.025 0.12 1.22 0.073 0.11

1 132.24 24.06 0.18 938.96 4.25 19.39 350.95 1.77 10.28 7.55 238.49 0.22

2 120.64 24.94 0.21 991.45 4.27 18.22 335.56 1.63 7.43 7.08 201.83 0.18

3 23.13 37.84 1.64 938.69 4.13 21.18 431.19 2.50 9.92 9.25 322.78 0.15

4 42.19 49.12 1.16 1274.03 5.94 24.47 430.99 2.46 6.12 8.86 379.45 0.21

5 28.64 17.96 0.63 902.59 460 346 19.62 0.19 <0.12 1.86 29.77 <0.11

6 34.37 9.83 0.29 873.92 2277 1856 11.30 0.11 0.21 3.45 15.65 <0.11

7 36.25 40.59 1.12 1282.10 14.75 11.89 182.07 0.52 1.16 <1.22 262.97 0.32

8 19.80 12.23 0.62 866.54 2.09 4.13 33.40 0.14 0.74 <1.22 16.19 <0.11

Precision

(%)
5.05 5.6 - 3.57 14 12 6.2 11 15 18 6.5 11

1
See Figures 4.2c,e in reference to analyses numbers
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average atomic mass as determined by BSE images (Fig. 4.2c-d).

4.4.2 Gold within arsenopyrite

Mineralised rock samples used here are from the Paddington, Talbot South, New Boddington 
and Yunndaga gold deposits, and the Nerrin Nerrin gold prospect (Fig. 4.1c; Table 4.1). All 
samples are hosted within mafic rocks adjacent to brittle-ductile quartz-carbonate veins. Wallrock 
alteration is characterised by carbonate, quartz, muscovite, chlorite ± biotite ± epidote minerals 
and opaque alteration phases are dominated by arsenopyrite, with lesser pyrite, pyrrhotite, 
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sphalerite, chalcopyrite ± ilmenite ± rutile and visible gold. Examples of representative vein 
styles and microstructures from these BTZ localities are provided within Figures 4.3a-f. At 
all localities, the overprinting relationships of the opaque phases define a uniform three-
stage alteration history, where remnant Stage 1 pyrrhotite grains were overprinted by Stage 2 
arsenopyrite, which are in turn overprinted by Stage 3 pyrite, base metal sulfides, ilmenite and 
visible gold grains (summarised in Fig. 4.4 and textural evidence provided within Fig. 4.3e-f). 
This relatively unvarying, three-stage alteration history occurs over a strike length of 80 km, 
suggesting that close to uniform mineralisation conditions occurred throughout the whole BTZ 

Fig. 4.3  (Previous page) Representative images of arsenopyrite-dominated ore samples 
from the BTZ. a Brecciated gabbro from the Talbot South deposit, showing quartz-carbonate 
vein infill and arsenopyrite- and pyrite-bearing wall rock fragments. b Ductile laminated vein 
from the Yunndaga deposit, showing boudinaged quartz-carbonate veins hosted within 
arsenopyrite-dominated alteration wall rock selvages. c Transmitted light photomicrograph 
of a wall rock alteration assemblage adjacent to a ladder vein, Paddington deposit. Shown 
are carbonate, quartz, muscovite and opaque arsenopyrite alteration minerals. Cross-
polarised light. d Transmitted light photomicrograph of a wall rock alteration assemblage 
from the New Boddington deposit, similar to c, however biotite and chlorite are also 
present within the alteration assemblage. Plane-polarised light. e Photomicrograph from 
the Talbot South deposit showing overprinting relationships of opaque minerals within the 
mineralised alteration assemblage. Arsenopyrite has been hydrothermally embayed and 
consequently overprinted by pyrite, chalcopyrite and ilmenite. Apy = arsenopyrite, Py = 
pyrite, Carb = carbonate, Qtz = quartz, Ms = muscovite, Bt = biotite, Chl = chlorite, Ccp = 
chalcopyrite, Ilm = ilmenite

Menzies

B
TZ

BLSZ

N
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Boulder
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Apy + Py + Au Po + Ccp + Ilm + Au

Po Apy + Au Py + Ilm + Au
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Po

Fig. 4.4  Diagram showing the overprinting relationships of opaque phases from the 
Bardoc Tectonic Zone. Gold in Stage 2 is invisible whereas Au in Stage 3 is visible. Apy 
= arsenopyrite, Au = visible/invisible gold, Ccp = chalcopyrite, Ilm = ilmenite, Py = pyrite, 
Po = pyrrhotite, Rt = rutile, Sp = sphalerite.
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(Morey et al. in press b). 

Comparable with gold-bearing pyrite at Golden Ridge, BSE images reveal that gold-bearing 
arsenopyrite grains have intra-granular compositional zones related to a multi-stage alteration 
history. The arsenopyrite grains are products of hydrothermal alteration (showing, in some 
instances, primary crystallographic zoning; e.g., Fig. 4.5a-c), with fracture margins, grain 
boundaries and intra-grain domains also characterised by higher average atomic mass rims or 
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zones (Fig. 4.5b-f). As these post-
emplacement zones predominantly 
occur adjacent to fractures and grain 
boundaries, they are interpreted to 
represent a hydrothermal alteration 
event that took place during or 
after fracturing of arsenopyrite. 
Similar to the pyrite-dominated 
ore from Golden Ridge within 
the BSZ, this event is also related 
to the deposition of visible gold 
(Fig. 4.5a-e). Pyrite, base metal 
sulfides, Fe-oxides, ± pyrrhotite 
are also associated with this later-
stage hydrothermal event (Fig. 
4.3e-f, 4.5a). The visible gold 
grains form as inclusions within 
stage 3 pyrite, as solitary grains 
within arsenopyrite fractures/grain 
boundaries, or exist within stage 3 
arsenopyrite alteration rims (Fig. 
4.5). 

The EMP analyses (Tables 4.4 
to 4.5) show that unaltered and 
altered arsenopyrite grains from 

the BTZ have As concentrations that range between 28.9 and 33.2 atomic %, which also 
correspond with relatively enriched S amounts (33.3 to 37.4 atomic % S). Concentrations of 
Fe, however, remain relatively uniform (33.5 to 34.0 atomic %). As has been noted by previous 

Fig. 4.5  (Previous page) Collection of backscatter electron images defining the 
characteristics of alteration rims within gold-bearing arsenopyrite, BTZ. a Laminated 
vein sample from the Paddington deposit showing fractured arsenopyrite infilled with 
later-stage pyrite. b Close-up of a, with contrast adjusted to show a visible gold inclusion 
within the fracture-filling pyrite grain and crystallographic zoning within arsenopyrite being 
truncated by and alteration rim. c Schematic representation of image in b highlighting 
the alteration rim. d Arsenopyrite from the New Boddington deposit, showing both inter-
grain and grain boundary alteration rims. e Close-up of image d, showing the association 
between alteration rims and visible gold. f Close-up of an arsenopyrite grain from the 
Yunndaga deposit showing small-scale dissolution of a grain boundary and subsequent 
alteration of the substrate. Apy = arsenopyrite, Py = pyrite.  

Table 4.4 Electron microprobe data of
initial/unaltered arsenopyrite, BTZ.
Values in atomic %

Analysis

no.

Location Fe S As

BW-2 Talbot South 33.8 35.9 30.3

BW-7 Talbot South 33.8 36.5 29.7

S05-f-6 Paddington 34.0 35.2 30.8

S05-g-7 Paddington 33.9 34.6 31.4

S05-h-8 Paddington 33.8 35.8 30.4

S05-l-10 Paddington 33.7 36.3 30.0

S06-k-11 Paddington 33.8 36.5 29.7

S05-l-12 Paddington 33.9 36.8 29.2

S05-o-16 Paddington 33.6 34.8 31.6

GG-1 New

Boddington

33.7 37.4 28.9

GG-5 New

Boddington

33.9 35.8 30.3

PD-23-6 Paddington 33.7 35.4 30.9

YD-3 Yunndaga 33.7 35.6 30.7

NN-7 Nerrin Nerrin 33.5 36.2 30.2

PD-4 Paddington 33.7 35.1 31.2

Average 35.9 33.7 30.4

±2σ 0.232 1.55 1.55
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experimental studies (Kretschmar 
and Scott 1976; Sharp et al. 1985), 
this antithetic correlation suggests 
that As and S mutually exchange 
for each other within arsenopyrite. 
Alteration rims within arsenopyrite 
are characterised by their higher 
average atomic mass (Fig. 4.5b-f), 
and accordingly have on average 
of 1.5 atomic % more As and 1.5 
atomic % less S (Tables 4.4 to 
4.5) when compared to relatively 
unaltered arsenopyrite grains. These 
data indicate that hydrothermal 
activity associated with alteration 
rims (and visible gold deposition) 
enriched arsenopyrite with arsenic, 
and correspondingly depleted S 
levels within the same grains.  

Also from the Yunndaga deposit, 
element maps generated by EDS 
analyses further support EMP data 
(Tables 4.4 to 4.5). Despite only fine 
variations in their image intensity, 

alteration rims identified by a BSE image (Fig. 4.6a) are characterised by enriched As and 
depleted S element maps (Fig. 4.6b-c, respectively). Also in agreement with EMP data (Tables 
4.4 to 4.5), no detectible variations in Fe are observed within the corresponding Fe element map 
(Fig. 4.6d). Other studies have reported that invisible gold substitutes either inversely or directly 
with As (Sb), S and Fe within arsenopyrite (Cathelineau et al. 1989; Johan et al. 1989; Wu and 
Delbove 1989; Fleet and Mumin 1997), however, EMP (Tables 4.4 to 4.5) and SEM (Fig. 4.6) 
analyses on samples from the BTZ suggest that only As (Sb) and S substitution occurs, and Fe 
concentrations remain relatively uniform during arsenopyrite alteration. 

Relative variations in trace elements across composite arsenopyrite zones are also characterised 
by LA-ICP-MS traverses. Primary crystallographic growth bands within arsenopyrite from 
Nerrin Nerrin (Fig. 4.7a-b) show that relatively lower atomic mass growth bands coincide 
with invisible Au peaks, whereas the relatively higher atomic mass growth bands correspond 
with peaks in Bi and Pb. Cobalt and Sb have less consistent variations but suggest a marginal 

Table 4.5 Electron microprobe data of alteration
rims within arsenopyrite, BTZ. Values in atomic %

Analysis

no.

Location Fe S As

BW-3 Talbot South 33.7 35.3 30.9

BW-6 Talbot South 33.6 35.2 31.2

BW-9 Talbot South 33.9 35.2 30.8

BW-10 Talbot South 33.9 34.9 31.2

S05-c-3 Paddington 33.8 34.9 31.2

S05-j-9 Paddington 33.6 33.6 32.8

S05-m-13 Paddington 33.9 33.6 32.4

S05-n-14 Paddington 33.8 34.4 31.8

GG-2 New Boddington 33.8 34.2 31.9

GG-4 New Boddington 33.8 34.2 32.0

PD23-7 Paddington 33.7 34.5 31.8

YD-2 Yunndaga 33.6 33.6 32.7

YD-5 Yunndaga 33.5 33.3 33.2

NN-3 Nerrin Nerrin 33.5 33.5 33.0

NN-6 Nerrin Nerrin 33.7 33.8 32.4

PD-3 Paddington 33.6 34.7 31.7

Average 33.7 34.3 31.9

± 2σ 0.311 1.34 1.51
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decrease in these elements coincident with Au peaks (see point 2, Fig. 4.7b). It is likely the 
major elements within arsenopyrite (Fe and As) also vary across each growth zone (Cathelineau 
et al. 1989), however this variation, if present, is not easily detectible using qualitative LA-ICP-
MS traverses.

An arsenopyrite grain from the New Boddington ore sample (Fig. 4.1c, 4.7c-d) preserves 
contrasting compositional zones bordered by a microfracture. Like other arsenopyrite grains 
from the BTZ, the relatively higher average atomic mass area of the grain in Figure 4.7c is 
interpreted to have undergone post-crystallisation hydrothermal alteration. A qualitative 
traverse across these zones (Fig. 4.7c-d) indicates that invisible gold is more abundant and 
more uniformly distributed within the primary portion of the arsenopyrite. Invisible gold within 
the more altered part of the same grain is either below the detection limit or is less abundant 

a

d

b

c

As-rich
alteration rims

As-rich
alteration rims

S-depleted
alteration rims

No detectible
variation for Fe

BSE image Arsenic (As)

Sulfur (S) Iron (Fe)

20 µm

20 µm

20 µm

20 µm

Fig. 4.6  a An altered arsenopyrite grain from the Yunndaga deposit showing its 
relatively higher atomic mass alteration zones (BSE image). b-c Energy dispersive X-
ray spectroscopy (EDS) element maps of the same grain in a, showing subtle contrasts 
that represent variations in As and S content within arsenopyrite. d EDS image showing 
no detectible variation in Fe concentration.
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Fig. 4.7  Details of LA-ICP-MS line analyses on arsenopyrite. a Grain from the Nerrin Nerrin 
prospect showing primary concentric crystallographic zoning, b Multi-element signal of line 
analysis shown in a. Gold, Pb and Bi signals vary in accordance with the crystallographic 
zones, where compositionally darker zones contain relatively more invisible Au. c Grain from 
the New Boddington deposit, showing irregular compositional zoning that abruptly changes 
across a fracture. d Multi-element signal of line analysis in c. Note the spike as the fracture 
is crossed and the differences in signals from the altered (points 1-2) and relatively unaltered 
(points 2-3) domains. e Anhedral grain from the Yunndaga deposit showing advanced stages 
of post-formation alteration, with an alteration rim around its grain boundary. Note the less-
altered (darker) part of the grain has more pits and a large void, which is also associated 
with alteration. A visible gold grain is located near the grain boundary. f Multi-element signal 
of grain in e showing erratic, but above detection limit gold signal. Apy = arsenopyrite.
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than the primary portion of the grain. From the altered to unaltered arsenopyrite domains, the 
Ni and Sb traces appear to decrease whereas the Co trace increases. These observations support 
quantitative spot analyses, where invisible gold is more abundant within earlier-stage, preserved 
arsenopyrite domains, and visible gold is associated with later-stage overgrowth zones.

An anhedral arsenopyrite grain from the Yunndaga gold deposit (Fig. 4.7e) also displays 
composite features where a higher average atomic mass zone occurs within an outer alteration 
rim. Erratic grain boundaries and pitted crystal surfaces also indicate post-crystallisation 
alteration, with a visible gold grain present near the edge of the grain. In-line with similar grains 
(Fig. 4.7c-d), a traverse from an overgrowth to a primary zone displays systematic variations in 
the trace element geochemistry. From the BSE image (Fig. 4.7e), no visible gold was detected 
along the sample line, however invisible gold is consistently above detection limits within 
the primary arsenopyrite core (Fig. 4.7f). This gold signal is relatively erratic, likely due to 
the pitted nature of the sampled grain. There is a positive correlation between Au and trace 
amounts of Pb, Bi and to a lesser extent with Sb within this grain (Fig. 4.7e-f). Collectively, the 
SEM, EMP, LA-ICP-MS and EDS data confirm textural observations that imply a multi-stage 
hydrothermal alteration history: Invisible gold formed within initial phases of As-depleted 
arsenopyrite and visible gold deposition occurred during later-stage hydrothermal alteration 
related to the formation of alteration rims and sub-granular As enrichment. 

4.5 Discussion

Gold-bearing pyrite and arsenopyrite from 5 orogenic gold deposits and 1 prospect within the 
linked Boorara and Bardoc shear systems (Fig. 4.1c) exhibit a number of similar paragenetic and 
gold distribution characteristics. Invisible gold occurs within initial growth phases, and visible 
gold is associated with later-stage pyrite/arsenopyrite fractures. This is a common feature of many 
other pyrite- and arsenopyrite-dominated orogenic ores (e.g., Mumin et al. 1994; Oberthür et al. 
1997; Genkin et al. 1998; Mishra et al. 2001). Backscatter electron SEM images from this study 
(Fig. 4.2d, 4.5c, 4.7e) further illustrate that late-stage visible gold is associated with chemically 
modified zones (termed herein as alteration rims). Similar compositional observations have 
been noted in disseminated sediment-hosted (Carlin style) pyrite ores (Arehart et al. 1993; 
Palenik et al. 2004), within pyrite from an epithermal Ag-Au deposit (Griffin et al. 1991), and 
within arsenopyrite from the Campbell Mine, Ontario, Canada (Tarnocai et al. 1997). 

Given their commonality in many ore systems, hydrothermal processes driving As enrichment 
in sulfides or sulf-arsenides, and associated formation of alteration rims, remain poorly-studied. 
Based on likely gold substitution reactions, Arehart et al. (1993) speculated that “temperature 
decrease, reduction, pH change or decrease in the activity of H2S” could all drive As and Au 
enrichment in pyrite, and possibly also arsenopyrite, whereas Palenik et al. (2004) reported that 
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Au0 particles in As-rich pyrite overgrowths could either be primary or secondary in origin. Pyrite 
overgrowths in an epithermal system (Griffin et al. 1991) were seen as an effect of changes in 
pH and activity of S within the hydrothermal fluids, driven by rapid pressure fluctuations due 
to cyclic boiling phases, or even chaotic submicroscopic variations in fluid composition within 
the epithermal environment. In this discussion, textural relationships coupled with the capacity 
to use arsenopyrite as a geothermometer (Clark 1960; Barton 1969; Kretschmar and Scott 1976; 
Sharp et al. 1985) are utilised to constrain the processes associated with the later-stage As- and 
Au-enrichment of sulfide/sulf-arsenide hydrothermal minerals. 

4.5.1 Textural observations and gold remobilisation

Based on observations within this study, the formation of invisible gold, followed by the 
later deposition of visible gold is schematically portrayed in Figure 4.8a-b. Either hydrostatic 
fracturing due to fluid infiltration, or ongoing deformation could account for the formation of 
the fractures that in turn control the distribution of altered rims on arsenopyrite and pyrite. 
Given that initial pyrite and arsenopyrite grains are characterised by uniform invisible gold 

distributions (Fig. 4.2, 4.7), the fact that alteration rims (which formed over initial growth 
phases and are not overgrowths sensu stricto) are depleted in invisible gold suggests that it was 
exsolved to form at least part of the latter-stage visible gold (cf. Mumin et al. 1994). Given the 

Alteration rims + visible gold
at grain boundaries, with minimal
dissolution

Remnant
pyrrhotite
inclusions

Invisible gold in initial
arsenopyrite
growth zones

Visible gold + pyrite
associated with
fracture-controlled
alteration rims

ba

~500 µm

Ongoing fracturing and hydrothermal alteration

Fig. 4.8  Schematic representation of the multi-stage evolution of arsenopyrite, pyrite 
and Au. a The initial growth stage of arsenopyrite (after pyrrhotite) with concentric 
crystallographic zones that control the distribution of invisible gold. b Fracturing and 
continued hydrothermal alteration, responsible for the formation of alteration rims and 
visible gold. Compare with Mumin et al. (1994).
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widespread occurrence of invisible gold within arsenopyrite (Cabri et al. 1989; Cathelineau et 
al. 1989; Cook and Chryssoulis 1990), the continued hydrothermal alteration of arsenopyrite 
to produce visible gold is a potentially important factor for understanding the formation of 
orogenic deposits. The existence, however, of a separate influx of gold during later alteration 
cannot be discounted without the inclusion of detailed mass balance studies. 

Evidence for remobilised gold is also found from the amphibolite- to granulite-hosted Mt. 
York, Griffin’s Find and Challenger gold deposits in Australia (Neumayr et al. 1993; Tomkins 
and Mavrogenes 2001), where textures developed between peak metamorphic löllingite 
(FeAs2) and retrograde arsenopyrite show that visible gold was developed at growth fronts 
where arsenopyrite replaced löllingite containing invisible gold. Visible gold does occur at an 
alteration rim boundary for pyrite at Golden Ridge (Fig. 4.2d), however no similar textures 
within arsenopyrite grains were observed in this study to clearly identify similar remobilisation 
relationships.

4.5.2 Processes driving gold deposition 

The solid solution behaviour (Clark 1960) and phase relationships of arsenopyrite have been 
studied by Barton (1969), Kretschmar and Scott (1976) and Sharp et al. (1985), and are 
utilised here to constrain temperature and sulfur fugacity (fS2) variations during multi-stage 
hydrothermal alteration and gold mineralisation within the BTZ. Due to the uniform alteration 
history of arsenopyrite-bearing ore samples from the BTZ (Fig. 4.4), a paragenetic sequence 
related to the deposition of invisible and visible gold can be established:

Unaltered arsenopyrite + pyrrhotite (as inclusions within arsenopyrite) + invisible gold ’  
altered arsenopyrite (arsenic enriched) + pyrite ± pyrrhotite + visible gold

In Figure 4.9, the average arsenic contents (Tables 4.4 to 4.5) of unaltered and altered arsenopyrite 
are plotted. Even though the unaltered and altered states fall within broad stability ranges, 
an increase in temperature and sulfur fugacity (fS2) is required for the for the transition from 
arsenopyrite + pyrrhotite to arsenopyrite + pyrite ± pyrrhotite. The magnitude of the temperature 
increase is interpreted to be on the order of 75o to 100oC, and depending on this amount, the 
increase in fS2 can be up to 6 orders of magnitude. An increase in temperature would also 
support textural observations that As-enrichment occurred through solid-state diffusion. As 
vein and alteration assemblages are synchronous with deformation (Morey et al. in press a), the 
increase in temperature could be an indication that initial arsenopyrite was deposited prior to 
peak metamorphism, as was interpreted for the Challenger deposit in Australia (Tomkins and 
Mavrogenes 2001). Temperature estimates for regional peak metamorphism within the BTZ 
range between 300o to 500oC (Witt 1993; Mikucki and Roberts 2004), which far exceeds the 
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maximum temperature of the hydrothermal fluid (415oC) derived from Figure 4.9. Even though 
it is possible that arsenopyrite could have formed prior to peak metamorphism, without a greater 
understanding of metamorphic pressure-temperature paths within the BTZ, it is not possible 
discount lower temperature fluid infiltration and gold mineralisation after peak metamorphism 
associated with the multi-stage gold mineralisation process. 

The magnitude of fS2 increase, can also be assessed through the enrichment of As and a depletion 
of S within the observed arsenopyrite grains (Tables 4.4 to 4.5; Fig. 4.6; Cathelineau et al. 1989; 
Cabri et al. 2000). This process can be represented by:

AsxFeSy(s) + zAs(aq) ’ Asx+zFeSy-z(s) + zS2-
(aq)      (1)

The excess S produced by equation (1) implies that the formation of alteration rims would also 
increase the amount of S within the hydrothermal phase and thus raise fS2 (Fig. 4.9). This increase 
in S activity is further supported by fO2 vs. aΣS phase relationships typical of sub-amphibolite 
facies orogenic systems (Mikucki and Ridley 1993; Fig. 4.10a). Independent of temperature 
variations, an increase in S activity (analogous with fS2) in Figure 4.10a is also in agreement 
with expression (1). The lack of major arsenopyrite dissolution suggests that fO2 changes likely 
played a minimal role during arsenopyrite alteration (Heinrich and Eadington 1986). In the 
absence of significant fO2 variations, Figure 4.10a also shows that expression (1) can occur 
wholly within a reduced hydrothermal environment, without significant changes or variations in 
redox state. Overall reduced conditions are further supported by the ore assemblages for mafic-
hosted deposits within the BTZ (Table 4.1; Fig. 4.4), as no minerals indicative of oxidising 
hydrothermal conditions (e.g., hematite, sulfates) were observed (Morey et al. in press b). 

The combined effects of temperature and S activity on gold solubility within the hydrothermal 
fluid are also assessed in Figure 4.10b. By utilising phase relationships and the alteration path 
interpreted from Figure 4.9, the alteration of arsenopyrite means that the hydrothermal fluid 
has a significantly larger capacity to carry Au in solution (~101 to 104 increase in ppb Au; Fig. 
4.10b). Even though an increase in gold solubility would theoretically retain more gold in 
solution and hinder its deposition, especially at amphibolite and higher metamorphic grades 
(e.g., Mikucki 1998), these interpretations suggest that an increase in Au solubility within the 
hydrothermal fluid is required for the deposition of visible gold within and on arsenopyrite 
fractures and grain boundaries. 

Fig. 4.9 (Previous page) The dependency of arsenopyrite composition on 
temperature, chemistry and phase relationships. The average compositions of 
unaltered and altered arsenopyrite are plotted. Note the temperature change 
required to fulfil textural and geochemical observations. Phase diagram based on 
Barton (1969), Kretschmar and Scott (1976) and Sharp et al. (1985).
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Previous fluid inclusion and vein alteration studies on other lode gold deposits in Northern 
America and Victoria, Australia (Coveney 1981; Green et al. 1982) have implied a temperature 
decrease during the late-stage deposition of visible Au within arsenopyrite (400oC to 360oC and 
340oC to 190oC–230oC, respectively). In contrast, the deposition of visible gold in deposits in 
the BTZ indicates that prolonged fracturing, and fluid infiltration under increasing temperature 
and fS2 are required for the transition from initial arsenopyrite and invisible gold to altered 
arsenopyrite and visible gold.

4.6 Conclusions

Both pyrite- and arsenopyrite-dominated ore assemblages from the Boorara and Bardoc shear 
systems (Fig. 4.1c) share a number of uniform features, principally their association with 
structurally controlled vein structures, alteration mineralogy and their microscopic invisible 
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and visible gold distributions. Invisible Au occurs within unaltered pyrite/arsenopyrite domains, 
and visible Au is associated with a later-stage alteration event that is evidenced by chemically 
modified alteration rims. These alteration rims preferentially formed along the margins of 
fractures and grain boundaries within pyrite and arsenopyrite. Solid solution behaviour and 
phase stability relationships for arsenopyrite suggest that the later-stage alteration event was 
driven by an increase in temperature and fS2 (maximum change in temperature from 310o to 
415oC, and maximum change in fS2 of 6 orders of magnitude), whereas fO2 variations were 
likely less significant within the evolving hydrothermal fluid. Alteration rims within pyrite and 
arsenopyrite are slightly enriched in As and depleted in S, however systematic variations in 
selected trace elements (Au, Ag, Sb, Ni, Co, Bi, Ba, Pb, Te, Sn, Mo, La) can also be used to 
distinguish between unaltered and altered pyrite and arsenopyrite. 
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abstract

The linked Bardoc Tectonic Zone (BTZ, ~100 t produced Au) and Boulder-Lefroy Shear 
Zone (BLSZ, >1500 t produced Au) system provides an ideal setting to study some of the key 
structural controls of gold endowment within Archaean granite-greenstone terranes. For each 
of these shear systems, the bounding rock units controlled how strain was partitioned and how 
effectively gold-bearing fluids were focussed during orogenesis. In the case of the BTZ, the 
large-scale, competent granite domes bounding the shear system localised strain into a 5 to 12 
km-wide corridor of supracrustal rocks, so that strain rapidly progressed to homogenous sub-
vertical flattening. Consequently, all rock units within this corridor were highly attenuated and 
rotated orthogonal to the regional shortening direction. Uniformly striking units with limited 
thickness variations meant that mineralising fluid flow was evenly distributed over the width 
of the BTZ, which minimised the potential for fluid focussing and the formation of large gold 
deposits. In contrast, the lack of large-scale, competent granites bounding the BLSZ favoured 
the formation of a far narrower (<2 km-wide) shear zone. Within this shear system, bulk strain 
was more widely and heterogeneously distributed, leading to the development of broad regional-
scale folds separated by zones of intense straining. This architecture was more effective in 
creating high-permeability fluid conduits that could focus auriferous fluids towards relatively 
thick (>700 m at the Golden Mile) mafic host rocks, and promote the formation of large (>100 
t Au) vein-gold deposits over a protracted shortening period (at least D2-D4). The relatively 
simple architecture of the BTZ also explains why its structural evolution was dominated by D2 
dip-slip shearing, whereas the more complex BLSZ underwent dip- and strike-slip (D2, D3 and 
D4) deformation during the same regional shortening episode. The variability in deformation 
implies that connected shear systems within the same terrane can undergo different structural 
deformation histories during the same time interval, which, in turn, can have significant effects 
on gold endowment.
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5.1 Introduction

Genetic models applied to the formation of orogenic gold deposits centre on the upwards 
focussing of deep-seated, auriferous fluids in large-scale shear systems within collisional and 
accretionary belts (Etheridge 1983; Colvine 1989; Groves 1993). The deposition of gold is 
promoted by the efficient focussing of overpressured, gold-bearing fluids, which are channelled 
within large-scale shear systems towards brittle-ductile host lithologies (commonly competent 
and, in the case of greenstone-hosted systems, Fe-enriched units) within a low mean stress 
regime (Sibson et al. 1988; Colvine 1989; Hodgson 1989; Groves 1993; Phillips and Powell 
1993; Ridley 1993; Cox et al. 2001; Beaudoin et al. 2006). These gold endowment factors vary 
due to the architecture, contained rock units, and variable fluid infiltration histories of each shear 
system, leading to heterogeneous gold endowments (e.g., Groves et al. 1987). Numerous studies 
have assessed empirical and genetic models by means of, for example, mean stress prospectivity 
analyses (Groves et al. 2000), densities of fault intersections (Tripp and Vearncombe 2004), 
fractal dimension analyses (Weinberg et al. 2004; Hodkiewicz et al. 2005) and contrasts in 
geophysical gradients (Bierlein et al. 2006a) in order to identify structurally favourable sites 
for gold mineralisation and their endowment variations. However, the factors that control how 
a shear system evolves into a favourable fluid conduit for gold mineralisation are still not fully 
researched. This study compares the relatively poorly endowed Bardoc Tectonic Zone (BTZ; 
~100 t produced Au) with its counterpart along strike, the richly endowed Boulder-Lefroy Shear 
Zone (BLSZ; >1500 t Au; Weinberg et al. 2005), to elucidate the differences in their structural 
evolution and resultant architecture. Findings from this comparison help account for the large 
variations in the evolution and gold endowment of linked shear systems and define some of the 
crucial characteristics that are required for the formation of world-class (>100 t Au) orogenic 
gold deposits.

5.2 regional geological setting

The BTZ and BLSZ are physically linked along strike and developed within the ca. 2.72 to 
2.60 Ga Kalgoorlie Terrane of the Eastern Goldfields Province (EGP), Western Australia (Fig. 
5.1a-c). Other major shear zones, namely the Boorara, Kanowna, and Abattoir Shear Zones run 
parallel to the BLSZ, and converge into a narrow corridor of supracrustal rocks that have been 
pervasively and intensely sheared, and is defined as the BTZ (Swager et al. 1995; Fig. 5.1c). The 
shear systems and surrounding terranes are made up of a variety of supracrustal rocks, including 
ultramafic (komatiitic) and mafic (tholeiitic) intrusive and extrusive units, felsic volcanogenic 
sedimentary units and carbonaceous shales that formed between ca. 2.72 and 2.60 Ga (Witt 
1993; Myers 1995; Swager 1997). Granitic magmatism occurred throughout the history of the 
Yilgarn Craton, with abundant tonalite-trondhjemite-granodiorite intrusions up to ca. 2.65 Ga, 
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and a craton-wide switch to low-Ca granite intrusions between 2.65 to 2.63 Ga (Cassidy et 
al. 2002; Champion and Cassidy 2002). The later event was broadly coeval with the onset of 
subduction-related, collisional and accretionary tectonic activity and gold mineralisation within 
the EGP (Barley et al. 1989; Myers 1995).

The supracrustal and intrusive units, except for relatively small, post-tectonic intrusions (Witt 
and Swager 1989), were subjected to initial thin- and thick-skinned contractional deformation, 
followed by lateral strike-slip deformation phases (Swager 1997; Robert and Poulsen 2001; 
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Map of the Eastern Goldfields Province showing the association between major shear 
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the Eastern Goldfields Province, showing the major shear systems and gold deposits 
referred to in the study. Modified after Swager and Griffin (1990a).
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Weinberg et al. 2003). Deformation in the EGP produced dominantly NNW-trending regional 
folds and shear systems, and within the southern EGP, these units were metamorphosed mainly 
to greenschist to lower-amphibolite facies (e.g., Swager 1997; Weinberg et al. 2003; Mikucki 
and Roberts 2004). The major NNW-trending shear systems also define the boundaries of 
different tectono-stratigraphic domains within the EGP (Swager et al. 1995; Swager 1997).

The nature and timing of regional deformation events within the EGP have been the subject 
of many studies (e.g., Archibald et al. 1978; Swager and Griffin 1990b; Hammond and Nisbet 
1992; Passchier 1994; Swager 1997; Davis and Maidens 2003; Weinberg et al. 2003; Davis et al. 
in press), with the dominance of research focussing on the southern portion that hosts numerous 
world-class orogenic Au and Ni-sulfide deposits (Fig. 5.1c). Figure 5.2 and Table 5.1 describe 
the major deformation and gold mineralisation phases of this province. An initial extension 
(DE) event, inferred for the emplacement of the ultramafic and mafic volcanogenic units, has 
been reported for the terrane (Hammond and Nisbet 1992). This event was followed by ~N–S-
directed shortening (D1), which is now preserved as non-pervasive, gently dipping thrust faults 

Volcanism and
sedimentation Deformation Gold mineralisation

AGE
(Ga)

2.60

2.65

2.70

Kurrawang,
Merougil beds

Mafic, ultramafic
and volcanogenic
sedimentary rocks

Low-Ca
granites

High-Ca
granites

Eastern Goldfields
Province

Southern Eastern
Goldfields Province

Granitic magmatism

Swager (1997);
Nelson (1997);
Krapez et al. (2000)

Champion and
Sheraton (1997);
Nelson (1997)

Swager (1997);
Krapez et al. (2000);

Yeats et al. (1999);
Brown et al. (2002);
McNaughton et al.
(2005)

Absolute ages
for the Eastern
Goldfields
Province, U-Pb &
Pb-Pb methods

D4 brittle
strike-slip

D1 thrusting

D2 shortening

D3 shortening

DE extension

Complete
range

Oroya lode,
Golden
Mile

Cleo
deposit

Scotia-
Kanowna
Dome
(Fig. 1)

Craton wide
emplacement
(greyscale)

Felsic
volcanic
rocks

Weinberg et al. (2003)
Ross et al. (2004)

D4 brittle
strike-slip

D1 thrusting

D2 shortening

D3 shortening

D2E extension

Southern Eastern
Goldfields Province

?

?

??

DE extension

Fig. 5.2  Schematic diagram showing the relationships between unit emplacement, 
deformation and gold mineralisation within the Eastern Goldfields Province. Note 
the differing estimates for D

2
.



Chapter 5 The boundary conditions of shear systems

��

and stratigraphic stacking of the host units (Archibald et al. 1978; Swager and Griffin 1990b). 
Later ENE–WSW shortening (D2) was the most penetrative deformation event throughout 
the EGP. This deformation event produced regional NNW-trending upright folds and major 
reverse and transpressional shear systems, with the suggestion that these shear systems are the 
reactivated and inverted faults associated with the deposition of the mafic-ultramafic sequences 
(Hammond and Nisbet 1992). Intermittent extension (D2E) during this deformation phase has 
also been invoked to account for the deposition of unconformable siliciclastic sedimentary 
units (Kurrawang beds, Fig. 5.1c; Swager 1997) that were also deformed by D2. Many major 
NNW-tending D2 structures underwent subsequent strike-slip deformation (D3), accompanied 
by the development of conjugate N- to NE-trending shear zones during continued ENE–WSW 
shortening. By measuring the lateral displacement of matching stratigraphic units across the 
NNW-trending Kunanulling Shear Zone (which is located between the Zuleika and Abattoir 
Shear Zones, Fig. 5.1c), previous studies have estimated lateral offset associated with D3 to be 

Table 5.1 Details of regional shortening and gold mineralisation events within the Eastern
Goldfields Province. Adapted from Swager and Griffin (1990b), Hammond and Nisbet
(1992); Witt (1993), Swager 1997, Ridley and Mengler (2000), Weinberg et al. (2003), and
Bateman and Hagemann (2004)

Event Description Localities Gold mineralisation

DE ~N-S extension - Inferred only

D1 Subhorizontal thrusting

and recumbent folding

- Kalgoorlie to south of

Kambalda

- Subhorizontal granite-

greenstone contacts

D2 Upright regional folds

with NNW-trending axial

planes and shallowly

plunging fold axes

- Kambalda Anticline

- Goongarrie–Mount Pleasant

Anticline

- Scotia Kanowna Anticline

? D1 or early D2 Fimiston

lodes

Cross-cutting D2 Oroya

lodes (Kalgoorlie)

D2E Inferred for the deposition

of unconformable,

conglomerate-bearing

units

- Synclinal Kurrawang beds

- Synclinal Merougil beds

D3 Sinistral strike-slip

movement on NNW-

trending shear zones, and

continued regional

shortening; sub vertical

movements on some shear

zones during late D3

- Moriaty shear

- Boulder-Lefroy Shear Zone

- Zuleika Shear Zone

- New Celebration

- Kambalda-Saint Ives

D4 Dextral movements on

NNW-trending shear

zones, and formation of

N-S to NNE dextral faults

- Kalgoorlie

- Paddington

- Mount Pleasant (Ora

Banda)

- Mount Charlotte

(Kalgoorlie)
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at least 12 km (e.g., Witt and Swager 1989; Swager 1997). However, Langsford (1989) proposed 
that D3 was generally associated with small-scale offsets less than 12 km in magnitude. The last 
major deformation event (D4) is characterised by dominantly NE-trending sets of brittle, dextral 
strike-slip faults and a conjugate E–W oriented faults (Weinberg et al. 2003; Fig. 5.1c). 

Orogenic gold deposits are spatially and temporally associated with major crustal-scale shear 
systems (Groves et al. 1987, 2000; Hodgson 1989; Eisenlohr et al. 1989; Goldfarb et al., 2001), 
and can form during any stage of deformation (e.g., Batemann and Hagemann 2004; Morey et 
al. in press; Weinberg et al. 2005), but are mainly considered to have formed late during the 
deformation history of the host terrane (i.e., D3-D4 in the EGP; Witt and Vanderhor 1998; Groves 
et al. 2000). Gold mineralisation occurs as various styles of hydrothermal, epigenetic systems, 
mainly comprising quartz-carbonate ± tourmaline veins and associated carbonate and potassic 
alteration assemblages. Native gold or gold-bearing sulfides are found either directly in the 
veins or within wallrock alteration halos adjacent to the vein structures. Alteration minerals are 
dominated by quartz, carbonate, sericite, pyrite, and arsenopyrite assemblages at greenschist 
facies, with progressively more biotite, calc-silicates and pyrrhotite at lower-amphibolite facies. 
These alteration haloes generally include elevated Ag, As, Au, Ba, B, Cu, Hg, Mo, Pb, Sb, Te, 
W and Zn concentrations (e.g., Groves et al. 1984; Witt 1993).

Robust data constraining the absolute timing of gold mineralisation events in the EGP 
have mainly been sourced from SHRIMP U-Pb dating of zircons from pre-, syn- and post-
ore magmatic intrusions. Regional studies by Yeats et al. (1999, 2001) concluded that gold 
mineralisation within the EGP was diachronous over a broad time span (ca. 2680 - 2625 Ma), 
whereas a review of dates from across the EGP (Groves et al. 2000), and more recent studies 
directly on syn-mineralisation minerals (Brown et al. 2002; Vielreicher et al. 2003; Salier et al. 
2004, 2005; Baggott et al. 2005) have constrained gold mineralisation events between ca. 2655 
and 2625 Ma. 

5.3 Differences between the Bardoc and Boulder-Lefroy shear systems 

Apart from a number of relatively early mineralising events (e.g., Bateman and Hagemann 
2004; Morey et al. in press), the structural timing of gold mineralisation within the EGP is 
dominantly late relative to the tectonic history of the host terrane (i.e., D3-D4; e.g., Witt and 
Vanderhor 1998; Robert et al. 2005). Thus, the present-day architecture of the EGP, which 
has remained relatively intact since the late Archaean (Myers 1995), more or less represents 
the structural conditions during gold mineralisation (Groves et al. 2000). The bulk of gold 
mineralisation within the BLSZ and the BTZ is hosted in similar lithologies (i.e., dominantly 
tholeiitic to high-Mg basaltic units, Witt 1993) that were subject to the same orogenic events 
(Swager 1997; Davis et al. in press; Morey et al. in press). These two linked structures thus 
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provide an ideal scenario to assess the shear system controls of gold mineralisation within an 
orogenic terrane. Supporting evidence is also drawn from the Zuleika Shear Zone (ZSZ) and 
the Ida Shear Zone (ISZ), which run approximately parallel to, and are located west of the 
BLSZ–BTZ system (Fig. 5.1c). 

Table 5.2 Major characteristics of shear systems referred to in this study. Based on
Swager and Griffin (1990a); Witt (1992, 1993); Tripp (2000); Weinberg et al. 2002;
Bateman and Hagemann (2004); Hodkiewicz et al. 2005

Boulder-Lefroy Bardoc Zuleika Ida

Produced gold >1500 t Au <100 t Au 10-15 t Au <5 t Au

Major gold

deposits/camps

(Refer to Fig. 1)

Golden Mile,

St. Ives,

Jubilee - New

Celebration

Paddington,

Talbot South,

Excelsior,

Zoroastrian

Kundana,

Bullant,

Chadwin

Davyhurst,

Callion, Iguana,

Blue Tongue,

Lizard

Length (km) >100 ~80 >250 >300

Width (km) 100’s of m to

2 km

<12 300 to 500 m <20

Strike variation N310-345 N325-350 N320-355 N320-350

Regional fold

structures

Boomerang, New

Celebration and

Kambalda

Anticlines

- Not present Kurrawang

Syncline, and an

unnamed

syncline near the

Kundana Camp

Kurrajong

Anticline

Deformation

styles/events

D1-D4 D2, D4 D3, D4 D2-D3, D4

Mineralisation

events

?preD2 - D2 and

D3 - D4

D2 D3 - D4 Limited data

suggests D3-D4

Number of gold

deposits and

prospects

10-20 ~80 20-30 <10

Metamorphic

facies

Mainly

greenschist to

lower-

amphibolite

Mainly

greenschist to

lower-

amphibolite

Lower- to upper-

greenschist

Lower- to upper-

amphibolite

Bounding rock

units

Thick sequences

of supracrustal

rocks

Regional granite

domes

Supracrustal

rocks and granite

Granite and

minimal

supracrustal units
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5.3.1 Bardoc Tectonic Zone

Table 5.2 summarises the major characteristics of the BTZ and BLSZ, as well as the ZSZ and 
ISZ. Defining features of the BTZ are: a) its broad width (5 to 12 km), b) regularly alternating, 
narrow supracrustal units, c) rock units that dip predominantly steeply to the W that define no 
regional antiformal or synformal closures, and d) that it is bound on either side by two large-
scale granitic domes. Even though there is a change in strike of the BTZ within its northern 
section from approximately N345 to N325, the rock units maintain a similar architecture, with 
alternating, uniformly striking units that are only truncated by the post-tectonic Comet Vale 
granite (Witt and Swager 1989; Witt 1993; Fig. 5.1c). 

In map view, the steeply-dipping units of the BTZ are pervasively attenuated, varying in thickness 
from 100’s of meters to a maximum of 2 km (Witt 1993, 1994). The degree of attenuation within 
the BTZ is best demonstrated by tracing individual units within the southern section of the BTZ 
around the southern apex of the Goongarrie-Mt. Pleasant Dome (Fig. 5.1c). The major mafic 
unit within the Ora Banda Domain (Fig. 5.1c), termed the upper basalt unit, is approximately 5 
km thick, whereas the same unit within the BTZ is 100’s of m to 2 km thick (Fig. 5.1c; Swager 
and Griffin 1990a; Witt 1993, 1994). The change in unit thickness can also be explained by 
primary thickness variations; however, the considerable narrowing of all lithological units, and 
the absence of regional folds within the BTZ suggests that tectonic attenuation was developed 
to a significantly greater degree, as opposed to surrounding areas, where regional open folds 
are more dominant. Regional mapping by Witt (1994) defined the BTZ as a NNW-trending, <5 
km-wide high strain zone that was placed approximately at the centre-line of the supracrustal 
rocks in between the large-scale bounding granite domes. Based on the contrasting supracrustal 
sequences to the E and W of the shear system, this high strain zone was also considered to 
have undergone significant shear displacement (Groves and Batt 1984). Even though strain 
partitioning is more localised in the central portion of the shear system, we argue that the 
pervasive layer attenuation suggests that the BTZ system is defined as the entire supracrustal 
sequence between the Scotia-Kanowna Dome and the Goongarrie-Mt. Pleasant Dome (Fig. 
5.1c). 

5.3.2 Boulder-Lefroy Shear Zone

The width of the BLSZ varies from up to 2 km within the St. Ives Camp (Cox and Ruming 
2004), to less than a few 100 metres at New Celebration (Fig. 5.1c; Copeland 1998). Along 
its map trace, the BLSZ cuts through diverse sequences of supracrustal rocks with complex 
geometries and is associated with numerous interconnected, low-offset splay faults (Weinberg 
et al. 2005). In both the Golden Mile and St. Ives camps, gold deposits are located directly on 
these low offset structures (Bateman and Hagemann 2004; Cox and Ruming 2004; Fig. 5.1c). 
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The major gold camps are evenly spaced (30-40 km along strike) and are located in the vicinity 
of major antiformal structures that also correspond to the greatest change (maximum gradient) 
in the geometric complexity of the shear system (Weinberg et al. 2004; Hodkiewicz et al. 2005).  
Other sections along strike are virtually devoid of economic gold mineralisation. Instead of 
regional granitic domes, the BLSZ and its adjacent rock units are surrounded by abundant 
sedimentary rock sequences and other supracrustal rocks (Fig. 5.1c). 

There are several geological indicators that suggest the BLSZ and its surrounding rock units 
have undergone less pervasive deformation than the BTZ. These include: a) the BLSZ and 
surrounding rock units are more variable along strike (Hodkiewicz et al. 2005), b) pre-existing 
D1 thrust faults and sequences are preserved within the BLSZ, and c) mafic units adjacent to the 
BLSZ are anomalously thick (>700 m at the Golden Mile, Witt 1993). Both b) and c) are most 
likely due to structural thickening through folding and thrusting (Swager et al. 1995; Phillips et 
al. 1996), without undergoing attenuation such as the units within the BTZ, and c). 

The characteristic features of the BTZ and BLSZ are also repeated within the ISZ and the ZSZ, 
respectively. The northern section of the ISZ (which ranges in strike between N350 and N360) 
is composed of a broad (5-20 km across strike) zone of uniformly-striking supracrustal units 
that are confined between two large-scale granite domes (Fig. 5.1c). The ISZ also has relatively 
poor gold endowment, with three known deposits associated with the central ISZ. Total gold 
production has been in the order of 5 t Au (Table 5.2; Fig. 5.1c). Major differences between 
the ISZ and BTZ are that the ISZ is made up of higher metamorphic facies rocks (Mikucki and 
Roberts 2004), its southern section is not bounded by large-scale granite domes on either side 
(Fig. 5.1c), it defines the western boundary of the EGP (Swager 1997), and links with the most 
prominent reflector surface in deep seismic surveys (Swager et al. 1997; Goleby et al. 2002), 
suggesting a depth continuation of approximately 30 km.

From open pit, diamond drill core analyses and deep seismic surveys, the ZSZ is regarded 
as a relatively narrow (300-500 m across strike) and steep shear system that is traceable to 6 
km below the present day surface (Goleby et al. 1993; Tripp 2000). Like the BLSZ, the strike 
variation of the ZSZ is greater than that of the BTZ or ISZ (Table 5.2; Fig. 5.1c), and the largest 
gold camp along this shear system is also located proximal to a regional antiformal structure 
(Kundana Mining Camp; Lea 1998; Fig. 5.1c). A localised change in strike of the ZSZ from 
approximately N320 to N340 also defines the location the Porphyry gold deposit (Fig. 5.1c). 
All major gold deposits have been interpreted to be associated with either D3 or D4 (Table 5.2; 
Tripp 2000). Even though the structural setting and relative timing of gold deposition along the 
ZSZ is similar to that of the BLSZ, total gold production within this shear system is only in the 
order of 10-15 t Au (Table 5.2; Fig. 5.1c). 
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5.4 Deformation and gold mineralisation

Relative to the four-phase shortening history of 
the Kalgoorlie Terrane (i.e., D1-D4; Table 5.1), no 
evidence for D1 exists within the BTZ. Furthermore, 
D3 was not significantly developed within this shear 
system. Deformation in the BTZ is characterised by 
structures developed in response to intense ENE–
WSW shortening that was related to regional D2 and 
D4 (Morey et al. in press). The dominant deformation 
was D2, the effects of which are best observed at unit 
contacts and within less competent sedimentary and 
ultramafic rocks. The D2 event is characterised by 
steep, WSW-dipping foliations that are axial planar 
to shallowly-plunging, upright, tight to isoclinal folds 
(Fig. 5.3a), and NNW-trending shear zones, with 
down-dip stretching lineations, and reverse offset 
kinematic indicators (Fig. 5.3b). In the northern 
part of the BTZ, a combination of dip- and strike-
slip deformation is present. This added strike-slip 
component is likely a result of the change in the main 
trend of the BTZ towards the NW (Morey et al. in 
press; Fig. 5.1c), rather than a separate phase of D3 
strike-slip shearing. 

As the BTZ is closely bounded by competent, strike-
parallel, pre- to syn-deformation granite domes (Witt 
and Swager 1989), strain was localised into the 
interleaved supracrustal units. Given the results of 
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Fig. 5.3  Field evidence typical of deformation 
within the Bardoc Tectonic Zone. a Photograph 
of a NNW-trending, upright fold from the Talbot 
South deposit indicating subhorizontal ENE–WSW 
shortening. b Lower hemisphere stereo plot from 
the New Boddington deposit showing NNW-trending 
foliations associated with shortening with steeply 
dipping stretching lineations. c Photograph from 
the Yunndaga deposit showing a mineralised vein 
boudinaged parallel and orthogonal to the stretching 
lineations, indicating flattening along the x-y plane.
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surface mapping (Chapter 2; Fig. 5.3), strain most likely developed through flattening within 
the subvertical NNW-trending, x-y plane (schematically portrayed in Fig. 5.4). Subvertical 
flattening is also substantiated at Yunndaga where D2 foliation-parallel, gold-bearing veins are 
boudinaged both parallel and orthogonal to the L2 stretching lineation (Fig. 5.3c). Deposit studies 
indicate that the distribution of gold-bearing veins were controlled by reverse-transpressive D2 
structures, as D4 brittle-ductile faults consistently post-date these structures (Chapter 2).

Although the timing of gold within the Golden Mile (BLSZ system; Fig. 5.1c) remains contentious, 
ore deposition is essentially the result of three major vein-gold events: a) pre- to syn-D2 Fimiston 
veins, b) syn-D2 Oroya veins, and c) syn-D4 Mt. Charlotte-style veins. (Ridley and Mengler 
2000; Bateman and Hagemann 2004). In contrast, U-Pb geochronology applied to a syn-Oroya 
vein lamprophyre dike implies that this style of vein is associated with D3 (McNaughton et 
al. 2005; Fig. 5.2). Deposits elsewhere along the BLSZ (Jubilee-New Celebration and the St. 
Ives Gold Camp, south of Kambalda; Fig. 5.1c) are considered to have formed during D3 and 
D4 (e.g., Nguyen et al. 1998; Cox and Ruming 2004; Weinberg et al. 2005). Regardless of the 
timing of gold mineralisation at the Golden Mile, deposits along the BLSZ were deposited over 
a variety of deformation events and over a prolonged mineralisation history (Table 5.1). This 
protracted mineralisation history is in stark contrast with that of the BTZ.

N

Subvertical stretching
lineations

Dispersed, low-pressure
hydrothermal fluids

5 - 10 km}
y
z

x

BTZ:

Fig. 5.4  Three-dimensional schematic diagram of the Bardoc Tectonic Zone showing 
its uniformly striking, and pervasively attenuated lithologies that would most likely 
disperse any upwelling hydrothermal fluids.
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5.5 Multi-scale gravity gradients: methodology, data and structural constraints

Regional gravity data from the area encompassing the BTZ (available from Geoscience Australia 
at http://www.ga.gov.au/minerals) show that regions of relatively high density correspond with 
the supracrustal sequences and regions of relatively low density correspond with the granitoid 
bodies (Fig. 5.5a). Density contrasts between individual supracrustal units within the BTZ are 
relatively minor, however, there are significant density contrasts between the supracrustal rocks 
that define the highly attenuated BTZ and the large-scale granite domes that closely bound the 
shear system (Fig. 5.5a-d). Multi-scale wavelet-based gravity gradients (worms) to upward 
continued levels of 60 km height were used to trace the geometry and depth extent of the 
BTZ boundaries. The worming technique traces the maximum gradient of the potential field 
(in this case the regional gravity data) to successive upward continued levels to define a worm 
sheet (Hornby et al. 1999). Depending on the amplitude of the maxima of the gravity gradient, 
the worm sheets may define a mirror image of the geological structure (Holden et al. 2000), 
which is proportional in this case to the apparent dip and lateral depth continuity of the E and 
W boundaries of the BTZ (Fig. 5.5a-d). The amplitude of the gradient is maintained across 
successive upward continued levels (Bierlein et al. 2006a), indicating that geologic inferences 
are possible to at least half the height of these levels (i.e., ~30 km depth). 

As shown in map and oblique view (Fig. 5.5b and d, respectively) there are two major worm 
sheet morphologies, which are: a) relatively minor worm sheets located mainly within the 
granitic bodies that do not extend to all upward continued levels, and b) large-scale worm sheets 
that have an extensive strike and depth continuity, and dominantly correspond with the margins 
between the granitoid and supracrustal units. There are also relatively minor worm strings and 
sheets within the supracrustal sequences. However, as typified within the area defined as the 
BTZ, the supracrustal rocks are characterised by relatively minor, or a complete absence of, 
worm data. 

Given that there are major worm sheets corresponding with granite and supracrustal rock 
margins, and that the boundaries of the BTZ are defined by the contact between the competent 
large-scale granite domes, the worm data within the BTZ area can be utilised to define the eastern 
and western boundaries of this major shear system at depth. Worm sheets defining the northern 
margins of the BTZ (Fig. 5.5b, d) are distorted by the Comet Vale granite, and interpretations 
made for this shear system are based on the southern section of the BTZ, away from this post-
tectonic intrusion. As shown in Figure 5.5b, the boundaries of the granite domes on the eastern 
and western boundaries to all upward continued levels, define worm sheets that are steep, and 
invariably trend towards NNW. These potential field results show that the architecture of the 
BTZ is characterised by a zone, roughly 5 - 12 km wide, of uniformly-striking, NNW-trending 
supracrustal rocks. 
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Fig. 5.5  Results of multi-scale gravity gradient, ‘worm’ analyses within the area 
encompassing the BTZ. a Map view of the solid geology lines of the BTZ and deposit 
locations. See Fig. 5.1c as reference. b Identical view as in a, showing the steep gravity 
gradients that define the boundary of the BTZ. c Oblique view, looking north of the solid 
geology and localities of the BTZ. d Oblique view as in c, showing the consistently steep 
nature of the gravity gradients defining the boundary of the BTZ. Gravity and worm data 
processed by A. Hitchman, Geoscience Australia, and reproduced with permission.
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Within the southern EGP, the Mohorovicic Discontinuity (Moho) is interpreted to be at 30 km 
depth (Swager et al. 1997; Goleby et al. 2002). This is also the inferred depth extent of the 
gravity worm data. The only shear system known to extend to the Moho is the ISZ (Swager et 
al. 1997; Goleby et al. 2002). Due to the strong depth continuity of the BTZ as determined by 
gravity gradient data (Fig. 5.5), we propose that this shear system extends to a depth of at least 
20 km, and its geometry as a steep structure is maintained to all upward continued levels. This 
interpretation contrasts with deep seismic surveys (Swager et al. 1997; Goleby et al. 2002), 
which have indicated that the BTZ only extends to a depth of 12 km, and it characterised by a 
listric geometry. Further evidence supporting the uniform depth continuity of the BTZ is also 
shown through multi-scale gradients of the regional aeromagnetic data (Appendix C). Excluding 
the Proterozoic dolerite dykes (Fig. C1, Appendix C), regions of the greatest magnetic intensity 
correspond with the ultramafic units (compare with solid geology map of Fig. 5.1c). Due to the 
large magnetic gradient between the ultramafic units and surrounding rocks, the worm sheets 
trace the margin and depth continuity of the ultramafic units to all upward continued levels as 
relatively narrow, steeply-dipping structures.

5.6 Conceptual model for strain localisation during regional shortening

In light of the regional gravity gradient data, a conceptual 2-dimensional model illustrates the 
different architectures of the BTZ and BLSZ prior to (Fig. 5.6a) and after (Fig. 5.6b) regional 
shortening. Within Figure 5.6a-b, the area between the granite domes represents the supracrustal 
rocks and the oblique line represents a pre-existing fault or structural anisotropy. Before regional 
shortening (Fig. 5.6a), the linear features representative of the supracrustal units have the same 
thickness in all areas. After shortening (Fig. 5.6b), the units between the competent granite 
blocks localised strain to a greater degree through the same amount of bulk shortening. Between 
the competent granite bodies, all unit contacts and anisotropies are rotated more parallel into 
the plane of maximum shortening, which produces a more uniformly striking, homogenously 
deformed shear zone, such as observed in the BTZ (Fig. 5.6b-c). Within the area representing 
the BLSZ (Fig. 5.6d), strain is not as pervasive, and therefore representative the supracrustal 
rocks and associated anisotropy is less rotated into parallelism, preserving a more complex 
geometry typical of this shear system. 

5.7 Discussion

5.7.1 Shear system boundaries, strain localisation and implications for gold endowment

Chen et al. (2001) discussed the kinematic development of arcuate shear systems within 
Archaean granite-greenstone terranes within the Southern Cross Province of the Yilgarn 
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Craton, and argued that large-scale granite domes acted as rigid bodies that localised strain to 
the less competent supracrustal rocks during regional shortening.  Based on the application of 
an E–W-directed compressive stress regime, Chen et al. (2001) noted that pre-existing folds, 
developed in the less competent supracrustal units, were rotated into parallelism with the 
regional shear zone fabrics as shortening progressed. Obliquely oriented granite margins were 
also favourable sites for strike slip deformation. During ENE–WSW regional shortening within 
the area encompassing the BTZ (Swager 1997; Weinberg et al 2003; Davis et al. in press), the 
large-scale granite domes acted as rigid bodies that localised strain within the broad zone of 
supracrustal rocks that now define this shear system, which is in agreement with the work by 
Chen et al. (2001). Regional ENE–WSW shortening within the BTZ led to the progressive 
tightening of folds and attenuation of individual rock units, while also rotating all structures 
parallel to the plane of maximum shortening (Fig. 5.1c). Over the length of the BTZ, the granite 
margins represent steep NNW-trending structures, so that deformation was dominated by dip-
slip shearing and flattening within the sub-vertical plane (Fig. 5.3 and 5.4). As depicted in 
Figure 5.4, the development of shear zones pervasively across the 5 to 12 km-wide BTZ led 
to the dispersion of any upwelling auriferous fluids. In this figure, the BTZ is represented as 
a high connectivity system, but the dispersed nature of the fluids resulted in an overall low 
permeability shear system (e.g., Sibson and Scott 1998; Cox et al. 2001). These conditions, in 
turn, likely promoted the formation of the comparatively smaller, and more closely-spaced gold 
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Fig. 5.6  A conceptual two-dimensional model showing the Bardoc Tectonic 
Zone (BTZ) and Boulder-Lefroy Shear Zone (BLSZ) before a and after b regional 
shortening. Note the higher degree of attenuation and more uniformly-striking units 
within the Bardoc Tectonic Zone in b due to the localisation of strain between the 
competent bounding granite bodies.
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deposits within this shear system when compared to the BLSZ (Witt 1992). 

The characteristic architecture of the BTZ, as defined by its strike-parallel, bounding granite 
domes, consistent depth extent and overall low complexity, also shows that the volume of 
supracrustal rocks does not significantly increase at depth (Fig. 5.4). Taking into consideration 
the fluid circulation model of Etheridge et al. (1983), where regional fault zones control fluid 
flow direction, Groves et al. (1984) and Bierlein et al. (2006b) proposed that the abundance 
of unaltered source rocks are a major factor controlling mineral endowment of a given gold 
province. Based on the above, the BTZ system is not likely to contain extensive volumes of 
supracrustal sequences that could have undergone metamorphic dehydration to form fluid and 
ore components required for the formation of large gold deposits at higher (present day) crustal 
levels. Through characterising the nature and extent of alteration zones associated with the 
Golden Mile deposit at Kalgoorlie (Fig. 5.1c), Phillips et al. (1987) proposed that a rock volume 
12 km long, 5 km wide and 5 km thick is sufficient to source the hydrothermal components of 
a giant (>500 t Au) gold deposit. Even though these calculations are subject to the efficiency 
of fluid transport mechanisms and the presence of ore-forming components, Groves et al. 
(1987) estimated that large gold deposits along shear systems would have to be spaced 10’s of 
kilometres away from each other, with virtually no gold between them (see also Weinberg et al. 
2004; Hodkiewicz et al. 2005). The BTZ hosts tens of smaller (<40 t Au) gold deposits along a 
similar strike length as those associated with the BLSZ. In line with the above interpretations, 
a large number of sub world-class gold deposits suggests that the architecture and evolution of 
the BTZ is characterised by a high density network of fluid conduits that dispersed gold-bearing 
fluids over an excessively wide area, which are also attributed to the lower fluid overpressures 
(Sibson and Scott 1998) and therefore lowering the permeability (Cox et al. 2001) and mineral 
endowment potential of the host shear system. 

In contrast to the BTZ, large-scale, competent granite domes do not bound the BLSZ, which 
is surrounded by large volumes of volcanogenic sedimentary rocks and lesser mafic and 
ultramafic rocks (Fig. 5.1c). This difference in lithological make-up most likely resulted in 
more heterogenous strain distribution over a large volume of rocks, which, in turn, led to the 
development of a number of narrow shear zones cutting through less pervasively strained and 
rotated rocks as compared to the BTZ. Less pervasive strain development means that rock units 
are less attenuated and not rotated into parallelism, as seen by the more complex architecture 
of the BLSZ, which is also characterised by a narrow, variably-striking shear system connected 
to subordinate splay structures (Fig. 5.1c; Cox and Ruming 2004; Hodkiewicz et al. 2005). The 
more complex architecture of the BLSZ explains why during regional ENE–WSW shortening, 
this shear system underwent more complex dip- and strike-slip deformation (Table 5.1, Weinberg 
et al. 2005), whereas the BTZ underwent more uniform, dip-slip-dominated shortening (Morey 
et al. in press). The shear system architecture characterised by the BSLZ is more likely to 
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focus fluids into localised fluid conduits, so that fluid overpressures are maximised, and a high 
permeability shear system can be created (Cox et al. 2001). 

5.7.2 The effects of a narrow, variably-striking shear system towards gold endowment

The localisation of strain between regional, steep-sided granite domes, as made by theoretical 
arguments based on regional wavelet-based gravity gradient data (Fig. 5.5-6) also requires that 
the BTZ rapidly underwent pervasive straining, through homogeneous flattening in the vertical 
plane, and all structural complexities that could have existed within the BTZ were subsequently 
erased. Therefore, the distinctive architecture of the BTZ was likely created from the onset of 
regional E–W shortening, and as schematically represented in Figure 5.4, this shear system 
architecture would promote the dispersion of upwelling auriferous fluids throughout orogenesis. 
The broad shear network characterised by the BTZ would potentially form a high connectivity 
fluid conduit system, but as upwelling fluids are likely to be dispersed, these fluid conduits 
are associated with low permeability fluid flow (Cox 1999). In contrast, strain partitioning 
mechanisms within the BLSZ are heterogenous, with a combination of crustal thickening in 
fold and thrust structures and high straining and attenuation within narrow, more variably-
striking shear systems, as reported by Hodkiewicz et al. (2005). Heterogenous strain would 
therefore more likely preserve a more complex shear system architecture in the vicinity of 
thickened supracrustal host units that was maintained throughout orogeniesis. As described 
above, the focussing of overpressured (Sibson and Scott 1998) auriferous fluids within discrete 
shear systems and associated subordinate faults (e.g., Cox and Ruming 2004; Micklethwaite 
and Cox 2004) would be possible over a protracted period, as evidenced by the overprinting 
gold mineralisation events recorded in the giant Golden Mile Camp (Bateman and Hagemann 
2004; Table 5.1).

5.7.3 Competency contrasts and vein-gold formation 

Competency contrasts at the district- to deposit-scale, such as juxtaposed rock units with 
different rheological properties or structural anisotropies are favourable sites for the formation 
of low mean stress areas and focused fluid flow (Ojala et al. 1993; Ridley 1993). A competent 
rock unit is also more likely to fail in a brittle to brittle-ductile manner, promoting rock dilation 
and vein-gold formation at the deposit scale (e.g., Sibson 1987; Phillips et al. 1996). Competent 
mafic intrusive to extrusive rocks are the major host to gold mineralisation within the BTZ 
(Witt 1993), but these rocks are attenuated, strike-parallel units with no irregular boundaries 
and limited lateral and vertical extent (Fig. 5.4), and they also dominate the stratigraphy so that 
competency is more uniform throughout the shear system. 

For the BLSZ system, abundant sedimentary rocks occur alongside regional antiformal structures 
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defined by competent mafic units that coincide with the Golden Mile, Jubilee-New Celebration 
and St. Ives gold camps (Weinberg et al. 2005; Fig. 5.1c). These architectural features represent 
more complex shear system geometries (Hodkiewicz et al. 2005) that would arguably give rise to 
larger competency contrasts than within the BTZ. Furthermore, the abundant sedimentary rocks 
possibly restrict regional fluid flow to the narrow BLSZ, which would also contribute to the 
formation of a high permeability shear system. Major breaks between dominantly sedimentary 
and dominantly volcanic rock sequences, representing significant competency and permeability 
contrasts, are also seen as a favourable setting for major greenstone hosted orogenic deposits 
within the Abitibi province of Canada (Hodgson and MacGeehan 1982).

Another mechanism to promote competency contrasts within orogenic shear systems is the 
metamorphic grade. Competency contrasts and brittle-ductile structural regimes are maximised 
within greenschist facies rocks (e.g., Groves et al. 1987). As discussed by Weinberg et al. 
(2002), increased metamorphic grade to lower-amphibolite facies will weaken the quartz- 
and plagioclase-dominated mafic units, and simultaneously strengthen chlorite–talc-bearing 
ultramafic, and phyllosilicate-bearing sedimentary rocks through the growth of metamorphic 
amphibole or plagioclase minerals. This combined effect leads to more homogenous deformation 
between alternating rock units, with decreased opportunity for the formation competency 
contrasts. Other detrimental factors caused by increased metamorphic grade are the effects 
of less voluminous fluids (Powell et al. 1991), and lower rock permeability with increasing 
depth (Manning and Ingebritsen 1999). Considering that all of the ISZ and the majority of the 
ZSZ are hosted within lower-amphibolite facies units (Witt 1993; Mikucki and Roberts 2004), 
the compounded effects of higher metamorphic grade, as discussed above, can account for 
their significantly diminished gold endowments (Table 5.2), and especially so for the northern 
ISZ, where fluid focussing was potentially reduced through the effects of uniform strain being 
imparted over a broad deformation zone due to the bounding regional granite domes.

5.8 Conclusions

Deposit-based studies, wavelet-based gravity data and conceptual arguments based on the BTZ 
suggest that when a shear system is developed between two large-scale competent bodies, all rock 
units are homogenously and rapidly deformed and rotated orthogonal to the regional shortening 
direction. The consequence of pervasive deformation over a broad (>5 km across strike) zone of 
shearing is that any structural complexities within the shear systems are erased, and a potentially 
high connectivity but low permeability shear system is produced, and throughout orogenesis 
auriferous fluids are less likely to be focussed towards competent host units. Furthermore, as the 
supracrustal rocks are confined between large-scale granite domes, there are less voluminous 
supracrustal units at depth to act as a potential source for gold.
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The narrower (<2 km across strike) BLSZ system is not closely bounded by large-scale competent 
bodies and in contrast to the BTZ, is characterised by a heterogeneously-deformed terrane 
where the presence of discrete, more variably striking shear systems are more likely to develop 
over the entire shortening history of the EGP. Heterogenous deformation preserved structurally 
thickened supracrustal rock units characterised by their greater competency contrasts, and more 
complex geometrical features that can undergo both D2 dip-slip, and D3 strike-slip shortening. 
This architecture, in the vicinity of a narrow shear system with associated subordinate faults 
enhanced the formation of a highly focussed, high permeability fluid flow system with large 
competency contrasts. This style of shear system development is likely to form large (>100 t 
Au) orogenic gold deposits within competent host units. 
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Chapter 6

synthesIs and ImplIcatIons for Gold exploratIon

This thesis brings together structural, petrographic, geochemical and geophysical investigations 
based on the Bardoc Tectonic Zone (BTZ) to build a regional understanding of orogenic gold 
mineralisation within this shear system. The thesis results are used to determine why the BTZ, 
having produced ~100 t Au, is not as well endowed in gold as the Boulder-Lefroy Shear Zone 
(BLSZ) with >1500 t Au, given that: a) these shear systems are physically linked along strike; 
b) the majority of gold mineralisation is hosted within similar units (i.e., tholeiitic extrusive 
to intrusive units); and c) they were exposed to the same regional orogenic and metamorphic 
events. 

This thesis was based on multi-disciplinary studies within 5 open pit gold deposits and 1 gold 
prospect, and regional potential field data. A major outcome of this thesis has been that the BTZ 
is characterised by a comparatively less complex architecture and a more uniform structural and 
hydrothermal evolution than the BLSZ. A synthesis of the major findings of this thesis, as well 
as the implications for gold exploration are presented in this chapter.  

6.1 Deformation within the Bardoc tectonic Zone

As demonstrated in Chapter 2, the structural evolution of the BTZ was dominated by the 
intense development of NNW-trending tight to isoclinal folds and foliation-parallel reverse to 
transpressional shear zones. This deformation phase corresponds to the second major shortening 
event of the EGP (D2), and controlled the distribution of the majority of gold-bearing structures 
within this tectonic zone. Brittle strike-slip faults (D4) also occur, but they are low-offset 
structures (<100 m lateral displacement) and consistently post-date gold mineralisation. The 
BLSZ in particular, and the southern EGP in general (e.g., Hammond and Nesbit 1992; Swager 
1997; Weinberg et al. 2003, 2005), underwent a comparatively more complex deformation 
history than the BTZ, as low-angle D1 thrust faults and ductile strike-slip shearing (D3) are both 
well preserved and along the BLSZ brittle strike-slip faults (D4) have greater lateral offsets 
(~400 m; Ridley and Mengler 2000). Gold mineralisation associated with the BLSZ was also 
controlled by a greater variety of deformation events (at least D2, D3 and D4; Batemann and 
Hagemann 2004; Weinberg et al. 2005), along a narrower, and more variably striking shear 
system linked to low-offset, subordinate splay structures. A comparison between the geometry 
and structural evolution of the BTZ and BLSZ in Chapter 2 demonstrates that a narrow shear 
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system developed within a complexly deformed terrane has a higher potential to host world-
class orogenic gold deposits. Shear systems with these characteristics arguably act as higher 
permeability (fluid-flux) conduits for auriferous fluids that can be channelled and deposited 
within subordinate faults that accommodate a greater variety of dilational structures (e.g., Cox 
1999; Cox and Ruming 2004).  

6.2 hydrothermal alteration within the Bardoc tectonic Zone

In addition to a structurally less complex gold mineralisation history, alteration assemblages 
and stable isotope data (δ34S) on gold-bearing arsenopyrite and pyrite from 5 localities along 
the BTZ show that this shear system also underwent a less complex hydrothermal evolution 
(Chapter 3). Like many orogenic gold deposits (e.g., Hagemann and Cassidy 2000), the 
hydrothermal alteration minerals associated with gold in the BTZ consist of quartz, calcite ± 
ankerite, chlorite, and sulfur-bearing minerals ± biotite ± epidote ± rutile ± ilmenite. The sulfur-
bearing minerals are dominated by arsenopyrite, with lesser pyrite, pyrrhotite, chalcopyrite, 
sphalerite ± galena. The low complexity of gold mineralisation within the BTZ is demonstrated 
by a basic three-stage alteration paragenesis that does not significantly vary over ~80 km of 
strike. The alteration parageneses consists of Stage 1 pyrrhotite, followed by the formation of 
Stage 2 arsenopyrite + invisible gold, and Stage 3 pyrite + visible gold + base metal sulfides 
± rutile ± ilmenite. The uniform overprinting relationships of the opaque alteration minerals, 
and the absence of minerals indicative of oxidising conditions suggest that the hydrothermal 
processes associated with gold deposition along the BTZ were uniformly reduced throughout 
the shear system, and are consistent with a regional mineralising fluid (e.g., Salier et al. 2005). 
The nature of the three alteration stages does not vary even though it is associated with many 
styles of brittle to ductile vein structures and the metamorphic grade of the host rocks varies 
between greenschist and lower-amphibolite facies.

The δ34S values of Stage 2 arsenopyrite and Stage 3 pyrite from the studied BTZ deposits 
vary between +1 and +9 ‰. These data are typical of many variably sized Archaean orogenic 
deposits (e.g. Salier et al. 2005). However, the giant Golden Mile and at least some world-
class deposits within similar mafic host units to the BTZ have a larger stable isotopic range 
(i.e., δ34S between -10 and +10 ‰; Hodkiewicz 2003), and alteration minerals indicative of 
oxidising hydrothermal conditions (e.g., sulfates and hematite; Phillips et al. 1986; Neumayr 
et al. 2004). Together with the less complex alteration mineralogy established for the BTZ, 
the stable isotope data suggests that orogenic systems lacking in world-class or giant orogenic 
deposits are characterised by uniform hydrothermal redox conditions, whereas richly endowed 
shear systems are potentially characterised by hydrothermal conditions with variable redox 
conditions, as indicated by their alteration mineralogy and δ34S variations.
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The supracrustal sequences between the granite domes broaden to 12 km across strike in the area 
that hosts the Paddington-Broad Arrow Gold Camp. As this camp is also near the intersection of 
the Abattoir Shear Zone and the BLSZ, past studies have previously associated these deposits 
with the latter shear systems (e.g., Hodkiewicz et al. 2005). However, the structural and 
hydrothermal evolution of the Paddington deposit is geologically similar to other BTZ gold 
deposits (Chapters 2 and 3). Therefore, it is more likely that the Paddington-Broad Arrow Gold 
Camp, as referred to by Hodkiewicz et al. (2005), is part of the southern end of the BTZ.
 
6.3 the nature and distribution of gold within pyrite and arsenopyrite

Chapter 4 further investigates the textural and geochemical characteristics of invisible and 
visible gold in arsenopyrite from the BTZ and pyrite from the Boorara Shear Zone, to further 
understand their hydrothermal evolution. Arsenopyrite grains studied from the BTZ are 
commonly fractured, and grain boundaries and fractured margins are accompanied by <250 
µm-wide, secondary alteration rims that are enriched in As in the order of 1.5 atomic %. The 
initial crystallisation phases of arsenopyrite (Stage 2 alteration) contains invisible gold and the 
later-stage alteration rims and associated fractures (Stage 3 alteration) contain visible gold. 
The composition of unaltered and altered arsenopyrite, when used in conjunction with phase 
relationships (Kretschmar and Scott 1976; Sharp et al. 1985) indicate that the formation of 
alteration rims and associated visible gold deposition can be explained through an increase in 
fluid temperature (broadly from 310oC to 415oC) and an increase in fluid sulfur fugacity of up 
to 6 orders of magnitude. As alteration rims have previously been overlooked, this study shows 
that these rims are useful for revealing the thermal and chemical evolution of the hydrothermal 
fluids related to gold mineralisation. 

6.4 Boundary conditions of shear systems and implications for gold 

endowment 

The geometry of the competent rocks bounding the BTZ and BLSZ effectively controls shear 
zone architecture and consequently their ability to focus fluids (Chapter 5). Through the 
interpretation of regional potential field data, the BTZ is bounded to a depth of at least 20 km 
by large-scale, pre- to syn-deformation granite domes, with an architecture characterised by 
steep, NWW-trending and uniformly striking structures. The existence of two large competent 
domes surrounding the corridor of supracrustal rocks that define the BTZ has meant that during 
ENE–WSW shortening, deformation was strongly localised to this corridor. High strain has led 
to layer attenuation and rotation of all structures into parallelism with the plane of shortening, 
perpendicular to the maximum shortening axis. The development of high strain gave rise to a 
relatively uniformly oriented shear zone (Hodkiewicz et al. 2005). This characteristic architecture 
favours the formation of a broad network of interconnected shear zones, resulting in potentially 
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high connectivity but low permeability fluid conduits (Cox 1999), which is more likely to 
disperse upwelling auriferous fluids leading to the sub world-class and regularly distributed 
gold deposits found in this shear system. 

In contrast to the setting and architecture of the BTZ, the BLSZ cuts across a wide region 
of supracrustal rocks and is not immediately bounded by regional granite domes. This has 
meant that throughout crustal shortening, strain was distributed over a much wider zone 
and localised into narrow, high-strain shear zones interspersed throughout lower strain and 
structurally thickened domains. In stark contrast with the BTZ, the heterogeneous distribution 
of strain favoured the formation of a variably striking, narrow (<2 km wide) shear zone linked 
to higher-order splay faults. Furthermore, the intervening lower strain zones are characterised 
by open folds that preserve earlier thrusts and other geometrical complexities, not erased by 
high strain. The narrow, high strain shear zones are more likely to focus hydrothermal fluids and 
the geometrical complexities preserve high competency contrasts and as act low mean stress 
sites to promote host rock dilation and vein-gold deposition (e.g., Ridley 1993). 

6.5 Implications for assessing the prospectivity of orogenic shear systems

Through deposit-scale studies and analysis of regional potential field data, this thesis has 
demonstrated that for the linked BTZ and BLSZ, it is possible to account for the controls on gold 
mineralisation based on the differences between these two shear systems. Relative to the BLSZ, 
the BTZ has undergone a less complex structural and hydrothermal evolution, characterised by: 
a) only one deformation event contemporaneous to gold mineralisation (Chapter 2), b) alteration 
assemblages dominated by arsenopyrite, and uniformly reduced hydrothermal conditions as 
determined from alteration minerals in conjunction with stable sulfur isotopic data (Chapters 
3-4), and c) high strain across the shear zone reoriented structures and lithological contacts to a 
direction orthogonal to the regional shortening direction (Chapter 5). Thus this thesis proposes 
that complexities in the structural, lithological and chemical evolution of mineralising systems 
plays a fundamental role in the formation of gold deposits and can be used in assessing the gold 
endowment potential of other orogenic shear systems.

Other shear systems within the EGP (e.g., Ida Shear Zone, ISZ; Weinberg et al. 2002) share many 
characteristics with the BTZ (Chapter 5), and considering that the BTZ hosts the Paddington 
and Talbot South deposits (combined production of >50 t Au), this and other similar shear 
systems can still potentially host deposits of considerable size.  As with many orogenic gold 
deposits, competency contrasts and irregular lithological contacts are a major factor promoting 
host rock dilation and vein-gold deposition (e.g., Ridley 1993; Ojala et al. 1993). Due to the 
intense straining across a broad area in the BTZ (Chapter 5), there are two major limitations 
for potential gold mineralisation: a) preserved competent host units are highly attenuated due 
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to intense straining and limited in their lateral and depth extent, and b) upwelling auriferous 
fluids are potentially dispersed over many pathways. However, where present, D2-parallel vein-
gold structures localised within dilational zones either within or at the contact of an attenuated 
competent unit, are favourable sites for the localisation of an ore deposit, as observed within 
the Paddington, Talbot South, New Boddington and Yunndaga open pit mines. Oblique, brittle-
ductile faults commonly overprint the strike-parallel units of the BTZ (Witt 1994). Even though 
the intersections of these structures are potentially associated with gold mineralisation (e.g., 
Vearncombe 1998; Ridley and Mengler 2000; Micklethwaite and Cox 2004; Tripp 2004), this 
thesis has found that late-stage oblique faults, do not primary control the localisation of gold 
deposits within the BTZ (Chapter 2). 

The hydrothermal footprints of gold deposits within the BTZ are similar to other mafic-hosted 
orogenic systems, consisting of calcite/ankerite, K-minerals (muscovite, biotite, K-feldspar), 
quartz, chlorite, pyrite, arsenopyrite, pyrrhotite, ilmenite and chalcopyrite ± epidote ± rutile 
(e.g., Hagemann and Cassidy 2000). As substantiated in Chapter 3, the gold deposits of the 
BTZ are dominated by arsenopyrite, and alteration assemblages and stable sulfur isotope ratios 
are indicative of uniformly reduced hydrothermal conditions. Therefore, gold mineralisation 
associated with a change in redox conditions and accompanying changes in mineralogy, as 
inferred for the St. Ives Gold Camp along the BLSZ (Neumayr et al. 2004), is less likely to be 
of significance for gold exploration within the BTZ. 

In contrast to the BTZ, the BSLZ is a relatively narrow and variably-striking shear zone, and 
characterised by a more complex sequence of deformation and hydrothermal events (e.g., 
Bateman and Hagemann 2004; Neumayr et al. 2004; Weinberg et al. 2005), This shear system 
architecture is more likely to lead to the formation of high permeability, high flux fluid systems 
focussed towards more abundant dilational and low mean stress zones, favourable for the 
formation of world-class, vein-gold deposits (e.g., Ridley 1993; Cox 1999). 
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