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The	Invincible	orogenic	gold	deposit	is	located	in	the	world-class	St	Ives	gold	field,	
Yilgarn	Craton,	Western	Australia.	The	St	Ives	gold	field	has	produced	over	400	t	of	

gold since 1980. The ~1.5 million-ounce Invincible deposit is hosted on the western limb 
of the Kambalda Anticline, in metamorphosed and hydrothermally altered mudstone 
and sandstone-conglomerate units of the Upper Black Flag Group. Rare ore veins also 
occur in the overlying Lower Merougil Group. Prior to the discovery of the Invincible 
deposit, these young volcano-sedimentary successions were considered less prospective 
for	gold	than	the	mafic-ultramafic	stratigraphy,	including	dolerite	sills	that	intrude	near	
the base of the Lower Black Flag Group. 

The Black Flag and Merougil groups comprise almost 60% of the Archean basement at 
St	Ives	gold	field	and	host	newly	discovered	gold	deposits	but	their	internal	stratigraphy	
is relatively poorly understood, hindering exploration at a camp-scale. This thesis 
documents the lithofacies, provenance and zircon ages of the Black Flag and Merougil 
groups and uses the results to propose new subdivisions and detailed maps of their 
distribution. The Lower Black Flag Group is divided into the lower and upper Newtown 
Felsic formations that comprise: a ~1200 m sequence of thick coarse-grained turbidites 
and	debris	flow	deposits	 that	were	 fed	by	 intense	 subaerial	 explosive	volcanism	and	
intrabasinal dacitic lava domes; and an overlying ~1300 m sequence of juvenile feldspar 
crystal and lithic-rich turbidites containing locally derived basaltic clasts from the older 
mafic	stratigraphy	in	addition	to	dacitic	and	rhyolitic	clasts,	respectively.	The	upper	and	
lower Newtown Felsic formations contained a strong single population of detrital zircon 
ages with a weighted mean age U-Pb of 2685 ± 2 Ma. The overlying Upper Black Flag 
Group is divided into the Speedway Andesite formation that overlies the upper Newtown 
Felsic formation across an angular unconformity and the overlying Morgans Island 
formation. The ~700 m thick Speedway Andesite formation is composed of intrabasinal, 
submarine andesite lava and lava dome complexes with variably resedimented andesitic 
hyaloclastite	 mass-flow	 breccia	 intercalated	 with	 turbidites	 consisting	 of	 subaerially	
derived pyroclastic debris. Coherent andesite contained an igneous mean zircon U-Pb 
age of 2674 ± 8 Ma. The ~150 m thick Morgans Island formation contains thick volcanic-
quartz	rich	turbidites	and	debris	flow	conglomerates	and	has	a	mean	detrital	zircon	age	
of 2670 ± 6 Ma. The Morgans Island formation contains a small population of zircon ages 
similar to the Lower Merougil Group suggesting they were sourced from similarly aged 
explosive felsic volcanic events. 

The Lower Merougil Group variably unconformably overlies the Upper Black 
Flag Group and is divided into the basal Zeta Island and the overlying Triangle Island 
formations. Both formations have a strong single population of detrital zircon ages with 
a weighted mean age of 2666 ± 4 Ma. The ~150 m thick Zeta Island formation contains 
extensive	 sheet-like	 matrix	 supported	 conglomerates	 and	 massive	 volcanic	 quartz	
dominated sandstone; whereas the Triangle Island formation is composed of abundant 
trough cross-bedded sandstone and restricted lenses of conglomerate. This thesis agrees 
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with previous research suggesting the Black Flag Group was deposited into a deep 
water and represent submarine fan sequences. However, we contend that the variably 
unconformable contact between the Upper Black Flag and Lower Merougil groups, that 
does	not	have	a	significant	or	currently	distinguishable	time	gap	suggests	that	the	change	
from deposition in a subaqueous to a subaerial environment was more transitional 
than previously interpreted. The turbidite sequences of the Morgans Island Formation 
overlain by the conglomerate sequences of Zeta Island formation are interpreted to 
represent a fan-delta prograding into water, that is in turn overlain by subaerial alluvial 
fan – braid-plain successions represented by the Triangle Island formation.  

The Morgans Island Formation is further divided locally into the Invincible Mudstone 
and Sandstone members that host the Invincible deposit, referred to as ‘mudstone’ and 
‘footwall sandstone’ respectively. Three distinct stages of predominantly extension veins 
and breccias that trend with the mudstone northwest, are recognised at Invincible. These 
veins	reflect	at	least	two	gold	mineralisation	events	separated	by	a	period	of	significant	
deformation. The widespread extension veins are consistent with formation during 
protracted northeast-southwest compression.

Stage 1 veins are variably steeply dipping parallel extension veins that develop 
adjacent to bedding-parallel shears in the mudstone. These veins are associated with 
low-grade gold mineralisation and were folded prior to being cut by stage 2 veins. Stage 
2 veins are steeply dipping and commonly boudinaged thick extension and breccia veins 
that cut folded bedding and S1 shear fabric. These veins and breccias are best developed 
in areas where the bedding had been folded subparallel to the principal shortening 
direction. Their geometry suggests they developed when the stratigraphy was less folded 
and were subsequently rotated during interseismic creep and shear failure. Stage 2 veins 
are surrounded by zoned alteration facies that extend from the vein margin up to 100 m 
into the wallrock. These alteration facies included a proximal albite-pyrite, followed by 
a biotite-carbonate and distal sericite-chlorite. Locally intense phengite alteration that 
is generally restricted to 20 cm from the vein also occurs around stage 2 veins. Intense 
phengite alteration is most common around the periphery of large albite-pyrite altered 
ore zones. Stage 3 veins developed during the waning stages of top-to-NE shear along 
the bedding parallel fault zone, after the stratigraphy was steepened to near its current 
orientation. These are undeformed gently dipping extension veins that cut folded and 
boudinaged stage 1 and 2 veins and are most abundant in the footwall sandstone. Stage 3 
veins that formed through magnetite-bearing beds in the footwall sandstone developed 
a characteristic bright red hematitic alteration halo. 

The	 approximately	 90°	 difference	 in	 the	 present	 orientation	 of	 stage	 1-2	 and	 3		
extensional veins is evidence of least two discrete mineralising events separated by a 
period	of	significant	deformation.	Rarely,	deformed	stage	2	ore	veins	with	albite-pyrite	
alteration halos occur in the Lower Merougil Group, indicating that gold deposition 
was younger than c. 2666 Ma. Newly obtained U-Pb ages for hydrothermal monazite 
associated with gold-bearing stage 2 veins and altered wall rock indicate the main 
mineralising event occurred at 2632 ± 14 Ma. These age constraints and structural 
features indicate that the onset of gold mineralisation occurred after deposition of the 
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Lower Merougil Group during NE-SW compression associated with D4 (in the generally 
accepted regional deformation scheme), when most other deposits in the region are 
interpreted to have formed. 

Wall rock reaction and gold deposition processes around stage 2 and 3 veins were 
investigated	using	a	simplified	isocon	method	for	determining	element	mobility	and	mass-
change in altered rocks. In the 30 years since the isocon diagram was proposed to depict 
mass-changes,	there	have	been	many	modifications	and	alternative	methods	proposed,	
such that there is no longer a standard approach to mass balance. Many alternative 
methods are arguably more rigorous, but also more complex and time consuming, and 
do	not	appear	to	have	been	widely	adopted.	We	propose	a	modified	isocon	method	that	
is	a	quick	and	simple	data-driven	approach	to	the	identification	of	immobile	elements	
and mass-balance calculations that does not rely on scaling or assumption. A simple 
column graph depicting the component concentration ratios arranged from greatest to 
least (‘ranked ratio’ plot) is the fastest and simplest way of identifying the largest group 
of elements with similar concentration ratios in the altered and least altered rock, which 
in	most	cases	will	be	the	immobile	elements.	This	method	addresses	the	effect	of	protolith	
heterogeneity on mass-balance calculation by comparing each sample of least altered 
rock	to	an	average	of	multiple	analyses	to	define	a	range	outside	of	which	mass	gains	
and	 losses	 in	altered	 samples	 can	 confidently	be	 reported.	 Identification	of	 immobile	
elements	in	weakly	to	moderately	altered	rock	is	typically	accomplished	by	finding	the	
largest group of elements with the same (very similar) concentration ratios that form a 
plateau on the ranked ratio plot. Mass-changes of each measured component are then 
depicted as a function of their original concentration in the protolith rather than as a 
proportion of the total rock mass as in previous methods. Mass balance calculations for 
large datasets of spatially related samples can be quickly processed using this method, 
elucidating geochemical gradients from hydrothermal alteration. The new approach 
is demonstrated with reference to samples from the shale-hosted Invincible (orogenic) 
gold	deposit	of	the	Eastern	Goldfields	Province,	Western	Australia,	and	the	sediment-
hosted Kansanshi copper-gold deposit of the Copperbelt Province, Zambia.

The results of geochemical mass-balance and mineral paragenesis studies indicate 
gold	mineralisation	at	 Invincible	occurred	partially	due	 to	sulfidation	of	 iron-bearing	
minerals, dominantly biotite and magnetite in the wall rocks. Albite-pyrite wall rock 
alteration around stage 2 veins overprints least altered mudstone that contained 
abundant	biotite,	 plagioclase,	 quartz,	muscovite	 and	 ilmenite.	 Fluctuating	 stability	 of	
albite, zoned Ba-rich K-feldspar and sulfate minerals including barite in stage 2 veins 
indicates varying hydrothermal conditions during mineralisation that may have been 
caused	by	fluid	mixing.	Wall	rock	reactions	and	mass-balance	suggest	that	fluid	mixing	
between	 a	 relatively	weakly	 reduced,	 near	 neutral	 primary	 ore	 fluid	 and	 a	 reduced,	
‘spent’	or	more	 rock-buffered	ore	fluid	with	slightly	 lower	pH	may	have	also	been	a	
cause of gold deposition in the veins. 

Alteration mineral assemblages and geochemical dispersion haloes associated with 
orogenic	 gold	 mineralisation	 commonly	 reflect	 the	 composition	 of	 the	 ore-forming	
fluids.	However,	 the	 largest	 geochemical	 dispersion	 haloes	 in	 the	 Eastern	Goldfields	
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Terrane may not be directly related to orogenic gold mineralisation but rather associated 
with abundant felsic porphyry intrusion that occured approximately 30 My earlier. The 
Invincible deposit is centred on a 10 km long by 2 km wide dispersion halo of As, Sb, Cs and 
Li. An investigation into the timing and origin of the alteration and geochemical footprint 
surrounding the Invincible deposit suggest that it may be related to multiple events, not 
all related to gold mineralisation. The geochemical processes during gold mineralisation 
at Invincible highlight the importance of iron-bearing phases (biotite, muscovite, and 
ilmenite etc) in the least altered protoliths to the localisation of mineralisation. The 
widespread micaceous alteration in the ‘least altered’ rocks (pre-stage 1/2) are shown 
to host the anomalous geochemical footprint of: Sb (ilmenite and pyrite), As (pyrite), W 
(ilmenite), Cs (biotite, phlogopite and muscovite) and Li (phlogopite, chlorite and biotite), 
that surround Invincible. These minerals are intergrown with uncommon garnet and 
suggest that peak-metamorphism reached temperatures of 400 ± 50 °C at a depth around 
10 – 12 km (using the generally accepted garnet-biotite geothermometer and garnet-
biotite-muscovite-plagioclase geobarometer). Thus the apparent camp-scale zonation 
from	Sb,	As,	Cs	and	Li	at	Invincible	to	Mo,	Te,	Bi,	and	W	at	Victory-Defiance	could	reflect	
large scale thermal controls on element disperal during prophyry explacement. 

 This research contributes a new detailed understanding of younger Archean 
volcano-sedimentary stratigraphy including the late basin sequences in the St Ives gold 
field	as	well	as	the	nature	of	gold	mineralisation	and	associated	hydrothermal	alteration	
therein. The advancements in the understanding of the structural evolution including 
ore-vein	development	while	the	stratigraphy	was	less	folded,	fluid-wall	rock	reactions	
and gold deposition and recognition of a pre-gold alteration event has implications for 
mineral exploration at a camp-scale as well as across the Kalgoorlie Terrane. 
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Chapter 1
Introduction

1

1.0 Preamble

Archean orogenic gold deposits are relatively well studied deposit type and are 
an important source of gold and also silver globally. These deposits are hosted 

by	a	variety	of	lithologies	including	(with	examples	from	the	Yilgarn	Craton,	Western	
Australia): volcano-sedimentary sequences (e.g. Agnew, Kundana) and Banded Iron 
Formations	(e.g.	Randalls),	basalts	and	thick	dolerite	sills	(e.g.	Golden	Mile,	Mt	Charlotte,	
Victory, Revenge, Junction), and felsic intrusions and granites (e.g. Kanowna Belle, 
Granny Smith). Orogenic deposits are structurally controlled, commonly forming along 
low displacement shear zones adjacent to or splaying from major regional structures, at 
mid-crustal depths. During earthquake and aftershock rupturing, structural permeability 
along	structures	is	increased,	allowing	hydrothermal	fluids	to	flow	through	a	network	
of linked extension fractures and shears (Cox and Ruming, 2004; Micklethwaite, 2007; 
Micklethwaite	et	 al.,	 2010;	Sibson,	2001).	The	hydrothermal	fluids	 transport	gold	and	
other elements from a source, and concentrate them at sites where physical, or chemical 
conditions change or enable precipitation (Wyman et al. 2016). Metasomatic reactions 
commonly	 occur	 between	 the	 infiltrating	 fluids	 and	 the	 wall	 rocks.	 These	 reactions	
produce haloes of hydrothermally altered mineral assemblages that vary depending 
on	pressure,	 temperature	and	composition	of	 the	fluid	and	host	 rocks	 (McCuaig	and	
Kerrich,	1998;	Zhu	et	al.,	2011).	The	hydrothermal	fluids	react	with	and	alter	the	wall	
rock mineral phases surrounding veins causing mass-changes in elements (Oliver and 
Bons,	2001).	The	fluid-wall	 rock	reactions	 form	geochemical	gradients	and	dispersion	
haloes that typically extend up to 100 m around ore zones (Eilu and Groves, 2001). 

The	St	Ives	gold	field,	located	in	the	Eastern	Goldfields	Superterrane	of	the	Yilgarn	
Craton, Western Australia, contains over 60 Neoarchean orogenic gold deposits (Fig. 
1.1). These deposits are dominantly hosted in the 2.72 to 2.69 Ga Kambalda Sequence of 
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mafic-ultramafic	rocks,	centred	around	the	hinge	of	the	Kambalda	Anticline,	and	have	
been the subject of numerous industry, government and university studies. Previous 
work has investigated structural development of orogenic gold deposits, including: 
fault-value behaviour in optimally oriented reverse shear zones (Nguyen et al., 1998); the 
golden aftershock model for mineralisation, that explains why deposits cluster along low 
displacement second and third order structures (Cox and Ruming, 2004; Micklethwaite 
and Cox, 2004, 2006); and the factors that control deformation processes in shear zones 
and	vein	arrays,	such	as	fluid	flux	and	hydrothermal	alteration	(Crawford,	2011).	Early	
growth faults were interpreted to be prospective zones for gold mineralisation, due to 
repeated reactivation and their correlation with key intrusive host units, such as dolerite 
(Miller	et	al.,	2010).	These	structures	were	identified	in	the	St	Ives	gold	field	by	thickness	
variations	 in	 the	 ultramafic	 stratigraphy	 and	 their	 complex	 deformation	 histories	

Figure 1.1 Archaean	geology	of	the	Yilgarn	Craton,	Western	Australia.	(a)	Location	of	the	Yilgarn	Craton	in	
Western	Australia;	(b)	The	Yamarna,	Burtville,	Kurnalpi	and	Kalgoorlie	Terranes	of	the	Eastern	Goldfields	
Superterrne (after Pawley et al., 2012); (c) Domain subdivisions of the Kalgoorlie Terrane and location of 
the	St	Ives	gold	field	(after	Swager	et	al.	1990);	(d)	The	St	Ives	gold	field	and	extent	of	the	Lake	Lefroy	Salt	
Lake,	and	major	gold	deposits	including	Invincible	and	Victory;	(e)	Simplified	Archaean	geology	map	of	the	
study area.
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(Connors et al., 2002; Miller et al., 2010). Prendergast (2007) proposed a lithogeochemical 
classification	scheme	to	aid	in	mapping	and	identification	of	the	Archean	stratigraphy	
in	the	St	Ives	gold	field.	Two	camp-scale	alteration	styles,	thought	to	represent	distinct	
redox	conditions,	were	recognised	around	the	deposits	of	the	St	Ives	gold	field	(Bath	et	
al., 2013; Neumayr et al., 2003; Neumayr et al., 2008; Petersen et al., 2007; Petersen et al., 
2006; Walshe et al., 2016). Alteration zones containing hematite, magnetite, and pyrite, 
were	 considered	 to	 represent	 alteration	 by	 an	 oxidized	 fluid;	 while	 alteration	 zones	
containing pyrrhotite and pyrite were considered to represent wall rock reaction with a 
reduced	fluid	(Neumayr	et	al.,	2008).	Gold	deposits	commonly	develop	at	the	boundary	
between these alteration zones. Gold deposition was inferred to have occurred where 
oxidized	 and	 reduced	fluids	mixed	 (Neumayr	 et	 al.,	 2008;	 Prendergast,	 2007).	 Large,	
kilometer-scale,	geochemical	dispersion	haloes	of	pathfinder	elements,	such	as	As,	Bi,	
Sb,	W,	Mo	were	identified	around	the	deposits	in	the	St	Ives	gold	field	by	Prendergast	
(2007). Bismuth was noted to correlate with the location of felsic intrusions and oxidized 
alteration zones (Prendergast, 2007). 

The	Invincible	deposit	is	one	of	five	deposits	in	the	St	Ives	gold	field	that	contain	over	
1.5	Moz	of	gold,	and	the	first	major	deposit	discovered	in	the	2.69	to	2.67	Ga	volcano-
sedimentary Black Flag Group of the Kalgoorlie Sequence (Oxenburgh et al., 2017). 
Invincible	is	situated	on	the	Speedway	Fault	Zone,	on	the	western	flank	of	the	Kambalda	
Anticline, near the contact with the overlying Merougil Group (Fig. 1.1). Two other 
large deposits, Argo and Junction are hosted by dolerites that intrude thick sequences 
of the Black Flag Group (McGoldrick et al., 2013). The Black Flag and Merougil groups 
comprise	approximately	60%	of	the	Neoarchean	rocks	in	the	St	Ives	gold	field	but	have	
remained relatively poorly explored and understood. Previous research undertaken in 
this portion of the stratigraphy, has relied on limited exploration diamond drill holes, 
due to thick unconsolidated Cainozoic sediment cover, and a paucity of outcrop. These 
studies have focused on relatively local volcaniclastic successions, in areas with outcrop, 
or recent exploration drilling, to understand the lithofacies characteristics and sequences 
stratigraphy, and their implications for terrane evolution (e.g. Bader, 1994; Doutch, 
2008;	Figgis,	2013;	Filling,	2014;	Hand,	1998;	Krapež	et	al.,	2008;	Krapež	and	Hand,	2008;	
McGoldrick et al., 2013; Ong, 1994; Timmermans, 2010). A regional correlation of the 
Black	Flag	and	Merougil	group	successions,	across	the	Eastern	Goldfields	Superterrane,	
was completed by Squire et al. (2010).

While previous research has mainly focused on locally characterising the Black Flag 
and Merougil groups, there is a distinct lack of study into their camp-scale architecture 
or the gold mineralisation hosted by this prospective host rock sequence. Therefore, 
it is unknown if the styles, timing, processes, or controls on gold mineralising in the 
volcano-sedimentary	were	similar,	or	not,	to	those	of	deposits	hosted	in	the	older	mafic-
ultramafic	sequences.	

This research coincided with large scale drilling and the start of mining of the 
Invincible deposit. The timing of this study allowed for a unique opportunity, one 
researchers	 are	 not	 normally	 afforded	who	 generally	 study	 deposits	 in	 later	mining	
stages, to understand an orogenic gold deposit in a new, younger host rock sequence 



than	previously	identified.		Investigation	of	the	host	stratigraphy,	structural	evolution,	
alteration mineralogy and geochemistry of the Invincible deposit will provide insight 
into the gold mineralisation processes in similar volcano-sedimentary successions 
throughout	the	Eastern	Goldfields	Superterrane,	as	well	as	other	Archean	Terranes	in	
Australia and globally.

1.1 Mining Status and Exploration History

Kambalda is located 57 km south of Kalgoorlie and the world class Golden Mile Dolerite 
gold deposit. The Kambalda area was the location of minor gold discoveries in the 1890’s, 
but it wasn’t until the discovery of one of the world’s largest nickel districts in the 1960’s 
by Western Mining Corporation (WMC) that the township was formed (Osborne, 2011). 
Gold price rises during the 1970’s renewed interest in gold exploration in the area, and 
modern	gold	mining	began	in	the	St	Ives	gold	field	in	1980	(Osborne,	2011).	The	now	
world	class	St	Ives	gold	field	has	produced	over	13	million	ounces	of	gold	from	multiple	
open pit and underground mines (Oxenburgh et al., 2017). Gold Fields purchased the St 
Ives operation from WMC in 2001.

Exploration largely focused on gold mineralisation hosted by dolerite and basalt, 
until around 2007, when studies suggested all Archean stratigraphic units in the St Ives 
gold	field	had	the	potential	to	host	large	gold	deposits,	including	the	Black	Flag	Group.	
Invincible was discovered in 2012, located approximately 8 km from the Lefroy Mill. 
Mining of the Invincible open pits began in January 2015 and underground in November 
2017.	Ore	bodies	vary	in	thickness	from	0.5	m	to	20	m	and	are	currently	defined	over	3	
km strike length and ~500 m depth. In 2018, the total mineral resource (SAMREC code) 
for the Invincible deposit was 9.45 million tonnes at 5.36 g/t for 1.576 million ounces 
(Gold Fields, 2018). 

1.2 Research Aims and Thesis Structure

This study presents a detailed investigation of an orogenic gold deposit hosted in the 
Neoarchean	volcano-sedimentary	successions	of	the	Black	Flag	Group.	The	specific	aims	
of this study are to:

• Document the volcanic and sedimentary stratigraphy that hosts the Invincible 
deposit, including: lithofacies and provenance analysis, and detailed detrital zircon 
geochronology of the volcano-sedimentary sequences of the Black Flag and Merougil 
groups. Interpret their paleoenvironments of formation and their correlation to 
regional equivalents.

• Understand the relative timing of deformation and gold mineralisation events at 
Invincible and propose a structural model for its formation in the context of the 
regional deformation framework. 

• Assess	the	alteration	mineral	and	geochemical	gradients	across	the	deposit	to	better	
understand the geochemical processes involved in gold deposition and the relation 
to camp-scale geochemical dispersion haloes. 
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Strategically, this research aims to expand the geological understanding of the 
Invincible deposit during an early stage of mining and continued exploration, in order 
to optimise resource modeling and extraction.

The introductory chapter (Chapter 1) is followed by the results of this study, 
presented	in	four	chapters	that	focus	on	a	specific	research	objective.	The	chapters	are	
presented in the form of papers that are being prepared for publication in peer-reviewed, 
scientific	journals.	

Chapter 2: “Architecture and evolution of the Neoarchean Black Flag and Merougil 
Groups, Kambalda, Western Australia: submarine fan to fan-delta sequence.”

This chapter presents a thorough investigation of the lithofacies, provenance, 
stratigraphic architecture and new detrital zircon age data from the Black Flag and 
Merougil	groups	 in	 the	St	 Ives	gold	field.	This	chapter	aims	 to	determine	 the	origins	
of two important and extensive, volcano-sedimentary successions on a camp-scale and 
their	relation	to	regional	equivalents	across	the	Eastern	Goldfields	Superterrane.		

Chapter 3: “Structural evolution of the Neoarchean Invincible gold deposit, St Ives gold 
field,	Western	Australia.”

This	chapter	examines	 the	structural	setting	and	 timing	of	gold	mineralisation	at	
the Invincible deposit, hosted in the volcano-sedimentary sequences of the Upper Black 
Flag and Lower Merougil groups. Information is presented on the geometry, textures, 
kinematic relations and relative timing of veins, and tectonic fabrics. New monazite 
U-Pb data presented to help constrain the absolute age of gold mineralisation. The vein 
and	structural	development	of	the	deposit	is	investigated	in	the	context	of	evolving	fluid	
pressure during progressive deformation. 

Chapter	4:	“A	simplification	of	the	isocon	method	for	evaluating	element	mobility	and	
mass-balance in altered rocks.”

This	 chapter	 presents	 a	 modification	 of	 Grant’s	 (1986;	 2005)	 isocon	 method	 for	
determining immobile elements and calculating mass-balance in altered rocks. The 
revised	method	proposed	greatly	simplifies,	in	most	cases,	the	recognition	of	immobile	
elements in geochemical data, as it does not require prior inspection, statistical analysis, 
scaling or other arbitrary manipulation of the data. A simple graphical approach is 
outlined that uses ratios of geochemical components from least altered protoliths and 
altered rock, and ranks them on a column graph or ‘ranked ratio plot’. Large plateaus of 
components	with	similar	ratios	commonly	define	immobile	elements.	Mass-changes	are	
presented on a new graph that depicts the relative mass-change of each component in 
relation	to	its	concentration	in	the	protolith.	The	simplified	method	outlined	is	rapid	and	
easily applied to large numbers of spatially related samples, which allows geochemical 
mass-change	gradients	within	haloes	of	hydrothermally	altered	rock	to	be	identified	and	
the causative processes to be more fully elucidated. 

Chapter	5:	“Hydrothermal	alteration	mineralogy,	geochemical	footprints	and	ore	fluid	
characteristics	associated	with	the	Neoarchean	Invincible	gold	deposit,	St	Ives	gold	field,	
Western Australia.” 
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This chapter examines mineral paragenesis in relation to deformation fabrics and 
stages of vein development at the Invincible deposit. Whole rock geochemical mass-
changes are investigated in relation to changes in mineral abundance and composition 
across	the	deposit,	to	constrain	the	composition	of	ore	fluids	and	understand	mineralising	
processes. The origin of multiple geochemical footprints surrounding the Invincible 
deposit is investigated. 

Chapter	6:	This	chapter	summaries	 the	major	findings	of	 the	study	and	concludes	by	
providing suggestions for practical application and further research. 
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Chapter 2
Architecture and evolution of the Neoarchean Black 

Flag and Merougil Groups, Kambalda, Western 
Australia: submarine fan to fan-delta sequence

9

2.0 Abstract

The	 Neoarchean	 volcano-sedimentary	 successions	 overlying	 the	 older	 mafic-
ultramafic	Kambalda	sequence	comprise	almost	40%	of	the	St	Ives	gold	field	and	host	

newly discovered large gold deposits. Here we document the lithofacies, provenance 
and ages of the Lower Black Flag Group (LBFG), Upper Black Flag Group (UBFG) and 
Lower Merougil Group (LMER). The Newtown Felsic Formation of the LBFG contains a 
mean detrital zircon U-Pb age of 2685 ± 2 Ma. This formation comprises a lower sequence 
of	 thick	 coarse-grained	 turbidites	 and	 debris	 flow	 deposits	 that	were	 fed	 by	 intense	
subaerial explosive volcanism and intrabasinal dacitic lava domes and an upper sequence 
of juvenile feldspar crystal and lithic-rich turbidites containing locally derived basaltic 
clasts	from	the	older	mafic	stratigraphy.	Above	an	angular	unconformable	contact	lies	the	
Speedway Andesite Formation of the UBFG, that is composed of intrabasinal, submarine 
andesite lava and lava dome complexes (2674 ± 8 Ma, mean igneous zircon U-Pb age) 
with	variably	resedimented	andesitic	hyaloclastite	mass-flow	breccia	intercalated	with	
turbidites consisting of subaerially derived pyroclastic debris. Conformably overlying 
the Speedway Andesite is the Morgans Island Formation (UBFG) that has a mean detrital 
zircon	age	of	2670	±	6	Ma.	The	Morgans	Island	Formation	contains	thick	volcanic-quartz	
rich	turbidites	and	debris	flow	conglomerates	that	contain	a	small	population	of	detrital	
zircons similar in age to the Lower Merougil Group, suggesting they were sourced from 
similarly aged explosive felsic volcanic events and may have formed at least partially 
contemporaneously. The Lower Merougil Group (2666 ± 4 Ma, mean detrital zircon 
U-Pb age) is subdivided into: the basal Zeta Island Formation that contains extensive 
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sheet-like	 matrix	 supported	 conglomerates	 and	 massive	 volcanic	 quartz	 dominated	
sandstone; and the overlying Triangle Island Formation that is composed of abundant 
trough cross-bedded sandstone and less extensive lensing conglomerate beds. A variably 
unconformable	contact	without	a	significant	time	gap	(based	on	current	detrital	zircon	
ages) suggests that the change from deposition of the subaqueous Upper Black Flag 
Group to the subaerial Lower Merougil Group may be more transitional than previously 
interpreted. As such the Morgans Island Formation (UBFG) is interpreted to represent a 
submarine fan sequence overlain by the Zeta Island Formation (LMER), which represents 
a fan-delta prograding into water, and in turn is overlain by the subaerial alluvial fan – 
braid-plain successions of the Triangle Island Formation (LMER). 

2.1 Introduction

The Black Flag and Merougil Groups are the youngest known Archean stratigraphic units 
in	the	Kambalda	area	of	the	Kalgoorlie	Terrane,	eastern	Yilgarn	Craton,	Western	Australia	
(Cassidy et al. 2006). The >2Moz Invincible gold deposit was recently discovered in the 
Black Flag Group near the contact with the Merougil Group. The similarly endowed 
Argo and Junction gold deposits are also located in the Black Flag Group, hosted by 
large dolerite sills. The internal stratigraphic architecture, provenance and origin of 
these volcano-sedimentary successions, however, are poorly understood compared to 
the	underlying	older	mafic	stratigraphy	of	the	Kambalda	sequence.	It	 is	not	currently	
known	whether	there	are	specific	stratigraphic	controls	(rheology,	composition,	etc)	on	
the position of Au deposits hosted by the Black Flag and Merougil groups. If so, improved 
understanding of these younger rocks would greatly aid exploration for similar gold 
deposits	in	these	units,	that	comprise	up	to	40%	of	the	St	Ives	gold	field.	The	new	exposure	
of these younger stratigraphic units at the Invincible open pit and underground mines 
and from increased exploration drilling, presents a unique opportunity to study the 
origin	of,	and	define	 in	detail	one	of	most	 important,	extensive,	volcano-sedimentary	
late	basin	successions	across	the	Yilgarn	Craton.	

This paper presents a thorough investigation of the lithofacies, stratigraphic 
architecture,	 paleoenvironmental	 setting	 and	 age	 relationships	 of	 the	 Black	 Flag	
Group	and	Merougil	Group	at	the	St	Ives	gold	field,	with	the	aim	of	determining	the	
origins and distribution of the host basins, the sediment provenance and relation to 
regionally equivalent successions. To accomplish this, a multi-disciplinary approach 
was undertaken that builds on previous regional stratigraphic and geochronological 
correlations	(Krapež	et	al.	2008,	Squire	and	Cas	2006,	Squire	et	al.	2010,	Tripp	2013)	and	
numerous local studies, that were restricted due to lack of outcrop and diamond drilling 
(Bader	1994,	Brauns	1991,	Doutch	2008,	Figgis	2013,	Filling	2014,	Hand	1998,	Krapež	and	
Hand 2008, McCall 1969, Gemuts and Theron 1975, McGoldrick et al. 2013, Timmermans 
2010). The internal stratigraphy and lithofacies of the Black Flag and Merougil Group 
successions	were	 re-defined	 in	 this	 study	using	outcrop	mapping,	 logging	of	~27	km	
of diamond drill holes, provenance assessment through thin-section analysis, multi-
element geochemistry, geophysical datasets and zircon U-Pb geochronology. 
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2.2 Regional geological setting 

The	St	Ives	gold	field	is	located	approximately	60	km	south-southeast	of	Kalgoorlie	in	
the	eastern	Yilgarn	Craton	(Fig.	2.1).	Since	1980,	 this	gold	field	has	produced	over	13	
million	ounces	of	gold,	dominantly	from	dolerite	intrusions	in	the	older	mafic-ultramafic	
lavas and Black Flag Group. The stratigraphy of the area is composed of the Kambalda 
Sequence (oldest), Kalgoorlie Sequence and Merougil Sequence (Kositcin et al. 2008, 
Swager et al. 1992), which are variably metamorphosed from upper greenschist facies 
to lower amphibolite facies (Fig. 2.2). The Lunnon Basalt is the oldest stratigraphic unit 
in the area and forms the base of the Kambalda Sequence (2720 ± 105 Ma; Roddick 1984, 
Squire et al. 1998). The Kambalda Komatiite (2709 ± 4 Ma; Claoué-Long et al. 1988), 

Figure 2.1 Archean	geology	of	 the	Yilgarn	Craton,	Western	Australia.	 (a)	Location	of	 the	Eastern	Yilgarn	
Craton	 in	Western	Australia;	 (b)	 The	Burtville,	Kurnalpi	 and	Kalgoorlie	 Terranes	 of	 the	Eastern	Yilgarn	
Craton;	 (c)	Domain	subdivisions	of	 the	Kalgoorlie	Terrane	and	 location	of	 the	St	 Ives	gold	field;	 (d)	The	
St	 Ives	gold	field	and	extent	of	 the	Lake	Lefroy	Salt	Lake,	 outcrop	 locations	on	 the	margins	of	 the	 lake	
(Morgan’s	Island,	Pilbailey,	Merougil)	and	major	gold	deposits;	(e)	Simplified	Archean	geology	map	of	the	
study	area,	1)	Invincible	diamond	drill	line,	2)	Yorkshire	diamond	drill	line,	3)	Speedway	diamond	drill	line	
4)	Pacific	Blue	diamond	drill	line.
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Figure 2.2 Stratigraphy	of	the	St	Ives	gold	field,	Kambalda.	Revised	stratigraphic	divisions	and	zircon	U-Pb	
ages of the Black Flag Group and Merougil Group from this study are shown.

composed of the Silver Lake Peridotite member and Tripod Hill Komatiite member, 
overlies the Lunnon Basalt and is overlain by the Devon Consols Basalt (2693 ± 30 Ma; 
Compston et al. 1986). The Kapai Slate (2692 ± 4 Ma; Claoué-Long et al. 1988) separates 
the Devon Consols Basalt from the overlying Paringa Basalt (2690 ± 5 Ma; Clout 1991). 

Thick predominantly felsic volcano-sedimentary successions of the Black Flag 
Group (2690 – 2670 Ma; Squire et al. 2010) conformably overlie the Paringa Basalt, with 
local unconformable contacts also interpreted where shale to chert facies are found at the 
contact	(Hand	1998,	Krapež	and	Hand	2008,	Squire	and	Cas	2006).	Lack	of	outcrop	and	
drill core continues to limit the understanding of the internal architecture of the Black 
Flag Group. The Merougil Group (2670 - 2658 Ma; Squire et al. 2010) is interpreted to 
unconformably	overlie	the	Black	Flag	Group	and	represents	a	significant	change	from	
submarine	to	subaerial	paleoenvironments	(Squire	et	al.	2010,	Krapež	et	al.	2008)

The broad chronostratigraphic units of Squire et al. (2010) pertinent to the study 
area	at	the	St	Ives	gold	field	are:	Cycle	one	of	major	pyroclastic	volcanism:	Early	Black	
Flag Group (~2690 – 2680 Ma), to distal pyroclastic volcanism: Late Black Flag Group 
(~2680 – 2665 Ma); and Cycle two of major pyroclastic volcanism: Early Merougil Group 
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(~2670 – 2660 Ma). Note, “Early” and “Late” nomenclature refers to geochronological 
(time periods) units, whereas “Upper” and “Lower” refer to chronostratigraphic (age 
of	rocks)	units	(Haile	1987,	Rutter	2011,	Staines	1985).	As	such,	the	“Early”	and	“Late”	
nomenclature used by Squire et al. (2010) and McGoldrick et al. (2013) for dividing the 
Black Flag and Merougil Groups are amended here to “Lower” and “Upper” respectively.

 
2.3 Methods 

A detailed understanding of the stratigraphy overlying the Paringa Basalt was established 
through mapping of exposures in the Invincible and Invincible North open pits and along 
the edge of Lake Lefroy (Fig. 2.1). The majority of the study area contains no outcrop and 
is	covered	by	up	to	70m	of	Cainozoic	fluvial,	lacustrine	to	alluvial	sediments	(Fig.	2.1d).	
On this basis, 67 diamond drill core holes, totaling over 27 km in length, were selected 
and	graphically	 logged	 from	across	 the	district.	Composition,	 clast	 identification	and	
abundance, younging indicators, deformation fabrics, alteration assemblages and 
veining were documented. A subset of 28 holes were selected for a cross-section through 
the study area and for regional correlation. Representative samples were taken for thin-
section petrography and point counting of the primary framework grains in sandstones, 
after Folk (1974), XRD analysis of mineral abundance in mudstones and whole rock XRF 
major and ICP-MS trace element analysis.

	 To	aid	correlation	and	assess	provenance	changes	in	the	field,	clast	counting	was	
conducted at regular intervals on conglomerate beds. Clast counting was undertaken 
by selecting 1m of core at as regular as possible intervals down hole, typically 30-50m 
spacing	and	counting	all	clasts	greater	 than	0.5cm.	A	0.5cm	cut-off	was	used	because	
smaller	clasts	were	often	altered	or	too	small	to	distinguish	identifiable	characteristics	
accurately. Clasts were grouped into 6 categories, namely: ‘andesite’ consisting of 
hornblende-feldspar	 porphyritic	 clasts;	 ‘felsic	 porphyry’	 consisting	 quartz-feldspar	
porphyritic	 (dacitic	 to	 rhyolitic)	 clasts;	 ‘sediment’	 dominantly	 consisting	 of	 quartz-
feldspar siltstone to mudstone, rare sandstone and very rare BIF (Lower Merougil 
Group	only)	clasts;	‘mafic’	dominantly	consisting	of	basalt	with	less	common	ultramafic	
clasts;	‘granite’	consisting	of	granite-granodiorite	clasts;	and	‘vein’	consisting	of	quartz-
carbonate-feldspar ± sulphides, clasts. The abundance of each clast type per 1m was 
calculated and converted to a percentage for comparison through the stratigraphy. 

The St Ives Gold Mine drilling database was also used to give a broader understanding 
of the regional geology. The study area contains over 50,000 drill holes, ranging from 
diamond drill core to reverse circulation to air-core and rotary air blast drill holes, drilled 
over almost 30-years. The 67 diamond drill core holes logged in this study were used to 
ground truth existing logging along with core photographs of a large portion of the 
diamond drill-core holes in the study area. To help map stratigraphic units, end of hole 
rock-chip lithology and geochemical compositions of 1,767 regional air-core drill holes 
completed in 2017 were used in addition to St Ives Gold Mine geophysical datasets. 

2.3.1 U-Pb zircon geochronology 
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To	 assess	 the	 temporal	 changes	 and	 correlations	 between	 the	 units	 defined	 through	
detailed logging, 10 samples were selected for zircon U-Pb geochronological analysis. 
To ensure the most accurate ages were obtained samples selected were least-altered and 
-deformed, and away from veining and intrusions. Detrital and igneous zircons were 
separated from the whole rock, mounted, and then imaged using conventional plane-
polarised microscopy and cathode-luminescence scanning-electron microscopy. The 
method used for analysis follows Squire et al. (2010) and Solari et al. (2015). Uncertainties 
were calculated similar to the methods used by Paton et al. (2010) and Halpin et al. (2014). 
Common Pb was corrected for using the 204Pb method. Zircon age populations were 
interpreted following the approach used by Squire et al. (2010), using where possible at 
least 60 zircons for detrital zircon samples and 15 for igneous samples. Care was taken 
to select spots free from inclusions, metamict zones, with dominantly one analysis per 
zircon, typically on clear rims. Zircon cores that were large enough, not metamict, and 
free from inclusions were also uncommonly analysed to capture older age populations. 
Full descriptions of the methods can be found in Appendix A2.1. 

2.4 Results
2.4.1 Lithostratigraphy and Lithofacies

Three stratigraphic units in the Black Flag and Merougil Groups have been distinguished 
based on the regional subdivisions of Squire et al. (2010): Lower Black Flag Group; Upper 
Black Flag Group; and Lower Merougil Group. Each of these stratigraphic intervals 
are further subdivided into lower rank stratigraphic units (Fig. 2.2), and the dominant 
lithofacies (Appendix A2.2). 

2.4.2 Lower Black Flag Group – Newtown Felsic Formation

The	 Lower	 Black	 Flag	 Group	 comprises	 black	 sulphidic	 mudstones,	 siltstones,	 fine-	
to	 coarse-grained	 tuffaceous	 lithic-rich	 feldspathic	 sandstones	 and	 gravel	 to	 cobble	
breccia-conglomerates, which form up to 500 m thick packages of interbedded tabular 
to lenticular units. Seven lithofacies are comprise the Lower Black Flag Group: siltstone 
to mudstone (LBFG01); lithic- to feldspar-rich sandstone (LBFG02, LBFG03, LBFG04); 
mafic	polymictic	breccia	(LBFG05);	felsic	polymictic	conglomerate	(LBFG06)	and	dacitic	
monomictic breccia (LBFG07). This association is called the Newtown Felsic Formation 
and	originally	defined	by	Hein	et	al.	(1996)	based	on	interpretations	of	the	Pacific	Blue	
drill traverse by Hand (1998) and felsic volcaniclastic rocks in drill core near the Foster 
nickel	mine,	in	the	St	Ives	gold	field	by	Cowden	and	Archibald	(1987).	The	type	section	for	
this	group	in	the	St	Ives	gold	field	is	the	Yorkshire	diamond	drill	hole	traverse	(referred	
to	as	 the	Yorkshire	 line;	Fig.	2.1e).	The	Yorkshire	 line	crosses	a	structurally	deformed	
contact with the Upper Black Flag Group but shows a clear and sudden change in the 
provenance of both the sandstones and conglomerates from a dacitic to an andesitic 
composition across that contact. The Condenser Dolerite intrudes near the base of this 
formation,	 just	 above	 the	 mafic-ultramafic	 Kambalda	 Sequence.	 Massive	 to	 graded-
bedded,	planar	 stratified	beds	are	dominant	 in	 this	 formation.	Cross-bedding	 is	 rare,	
and mudstone is common, including a small component of black sulphidic mudstone. 
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Fine-grained units of the Lower Black Flag Group are similar in their volume to those 
found in the Upper Black Flag Sequence but are dominated by planar laminated to thinly 
interbedded siltstone with graded beds rather than mudstone. 

2.4.2.1 Fine-Grained Lithofacies (LBFG01)

Description

This	 lithofacies	 includes	 massive	 black	 sulphidic	 shale,	 fissile	 massive	 to	 laminated	
mudstone, planar laminated to thinly interbedded siltstone with graded beds and 
medium interbedded siltstone (Table 2.1; Fig. 2.3a). Upper contacts of individual beds 
with overlying massive beds are commonly scoured and basal contacts are typically 
planar and sharp with rare load casts. Pyrite nodules are generally present in mudstone 
units of this facies group (Fig. 2.3b). Folded pyrite veinlets and seams are common in 
black	 sulphidic	 shale	 units,	 and	 together	 with	 variable	 younging	 directions	 defined	
from graded beds, indicate a tectonic fabric rather than soft-sediment deformation. 
X-Ray	diffraction	analysis	of	siltstone	from	this	lithofacies	indicates	an	average	modal	
mineralogy	of	26%	quartz,	40%	plagioclase/albite,	18%	muscovite,	8%	biotite,	7%	calcite	
and 1% pyrite. 

Interpretation

The	fine-grained	facies	represents	deposition	under	a	low	energy	regime	in	a	subaqueous	
environment	below	wave	base	by	processes	such	as	hemipelagic	suspension	settling	and	
low-density turbidity currents (Henrich and Hüneke 2011, Hüneke and Henrich 2011, 
Mulder	2011,	Pickering	and	Hiscott	2015).	The	black	sulphidic	shale	was	deposited	in	
relatively deep water under anoxic conditions (Henrich and Hüneke 2011, Pickering and 
Hiscott	 2015).	 The	 sequences	 of	massive-laminated	mudstone	 to	 graded	 interbedded	
siltstone represent Bouma Sequence divisions Te and Td respectively (Bouma 1962). The 
fine-grained	facies	is	most	extensive	towards	the	base	of	the	Lower	Black	Flag	Group,	
but thin intervals are present throughout this part of the stratigraphy, suggesting a 
constant relatively deep subaqueous paleoenvironment interrupted by episodic large, 
high energy turbidity current events after which there is a return to background low-
energy deposition. 

2.4.2.2 Sandstone Lithofacies (LBFG02, LBFG03, LBFG04) 

Description

This	 lithofacies	comprises	diffusely	 to	planar	stratified	graded	and	massive,	 to	 ripple	
cross-bedded, lithic-rich feldspathic wacke sandstone (Fig. 2.2, 2.3b). Basal contacts of 
massive	beds	with	beds	of	the	fine-grained	lithofacies	are	commonly	irregular,	scoured,	
erosional surfaces, but may also be sharp and non-erosional. Upper contacts with the 
fine-grained	facies	may	be	gradational	to	diffuse	but	are	typically	sharp	and	draping.	
Fine	diffusely-	to	planar-stratified	altered	sandstone	conformably	overlies	the	Paringa	
Basalt	in	diamond	drill	hole	AU2-235	in	the	Yorkshire	line	(location	in	Appendix	A2.3;	
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Figure 2.3 Summary of Lower Black Flag lithofacies. All drill core is 5cm wide. (A) Fine-grained lithofacies 
(LBFG01) showing interbedded black sulphidic mudstone, and graded siltstone-mudstone beds. Inset shows 
a pyrite nodule in black mudstone. (B) Sandstone lithofacies, (LBFG02) feldspar lithic wacke sandstone, 
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Fig. 2.4).

The Lower Black Flag Group sandstone samples plot in the dacite/rhyodacite to 
andesitic	field	on	a	Winchester	and	Floyd	(1977)	volcanic	rock	discrimination	diagram	
(Fig. 2.5), similar to local felsic porphyry compositions (McGoldrick et al. 2013).  
Petrographic data indicates the sandstones are compositionally more varied than the 
geochemistry suggests (geochemistry data reported in Appendix A2.4). The framework 
grains,	 especially	plagioclase,	 are	dominantly	 angular	 to	 subangular,	 but	quartz	may	
be subrounded to subangular and lithic grains may be angular to subangular. Three 
distinct petrographic compositional lithofacies, based on framework mineralogy and 
grains,	are	 shown	on	 the	QFL	diagram	using	 the	 classification	scheme	of	Folk	 (1984)	
(Fig.	 2.6).	 Sandstone	 petrographic	 composition	 is	 summarised	 in	 Table	 2.1.	 The	 first	
sandstone facies (LBFG02) occurs near the base of the Lower Black Flag Group (Fig. 2.4) 
and plots between the lithic-arkose and feldspathic litharenite (feldspar lithic-rich) and 
also	 contains	volcanic	quartz	 (Fig.	 2.7).	The	 second	sandstone	 facies	 (LBFG03)	occurs	
near the top of the Lower Black Flag Group (Fig. 2.4) and plots as arkose (feldspathic) 
(Fig. 2.6). Lithic fragment composition varies from abundant dacitic to rhyolitic lithics 
near the base of this litho-facies group to basalt near the top. The third group (LBFG04) 
plots as litharenite (lithic-rich) and is commonly the sandstone matrix to the breccia-
conglomerate facies group (LBFG05-LBFG06), but also grades upwards to the feldspathic 
sandstone (LBFG03). This group is dominated by dacitic and rhyolitic lithics, with locally 
rare basalt lithics.

Interpretation

Laterally	 extensive	 and	 thick	 successions	 of	 massive	 to	 diffusely	 stratified	 feldspar-
rich volcanic sandstone interbedded with siltstone and black sulphidic mudstone are 
indicative of Bouma turbidite sequences, Ta and Tb respectively (Bouma 1962, Kneller 
and Branney 1995). These turbidite sequences lack symmetrical ripples or similar wave-
generated sedimentary structures, which suggests they were deposited below-wave-base 
in	a	deep	subaqueous	paleoenvironment.	The	angular	feldspar	crystals,	volcanic	quartz	
and dominance of felsic lithics are indicative of a dacite volcanic source. The variably 
smoothed	and	rounded	corners	of	the	quartz	grains	is	due	to	magmatic	resorption,	as	
indicated by rare rounded resorption embayments (Fig. 2.7a), rather than tractional 
reworking (Boggs 2009, Cas and Wright 1988, Müller et al. 2009). The juvenile euhedral 
volcanic	plagioclase	and	lesser	volcanic	quartz	crystal	fragments	were	formed	through	

(LBFG03)	 feldspathic	 wacke	 sandstone,	 (LBFG04)	 lithic	 sandstone.	 (C)	 Mafic	 polymictic	 breccia	 with	
variably chlorite altered basalt and dacite clasts (LBFG05). (D) Felsic polymictic conglomerate dominated by 
dacite clasts and lesser andesite and basalt (LBFG06). (E) Monomictic dacitic breccia that grades from in situ 
hyaloclastite to resedimented breccia (LBFG07).Figure 3. Summary of Lower Black Flag lithofacies. All drill 
core is 5cm wide. (A) Fine-grained lithofacies (LBFG01) showing interbedded black sulphidic mudstone, 
and graded siltstone-mudstone beds. Inset shows a pyrite nodule in black mudstone. (B) Sandstone 
lithofacies, (LBFG02) feldspar lithic wacke sandstone, (LBFG03) feldspathic wacke sandstone, (LBFG04) 
lithic	sandstone.	(C)	Mafic	polymictic	breccia	with	variably	chlorite	altered	basalt	and	dacite	clasts	(LBFG05).	
(D) Felsic polymictic conglomerate dominated by dacite clasts and lesser andesite and basalt (LBFG06). (E) 
Monomictic dacitic breccia that grades from in situ hyaloclastite to resedimented breccia (LBFG07).
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intense explosive activity that produced abundant ash-sized debris (Cas and Wright 
1987). Epiclastic erosion of a rhyolite or dacite source would have generated abundant 
rounded	quartz	and	feldspar	in	a	more	polymictic	assemblage.	

Thick packages of angular juvenile felsic lithic and crystal-rich sandstones 
intercalated	with	mafic	lithic-dominated,	crystal-poor	sandstone	suggests	the	subaerial	
explosive eruptions were episodic. These eruptions were of a dominantly dacitic source, 
producing	angular	lithics,	free	angular	feldspar	crystals	and	volcanic	quartz	that	were	
probably	transported	by	pyroclastic	flows	into	water	(McGoldrick	et	al.	2013,	Pickering	
and	 Hiscott	 2015,	 Schindlbeck	 et	 al.	 2013,	 Squire	 et	 al.	 2010).	 The	 presence	 of	 sub-

Figure 2.4 Summary of the volcano-sedimentary successions overlying the Paringa Basalt at the St Ives gold 
field.	Stratigraphic	level	of	revised	formations	and	members	are	shown,	corresponding	to	adjacent	areas	on	
the graphic log and distinctive QFL and clast content. Numbers refer to description of key lithofacies. 
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Figure 2.5 Whole-rock sedimentary rock compositions of volcaniclastic sediments from the Lower Merougil 
Group	 (open	circles),	Upper	Black	Flag	Group	 (filled	circles)	and	Lower	Black	Flag	Group	 (open	boxes)	
plotted	on	the	volcanic	rocks	discrimination	diagram,	after	Winchester	and	Floyd	(1977).	Values	are	in	ppm.

Figure 2.6 Quartz,	Feldspar	and	Lithics	(QFL)	diagram	of	sandstones,	after	Folk	(1984).
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Table 2.1 Petrographic	summary	of	sandstones	in	the	St	Ives	gold	field.
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Figure 2.7 Photomicrographs of sandstone lithofacies from the Lower Black Flag Group. (A) Feldspar wacke 
sandstone	with	angular	feldspar	crystals	and	subrounded	volcanic	quartz	with	embayments.	(B)	Feldspar	
lithic wacke sandstone with subangular dacitic and basalt lithics and feldspar crystals. (C) coarse lithic-rich 
sandstone	to	fine	grained	gravel	breccia,	with	dominantly	dacitic	lithics.	
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rounded lithics indicates transport over some distance or residence time in a tractional 
environment	 such	 as	 a	 shoreline,	 before	 being	 re-sedimented	 in	 its	 final	 subaqueous	
environment through low- to high-concentration turbidity currents (Boggs 2014, Cas 
and	Wright	 1987,	 Pickering	 and	Hiscott	 2015,	Mulder	 2011).	 The	 gradational	 change	
from	massive	sandstone	to	diffuse-planar	stratified	graded	beds	and	rare	ripple	cross-
beds	reflects	high-concentration	turbidity	current	waning	in	energy,	transitioning	from	
deposition	by	mass-dumping	to	a	medium-low	flow	regime	(Mulder	2011,	Kneller	and	
Branney	1995,	Pickering	and	Hiscott	2015).	Uncommon	irregular	basal	contacts	of	beds	
represent the presence of some erosional current behaviour. However, most of this facies 
group	has	diffuse	to	sharp	planar	contacts	and	is	laterally	extensive,	representing	tabular	
sheet-like deposits from unchannelised high-concentration turbidity currents (Kneller 
and	Branney	1995,	Pickering	and	Hiscott	2015).	

2.4.2.3 Breccia-conglomerate Lithofacies (LBFG05-LBFG06)

Description

These lithofacies comprise matrix-supported polymictic breccia-conglomerates that vary 
in	composition	from	dominantly	mafic	(LBFG05,	Fig.	2.3c)	to	felsic	porphyry	(LBFG06,	
Fig. 2.3d). The matrix of these breccias is lithic-rich feldspathic wacke sandstone 
(LBFG04).	 The	 mafic	 polymictic	 breccia	 contains	 on	 average,	 angular	 to	 subangular	
gravel to cobble clasts of andesite (42%), basalt (33%), and felsic porphyry (25%; Fig. 2.6, 
2.8). The felsic porphyry conglomerate contains subangular to subrounded pebble to 
boulder clasts of felsic porphyry (71%), andesite (12%), basalt (11%), metasediment (6%), 
and rare clasts of vein (Fig. 2.6, 2.8). No granite or BIF clasts are present in the Lower 
Black Flag Group. These breccia-conglomerate facies groups are mostly massive but 
are	 rarely	diffusely	graded	and	stratified.	The	basal	 contacts	with	mudstone-siltstone	
(LBFG01) and feldspathic wacke sandstone (LBFG02, LBFG03) are commonly scoured, 
but	may	be	diffuse	with	the	sandstone	facies	group.	Upper	contacts	are	typically	diffuse	
and	grade	to	coarse	lithic-rich	sandstone	with	common	‘floating’	clasts.	Fine	sandstones	
and minor siltstones, but no pelitic units, were observed intercalated with, and scarce 
above	the	polymictic	breccia	conglomerates	in	the	Yorkshire	line.

Interpretation

The	 thick	packages	 of	matrix-supported	 conglomerate	 require	 an	upper	 flow	 regime	
to	transport	and	suspend	such	large	clasts	(Boggs	2014).	The	association	with	the	fine-
grained	lithofacies	(LBFG01)	and	intercalated	fine	sandstones	suggests	that	deposition	
was subaqueous. The laterally extensive sheet-like deposits of matrix-supported, poorly 
sorted breccia-conglomerates in the Lower Black Flag Group are indicative of a debris 
flow	or	high-concentration	granular	flow	or	turbidity	current	origin	(Cas	and	Wright	1987,	
Iverson	1997,	Lowe	1982,	Shanmugam	1996).	Debris	flows	are	matrix-supported,	very	
poorly	sorted,	and	contain	large	clasts	in	a	finer	grained	matrix,	which	contains	clays	but	
not necessarily dominated by them (Cas and Wright 1987, Iverson 1997, Talling et al. 2012). 
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The	gradational	change	to	sandstone	with	‘floating’	clasts	suggests	the	upper	portions	
of some breccia-conglomerate units were deposited by high-density turbidity currents 
with	a	basal	laminar	flow	over	coupled	debris	flows	(Kneller	and	Branney	1995,	Postma	
et al. 1988). Subaqueous processes such as hydroplaning have been shown to increase the 
head	velocity	of	subaqueous	debris	flows,	increasing	their	depositional	extent	(Mohrig	et	
al. 1998, Shanmugam 2002), explaining the laterally extensive distribution of the Lower 
Black	Flag	Group	conglomerate	beds.	As	a	subaqueous	debris	flow	hydroplanes,	it	can	
be	efficiently	diluted	and	transformed	into	a	hyper-concentrated	flow	and	a	turbidity	
current	(Sohn	2000,	Sohn	et	al.	2002).	Subaqueous	hyper-concentrated	flow	deposits	are	
characterised by disorganized clast- to matrix-supported pebbly conglomerate with a 
wacke-sandstone matrix (Sohn et al. 2002). 

The	provenance	of	some	clasts	has	been	linked	to	the	underlying	mafic-ultramafic	
stratigraphy of the Kambalda Sequence. McGoldrick et al. (2013) showed the geochemical 
composition	of	mafic	clasts	from	the	Lower	Black	Flag	Group	matched	the	composition	
of the Lunnon and Paringa Basalts. This association supports uplift and erosion of the 
local	mafic	 stratigraphy	and	 transport	 into	 lower	 lying	proximal	 surrounding	basins,	
by processes such as unchannelised, high-concentration turbidity currents and debris 
flows.	 The	 dominantly	 angular	 to	 subrounded	 felsic	 clasts	 and	 crystal-lithic	 rich	
sandstone matrix of the conglomerates is consistent with re-sedimented detritus from 
an explosive volcanic eruption into a subaqueous volcanic apron deposit. A slump-slide 
from	a	relatively	steep-sloped	subaerial	volcanic	edifice	could	initiate	a	debris	flow	of	
partially	 reworked	mixed	 provenance	 angular	 to	 subrounded	 clasts	 with	 significant	
volcanic detrital input into a submarine volcanic apron deposit (Squire et al. 2010).

Figure 2.8 Representative clast types from the Merougil Group and Black Flag Group. All drill core is 
5cm wide. (A) rounded granite clast, (B) rounded dacitic (felsic porphyry) clast, (C) subrounded-rounded 
hornblende-phyric	 andesite	 clast,	 (D)	 subangular-subrounded	 biotite	 altered	 basalt	 clast,	 (E)	 diffusely	
stratified	siltstone	clast.	(f)	quartz-pyrite	vein	material	clast.
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2.4.2.4 Dacitic Breccia Lithofacies (LBFG07)

Description

Matrix-supported, dacitic, sub-angular to angular breccia (100% felsic porphyry clasts, 
LBFG07, Fig. 2.3e) is only observed in one drill hole (CD18912), and it transitioned to a 
coherent dacite core with minor interleaved clast-supported breccia. The monomictic 
breccia facies range from 1m to 15m in thickness and comprises angular to sub-angular 
clasts with a sandstone matrix that varies from 10 to 50 modal %. Feldspathic wacke 
containing	 angular	 dacitic	 lithics	 and	 uncommon	 feldspar	 grains	 in	 a	 fine-grained	
mudstone matrix constitutes the interstitial matrix between dacite clasts and decreases 
towards the coherent dacite. Breccia clasts adjacent to the coherent dacite are angular to 
curvi-planar	and	clast-supported	with	uncommon	jigsaw	fit	textures.	The	upper	contact	
is conformable and sharp to massive feldspar lithic-rich sandstone (LBFG02) that grades 
to folded sequences of graphite-rich (black) mudstone and siltstone. The lower contact is 
gradational from matrix- to clast-supported breccia, to coherent dacite. The LBFG05 and 
LBFG02 facies are intruded by two large sills of the Condenser Dolerite. 

Interpretation

The matrix- to clast-supported dacitic breccia of the Lower Black Flag Group is interpreted 
to represent a transition from a coherent dacite lava-dome to an in situ to clast-rotated 
hyaloclastite	and	resedimented	diffusely	stratified,	matrix-supported	breccia	deposited	
through	 subaqueous	 debris	 flows.	 The	 dacitic	 breccia	 facies	 is	 equivalent	 to	 folded	
dominantly	 dacitic	 units	 described	 by	 Hand	 (1998),	 Krapež	 and	 Hand	 (2008)	 and	
McGoldrick	et	al.	(2013)	in	the	Pacific	Blue	diamond	drill	line	around	the	hinge	of	the	
Kambalda	Anticline	and	holes	north	of	the	Junction	gold	mine	in	the	St	Ives	gold	field	
(Fig. 2.1). 

2.4.3 Upper Black Flag Group – Morgans Island Formation and Speedway Andesite 
Formation

The	Upper	Black	Flag	Group	comprises	dark	grey	mudstones,	siltstones,	fine-	to	coarse-
grained	quartz-rich	sandstones,	feldspathic	sandstones,	gravel	to	cobble	conglomerates,	
coherent andesite and andesitic breccia that form packages ranging in thickness from 
<20 m to 850 m. Seven lithofacies comprise the Upper Black Flag Group: mudstone to 
siltstone	 (UBFG01);	quartz-,	 feldspar-,	quartz	 lithic-rich	sandstone	 (UBFG02,	UBFG03,	
UBFG04); polymictic conglomerate (UBFG05); monomictic andesitic breccia (UBFG06) 
and coherent andesite (UBFG07). The andesite facies association has been named the 
Speedway Andesite Formation (Doutch 2008), and the sedimentary association the 
Morgans Island Formation (Hein et al. 1996, Watchorn 1998). The type section for this 
group	at	the	St	Ives	gold	field	is	the	Invincible	diamond	drill	hole	traverse	(referred	to	
as the Invincible line) but also includes outcrop on the NW edge of Lake Lefroy around 
Morgans Island (Fig. 2.1, 2.4, 2.9). The Invincible line intersects a variably deformed 
to sharp contact with the Lower Merougil Group. This sharp contact is also present 
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Figure 2.9 Correlation	profile	along	the	contact	between	the	Lower	Merougil	Group	and	the	Upper	Black	Flag	Group,	centred	on	the	Invincible	gold	deposit	and	the	Alpha	Island	Fault.	New	stratigraphic	formations	and	members	are	also	shown.	
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in outcrop near Morgans Island (Fig. 2.10). At the Invincible gold deposit, this contact 
is	 easily	 recognisable,	 as	 the	 top	 of	 the	 Upper	 Black	 Flag	 Group	 is	 the	 fine-grained	
lithofacies (UBFG01) compared to the base of the Lower Merougil Group, which is often 
a boulder conglomerate containing abundant andesite clasts or a medium- to coarse-
grained	sandstone.	Further	south,	where	the	fine-grained	lithofacies	pinches	out	and	is	
replaced	by	the	sandstone	lithofacies	(UBFG02	and	UBFG03),	the	contact	is	very	difficult	
to	discern.	However,	the	contact	may	still	be	picked	in	the	field	based	on	the	clast	content,	
as will be discussed below. Framework grains and geochemistry can also be used to pick 
the contact between the Upper Black Flag Group and the Lower Merougil Group. 

Figure 2.10 Contact between the Lower Merougil Group and the Upper Black Flag Group on the NW shore 
of Lake Lefroy near Morgan’s Island. Siltstone with small ripple cross-beds (UBFG01) seen on the right and 
polymictic	matrix-supported	conglomerate	with	quartz-rich	sandstone	matrix	on	left	(LMER03).
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2.4.3.1 Fine-Grained Lithofacies (UBFG01)

Description

This lithofacies is the main host to gold mineralisation at the Invincible gold deposit 
and	 is	 composed	 of	 fissile	 massive	 to	 laminated	 grey	 mudstone,	 planar-laminated	
to	 thinly	 interbedded	 siltstone	with	 graded	 beds	 and	massive	 to	 diffusely-laminated	
medium	 interbedded	 siltstone	 (Fig.	 2.11a).	 Massive	 to	 laminated	 fissile	 mudstone	
packages vary in thickness from 50cm to 50m and are dominant at the Invincible deposit. 
Individual beds of mudstone range from <0.5cm to 2cm. Texturally the mudstone is 
finely	laminated,	defined	by	inter-bedding	with	fine	siltstone	and	sandstone	normally-
graded	beds	 that	vary	 from	2mm	 to	2cm.	The	mudstone	 is	fissile	 and	 contains	 areas	
of distinct tectonic foliation of alternating dark and light mineral bands. XRD analysis 
indicates the mudstone units comprise on average (6 least-altered samples): plagioclase 
(45%)	variably	altered	to	albite,	quartz	(34%),	biotite	(5%),	calcite	(3.5%),	ankerite	(3.5%),	
Fe-chlorite (3.5%), muscovite (4%), pyrite (1%), rutile, monazite, and zircon (<1%). The 
siltstone	petrographically	 contains	volcanic	quartz	 (41%),	polycrystalline	quartz	 (4%),	
plagioclase	(2%),	felsic	porphyry	lithics	(2%),	mafic	lithics	(1%)	in	a	fine-grained	quartz-
rich matrix (50%). 

This	 lithofacies	 grades	 laterally	 from	 massive-diffusely	 laminated,	 medium	
interbedded siltstone to planar-laminated, thinly interbedded siltstone in the NW of the 
study	area,	to	dominantly	fissile	massive-laminated	mudstone	SE	towards	the	Invincible	
deposit. Upper contacts with massive units are generally planar and sharp but may be 
rarely scoured. Basal contacts are commonly planar and sharp, with scarce load casts. 
Thin graded beds contain mudstone and siltstone that have gradational contacts with 
thin sandstone layers.

Carbonate alteration spots are typically present away from deformed and strongly 
altered	 areas.	 Albite-quartz-carbonate-gold	 veins	 are	 dominantly	 found	 in	 the	 fine-
grained facies group at the Invincible deposit. 

Interpretation

The depositional origin of this facies is the same as described above for the same facies of 
the	Lower	Black	Flag	Group.	Importantly,	the	fine-grained	lithofacies	is	most	extensive	at	
the top of the Upper Black Flag Group, but thin intervals occur throughout this part of the 
stratigraphy, suggesting deposition occurred solely in a subaqueous paleoenvironment. 

2.4.3.2 Sandstone Lithofacies (UBFG02, UBFG03 and UBFG04) 

Description

These	lithofacies	comprise	massive	quartz-lithic-rich	(UBFG02),	massive	to	rare	ripple	
cross-laminated	feldspathic	wacke	sandstones	(UBFG03,	Fig.	2.11b)	to	massive	quartz-
rich	wacke	sandstones	(UBFG04,	Fig.	2.11c).	Framework	volcanic	quartz	is	commonly	
subangular to subrounded, whole to fragmental, has few inclusions and dominantly 
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straight extinction (Fig. 2.12; Folk 1974). Feldspar crystals are broken and angular 
fragments.	Rare	cross-beds	have	diffuse	to	sharp	basal	contacts	with	massive	sandstone	
and often marked on the base of the ripple bed by a thin layer of biotite or other dark 
minerals.	Typically,	 the	quartz-rich	 sandstone	with	 lesser	 feldspar	 and	 lithic	 content,	
forms	the	matrix	to	the	conglomerate	facies	(UBFG05).	Units	from	the	fine-grained	facies	
group (UBFG01) are rarely found interbedded with the sandstone facies group, and this 
becomes more common towards the top of the Upper Black Flag Group. 

The whole rock composition of the Upper Black Flag Group sandstone lithofacies is 
variable, as illustrated on the Winchester and Floyd (1977) volcanic rock discrimination 
diagram (Fig. 2.5). Compositions range from andesitic to dacitic/rhyodacitic.  Petrographic 
compositions	for	the	sandstone	units	are	summarised	in	Table	2.1	and	plotted	on	a	QFL	
diagram (Fig. 2.6). The lithic-rich sandstone (UBFG02) occurs near the base of the Upper 

Figure 2.11 Summary of Upper Black Flag Group lithofacies. All drill core is 5cm wide. (A) Fine grained 
lithofacies (UBFG01), interbedded siltstone and mudstone with graded beds. (B) Massive felspar wacke 
sandstone	 lithofacies	 (UBFG03),	 fine	 sericite-biotite	 alteration	 of	 feldspar	 crystals	 and	 groundmass.	 (C)	
Quartz	wacke	 sandstone	 (UBFG04)	with	 ripple	beds	 from	outcrop	near	Morgan’s	 Island.	 (D)	Polymictic	
conglomerate	 facies	 (UBFG05)	 with	 lithic	 quartz	 wacke	 sandstone	 matrix	 (UBFG02).	 (E)	 Coherent	
hornblende-phyric	 andesite	 with	mafic	 xenoliths.	 (F)	Monomictic	 andesite	 breccia,	 clasts	 imbricated	 or	
aligned to tectonic fabric.
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Figure 2.12 Photomicrographs	 of	 sandstone	 from	 the	Upper	 Black	 Flag	Group.	 (A)	 Lithic	 quartz	wacke	
sandstone matrix to andesite breccia facies. (B) Feldspathic wacke sandstone with subangular feldspar 
crystal,	matrix	 and	 feldspars	 are	 variable	 carbonate	 and	 sericite	 altered.	 (C)	Volcanic	 quartz-rich	wacke	
sandstone,	volcanic	quartz	grains	are	variably	rounded	from	magmatic	resorption	showing	embayments.
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Black Flag Group, spatially associated with andesitic monomictic breccia (UBFG06) and 
plots	 as	 litharenite	 (lithic-rich)	 in	 the	 Folk	 (1984)	 classification	 scheme.	 The	 typically	
massive feldspathic wacke sandstone (UBFG03) occurs near the middle of Upper Black 
Flag Group and also forms the matrix to monomictic andesitic breccia (UBFG06) and 
less commonly the polymictic conglomerate (UBFG05). Feldspathic wacke sandstone 
successions are >250m thick and laterally extensive (several kilometres). This facies plots 
as dominantly arkose, with minor local variations in the lithic content, on a QFL diagram 
(Fig.	 2.6).	 The	 volcanic-quartz	wacke	 sandstone	 (UBFG04)	 occurs	 near	 the	 top	 of	 the	
Upper Black Flag Group, and typically forms the matrix of polymictic conglomerate 
(UBFG05),	below	thick	successions	of	fine-grained	units	of	the	Upper	Black	Flag	Group.	
This	 facies	plots	dominantly	 as	 sublitharenite	 (quartz	 rich	with	 locally	 variable	 lithic	
content)	(Fig	2.6).	The	volcanic	quartz-rich	sandstone	(UBFG04)	is	less	extensive	than	the	
other sandstone facies and is centred around the Alpha Island fault. It thins gradually 
over 4-5km to the north-west and south-east of the fault, where it is stratigraphically 
replaced by andesite-dominated polymictic conglomerates (UBFG05 and UBFG06) with 
feldspathic wacke sandstone matrix (UBFG03). 

Interpretation

The depositional origin of this facies is the same as described above for the same 
facies	of	the	Lower	Black	Flag	Group.	However,	an	important	difference	is	the	change	
in	 composition	 of	 sandstone	up-sequence,	 that	 reflects	multiple	 sources	 of	 sediment.	
Extensive volcanic feldspar-rich sandstone lies between sandstones with abundant 
volcanic	 quartz,	 suggesting	 episodic	 intense	 explosive	 volcanism	 that	 varied	 from	
dominantly rhyolitic to dacitic and produced voluminous ash-sized debris.

2.4.3.3 Polymictic Conglomerate Lithofacies (UBFG05)

Description

This lithofacies comprises matrix to less common clast-supported polymictic breccia-
conglomerate beds that vary in composition from andesite to felsic porphyry clast 
dominated (Fig. 2.11d). The clast content varies through the stratigraphy but rather than 
sharp changes in clast provenance, it is more transitional. Proximal to the monomictic 
andesitic breccia and coherent andesite, polymictic conglomerates contain more 
abundant andesite clasts that decrease up through the stratigraphy and are replaced 
increasingly by felsic porphyry clasts (Fig. 2.4). No BIF and very rare granite clasts are 
present in the Upper Black Flag Group. The polymictic breccia conglomerate contains 
on average subrounded to subangular, gravel to cobble and rare boulder sized clasts of 
andesite (46%), felsic porphyry (28%), basalt (16%), metasediment (9%) and clasts of vein 
material (2%; Fig. 2.8). Petrographic composition of clasts is visually similar to rocks in 
the local stratigraphy at Kambalda. Medium to coarse grained sandstone matrix varies 
from 10 to 50% in modal abundance. The polymictic breccia-conglomerate lithofacies is 
dominantly	massive	but	may	be	diffusely	graded	and	stratified,	with	intervals	varying	
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from 0.5 to 15 m thick. Clast-supported breccia-conglomerate is typically found near the 
base of these units and typically grades to matrix-supported breccia-conglomerate. The 
basal contacts with the sandstone facies (UBFG02, UBFG03 and UBFG04) are generally 
diffuse	with	 uncommon	 sharp	 and	 scoured	 contacts	 also	 found.	 Upper	 contacts	 are	
dominantly	diffuse	passing	into	the	sandstone	facies	with	common	‘floating’	clasts	near	
the	contact.	Near	the	base	of	the	Upper	Black	Flag	Group,	fine-grained	facies	units	are	
rare	and	typically	comprise	thin	siltstone	layers	that	have	gradational	contacts	with	fine	
sandstone, interbedded with massive sandstone and polymictic conglomerate. 

Interpretation

The depositional origin of this facies is the same as described above for the same facies 
of	the	Lower	Black	Flag	Group.	Important	differences,	however,	include	andesitic	clasts	
that commonly display curvi-planar margins to angular fragments indicating that they 
are relatively juvenile and likely have not traveled far. As such they are interpreted to 
represent resedimented andesite hyaloclastite associated with andesite erupted in an 
intrabasinal subaqueous environment. Additionally, the clast provenance changes 
up sequence and is more transitional than those seen in the Lower Black Flag Group 
(Fig. 2.4) and is represented by a gradual decrease in the abundance of andesite clasts 
and an increase in felsic porphyry and metasedimentary clasts. The abundant felsic 
clast component (rhyolitic to dacitic) in addition to clasts petrographically similar to 
underlying basement rocks supports major input from felsic volcanic eruptions as well 
as uplift and erosion of the local stratigraphy. 

2.4.3.4 Andesitic Lithofacies (UBFG06-UBFG07)

Description

The andesitic lithofacies comprises dominantly coherent andesite (UBFG07) with a 
porphyritic	texture,	containing	1mm	to	1cm	mafic	xenoliths	as	well	primary	phenocrysts	of	
hornblende, plagioclase, and biotite (Fig. 2.11e). Massive coherent andesite uncommonly 
contains	varioles/amygdales	that	are	1-2mm	in	diameter	and	are	filled	with	secondary	
quartz-albite-carbonate	and	can	have	a	chlorite	altered	rim.	Coherent	andesite	intervals	
range in thickness from 2 – 100m thick, separated by monomictic andesite breccia (UBFG06; 
Fig. 2.11f), polymictic breccia-conglomerate or felsic-andesitic porphyry intrusions, 
forming an approximately 700m thick dominantly andesitic rock package. The thickest 
packages of coherent and brecciated andesite occur around the Alpha Island Fault. The 
upper contacts of the coherent andesite are typically gradational to monomictic andesite 
breccia but may be sharp with the sandstone and polymictic breccia-conglomerate facies 
groups. The basal contacts are typically sharp but may be gradational to a thin layer 
of monomictic andesitic breccia with a sandstone matrix. Petrographically, coherent 
andesite contains between 15 and 25 modal % primary hornblende and 10 – 15 modal % 
plagioclase phenocrysts that range from 0.5 to 5mm. Plagioclase also forms part of the 
fine-grained	groundmass	 along	with	minor	quartz.	Accessory	 apatite,	 and	 secondary	
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amphibole, biotite, chlorite, carbonate, magnetite, and pyrite are also common, especially 
in	areas	affected	by	hydrothermal	alteration	(Appendix	A2.5).	Hornblende	phenocrysts	
are typically partially to entirely pseudomorphed or replaced by clusters of secondary 
biotite, hornblende, chlorite and calcite (Doutch, 2008). 

The monomictic andesitic breccia is dominantly matrix-supported, containing clast-
rotated,	 jig-saw	fit	clasts	with	curvi-planar	margins,	that	are	commonly	imbricated	or	
aligned to deformational fabric. Fine feldspar- to lithic-rich sandstone comprise the 
breccia matrix. Upper contacts are typically gradational with increasing sandstone matrix 
to massive sandstone or polymictic conglomerate. Basal contacts with coherent andesite 
are also gradational with increasing density of andesitic clasts transitioning to fractured 
coherent andesite. Resedimented andesitic breccia is typically found between coherent 
andesite	flows	 and	 intrusions,	 intercalated	with	uncommon	polymictic	 conglomerate	
(UBFG05). 

Interpretation

The package of coherent andesite, monomictic andesitic breccia and intercalated 
polymictic	breccia-conglomerate	is	 interpreted	to	represent	several	stacked	lava	flows	
and	 associated	 hyaloclastite	 (e.g.	 Cas	 1992).	 These	 thick	 stacked	 lava	 flows	 could	
represent	 small	 shield	 volcano	 or	 lava	 dome	 /	 seamount	 edifices	with	 talus	 piles	 or	
aprons	of	hyaloclastite	debris-flow	deposits	 (e.g.	Cas	1992,	Lonsdale	and	Batiza	1980,	
Scutter	et	al.	1998).	The	lack	of	pillow	lava	textures	and	the	dominance	of	massive	–	sheet	
morphology does not preclude eruption in a subaqueous environment, but suggests a 
higher magma eruption or discharge rate (Ballard et al. 1979, Cas 1992). Seamounts or 
dome	 complexes	may	 form	along	fissures	 or	 faults	 and	be	 associated	with	 extensive	
quench	 fragmented	 and	 auto-brecciated	 detritus	 that	 commonly	 form	 debris	 flows	
through	gravitational	collapse	down	the	sides	of	the	volcanic	edifice	(Cas	and	Wright	
1987, Cas 1992). The thickest andesitic successions are evident around the Alpha Island 
Fault, suggesting it may have acted as a magma conduit for the lava dome complexes to 
form. The subrounded textures of felsic clasts in dominantly andesitic breccia indicate 
they were exposed to a period of subaerial reworking, whereas the andesitic clasts are 
less reworked. Andesitic breccia clasts are interpreted to have been eroded and entrained 
by	sediment	gravity	flows	containing	subaerially	derived	felsic	debris	before	depositing	
at the base of submarine slopes.

2.4.4 Lower Merougil Group 

The Lower Merougil Group is approximately 2.5km thick and comprises medium- 
to	 coarse-grained	 quartz-rich	 sandstones	 (LMER02),	 pebble	 to	 boulder	 polymictic	
conglomerates (LMER03) and very rare siltstone to mudstone (LMER01). Good outcrop 
exposure of the Lower Merougil Group is present around Morgans Island on the NW 
edge of Lake Lefroy, as well as in several peninsulas towards the SW edge of Lake Lefroy 
(Fig. 2.1). 
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2.4.4.1 Sandstone Lithofacies (LMER02)

Description

This	 lithofacies	 comprises	 common	 massive	 to	 large-scale	 cross-bedded	 quartz-rich	
wacke sandstone. The basal units of the Lower Merougil Group around the Invincible 
deposit contain extensive massive sandstone that commonly grades downwards to 
matrix-supported conglomerate beds. Massive sandstone units also commonly contain 
isolated	‘floating’	clasts	and	are	rarely	interbedded	with	fine-grained	units	(LMER01;	Fig.	
2.13a). Planar laminated and ripple-small scale cross-bedded sandstone is less common 
(Fig. 2.13b). Cross-beds are less common near the base of the Lower Merougil Group 
around the Invincible gold deposit but become more abundant up-sequence and are well 
exposed ~6km to the NW at the Morgans Island outcrop. Cross-beds range from small-
scale (10-20cm thick) to more common large-scale (10cm-1m). In the study area, trough 
cross-beds are more common compared to tabular cross-beds and are interbedded with 
massive- to planar-laminated sandstone. Fine layers of dark minerals, such as biotite, 
pyrite and magnetite are concentrated along cross-bed planes. 

The	 basal	 contact	 of	 the	 cross-beds	 with	 massive	 sandstone	 is	 diffuse	 to	 sharp.	
Planar laminated sandstone is less common but are present in outcrop on the NW shore 
of	Lake	Lefroy.	Individual	laminations	vary	from	5mm	to	1cm.	The	fine-grained	facies	
are rarely found interbedded with the sandstone facies group. In the lowermost units of 
the Lower Merougil Group, trough cross-beds become more common to the North of the 
Invincible deposit, at the Morgans Island outcrop. Trough cross-beds are most common 
in the upper units of the Lower Merougil Group (Fig. 2.13c).

The	 sandstone	 facies	 group	 plots	 around	 the	 subarkose	 to	 quartzarenite	 field	
on	 a	 QFL	 diagram	 (Fig.	 2.6)	 in	 the	 Folk	 (1984)	 classification	 scheme.	 Framework	
quartz	is	comprised	of	subrounded	to	subangular,	whole	 to	 fragmented	volcanic	and	
polycrystalline	quartz	that	is	moderately	well	sorted	(Fig.	2.14).	The	matrix	is	composed	
of	silt-clay	sized	quartz,	carbonate,	plagioclase,	and	sericite	that	on	average	account	for	
35% of the sandstone volume.  The framework grain composition does gradually change 
from	 volcanic	 quartz-dominated	 near	 the	 base,	 to	 equal	 volcanic	 and	 polycrystalline	
quartz	above	(Fig.	2.4).	

Paleocurrent measurements were taken at outcrops that provided a 3D view of trough 
cross-bed sets, at three locations around the Merougil Basin (Fig. 2.1: Morgans Island, 
Pilbailey, Merougil). Paleocurrent data was unfolded about 10° towards 320° fold hinge, 
calculated from bedding and cleavage measurements around the Merougil syncline. 
Dominantly SE paleocurrent directions at Morgans Island, located on the eastern limb 
of the Merougil syncline, range from 90° to 150° after unfolding, are consistent with 
measurements	taken	in	previous	studies	(Fig.	2.15;	Bader	1994,	Krapež	et	al.	2008),	and	
similar to paleocurrent directions measured on the western limb in a similar stratigraphic 
position at Pilbailey, that range from 100° to 160°. A second less abundant population 
of paleocurrent directions is recorded at Pilbailey that ranged from 260° to 350°. Sparse 
paleocurrent measurements at the Merougil outcrop dominantly range from 170 to 260°, 
similar to previous measurements by Bader (1994). 
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Interpretation 

The massive sandstone, abundant in the basal units of the Lower Merougil Group, formed 
under	upper-flow	 regime	 conditions	 that	 are	 needed	 to	 transport	 and	 suspend	 large	
volumes of sediment without creating sedimentary tractional structures (Boggs 2014). 
A	rapid	decrease	in	flow	velocity	caused	the	large	volume	of	sediment	to	mass	dump	
(Boggs 2014, Cas and Wright 1987). The lack of sedimentary tractional structures in the 
tabular and sheet-like sandstones and associated matrix-supported conglomerate and 
rare siltstone-mudstone units around the Invincible deposit suggest they were deposited 
by	high-concentration	granular	flows	such	as	subaerial	hyperconcentrated	fluvial	flood	
flows	(Smith	1988,	Miall	1977)	or	submarine	unchannelised	high-concentration	turbidity	
currents	 (Kneller	 and	Branney	 1995,	 Pickering	 and	Hiscott	 2015,	 Postma	 et	 al.	 1988).	
The apparent conformable (to low-angle unconformable) contact at the Morgans Island 
outcrop	with	 the	underlying	 subaqueously	deposited	massive	fine-grained	 turbidites	
of	the	Upper	Black	Flag	Group	supports	hyperconcentrated	fluvial	flood	flows	entering	
water on a fan-delta, transforming or continuing subaqueously as turbidity currents 
(Sohn et al. 2002, Pierson et al. 1996). 

The abundant sandstone cross-beds and ripple cross-beds in the upper units of 
the	Lower	Merougil	Group,	are	indicative	of	lower	flow	regime	conditions	formed	by	

Figure 2.13 Summary	of	Lower	Merougil	Group	lithofacies.	(A)	Massive	quartz-rich	sandstone	(LMER02).	
(B) Planar laminated sandstone (LMER02) overlain by polymictic matrix supported conglomerate. (C) 
Trough cross-bedded sandstone (LMER02). (D) Matrix supported cobble-boulder polymictic conglomerate 
(LMER03).
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Figure 2.14 Photomicrograph of Lower Merougil Group sandstone. Monocrystalline (volcanic) and 
polycrystalline	(plutonic-metamorphic)	quartz.

Figure 2.15 Paleocurrent measurements from three locations around the Merougil Basin, previous 
measurements by Bader (1994) have been reinterpreted and unfolded using the same parameters as the data 
from this study.

tractional	 transportation	 in	 shallow	water	 (Boggs	 2014,	 Blatt	 et	 al.	 1980).	 The	 trough	
cross-beds were formed by migrating ripple and dunes (Boggs 2014) and paleocurrent 
measurements indicate a N – NW source region for the Lower Merougil Group 
volcanoclastic sediments. Less common planar-laminated sandstone formed between 
upper	and	lower	flow	regimes	involving	suspension	fallout	and	bedload	traction	during	
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short-lived	 fluctuations	 in	 sedimentary	 conditions	 (Boggs	 2014).	 For	 further	 detailed	
interpretation of the upper units of the Lower Merougil Group, readers are directed to 
(Krapež	et	al.	2008).

The	abundant	volcanic	quartz	 in	 the	Lower	Merougil	Group	 sandstones	 support	
input from voluminous and intense felsic explosive volcanism (Squire et al. 2010). 
However,	 the	 change	 in	 quartz-type	 abundance	 from	 dominantly	 volcanic	 quartz	 in	
the	basal	units	to	equal	volcanic	and	polycrystalline	quartz	in	the	upper	units	supports	
regional uplift and erosion of plutonic rocks, such as the Kambalda Granodiorite; or any 
unroofed granitic complex in the region, or metamorphic rocks. Uplift associated with 
the emplacement of large granite batholiths, may have caused the change from (basal) 
subaqueously deposited massive sandstone units to (upper) subaerially deposited cross-
bedded	sandstone	units,	that	is	coincident	with	increasingly	abundant	plutonic	quartz.	

2.4.4.2 Polymictic Conglomerate Lithofacies (LMER03)

Description

This lithofacies comprises sandstone-matrix supported conglomerate and less common 
clast-supported polymictic conglomerate, which are typically massive and internally 
disorganized	 to	 uncommonly	 diffusely	 stratified.	 The	 polymictic	 conglomerate	
lithofacies can be further divided into basal units, which are comparatively andesite 
clast rich, and upper, overlying less extensive conglomerates that contain increasing 
amounts of basalt, granite and vein material clasts (Fig. 2.4, 2.8). Three thick (2 – 20m) 
predominantly sandstone matrix-supported polymictic conglomerates comprise the 
basal units and show spikes in the andesite clast content (Fig. 2.4, 2.9). The basal units 
contain on average, rounded to subrounded, cobble to boulder clasts of andesite (37%), 
felsic	porphyry	(33%),	basalt	and	ultramafic	(12%),	metasediment	(11%,	including	very	
rare	BIF	clasts),	quartz	vein	material	(3.5%)	and	granite	(3.5%).	The	basal	conglomerate	
units overlie thick hemipelagic turbidite (UBFG01) successions of the Upper Black Flag 
Group and are associated with massive beds of sandstone - pebbly sandstone and rare 
interbedded mudstone. The upper, overlying less extensive, lens-like conglomerate beds 
contain rounded to subrounded, pebble to cobble clasts of felsic porphyry (34%), andesite 
(22%),	basalt	and	ultramafic	(21%),	metasediment	(11%),	granite	(6%)	and	quartz	vein	
material (6%). Lens-like beds of matrix- and lesser clast supported conglomerate with 
gradational contacts are associated with common cross-bedded sandstone. 

The	matrix	of	 the	polymictic	conglomerate	 lithofacies	 is	fine-	 to	medium-grained	
quartz-rich	wacke	 sandstone	 that	 varies	 in	 abundance	 from	10	 to	 50	modal	%	 in	 the	
matrix-supported	facies	to	less	than	10%	in	the	clast-supported	facies.	The	quartz	wacke	
sandstone matrix of the conglomerate is identical in composition to LMER02, containing 
subrounded	to	subangular	volcanic	and	plutonic	quartz	plagioclase	grains,	minor	lithics,	
in	a	fine	silt-mud	matrix.	

The	basal	contacts	with	LMER02	are	generally	diffuse	and	rarely	sharp	to	scoured.	
The contact between the basal conglomerate and the underlying Upper Black Flag 
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Group	fine-grained	units	(UBFG01)	are	conformable	to	low-angle	unconformable,	and	
not structurally deformed at the Morgans Island outcrop and in diamond drill holes 
along strike around the Invincible deposit. However, at the Invincible South deposit, 
an angular unconformity is interpreted from conglomerate and sandstone bedding in 
drill	 core	 (Fig.	 2.16).	Upper	 contacts	are	diffuse	 to	 the	 sandstone	 facies	group,	which	
uncommonly	contains	‘floating’	clasts.	Laterally	extensive	conglomerate	beds	thin	along	
strike to the North of Invincible, towards the Morgans Island outcrop.

Figure 2.16 Cross-section showing the angular unconformable bedding relationships at the Invincible South 
gold	deposit	(pers.	comm.,	S.	Bright	and	J.	Stafford,	2018).	LMER:	Lower	Merougil	Group;	UBFG:	Upper	
Black Flag Group. Measurements from drill holes on this cross-section.
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Interpretation 

The inconsistent contact relationship between the basal conglomerate units of the 
Lower	Merougil	Group	and	the	Upper	Black	Flag	Group	fine-grained	units	(UBFG01)	
suggests that erosion was sub-parallel to bedding (with local variations) and likely less 
extensive than previously interpreted. As such, the association with massive sandstone, 
rare interbedded mudstone and the underlying thick successions of Upper Black Flag 
Group mudstone suggest the basal conglomerate units were deposited in a subaqueous 
environment such as the submarine fan portion of a fan-delta (e.g. Ito and Saito 2006, 
Sohn et al. 2002, Postma 1984). The matrix-supported nature of the basal sheet-like 
conglomerate beds indicate extremely rapid sedimentation rates under conditions of 
upper	flow	regime,	high	sediment	concentration	 transport.	The	 tabular	extensive	bed	
forms and massive matrix supported framework support deposition in an unchannelised 
environment	by	cohensionless	debris	flows	and	hyperconcentrated	flood	flows	(Miall	
2006, Rust 1978, Sohn et al. 2002) or high-density turbidity currents (Ito and Saito 2006, 
Sohn et al. 2002, Lowe 1982).

Lens-like beds in the upper units of the Lower Merougil Group support channelised 
deposition	and	possibly	represent	filled	channel	bases	of	a	braid-plain	(Bader	1994)	or	
alluvial fan portion of a fan-delta. Clast-supported conglomerate indicates a depositional 
setting	where	fine	material	has	been	efficiently	sorted	and	removed,	such	as	a	fluvial	or	
beach paleoenvironment. The dimensions and discontinuity of this facies unit, could also 
indicate it is a basal conglomerate in a channel system of a braided river, deposited by 
debris	flows	overlain	by	matrix	supported	conglomerate	deposited	by	hyperconcentrated	
flood	flows	(Bader	1994,	Krapež	and	Hand	2008,	Pierson	et	al.	1996,	Sohn	et	al.	2002).	

 Rounded clast textures indicate the eroded material has passed through a 
fluvial	or	shoreline	environment	where	they	were	tractionally	reworked	(e.g.	Winn	Jr	
and Pousai 2010). The polymictic nature supports uplift and erosion of multiple source 
rocks,	including	protoliths	similar	to	the	underlying	stratigraphy.	Vein	quartz	clasts	and	
metasedimentary clasts such as BIF indicate input from more distal, extra-basinal sources 
such as the Mt Belches sequences (Dunbar and McCall 1971, Painter and Groenewald 
2001).	 The	 appearance	 of	 common	 granite	 clasts	 suggests	 unroofing	 of	 large	 granite	
batholiths	that	may	have	caused	the	uplift.	A	normal	unroofing	sequence	(e.g.	Colombo	
1994) is shown by the abundance of andesite and felsic clasts in the basal conglomerate, 
linked to an abundance of similar protoliths in the immediately underlying Upper Black 
Flag	Group,	followed	by	increased	basalt-ultramafic,	vein	and	granite	clasts	suggesting	
increased	erosion	of	the	basement	mafic-ultramafic	Kambalda	Sequence.	

2.4.4.3 Fine-Grained Lithofacies (LMER01)

Description

This lithofacies includes grey to black massive to laminated siltstone to mudstone and 
is rare in the study area, occurring in the basal units of the Lower Merougil Group, 
where it is associated with massive sandstone and matrix-supported conglomerate. The 
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fine-grained	facies	group	is	typically	very	thin	ranging	from	1mm	to	20cm	in	thickness.	
Upper contacts with sandstone and conglomerate facies groups are commonly fractured 
but can be sharp to scoured. Basal contacts are typically sharp and conformable. 

Interpretation

The limited extent of this lithofacies in the study area suggests that deposition did not 
occur through hemipelagic sedimentation. The conformable lower and scoured upper 
contacts	indicate	the	fine-grained	facies	group	formed	contemporaneous	with	the	massive	
sandstone and matrix-supported conglomerate facies groups. The massive-laminated 
fine-grained	 facies	 formed	 through	 suspension	 settling	 and	 or	 low-concentration	
turbidity currents associated with underlying high-concentration turbidity currents and 
debris	flows	(see	LMER02-LMER03;	Boggs	2014).	

2.5 U-Pb Zircon ages

The regional studies of the Archean volcano-sedimentary sequences across the eastern 
Yilgarn	Craton	 (Krapez	et	 al.	 2000,	Krapež	et	 al.	 2008,	 Squire	 et	 al.	 2010,	Tripp	2013)	
provide	 an	 excellent	 regional	 framework	 but	 lack	 detail	 of	 specific	 localities.	 The	
opportunity to test the subdivisions and provide a detailed local chronostratigraphic 
framework	at	 the	St	 Ives	gold	field	arose	 from	the	 increased	exploration	of	 the	Black	
Flag Group and Merougil Group since the discovery of the Invincible gold deposit. Two 
diamond	drill	traverses	(Invincible	and	Yorkshire	lines)	create	a	cross-section	through	
the lower ~500m of the Merougil Group and the entire Black Flag Group, from the basal 
contact with the Paringa Basalt to the upper contact with the Merougil Group. Across 
these traverses, 9 least-altered samples of sandstone and 1 coherent andesitic unit were 
selected and from them 647 zircons were analysed by LA-ICP-MS using a 29µm spot 
size to determine their U-Pb age. All samples contained zircons that showed signs of 
U-Pb	resetting	to	a	younger	age.	Zircons	ranged	in	size	from	30	μm	to	200	μm	and	were	
euhedral to rarely subrounded in morphology. The zircons uncommonly contained 
xenocrystic cores as indicated truncated internal CL zoning or rare metamict cores (Corfu 
et al. 2003). Sandstone samples contained abundant zircons whereas the andesite sample 
contained relatively few indicated by visual analysis of mineral separates. LA-ICP-MS 
spot analyses avoided any visible cracks, inclusions or metamict zones. 

Two	filters	were	applied	to	the	zircon	data	prior	to	interpretation	of	age	populations:	
concordance and 238U content. Zircons were excluded from age calculations if their 
concordance	differed	by	more	than	20%.	Concordance	was	determined	by	the	difference	
between 204Pb corrected 207Pb/206Pb age at one standard-error uncertainty and 207Pb 
corrected	206Pb/238U	age	at	one	standard-error	uncertainty.	A	>20%	concordance	filter	
was	chosen	based	on	the	available	data.	This	filter	size	could	be	reduced	with	further	
analyses, although a decrease to >10% only changes the calculated ages by a maximum 
of 3 Ma but results in lower MSWD values. A strong correlation between increasing U 
and decreasing calculated age has been documented in zircons dated from the eastern 
Yilgarn	Craton,	consistent	with	observations	from	this	study	(Claoué-Long	et	al.	1988,	
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Squire et al. 2010). Zircons with concordant or nearly concordant young ages with high 
U	have	been	affected	by	ancient	episodic	Pb	loss	(Squire	et	al.	2010).	As	such,	zircons	
containing	>500ppm	238U	have	been	omitted	from	age	calculations	(Fig.	2.17).	Although	
a	 lower	 238U	cut	 off	 could	have	been	used	 for	 some	 samples	 (e.g.	Lower	Black	Flag	
Group	samples),	a	>500ppm	filter	was	chosen	to	be	consistent	across	all	samples,	as	this	
level removed almost all zircon analyses that showed trends of decreasing 207Pb/206Pb 
ages	with	increasing	238U	content.	This	filter	is	consistent	with	previous	work	by	Squire	
et	al.	(2010)	and	SHRIMP	dating	of	zircons	from	the	St	Ives	gold	field	that	show	Pb	loss	
in zircon with more than 500ppm U by (Claoué-Long et al. 1988). 

Zircon age populations were interpreted from cumulative probability plots. After 
zircon populations had been selected, mean ages were calculated for the youngest, least-
altered, populations (weighted mean ages) with MSWD acceptable for the number of 
zircons they contained (Spencer et al. 2016). Zircon U-Pb data and cathode-luminescence 
images are reported in Appendices A6 and A7 respectively, and individual sandstone 
sample ages are summarised in Table 2.2. Spatially and temporally related samples were 
grouped	and	plotted	on	Wetherill	U-Pb	Concordia	plots.	 These	groups	were	used	 to	
interpret a new detailed chronostratigraphic framework for the volcano-sedimentary 
sequences	overlying	the	Paringa	Basalt	in	the	St	Ives	gold	field	(Fig.	2.18).	Note	sample	
YOR0082	contains	zircons	affected	by	Pb	loss	and	addition	of	common	Pb	and	contained	
zircons with consistently higher 238U content than other samples, although below the 
500ppm threshold.

Figure 2.17 Plot of 238U versus 204Pb corrected 207Pb/206Pb age (Ma) for the detrital zircon samples from the St 
Ives	Goldfield,	showing	a	strong	correlation	between	increasing	U	content	with	decreasing	age	above	the	
cut-off	line	of	500ppm	238U.

2.5.1 Interpretation of results

The detrital zircons from the volcano-sedimentary sequences overlying the Paringa 
Basalt	 in	 the	 St	 Ives	 gold	 field	 all	 show	 polymodal	 populations	 of	 ages.	A	 detailed	
chronostratigraphic framework was interpreted by grouping spatially related samples 
with similar ages. 

The Lower Black Flag Group (LBFG) has a main detrital zircon age of 2685 ± 2 Ma, 
based on the combination of zircon data from 4 samples. The results from this study are 
consistent with an age range of 2690 Ma to 2680 Ma for the LBFG reported by Squire et 
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Figure 2.18 Geochronological data for samples analysed in this study grouped by the broad stratigraphic 
successions	defined	by	Squire	et	al.	(2010).	Graphs	from	left	to	right	are	histogram,	relative	probability	and	
Wetherill	Concordia	diagram.	Youngest	zircon	age	populations	shown	in	red.	(A)	Lower	Black	Flag	Group	
has a strong single population of detrital zircons and a smaller population of altered zircons. (B) Upper Black 
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al. (2010). The thick succession (>2km) of the LBFG contains a very consistent zircon age 
population, suggesting a single zircon growth event such as a large volcanic eruption. 
McGoldrick et al. (2013) analysed a sandstone sample from around the Argo gold mine, 
recognised in this study to be part of the Lower Black Flag Group and reported an age 
of 2746 ± 6 Ma. This age matches a small population of older zircons with subrounded 
morphologies observed in this study (Appendix A2.5). The presence of a less abundant 
older	population	of	zircons	could	indicate	either	influx	of	older	material	external	to	the	
St	 Ives	gold	field	 into	 the	basin	 (McGoldrick	et	al.	2013)	or	xenocrystic	material	 from	
the underlying older felsic basement that was entrained during volcanic eruptions 
(Compston et al. 1986). The proximity to the Condenser Dolerite sill and the large gold-
related hydrothermal system at the Argo deposit are interpreted to have caused Pb loss 
and	addition	of	common	Pb	in	zircons	from	sample	YOR0082.

The	Upper	Black	Flag	Group	(UBFG)	volcanic-quartz	rich	sandstones	contain	a	single	
population of zircons with a mean age of 2670 ± 6 Ma from 82 zircons analysed from 3 
samples	excluding	47	that	were	affected	by	Pb	loss,	common	Pb	or	high	U.	This	age	is	
similar to ages obtained by Hand (1998), who reported ages of 2666 ± 6 Ma and 2669 ± 
7 Ma for sandstone samples and 2678 ± 8 Ma for a rhyodacite sample, all collected from 
outcrop	near	Morgans	Island.	One	volcanic-quartz	rich	sandstone	sample	(UBFG04)	in	
the footwall to the Invincible deposit contained an age of 2665 ± 7 Ma, similar to that 
of the Lower Merougil Group, suggesting a similarly aged source and that Cycle two 
major pyroclastic volcanism was likely contemporaneously depositing with the end of 
Cycle one (Squire et al. 2010). There was no evidence of faulting or duplication of the 

Flag Group, Speedway Andesite with a single population of igneous zircons. (C) Upper Black Flag Group, 
Morgan’s Island Formation contain a strong population of zircons at 2670 Ma but a small population of 
contain detrital zircons at 2665 Ma. (D) Lower Merougil Group has two populations, a younger population 
around 2666 Ma and an older population around 2702 Ma.

Table 2.2 Summary table of zircon U-Pb ages through the volcano-sedimentary stratigraphy that overlies 
the	Paringa	Basalt	in	the	St	Ives	gold	field.	
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stratigraphy. The sample of coherent andesite from near the base of the UBFG contains 
a single population of zircons with a weighted mean age of 2674 ± 9 Ma from 22 zircons 
analysed	from	1	sample	excluding	8	that	were	affected	by	Pb	loss,	common	Pb	or	high	U.	
This age is interpreted to represent the age of crystallisation of the andesite. 

The Lower Merougil Group (LMER) contained two main detrital zircon age 
populations at 2666 ± 4 Ma and 2702 ± 9 Ma. The younger population is represented 
by 133 ages for subhedral to euhedral zircon grains and overgrowths, while the older 
is represented by 31 grains and cores surrounded by younger zircon overgrowths (Fig. 
A2.1).	Thirty-two	zircons	that	were	affected	by	Pb	loss,	common	Pb	or	contained	high	U	
were excluded from the detrital zircon ages presented. The subrounded morphology of 
these zircons with older cores is consistent with tractional reworking during erosion and 
resedimentation. The older population is within error of the Kapai Slate and possibly 
represents uplift, erosion and resedimentation of the older volcano-sedimentary 
sequences	in	the	St	Ives	gold	field,	as	is	supported	by	conglomerate	clast	content	of	these	
sediments. The younger population however are free from metamict or altered areas and 
are typically euhedral, consistent with input from a more recent felsic volcanic eruption. 

 
2.6 Geophysical and geochemical map data

Lithofacies and whole rock geochemical data were compared to camp-scale datasets 
(St Ives gold mine database) and used to interpret the internal stratigraphy of the 
volcano-sedimentary	basins	in	the	St	Ives	gold	field.	The	volcaniclastic	units	of	the	Black	
Flag	 and	Merougil	Group	plot	 in	 ‘felsic-intermediate’	 coherent	 rock	 field	 defined	 by	
Prendergast	 (2007)	 for	 the	St	 Ives	gold	field	 (Fig.	2.19).	Samples	with	more	abundant	
mafic	lithic	and	clastic	components	plot	around	the	Paringa	Basalt	to	Intermediate	fields	
(Prendergast 2007). The volcaniclastic sediments also have distinct trends when grouped 
by lithology and stratigraphic level (Fig. 2.20) that allow them to be broadly mapped 
using lithogeochemistry. 

Geophysical images provided by the St Ives gold mine, show large areas dominated 
by the andesitic units of the Upper Black Flag Group have a characteristically high 
magnetic response compared to the Lower Black Flag and Merougil Groups. The high 
magnetic trends of the Upper Black Flag Group approximately parallel the dominantly 
low magnetic trends of the Lower Merougil Group, however, the nature (conformable/
unconformable)	of	 the	 contact	between	 these	units	 is	difficult	 to	determine	 from	 this	
data. An angular unconformable contact is interpreted between the Upper and Lower 
Black	Flag	Group	from	bedding	trends	(diamond	drill	core)	that	correlate	with	diffuse	
magnetic high trends in the Lower Black Flag and associated changes in geochemical 
composition of regional air-core end-of-hole Archean bedrock (Fig. 2.20). 

2.7 Discussion

A revised stratigraphic architecture for the volcano-sedimentary successions overlying 
the	Paringa	Basalt	at	the	St	Ives	gold	field	is	presented,	based	on	observation	of	lithofacies	
characteristics in outcrop and extensive drill holes previously unavailable, combined 
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with detailed geochronological, geochemical and geophysical data (Fig. 2.21, 2.22). 
The interpretation of depositional paleoenvironments for the Lower Black Flag Group 
and Upper Black Flag Group is consistent with previous interpretations (Hand 1998, 
McGoldrick et al. 2013, Squire et al. 2010), with important revisions to contact locations 
and a more detailed understanding of their internal lithofacies and distribution around 
the	St	Ives	gold	field.	The	Newtown	Felsic	Formation	of	the	Lower	Black	Flag	Group,	
and Speedway Andesite Formation and Morgans Island Formation of the Upper Black 
Flag Group, are existing stratigraphic formations that are revised in detail, based on the 
newly available data. This study divides the Lower Merougil Group into the basal Zeta 
Island Formation and overlying Triangle Island Formation. The namesake Zeta (-31.283, 
121.654) and Triangle Island’s (-31.421, 121.667) are located in Lake Lefroy where they 
overlie the Archean Lower Merougil Group (Fig. 2.1d, e). 

Figure 2.19 Geochemical	plots	comparing	samples	from	this	study	with	St	Ives	gold	field	full-field	air-core	
data	and	the	lithogeochemical	fields	for	the	St	Ives	gold	field	stratigraphy	defined	by	Prendergast	(2007).	(A)	
Sc/Th plot. (B) Ti/Th plot. (C) Cr/Th plot. (D) Zr/Th plot. (E) P/Th plot. (F) P/Cr plot. These plots give ratios 
that separate the stratigraphy geochemically, individually these elements can separate the stratigraphy 
when viewed spatially (Fig. 20). 
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2.7.1 Stratigraphic architecture and provenance of the Lower Black Flag Group

2.7.1.1 ‘Lower’ Newtown Felsic Formation

The Newtown Felsic Formation contains basal dacitic breccias overlain by massive 
feldspar sandstones, siltstone and black mudstones with minor polymictic conglomerate 
dominated by dacite and rhyolite clasts. This formation ranges from < 300 m to 2500 m 
thick and the contact with the Paringa Basalt is interpreted to be an erosional disconformity 
(Hand	1998).	This	formation	hosts	dolerite	sills	and	minor	basalt	that	contain	significant	
gold deposits, such as Argo and Junction (McGoldrick et al. (2013).

The sandstones in this formation contain juvenile angular felsic lithics, broken 
feldspar crystal fragments and have a strong single detrital zircon population that 
indicate	a	significant	‘felsic’	explosive	eruptive	source.	Intra-basinal	lava	dome	eruptions	
and	growth,	that	generated	volcanic	edifices	with	relatively	high	relief,	and	shed	coarse	
debris (Cas 1992, Rosa 2007) are evident from the basal monomictic dacitic breccias, 
which represents hyaloclastite and autoclastic breccia from a proximal dacitic lava 
dome	source.	The	 tuffaceous	mudstone,	siltstone	and	volcaniclastic	sandstones	of	 the	
Lower Black Flag Group represent the products of subaerial explosive felsic volcanism 
and	subsequent	voluminous	pyroclastic	flows	that	entered	water	and	transformed	into	
turbidity currents, or the deposits of which, that were resedimented by turbidity currents 
into	a	submarine	fan	setting	(Cas	and	Wright	1987,	Jutzeler	et	al.	2016,	Jutzeler	et	al.	2014,	
McGoldrick	et	al.	2013,	Squire	et	al.	2010,	Trofimovs	et	al.	2006,	Trofimovs	et	al.	2008).	
Similarly, basalt hyaloclastite clasts were resedimented from topographically elevated 
areas	 and	 deposited	 through	 sedimentary-gravity	 flows	 such	 as	 channelised	 debris	
flows	 into	 submarine-fan	 (Fig	 23a).	 Thick	 sequences	 of	 similar	 juvenile	 volcaniclastic	
debris are typically found in subaerial and submarine volcanic aprons, such as those 
surrounding	the	Soufriére	Hills	volcano,	Montserrat	(Trofimovs	et	al.	2006).	

The felsic volcano-sedimentary units, that deposited in a proximal subaqueous 
volcanic	apron	or	submarine-fan	setting,	are	referred	to	as	 the	 lower	Newtown	Felsic	
Formation (Fig. 2.23a). The lower Newtown Felsic Formation is inferred to have a 
maximum depositional age of 2690 – 2685 Ma based on the detrital zircon age population 
and	a	minimum	age	potentially	constrained	by	large	mafic	sills	such	as	the	Condenser	
Dolerite (2680 ± 8 Ma; Carey 1994) and its stratigraphic level.

2.7.1.2 ‘Upper’ Newtown Felsic Formation

The upper Newtown Felsic Formation marks a change from proximal explosive 
volcanism	and	deposition	in	a	subaqueous	setting	to	rapid	resedimentation	of	pyroclastic	
debris and erosion of local basement sources (Fig. 2.23b). Polymictic conglomerate and 
minor massive-graded feldspathic sandstone units comprise the upper Newtown Felsic 
Formation. Subrounded andesite clasts gradually become more abundant through the 
middle of the Lower Black Flag Group and represent erosion and resedimentation of 
similarly aged regional andesitic units possibly from a separate sub-basin. Subrounded 
clasts of dacite, and rhyolite are abundant in the upper units and are thought to represent 
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more distal erosion and tractional reworking of debris from felsic lava domes associated 
with explosive volcanic centres producing voluminous pyroclastic debris (Fig. 2.6, 
2.23b; McGoldrick et al. 2013, Squire et al. 2010). Rapidly reworked or resedimented 
pyroclastic and polymictic volcanic debris is thought to have been eroded from the local 
and regional stratigraphy that was being diapirically uplifted by the onset of high-Ca 
felsic magmatism (Squire et al. 2010, Champion and Sheraton 1997, Czarnota et al. 2010, 
Champion and Cassidy 2007) and deposited by coarse high-density turbidity currents 
and	 sedimentary	 gravity	 flows	 into	 submarine-fans	 (Squire	 et	 al.	 2010).	 The	 upper	
Newtown Felsic Formation is inferred to have a maximum depositional age of 2685 – 
2680 Ma based on the Lower Black Flag Group detrital zircon age population (c. 2687 – 
2683 Ma) and its stratigraphic level, overlying the lower Newtown Felsic Formation and 
underlying the andesitic lavas (2674 ± 8 Ma) of the Upper Black Flag Group.

2.7.2 Stratigraphic architecture and provenance of the Upper Black Flag Group

2.7.2.1 Speedway Andesite Formation

Coherent andesitic lava and thin sub-volcanic intrusions are abundant in the lower units 
of the Upper Black Flag Group, where they are intercalated with monomictic andesitic 
breccia	 and	 peperite	 with	 quartz-rich	 silt	 and	 sandstone	 matrix.	 These	 dominantly	
andesitic	units	were	originally	classified	in	the	St	Ives	gold	field	by	Doutch	(2008)	and	
have since been formally recognised as the Speedway Andesite Formation on the 2015 
GSWA	100k	East	Yilgarn	–	Lake	Lefroy	map	sheet	(GSWA	cartographer	2015).	

The Speedway Andesite Formation varies in thickness from 300m to 850m and is 
thickest around the Alpha Island Fault. Andesite intrusions interpreted to be feeder dykes 
to the extrusive coherent andesite, based on similar textures and composition, are present 
at the Santa Ana and Bahama gold mines (Doutch 2008). The Alpha Island Fault cross-
cuts the Santa Ana and Bahama gold mines, suggesting that the fault has been ‘active’ at 
several times during basin development and closure; and possibly acted as a conduit for 
the	andesite	magma	to	reach	the	surface.	The	extrusive	andesite	forms	low-profile	shield	
edifices,	 lava	 flows	 and	 subvolcanic	 sills,	 from	which,	 monomictic	 hyaloclastite	 and	
autoclastic andesitic breccia is commonly resedimented into talus piles and proximal 
submarine-fans	through	sedimentary-gravity	flows	(Fig.	2.23c).	Sediment	gravity	flows	
and coarse turbidity currents transporting dominantly felsic debris, eroded the quench 
fragmented andesite and lesser basalt depositing as polymictic conglomerates. Andesitic 
and basaltic rocks are overlain by volcaniclastic sediments that contain increasingly high 
proportions of felsic clasts up sequence towards the contact with the next andesite lava. 
Angular basaltic clasts are common at the contact with the underlying Paringa Basalt 
and an erosional disconformity is interpreted in the Invincible – Santa Ana region of the 
St	Ives	gold	field.	This	suggests	that	the	Lower	Black	Flag	Group	was	either	eroded	away	
in this area or was never deposited. The interpreted distribution of the Lower Black Flag 
Group units indicates an apparent thining towards the north west and the Invincible  - 
Santa Ana region (Fig. 2.21). The contact with the Lower Black Flag Group south east of 
this area, is structurally deformed but based on geochemical and geophysical map data 
it is interpreted to be an angular unconformity. These data suggest the Lower Black Flag 
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Group was thinner and eroded away in the Invincible - Santa Ana area. The Speedway 
Andesite Formation is inferred to have deposited around 2680 – 2670 Ma based on 
magmatic zircon age populations (2674 +/- 8 Ma) and its stratigraphic level, overlying 
the Newtown Felsic Formation and underlying Morgans Island Formation (2670 ± 6 Ma).

2.7.2.2 Morgans Island Formation

The	Morgans	Island	Epiclastic	Formation	was	originally	defined	by	Hein	et	al.	 (1996)	
based	 on	 the	 interpretation	 of	 fine-grained	 turbidite	 sequences	 1km	 SW	 of	Morgans	
Island by Brauns (1991) and Hand (1998). It is renamed in this contribution as the 
Morgans Island Formation, due to the abundance of volcaniclastic debris. The type 
locality for the Morgans Island Formation is the outcrop 1km SW of Morgans Island as 
well as the Invincible drill line (holes LD13100, 282.75m to 348.45m; LD13250, 476.35m to 
589.4m; and LD14480W2, 775.1m to 945.0m). The Morgans Island Formation is inferred 
to have a maximum depositional age of 2675 – 2665 Ma based on detrital zircon age 
populations for this part of the stratigraphy that was deposited prior to/synchronous 
with rhyodacite intrusions (2678 ± 8; Hand 1998). The Morgans Island Formation 
contains	two	economically	significant	members	defined	here:	the	Invincible	Sandstone	
and Invincible Mudstone member; that are host to the Invincible gold deposit and several 
other	gold	prospects.	The	paleoenvironmental	setting	of	the	Morgans	Island	Formation	
is interpreted to be the same as described for the Newtown Felsic Formation (submarine 
fan	setting).	

The	 Invincible	 Sandstone	 Member	 is	 composed	 of	 dominantly	 volcanic	 quartz-
rich sandstone and lenses of polymictic conglomerate, and conformably overlies the 
Speedway	Andesite	Formation.	Importantly,	the	volcanic	quartz-crystal	rich	sandstone	
contains a largely homogeneous zircon population age population that is consistent 
with this member being largely sourced from major explosive eruptions. Wedge-like 
conglomerate	beds	in	dominantly	massive	volcanic-quartz	rich	sandstone	are	consistent	
with channel sequences in a submarine-fan, possibly part of a prograding fan-delta 
system (Fig. 2.23d; Henrich and Hüneke 2011). 

As	sediment	supply	waned	or	sources	became	more	distal,	the	fine-grained	turbidite	
sequences of the Invincible Mudstone Member, were conformably deposited over the 
Invincible Sandstone Member. The Invincible Mudstone Member contains at least three 
units	of	upwards	fining	turbidite	sequences	that	rarely	contain	polymictic	conglomerate	
bases,	more	commonly	fine	quartz-rich	sandstone,	consistent	with	channel	deposits	in	a	
prodelta submarine fan. The contact between the Invincible Mudstone Member and the 
overlying Lower Merougil Group is conformable to locally low-angle unconformable. 
Detrital	zircon	ages	of	the	volcanic	quartz-rich	sandstone	units	in	this	formation	suggest	
it was sourced from similarly aged volcanic events to the Lower Merougil Group, 
possibly forming at least partially contemporaneously (assuming erosion of ongoing 
felsic volcanism). 

The thickest successions of the Morgans Island Formation are located adjacent to 
the Alpha Island Fault, suggesting that the fault acted as a submarine canyon, perhaps 
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Figure 2.23 Paleoenvironmental reconstruction of the Merougil and Black Flag Group in the St Ives gold 
field.	 (A)	Lower	Black	Flag	Group:	Newtown	Felsic	Formation	 formed	after	 intense	 explosive	 eruptions	
cause	pyroclastic	flows	 that	entered	water	causing	debris	flows	and	 turbidity	currents	 that	deposited	 in	
submarine	volcanic	aprons	deposits.	(B)	coarse	breccias	and	conglomerates	that	deposited	from	debris	flows	
and rapidly reworked feldspar-rich pyroclastic debris. (C) Upper Black Flag Group: Speedway Andesite 
Formation	formed	from	submarine	eruption	of	andesite	in	low	profile	shield	volcanoes	and	lava	domes	with	
abundant resedimented andesitic hyaloclastite. (D) Morgan’s Island Formation formed distally from intense 
explosive	volcanism	that	produced	abundant	volcanic	quartz,	deposited	in	a	prodelta	submarine	fan	with	
polymictic conglomerate.



56

Chapter 2: Architecture and evolution of the Neoarchean Black Flag and Merougil Groups, Kambalda

formed	 as	 a	 transfer	 fault,	 that	 channeled	 turbidity	 current	 flows	 into	 a	 submarine-
fan (Fig. 2.23d). Changes in the thickness of the Invincible Sandstone Member on the 
south side of the Alpha Island Fault are due to a slightly gentler dip. Miller et al. (2010) 
suggest that the Alpha Island Fault could have originated as a steep-dipping D1 transfer 
fault, accounting for the major changes in the komatiite thickness either side of it. The 
Alpha Island Fault is roughly centred between the Kambalda Dome and the Victory 
Dome, suggesting it formed as an early D1 basin forming growth fault or possibly to 
accommodate the emplacement of the large granite batholiths. 

2.7.3 Stratigraphic architecture and provenance of the Lower Merougil Group

Previous studies have interpreted the Lower Merougil Group as forming in a subaerial 
fluvial	 braid-plain	 environment	 (Bader	 1994,	 Krapež	 et	 al.	 2008),	 suggesting	 a	major	

Figure 2.23 continued. (E) Lower Merougil Group: Zeta Island Conglomerate Formation formed by debris, 
hyperconcentrated	flows	and	high-concentration	turbidity	currents	into	water	on	a	prograding	fan-delta,	
over	fine-grained	turbidite	prodelta	 facies	of	 the	Upper	Black	Flag	Group.	 (F)	Triangle	 Island	Sandstone	
Formation	 formed	 in	 a	 subaerial	 braid-plain	 -	 alluvial	 fan	 setting	with	 trough	 cross-bedded	 sandstone	
channel facies and basal lens-like conglomerates.
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uplift or regression event after the deposition of the Upper Black Flag Group. Although 
alluvial fans and deltas have similar facies associations to the Lower Merougil Group, an 
unconformable to disconformable contact is expected from such an event. U-Pb dating 
of detrital zircons and interpretation of maximum ages of deposition, however, has 
suggested that the two stratigraphic units were sourced from similarly aged explosive 
felsic volcanic events and may have partially formed contemporaneously (Squire et al. 
2010). The Morgans Island outcrop and extensive diamond drill holes at the Invincible 
deposit show the contact between the Lower Merougil Group and the Upper Black 
Flag Group to be largely conformable, and not structurally deformed. However, at 
the Invincible South deposit, drilling and interpretation of the basal conglomerate 
beds indicate a low-angle unconformity with the Upper Black Flag Group Invincible 
Mudstone Member (Fig. 2.16). The inconsistent contact relationships between the Lower 
Merougil Group and the Upper Black Flag Group suggests that erosion was variably 
sub-parallel to bedding and possibly less extensive than previously interpreted. A 
variably	unconformable	contact	without	a	significant	time	gap	(although	a	time	gap	is	
difficult	to	determine	with	available	data)	suggests	that	the	change	from	deposition	of	
the subaqueous Upper Black Flag Group to the subaerial Lower Merougil Group may be 
more transitional than previously interpreted. 

Change	 in	 abundance	 of	 clast	 types	 provides	 a	 definitive	 way	 to	 identify	 the	
transition and contact between the Upper Black Flag Group and Lower Merougil Group 
in	 the	 field.	 In	 general,	 the	 presence	 of	 granite	 and	BIF	 clasts,	more	 common	basalt,	
andesite and vein-material clasts that are rounded to subrounded are typical of the Lower 
Merougil Group polymictic conglomerate beds. Clast content of conglomerate beds can 
also be used to aid stratigraphic correlation (e.g. Ingersoll 1990) and is particularly useful 
in mapping the extent of the Zeta Island Formation of the Lower Merougil Group.

2.7.3.1 Zeta Island Formation

The	 basal	 conglomerate-rich	 units	 of	 the	 Lower	 Merougil	 Group,	 herein	 defined	 as	
the Zeta Island Formation, are consistent with transport of voluminous volcaniclastic 
sediment	to	delta	fronts	where	they	form	extensive	coarse	debris	flows	into	a	subaqueous	
environment (Fig. 2.23e; McPherson et al. 1987). A transitional depositional environment 
between	 deep-water	 and	 subaerial	 alluvial-fluvial	 systems,	 such	 as	 a	 delta,	was	 first	
suggested by Bader (1994) for the Lower Merougil Group but dismissed instead for a 
braided-river system due to the paucity of associated pelitic units in her study areas. 
However, deltas can be built by braided rivers into standing bodies of water and as such 
can contain similar facies to them (Liangqing and Galloway 1991, McPherson et al. 1987).

Coarse-grained deltas are dominated by massive, laminated to large-scale cross-bedded 
to ripple cross-bedded sandstone and typically contain a basal breccia (Boggs 2014, 
Etheridge et al. 1984). Coarse-grained deltas are characterized by high rates of sediment 
input, especially during storm-discharge and volcanic events, and can experience more 
reworking	due	 to	 extended	periods	of	 time	between	 sediment	 influx	 (Liangqing	 and	
Galloway 1991). Coarse-grained deltas are divided into braid deltas: those associated and 
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transitional with braided-rivers and braid-plains; and fan-deltas: those associated with 
alluvial fans and fault blocks, mountain front and volcanic highlands; and (McPherson et 
al. 1987). Braid deltas contain facies similar to braided-rivers and braid-plains, including 
massive,	 laminated	 to	 cross-bedded	 sandstone	 and	 massive	 to	 diffusely-stratified,	
moderately well-sorted conglomerate beds containing subrounded to rounded clasts 
(McPherson et al. 1987). Fan-deltas are essentially alluvial fans that prograde into 
standing water, with alluvial fan deposits and submarine-fan deposits (Liangqing and 
Galloway 1991, McPherson et al. 1987, Postma 1984). 

Subaerial deposits in fan-deltas, as per alluvial fans, contain abundant lenticular to 
sheet-like and wedge shaped massive, trough and planar laminated gravel beds that may 
show imbrication and range from clast- to matrix-supported (Blair and McPherson 1994a, 
Blair	and	McPherson	1994b,	Boggs	2014,	Ethridge	and	Wescott	1984,	McPherson	et	al.	
1987, Winn Jr and Pousai 2010). They may also contain less abundant massive to planar- 
and	trough-stratified	fine	sandstone	to	laminated	mudstone	(Blair	and	McPherson	1994a,	
Blair and McPherson 1994b, DeCelles et al. 1991). Paleocurrent directions are locally 
unimodal, but regionally radiating (Blair and McPherson 1994a, Blair and McPherson 
1994b,	Rust	1978).	Sand-grains	are	fine-	 to	medium-grained,	 texturally	 immature	and	
their composition varies with source (Blair and McPherson 1994a, Blair and McPherson 
1994b, Boggs 2014). Vertical sections through an alluvial fan system show coarsening 
upwards	sequences	reflecting	fan	progradation,	and	can	be	dominated	by	debris	flows	
of	 poorly	 sorted	 coarse	 sediment	with	 a	muddy	matrix	 or	 stream-flows	of	 sheet-like	
gravel and sand-silt deposits that are moderately well sorted, with massive, laminated 
and	cross-stratified	textures	(Blair	and	McPherson	1994a,	Blair	and	McPherson	1994b,	
Boggs 2014, Rust 1978). Alluvial fans do not always transition downslope to the braided-
river system that may juxtapose them but are more often lateral tributaries to them 
(McPherson et al. 1987, Rust 1978). 

In volcanic terranes, such as the Central American Volcanic Arc around the Fuego 
volcano, Guatemala, alluvial fans form around the slopes of volcanoes, built by debris 
flows	and	hyper-concentrated	flood	flows	of	products	from	previous	eruptions	(Smith	
1987, Vallance 2005, Vessell and Davies 1981). In these areas, lahars (debris and hyper-
concentrated	flood	flows)	triggered	during	storm	events	transport	massive	amounts	of	
coarse pyroclastic debris downslope (Kataoka and Nakajo 2002, Kataoka and Nakajo 
2004,	Kataoka	2005,	Pierson	et	al.	1996,	Smith	and	Fritz	1989,	Vallance	2005,	Vessell	and	
Davies	1981).	Depending	on	climate	and	rainfall,	braided	rivers	also	variably	flow	across,	
and transition downslope from volcanic alluvial fans (Hayes et al. 2002). Resedimented, 
previously erupted pyroclastic debris can be transported into nearby standing water 
forming fan-deltas or out to braid-plains and braid deltas (Kataoka 2005).

The Zeta Island Formation shows some similarities with alluvial fan deposits, 
such as the abundant gravel-conglomerate beds (e.g. Smith 1988). Unlike an alluvial 
fan	 deposit,	 however,	 massive	 sandstone	 is	 very	 common,	 whereas	 cross-stratified	
sandstone is uncommon, and mudstone is rare. As such, it is unlikely that the Zeta 
Island	 Formation	 was	 deposited	 in	 a	 subaerial	 alluvial	 fan	 setting,	 although	 the	
overlying	Triangle	Island	Formation	may	have	been.	Sediment	gravity	flows	commonly	



59

Chapter 2: Architecture and evolution of the Neoarchean Black Flag and Merougil Groups, Kambalda

seen in alluvial fans are likely to have been important in depositing thick continuous 
gravel to boulder conglomerates and massive sandstone in the Zeta Island Formation, 
representing the submarine-fan portion of a fan-delta (in addition to high-concentration 
turbidity currents). Coarse-grained undulating pebble conglomerate beds, gradationally 
overlain	by	diffusely	graded	sandstones	in	the	Boso	Peninsula	of	Japan	(Ito	and	Saito	
2006),	have	similar	facies	correlation	profiles	and	map	form	to	the	Zeta	Island,	and	are	
interpreted to have formed in a paleocanyon submarine-fan system. Regionally, the 
similar, but younger, basal conglomerate-rich units of Kurrawang Group have also been 
interpreted	as	being	deposited	in	a	submarine	paleocanyon	setting	(Krapež	et	al.	2008).	

Since the original work by Bader (1994), regional study of the Lower Merougil 
Group	has	revealed	that	it	contains	significant	volcaniclastic	sediment	associated	with	
subaerially	derived	and	subsequently	reworked	pyroclastic	debris	(Krapež	et	al.	2008,	
Squire	et	al.	2010).	This	is	supported	by	the	dominance	of	volcanic	quartz	in	the	Zeta	
Island Formation (Fig. 2.6, 2.14). Voluminous volcaniclastic sediment transported from 
a	 subaerial	 fluvial	 system	 can	 trigger	 debris	 and	 hyperconcentrated	 flood	 flows	 in	
delta-fans (Cas and Wright 1987, Kataoka and Nakajo 2004, Vessell and Davies 1981). 
For	example,	Kuenzi	et	al.	 (1979)	describe	 the	significant	 increase	 in	fluvial	 to	deltaic	
sedimentation following the 1902 plinian eruption at the Santá Maria volcano on the 
Guatemalan	coastal	plain.	From	1902	to	1922	the	deltaic	platform	off	the	Samalá	River	
prograded approximately 6.4km seaward but was subsequently destroyed and sands 
redistributed into prograding shoreline environments (Cas and Wright 1987, Kuenzi et 
al. 1979). 

Alternatively,	 pyroclastic	 flows	 from	 subaerial	 eruptions	 can	 flow	 directly	 into	
shoreline environments where they may deposit part of their sediment, building a delta 
or enter the water, depositing in submarine-fans. For example, the July 2003 andesite lava 
dome collapse at the Soufriére Hills volcano, Montserrat, caused numerous pyroclastic 
flows	 to	 enter	 the	 ocean,	 depositing	 thick	 lobate	 to	 linear	 coarse-grained	 debris	 and	
finer-grained	turbidites	in	the	submarine-fan	portion	of	the	Tar	River	Valley	fan-delta	
(Trofimovs	et	al.	2008).

The	 Zeta	 Island	 Formation	 contains	 significant	 reworked	 epiclastic	 material,	 in	
addition to voluminous input from felsic volcanism, similar to the Archean Mapepe 
Formation in the Barberton Greenstone Belt, South Africa, which is also interpreted as a 
fan-delta sequence (Nocita and Lowe 1990). The large amount of compositional variability 
in	clasts	and	the	increasing	abundance	of	polycrystalline	(plutonic	-	metamorphic)	quartz	
reflects	rapid	uplift	and	erosion	of	multiple	basement	source	rocks,	including	similarly	
aged extra-basinal sources. Importantly, these complex variably derived fan-delta 
deposits would overlie prodelta turbidites (Cas and Wright 1987, Kataoka 2005), such as 
the contemporaneously aged turbidites found at the top of the Upper Black Flag Group. 
Fan-delta deposits would also be overlain by alluvial deposits (and may intertongue 
with proximal volcanic facies landward; Cas and Wright 1987), such as the commonly 
cross-stratified	 sandstone	 with	 channelised	 conglomerate	 of	 the	 Triangle	 Island	
Formation. At the Morgans Island outcrop, 6km north-west of the Invincible area, trough 
cross-bedded sandstone becomes more common and conglomerate beds are thinner 
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suggesting	a	lateral	and	up-sequence	transition	to	a	subaerial	lower	flow	regime	with	
a facies association more consistent with an alluvial fan or braid-plain. A similar lateral 
transition	from	subaerial	flows	to	subaquoues	debris	flows	is	described	by	Gloppen	and	
Steel (1981) in the Devonian fan-delta facies of the Hornelen basin, Norway. Based on the 
high proportion of volcanic components, the Zeta Island Formation is inferred to have 
a maximum depositional age of 2670 – 2665Ma based on detrital zircon age populations 
for this part of the stratigraphy that was forming at partially contemporaneously with 
the Morgans Island Formation.

2.7.3.2 Triangle Island Formation

The	gradual	upwards	fining	of	 the	Lower	Merougil	Group,	 represented	by	extensive	
sheet-like	conglomerate	and	massive	sandstone	overlain	by	commonly	cross-stratified	
sandstone and lens-shaped conglomerate beds, suggests a declining regional slope and/
or	 a	waning	 sediment	 supply	 rate,	 and	 transition	 to	more	 commonly	 cross-stratified	
sandstone from the Zeta Island Formation to the Triangle Island Formation. The less 
extensive lens-like beds of conglomerate in the Triangle Island Formation are associated 
with abundant tractional sedimentary structures such as common trough cross-
stratification,	planar	lamination,	as	well	as	massive	sandstone.	The	sedimentary	facies	of	
the Triangle Island Formation are consistent with previous interpretations of deposition 
in a subaerial sandy braid-plain environment where conglomerates form at the base 
of	braided	river	channels	(Bader	1994,	Krapež	et	al.	2008),	but	also	have	similarities	to	
beach deposits (Bader 1994, Boggs 2014, Tamura 2012). 

The successions of the Triangle Island Formation closely resemble the facies 
dominantly found in a proximal sand dominated braid-plain (Bader 1994), similar to the 
Donjek	type	vertical	profile	model	of	Miall	(1977).	Local	less	laterally	continuous	lens	
like conglomerate bed forms represent channel bases of a braid-plain (Fig. 2.23f; Bader 
1994,	Krapež	et	al.	2008).	

 Thick successions of massive, planar laminated to cross-bedded sandstone 
composed	 of	 volcanic	 and	 plutonic	 quartz	 interbedded	 with	 restricted	 polymictic	
conglomerate layers comprise the Triangle Island Formation. The lithofacies of the 
Triangle Island Formation are typical of streams draining from elevated topography, 
causing high-sedimentation rates most similar to a braid-plain (Fig. 2.23f; Bader 1994, 
Krapež	et	al.	2008).	Paleocurrents	at	three	locations	around	the	Merougil	Basin	support	
a dominantly north-north-west source area, which is also consistent with previous 
interpretations	(Fig.	2.16;	Bader	1994,	Krapež	et	al.	2008).	Point	counting	of	framework	
grains in the Lower Merougil Group sandstones reveals a transition to almost equal 
proportion	of	volcanic	to	polycrystalline	quartz	above	the	Zeta	Island	Formation.	The	
increased	 abundance	 of	 polycrystalline	 quartz	 in	 the	 upper	 sequence	 supports	 uplift	
and erosion of metamorphic or plutonic rocks. Polymictic derived clasts (e.g. basalt, 
andesite, felsic clasts) and the increased abundance of granite clasts also supports 
this. Detrital zircon dating suggests that large granitic intrusions of similar age to the 
Kambalda Granodiorite (2662 ± 6 Ma; Compston et al. 1985), that uplifted and domed the 
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surrounded stratigraphy, and then subsequently partially eroded, could have provided 
some	 of	 the	 granite	 clasts	 and	 polycrystalline	 quartz.	 The	 Triangle	 Island	 Formation	
crops out on the edge of Lake Lefroy on Triangle Island (Fig. 2.1d, e: Merougil outcrop). 
The Triangle Island Formation is inferred to have a maximum depositional age of 2665 
– 2660Ma based on detrital zircon age populations for this part of the stratigraphy that 
was deposited conformably over the Zeta Island Formation. 

2.7.4 Regional correlation

The	increased	understanding	of	the	younger	stratigraphy	overlying	the	mafic-ultramafic	
Kambalda Sequences has also allowed correlation with units described in detail in 
recent studies of the Kalgoorlie Terrane volcano-sedimentary stratigraphy. Based on 
chronostratigraphy and description of the revised formations by Tripp (2013), as well as 
the proposed regional volcanic cycles and correlations of Squire et al. (2010), a revised 
regional	correlation	that	includes	new	information	from	the	St	Ives	gold	field	is	proposed	
(Fig. 2.24). 

2.7.4.1 Newtown Felsic Formation of the Lower Black Flag Group (2690 – 2680 Ma):

In	the	St	Ives	gold	field,	the	lower	Newtown	Felsic	Formation	comprises	felsic	breccias,	
coarse feldspar-rich sandstone and mudstone consistent with units of the Talbot Formation 
to the north. These units contain detrital zircons with youngest age populations around 
2685 ± 2 Ma. Compositionally, the upper Newtown Felsic Formation does not correlate 
with	the	andesitic	units	of	the	same	age	in	the	White	Flag	Formation	and	are	of	different	
composition to those found in the Talbot Formation (Tripp 2013) suggesting there are 
some	regional	differences	in	clastic	and	volcanic	sources.	Although	regional	variations	
are evident, the Talbot, White Flag and Newtown Felsic formations represent similarly 
aged, rapidly reworked pyroclastic debris and proximal ‘felsic’ volcanism consistent 
with	the	first	stage	of	cycle	one	volcanism	described	by	(Squire	et	al.	2010).	

2.7.4.2 Speedway Andesite Formation of the Upper Black Flag Group (2680 – 2670 Ma): 

In	 the	 St	 Ives	 gold	 field,	 the	 Speedway	Andesite	 Formation	 unconformably	 overlies	
the Newtown Felsic Formation and comprises resedimented feldspar-rich sandstone, 
polymictic conglomerate dominated by andesite and felsic porphyry clasts, monomictic 
andesitic breccia and coherent andesite. Tripp (2013) suggested that the andesitic 
units found on the northern edge of Lake Lefroy correlated with the andesitic units of 
the White Flag Formation. However, the andesitic units there are actually polymictic 
conglomerates containing abundant andesitic, dacitic and rhyolitic clasts intercalated 
with coherent andesite and lesser monomictic andesite breccia, which is distinct to 
the clast populations in the White Flag Formation, but similar to those described in 
the Gibson-Honman Formation (Tripp 2013). The crystallisation age of the coherent 
andesite, 2674 ± 8 Ma, overlaps slightly with the White Flag Formation 2690 ± 9 Ma, but 
is more consistent with the detrital zircon age of the Gibson-Honman Formation 2675 ± 5 
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Ma (Tripp 2013). The units of the Speedway Andesite Formation suggest that the second 
stage	of	cycle	one	contained	localised	proximal	‘intermediate’	volcanism	with	significant	
input from more distally sourced ‘felsic’ volcanic debris.

2.7.4.3 Morgans Island Formation of the Upper Black Flag Group (2675 – 2665): 

The Morgans Island Formation overlies the Speedway Andesite Formation at the St 
Ives	gold	field	and	comprises	mudstone,	siltstone,	volcanic-quartz-rich	sandstone	and	
polymictic conglomerate with a detrital zircon age of 2670 ± 6 Ma. Regionally, the 
Morgans Island Formation is similar in age and composition to the thick mudstones, 
relatively	quartz-rich	sandstones,	conglomerates	and	felsic	intrusions	of	the	Gidji	Lake	
Formation described by Tripp (2013) as overlying the Gibson-Honman Formation. 

2.7.4.4 Zeta Island and Triangle Island formations of the Lower Merougil Group (2670 – 2660 
Ma): 

The	Lower	Merougil	Group	in	the	St	Ives	gold	field	contains	a	lower	extensive	conglomerate	
unit	 referred	 to	 in	 this	 study	 as	 the	Zeta	 Island	Formation	 and	 an	upper	 quartz-rich	
sandstone, pebbly sandstone and lesser polymictic conglomerate locally referred to as 
the Triangle Island Formation. The Zeta Island and Triangle Island formations contain 
a rounded polymictic clast population derived from the underlying stratigraphy with a 
volcanic	quartz-rich	sandstone	matrix.	Trough	cross-bedding	is	common	in	the	Lower	
Merougil	Group	at	St	Ives.	The	sandstone	contains	abundant	volcanic	quartz	in	addition	
to	polycrystalline	quartz	sourced	from	eroded	granites	or	metamorphosed	rocks.	The	
Zeta Island and Triangle Island formations are regionally equivalent to the Government 
Dam	Grit	at	Kanowna	Belle	and	the	Navajo	Sandstone	at	Ora	Banda	(Krapež	et	al.	2008,	
Squire et al. 2010). These units are consistent with voluminous explosive eruptions that 
were	 rapidly	 reworked,	 well-sorted	 and	 quartz-rich	 that	 were	 deposited	 along	 with	
polymictic conglomerate that likely spent time in a shoreline environment, into a fan-
deltas	to	subaerial	fluvial	braid-plain	paleoenvironment	(Bader	1994,	Krapež	et	al.	2008,	
Squire et al. 2010).

2.8 Conclusions

The young volcano-sedimentary basin successions that overlie the Paringa Basalt in the 
St	Ives	gold	field	are	divided	into	the	Lower	Black	Flag	Group,	Upper	Black	Flag	Group	
and the Lower Merougil Group. Clast counting of conglomerate beds throughout these 
successions	clearly	and	easily	identifies	each	stratigraphic	unit	in	the	field.	

The Lower Black Flag Group comprises the ‘lower’ Newtown Felsic Formation: proximal 
felsic volcanism and resedimented feldspar and juvenile lithic-rich pyroclastic debris of 
dacitic origin, and ‘upper’ Newtown Felsic Formation: rapidly resedimented feldspar-
rich	pyroclastic	material	intercalated	with	eroded	mafic	basement	fragments;	deposited	
in a submarine volcanic apron paleoenvironment. The Upper Black Flag Group is 
divided into the Speedway Andesite Formation: thick sequences of coherent andesite 
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Figure 2.24 Correlation	of	the	volcano-sedimentary	sequences	of	the	St	Ives	gold	field	with	regional	equivalents,	adapted	after	Squire	et	al.	(2010)	and	Tripp	(2013).	Regional	ages	from	Tripp	(2013),	Squire	et	al.	(2010),	Sircombe	(2007),	Fletcher	et	al.	(2001),	
Hand (1998), Nelson (1995), Carey (1994), Clout (1991), Claoué-Long et al. (1988), and Roddick (1984).
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lava, and lava-domes with variably resedimented andesitic hyaloclastite breccia and 
more distally sourced felsic pyroclastic debris, and overlying Morgans Island Formation: 
volcanic	quartz-rich	sandstone	and	polymictic	conglomerates	of	the	Invincible	Sandstone	
Member	 and	 the	 thick	 fine-grained	 turbidite	 sequences	 of	 the	 Invincible	 Mudstone	
Member; that host the Invincible gold deposit and numerous other gold prospects. The 
Lower Merougil Group is divided into the basal extensive polymictic conglomerate and 
massive	 volcanic-quartz	dominated	 sandstone	 of	 the	 Zeta	 Island	 Formation,	 and	 the	
cross-bedded sandstones and lens-like conglomerate of the Triangle Island Formation. 
These basin sequences represent a prolonged ~20 Myr period where ‘felsic’ pyroclastic 
debris was transported and redeposited into large submarine fan systems that were 
rapidly uplifted and transitioned over < 5 Myr to a fan-delta and then a subaerial alluvial-
fan	and	braid-plain	setting.	

Three unconformities as well as early basin-forming faults, such as the Alpha Island 
Fault, which acted as a conduit for magma, submarine fan sedimentation and later 
hydrothermal	fluids,	were	identified	through	a	detailed	understanding	of	the	provenance	
and distribution of these volcaniclastic successions. Recognition of formations with 
distinct provenance, detrital zircon U-Pb age populations and spatial distribution has 
also allowed correlation with regional units of broadly equivalent composition and age.
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2.11 Appendices
2.11.1 A2.1. Extended Methods 

2.11.1.1  Mapping and diamond drill hole logging

A detailed understanding of the stratigraphy overlying the Paringa Basalt was established 
through mapping of exposures in the Invincible and Invincible North open pits and 
along the edge of Lake Lefroy. The majority of the study area contained no outcrop and 
was	covered	by	up	to	70m	of	Cainozoic	fluvial,	lacustrine	to	alluvial	sediments	(Fig.	1D).	
As such, 67 diamond drill core holes, totaling over 27 km in length, were selected from 
across	the	deposit	and	region	and	graphically	logged.	Composition,	clast	identification,	
younging indicators, deformation fabrics, alteration assemblages and veining were 
documented. A subset of 28 holes were carefully selected for a cross-section through the 
study area and for regional correlation. 

To	aid	correlation	in	the	field	and	assess	provenance	changes,	clast	counting	was	
conducted at regular intervals on conglomerate beds. Clast counting was done by 
selecting 1m of core at as regular as possible intervals down hole, typically 30-50m 
spacing	and	counting	all	clasts	greater	than	0.5cm.	A	0.5cm	cut-off	for	clast	counting	was	
used	because	smaller	clasts	were	often	altered	or	 too	small	 to	distinguish	 identifiable	
characteristics accurately. Clasts were grouped into 6 categories, namely: ‘andesite’ 
consisting	of	hornblende-feldspar	porphyritic	clasts;	‘felsic	porphyry’	consisting	quartz-
feldspar porphyritic (dacitic to rhyolitic) clasts; ‘sediment’ dominantly consisting of 
siltstone	to	mudstone	with	rare	sandstone	clasts;	‘mafic’	dominantly	consisting	of	basalt	
with	 less	common	ultramafic	clasts;	 ‘granite’	consisting	of	granite-granodiorite	clasts;	
and	 ‘vein’,	consisting	of	quartz-carbonate-feldspar	±	sulphides,	clasts.	The	abundance	
of each clast type per 1m was calculated and converted to a percentage for comparison 
through the stratigraphy. 

The St Ives Gold Mine database of drilling was also used to give a broader 
understanding of the regional geology. The study area contains over 50,000 drill holes, 
ranging from diamond drill core to reverse circulation to air-core and rotary air blast drill 
holes, drilled over almost 30-years. The focus of logging across this 30-year period has 
fluctuated	between	different	companies	(Western	Mining	Corporation	and	Gold	Fields),	
and with the change from nickel to gold exploration and mining, but also as a result of 
numerous geologists being involved. As such, the 68 diamond drill core holes logged 
were used to ground truth existing logging along with core photographs of a large 
portion of the diamond drill core holes in the study area. St Ives Gold Mine geophysical 
images, including mosaic total magnetic intensity, sub-audio magnetic and gravity from 
ground and regional air surveys, were used to help map stratigraphic units.

2.11.1.2 	Petrography	and	X-Ray	Diffraction

Throughout the volcano-sedimentary stratigraphy, 39 least altered samples were chosen 
and thin-sections made for point counting, after Folk (1974) of primary framework grains 
(quartz-feldspar-lithics)	as	well	as	determination	of	matrix	composition.	Distinctions	were	
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made	between	volcanic	quartz	and	polycrystalline	quartz,	plagioclase	and	k-feldspar,	as	
well	as	felsic,	mafic	and	sedimentary	lithic	fragments.	For	each	sample,	these	constituents	
were counted to a total of 300 points. The results were used to populate a QFL diagram. 

X-Ray	Diffraction	(XRD)	was	undertaken	to	determine	the	bulk	mineral	abundances	
in least altered pelitic samples. Analysis was completed on a Bruke D2 Phaser, using an 
operating	voltage	of	30kV	and	10mA	with	a	cobalt	X-Ray	tube	to	general	CoKα	radiation	
with	a	wavelength	of	1.79026	Å.	A	1.0mm	(0.5°)	fixed	divergence	slit,	2.5°	soller	slit	and	
an	Fe-filter	were	used.	Each	scan	ranged	from	5	to	120°	(2θ)	with	a	0.02°	step	size	and	a	
measurement	time	of	0.6	seconds	per	step.	Mineral	phases	were	identified	using	Bruker	
DIFFRAC.EVA	software	package	with	the	PDF-2	(2012	release)	powder	diffraction	file	
mineral	database.	Mineral	abundances	were	quantified	by	quantitative	Rietveld	analysis	
using	TOPAS	pattern	analysis	software.

2.11.1.3  Whole rock and trace element geochemistry

Whole rock X-Ray Fluorescence (XRF) major oxide and trace element, as well as Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) trace element analysis was conducted 
on 41 least altered sandstone, mudstone and coherent igneous samples throughout 
the study area. These samples were crushed using a tungsten carbide hydraulic press 
and milled in an agate mill to reduce potential contamination. Powdered samples were 
prepared into fused disc and pressed powder pills for analysis of 10 major oxides, 
sulphur	and	fluorine,	and	33	trace	elements	respectively	using	a	PANanalytical	Axios	
Advanced X-Ray Spectrometer with a 4kW maximum Rh anode end window. Powdered 
samples were also digested with four acids (H2SO4, HClO4, HNO3, and HF) under high 
pressure and temperature using the PicoTrace-GmbH system and then analysed for 46 
trace elements with an Agilent 7700x ICP-MS using He gas. Both sets of analyses were 
conducted at the University of Tasmania using international and Tasmanian reference 
standards and pure silica blanks. 

2.11.1.4  U-Pb zircon geochronology 

To	 assess	 the	 temporal	 changes	 and	 correlations	 between	 the	 units	 defined	 through	
detailed logging, 20 samples were selected for zircon U-Pb geochronological analysis. 
To ensure the most accurate ages were obtained samples selected were least altered and 
deformed and away from veining and intrusions. Detrital and igneous zircons were 
separated from the whole rock, mounted, and then imaged using conventional plane 
polarised microscopy and cathode-luminescence scanning-electron microscopy.  

The method for analysis follows Solari et al. (2015) and Squire et al. (2010), where 
zircon grains from the least magnetic fraction, together with zircons from the standard 
91500 (Wiedenbeck et al. 1995), NIST610 (Baker et al. 2004), Mudtank (Black and Gulson 
1978), Plešovicer (Sláma et al. 2008), and QingHu (XianHua et al. 2013). The zircons were 
annealed at 850°C for 48hours (Allen and Campbell 2012) prior to analysis using the LA-
ICP-MS facilities at the University of Tasmania with a 29µm beam size as per the method 
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presented in Squire et al. (2010). 

 Analyses were performed on an Agilent 7700 quadrupole ICPMS with a a193 
nm Ar-F excimer laser and the Resonetics S155 ablation cell at UTAS. Corrections were 
made for downhole fractionation, instrument drift, mass bias and common Pb. Isotopes 
measured were 49Ti, 56Fe, 178Hf, 202Hg, 204Pb, 206Pb, 208Pb, 232Th, 235U and 238U. 
The data reduction method used was based on Halpin et al. (2014), similar to methods 
used by Black et al. (2004) and Paton et al. (2010). Uncertainties were calculated similar 
to the methods used by Halpin et al. (2014) and Paton et al. (2010). Common Pb was 
corrected for using the 204Pb method. Zircon age populations were interpreted following 
the approach used by Squire et al. (2010) using where possible at least 60 zircons for 
detrital zircon samples and 15 for igneous samples. Care was taken to select spots free 
from inclusions, metamict zones, with dominantly one analysis per zircon, typically on 
clear rims. Zircon cores that were large enough, not metamict, and free from inclusions 
were also uncommonly analysed to capture older age populations.
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2.11.3 A2.3. Hole locations

Table A2.4 Locations of diamond drill holes used in this study.
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2.11.4 A2.4. Geochemistry data

Table A2.5 XRF and select ICP-MS whole rock geochemical data. See digital appendix for full list of elements.
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2.11.5 A2.5. QXRD Mineral data

Table A2.6 QXRD mineral abundance results for mudstone, siltstone and sandstone samples of the Lower 
and Upper Black Flag, and Lower Merougil groups. 
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2.11.6 A2.6. Zircon cathodoluminescence images

Figure A2.1 Detrital zircon cathodoluminescence images showing spots analysed. 
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Figure A2.2 Igneous zircon cathodoluminescence images showing spots analysed. 
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2.11.7 A2.7. Zircon U-Pb data

Figure A2.3 Santa Ana Trondhjemite and Lower Merougil Group granite clast zircon U-Pb age data. Zircon 
mean weighted U-Pb age for the Santa Ana Trondhjemite was 2665 ± 5.5 Ma based on 56 zircons with a 
single population of ages. A granite clast was dated from the Lower Merougil Group, the zircons commonly 
contained U above 500 ppm, and common Pb. Due to the small sample size, these zircons (normally rejected) 
were used to obtain a mean weighted age of 2652 ± 13 Ma, however more sampling of granite clast material 
is required for a more robust age. 

See digital appendix for Zircon U-Pb data.
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A2.8. Stratigraphic definition cards

See digital appendix
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Chapter 3
Structural evolution of the Neoarchean Invincible 
gold deposit, St Ives gold field, Western Australia 

89

3.0 Abstract

Three	distinct	vein	stages	have	been	recognised	at	the	Invincible	deposit,	that	reflect	
at	 least	 two	 discrete	 mineralisation	 events	 separated	 by	 a	 period	 of	 significant	

deformation. The widespread extension veins are consistent with formation during 
prolonged northeast-southwest compression. 

Stage 1 extension veins are now steeply dipping (5° - 89°), NW-SE trending (99° - 
265°) intensely deformed and folded sets of originally gently dipping parallel extension 
veins that are commonly bound between bedding-parallel shears. These veins host 
low-grade gold (0.01 - 1.2 ppm Au) but typically lack haloes of visibibly altered wall 
rock. Stage 2 extension veins and breccias commonly boudinaged and less intensely 
folded	than	stage	1	veins	that	they	cut.	These	veins	form	in	a	similar	structural	setting	
to stage 1 veins but are best developed in the hinge regions of folds where bedding 
was oriented perpendicular to the subvertical least compressive stress; determined by 
bedding-vein	 geometries	 and	 mineral	 fibres	 prependicular	 to	 vein	 margins.	 Stage	 2	
veins are subvertical to steeply dipping (29° - 90°), NW-SE trending (118° - 196°) and 
cut a folded S0-1.	The	mineral	fibres	in	these	extension	veins	are	now	subhorizontal	and	
suggests that these now deformed extension veins  developed as gently dipping veins 
when the stratigraphy was less folded and were subsequently rotated to steep SW dips 
during later ductile deformation, prior to the emplacement of the stage 3 veins. Stage 
2 veins contain the bulk (approximately 85%) of high-grade gold ore (0.01 - 42.2 ppm 
Au) and are haloed by characteristic inner albite-pyrite altered wallrock. Stage 2 veins 
are most abundant in the Invincible Mudstone member of the Upper Black Flag Group. 
Stage 3 veins developed after the stratigraphy was folded and more steeply dipping as it 
is today. These veins are weakly deformed, gently dipping (2° - 48°), NNW-SSE trending 
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(93° - 269°) extension veins that also contain high-grade gold (0.01 - 58.3 ppm Au) but 
are less abundant than stage 2 veins. Stage 3 veins cut folded stage 1 and 2 veins. The 
asymmetry of folded stage 1 and 2 veins suggests top-to-the-NE directed (reverse) shear. 
The	approximately	90°	difference	in	geometry	of	stage	1-2	and	3	veins	is	evidence	of	least	
two	discrete	mineralising	events	separated	by	a	period	of	significant	deformation.	

Deformed veins surrounded by albite-pyrite altered wall rock, consistent with 
stage 2, develop across the unconformable contact between the Upper Black Flag and 
Lower Merougil groups indicating that gold mineralisation is younger than c. 2665 Ma. 
Hydrothermal monazite associated with stage 2 veins indicates gold mineralisation 
occurred at 2632 ± 14 Ma. As such this chapter presents a structural model where, the 
onset	of	mineralisation	at	Invincible	follows	a	change	in	the	regional	stress	field	from	
northeast-southwest extension (D3) to northeast-southwest compression (D4a, 4b) that 
occurred after the deposition of the Lower Merougil Group and peak metamorphism.

3.1 Introduction

Orogenic gold mineralisation commonly occurs during compressional to transpressional 
deformation that is syn- to post-peak metamorphism (Goldfarb and Groves 2015, Groves 
et	al.	2000).	Transient	permeability	enhancement	and	fluid	migration	in	shear	zones	and	
thrust faults associated with northeast-southwest compression is widely recognised as 
a	major	control	on	orogenic	gold	deposit	 formation	 in	 the	Eastern	Goldfields	Terrane	
(Cox et al. 2001, Cox and Ruming 2004, Nguyen et al. 1998, Micklethwaite and Cox 2006, 
Groves et al. 2000). Mineralisation in these types of systems can take place during single 
or	multiple	events	that	may	have	similar	or	vastly	different	deformation	regimes.	The	
timing	 and	 number	 of	 orogenic	 gold	mineralisation	 events	 in	 the	 Eastern	Goldfields	
Superterrane (EGT) is contentious, even at well-studied deposits such as the Golden 
Mile, with arguments for a single protracted event (Vielreicher et al. 2010, Vielreicher et 
al.	2016)	or	multiple	events	separated	by	significant	time	(Yeats	et	al.	1999,	Bateman	and	
Hagemann	2004,	Blewett	et	al.	2010a).	This	is	complicated	by	the	fact	that	gold-bearing	
veins in these deposits commonly develop during reactivation of pre-existing faults or 
shear zones (Groves et al. 2000).The absolute timing of mineralisation at deposits across 
the EGT varies from 2610 to 2680 Ma. 

A	 protracted	 compressional	 structural	 setting	 is	 generally	 associated	 with	 the	
Archean	 gold	 deposits	 in	 the	 world	 class	 St	 Ives	 gold	 field,	 in	 Kambalda,	 Western	
Australia	(e.g.	Revenge,	Victory-Defiance,	Argo,	Athena;	Ruming	2006,	Clark	1987,	Cox	
and Ruming 2004, Crawford 2011, Miller et al. 2010, Nguyen 1997, Gibson 2011). Most 
of	these	deposits	are	hosted	in	the	mafic-ultramafic	Kambalda	Sequence,	near	the	hinge	
of	 the	Kambalda	Anticline	 (Blewett	et	al.	2010b,	 Jones	et	al.	2019).	These	deposits	are	
thought	to	be	the	result	of	repeated	transitions	between	ductile	and	brittle	shear	during	
progressive deformation and multiple stages of mineralised vein formation (Nguyen 
et al. 1998, Crawford 2011), that may be the result of injection-driven swarm seismicity 
tapping	overpressured	fluid	reservoirs	(Cox	2016).	

The Invincible deposit, located on the western limb of the Kambalda Anticline (Fig. 
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3.1), contains two discrete styles of mineralisation and ore vein orientations that were 
thought	to	reflect	reverse-sinistral	shearing	during	a	single	mineralising	event	(Ahmed	
et al. 2013, Crawford 2014, Tripp 2018). Steeply dipping veins in the Black Flag Group 
mudstone	were	thought	to	reflect	fault-fill	veins	that	formed	in	shear	zones	parallel	to	
the Merougil and Morgans Island shears (Ahmed et al. 2013, Woodcock et al. 2015). The 
associated gently dipping extension veins were thought to form in the footwall Black 
Flag Group sandstone unit. The Merougil and Morgans Island Shears were thought to 
be located at the hanging-wall and footwall contacts, respectively, of the mudstone unit 
at the top of the Black Flag Group (Ahmed et al. 2013, Crawford 2014, Woodcock et 
al. 2015). However, detailed documentation of structural fabrics and vein overprinting 

Figure 3.1 Archean	geology	of	 the	Yilgarn	Craton,	Western	Australia.	 (a)	Location	of	 the	Eastern	Yilgarn	
Craton	in	Western	Australia;	(b)	The	Yamarna,	Burtville,	Kurnalpi	and	Kalgoorlie	Terranes	of	the	Eastern	
Yilgarn	Craton;	(c)	Domain	subdivisions	of	the	Kalgoorlie	Terrane	and	location	of	the	St	Ives	gold	field	(after	
Swager	et	al.	1990);	(d)	The	St	Ives	gold	field	and	extent	of	the	Lake	Lefroy	Salt	Lake,	outcrop	locations	on	the	
margins	of	the	lake	(Morgan’s	Island,	Pilbailey,	Merougil)	and	major	gold	deposits;	(e)	Simplified	Archean	
geology map of the study area. The dashed line north-west of the Alpha Island Fault is interpreted by St 
Ives goldmine geologists to be a fault from limited drill holes and interpretation of magnetic geophysical 
datasets (pers. comm. P. Edmonds).
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relationships	presented	in	this	paper	suggest	that	different	structural	settings	are	required	
to explain the timing of vein formation and deformation at the Invincible deposit. 

This paper examines the Invincible deposit as it presents a unique opportunity to 
document	the	structural	setting	and	timing	of	gold	mineralisation	at	a	deposit	hosted	
in the young volcano-sedimentary stratigraphy of the Upper Black Flag and Lower 
Merougil groups. It aims to determine the similarities in structural evolution, if any, to 
the	well-studied	deposits	in	the	older	dominantly	mafic	stratigraphy.	New	information	
is presented on the relative and absolute timing relationships of the tectonic fabrics and 
vein stages and synthesised into a well constrained alternative compressional structural 
model to that proposed by Jones et al. (2019). 

3.2 Regional geology

The	stratigraphy	of	the	St	Ives	gold	field	(Fig.	3.2)	comprises	from	oldest	to	youngest	
the Lunnon Basalt (2720 ± 105 Ma; Roddick 1984), Kambalda Komatiite (2709 ± 4 Ma; 
Claoué-Long et al. 1988), Devon Consols Basalt (2693 ± 30 Ma; Compston et al. 1986), 
Kapai	Slate	(2692	±	4	Ma;	Claoué-Long	et	al.	1988),	Defiance	Dolerite,	and	Paringa	Basalt	
(2690 ± 5 Ma; Clout 1991). The Condenser Dolerite (2680 ± 8 Ma; Carey 1994) intrudes 
the Lower Black Flag Group (2685 ± 8 Ma; Doutch and Cas 2019) that is interpreted to 
disconformably overly the Paringa Basalt (Hand 1998). The Upper Black Flag Group 
(UBFG) unconformably overlies the Lower Black Flag Group and hosts the Invincible 
deposit in the Morgans Island Formation (2670 ± 6 Ma; Doutch and Cas 2019). The 
Invincible Mudstone member of the Morgans Island Formation contains most of the 
Invincible > 2 Moz gold resource, with a small amount hosted in the footwall Invincible 
Sandstone member. The Lower Merougil Group (LMER; 2666 ± 4 Ma; Doutch and Cas 
2019) overlies the Upper Black Flag Group. In the study area, the LMER is dominantly 
barren, however alteration mineralogy and rare ore-veins associated with the Invincible 
deposit do cross-cut the variably unconformable contact between the UBFG and the 
LMER (Doutch and Cas 2019). The rocks in the study area have been metamorphosed to 
grades between upper greenschist and lower amphibolite (Archibald et al. 1978, Clark et 
al.	1989),	for	simplicity	the	‘meta’	prefix	has	been	omitted.

3.3 Regional deformation framework

A	regional	structural-event	 framework	 for	 the	Eastern	Goldfields	Superterrane	 (EGT)	
was	formed	from	the	correlation	of	extensive	regional	mapping	(Swager	1997,	Blewett	et	
al.	2010a).	The	dominant	NNW-striking	fabric	identified	across	the	EGT	reflects	several	
deformation events but is mainly the result of E-W horizontal compression and used as a 
regional	marker	for	correlating	structural	events	(Blewett	et	al.	2010a,	Swager	1997,	Jones	
2014,	Weinberg	et	al.	2003,	Passchier	1994).	Based	on	fabrics	identified	in	the	field,	four	
compressional events, denoted as ‘D1’ to ‘D4’, separated by local to regional extensional 
events, denoted as ‘DE’, comprise the regional deformation framework proposed by 
Swager	(1997).	Blewett	et	al.	(2010a)	built	on	this	work	and	further	constrained	the	timing	
of these events using U-Pb SHRIMP dates of granites and maximum depositional ages of 
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late basin sediments. The revised regional deformation framework applied to the St Ives 
gold	field	by	Blewett	et	al.	(2010b)	summarised	(Table	3.1):

• D1 event: east-northeast extension, development of growth faults and initial 
dome structure of the Kambalda Anticline; intrusion of Kambalda Granodiorite; 
associated	with	major	basin	development	as	well	as	mafic-ultramafic	volcanism	
and sedimentation. 

• D2 event: east-northeast contraction, inversion of early growth faults as thrusts 
such	as	the	Playa	and	Foster	thrusts,	limited	foliation	development,	amplification	
of the Kambalda Anticline.

• D3 event: north-east extension, exhumation of greenstone stratigraphy and 
underlying granites that were deposited as conglomerates in the Lower 
Merougil Group, normal faults at the Santa Ana deposit, intrusion of porphyries 
such as the ‘Flames’ trending NW, development of layer parallel foliation above 
expanding granite domes (e.g. Victory Dome).

• D4a event: east-northeast contraction, development of the dominant upright 
north-northwest trending foliation in the EGT, upright folding and formation 

Figure 3.2 Stratigraphy	of	the	St	Ives	gold	field,	Kambalda.	Revised	stratigraphic	divisions	and	zircon	U-Pb	
ages of the Black Flag Group and Merougil Group from Doutch and Cas (2019) are shown.
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of	the	north-northwest	trending	regional	Merougil	syncline,	amplification	of	the	
Kambalda Anticline, extensive reverse faults and thrusts to the west-southwest 
or	east-northeast	(e.g.	Victory-Defiance	deposit).

• D4b event: sinistral transpression, north-northwest sinistral strike-slip faults 
and shear zones with intense foliation, gently-dipping fabric and horizontal 
crenulations associated with east-west trending normal faults related to releasing 
bends	at	the	Victory-Defiance	deposit.		

• D5 event: dextral transpression, north- to north-northeast-trending dextral 
strike-slip faults such as the latest movement on the Alpha Island Fault.  

The Invincible deposit is located on the western limb of the Kambalda anticline 
(D1-2, 4a), at the intersection of the north-northwest-trending Speedway Fault Zone and 
the north-northeast-trending Alpha Island Fault (Fig. 3.1e). The Speedway Fault Zone 

Table 3.1 Regional	deformation	frameworks	for	the	Kalgoorlie	Terrane.	Table	modified	after	Blewett	et	al.	
(2010).
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is composed of several laterally extensive south-southwest-dipping shear zones (D4a-b 
event;	Connors	2002,	Blewett	et	al.	2010b),	including	the	Merougil	Shear	and	Morgans	
Island Shear that develop proximal to the upper and lower contacts of the Invincible 
Mudstone member, Upper Black Flag Group. The Alpha Island Fault is considered to be 
an early basin-forming fault (D1 event) synchronous with volcanism and sedimentation, 
due to facies and thickness changes in the units across the structure (Connors et al. 2002, 
Miller et al. 2010, Doutch and Cas 2019). During later deformation (D5 event) the Alpha 
Island	Fault	 is	reactivated	as	a	dextral	strike-slip	fault	causing	~500	m	of	offset	of	the	
stratigraphy, numerous gold deposits, including Invincible and the Speedway Fault 
Zone. 

3.4 Methods
3.4.1 Vein and deformation fabric paragenesis 

Mining of the Invincible deposit commenced in two open pits, Invincible Main and 
Invincible North at a similar time to this study in early 2015. As such, the majority of 
observations, measurements and samples taken during this study were from diamond 
drill-core and limited open pit and rock exposures cropping out on the edge of Lake 
Lefroy. Underground mining commenced at the end of 2017 that provided access to 
more complete exposures of the Invincible ore-system. 

Mapping of outcrop along the edge of Lake Lefroy and exposures in the Invincible 
open pits was conducted to understand the internal stratigraphy of the Upper Black Flag 
Group (UBFG) and the Lower Merougil Group (LMER) volcano-sedimentary successions 
and	to	determine	the	structural	framework	during	mineralisation	and	its	influence	on	the	
distribution of deposits on the Speedway Shear Zone. Limited underground mapping 
at Invincible, in the Fenton and Drake declines, was also undertaken to help understand 
3D relationships of veins and fabrics. Throughout most of the study area, basement 
rocks are covered by up to 70m of unconsolidated Cainozoic sediments. As such, 67 
diamond drill holes (totalling over 27km) were graphically logged across the Invincible 
deposit and along strike of the deposit. The St Ives Gold Mine drill-hole database was 
used to interpret the location and geometry of stratigraphic contacts from logging and 
structural measurements as the extent and composition of hydrothermal alteration. 
From least-weathered diamond drill core a total of 463 samples were collected from drill 
core	below	the	base	of	significant	surficial	oxidation,	with	an	additional	16	samples	from	
least-weathered outcrop in the open pits, 6 from underground and 2 from outcrop near 
Morgans Island. Of these, a subset of 212 samples were chosen for thin-section analysis 
of vein and wall rock mineralogy, mineral paragenesis and microstructure. 

The relative timing of structural features or events described in this paper are 
denoted	by	 a	numbered	 suffix.	The	 suffix	numbering	 is	 only	valid	 for	 the	 Invincible	
gold	deposit	which	may	differ	from	that	described	at	other	deposits	in	the	St	Ives	gold	
camp	or	structural	frameworks	compiled	for	the	Yilgarn	Craton.	Planar	measurements	
are presented as dip/dip direction and linear measurements as plunge/plunge direction, 
given as true north readings. 
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3.4.2 Monazite geochronology

Monazite is light rare-earth element (LREE) phosphate mineral [(Ce,La,Nd,Th,U,Ca)(P,Si)
O4] that commonly occurs as an accessory phase in felsic igneous rocks, amphibolite- to  
granulite-facies metamorphic rocks, especially meta-sediments (Iizuka et al. 2010, Iizuka 
et al. 2011, Wing et al. 2003, Goswami-Banerjee and Robyr 2015), and hydrothermally 
altered rocks (Rasmussen et al. 2005, Rasmussen et al. 2006, Vielreicher et al. 2015, 
Vielreicher et al. 2016, Williams et al. 2011). Additionally, numerous studies have 
suggested	monazite	can	form	during	diagenesis	(Alipour-Asll	et	al.,	2012;	Burnotte	et	
al., 1989; Evans and Zalasiewicz, 1996; Evans et al., 2002), and low-grade metamorphism 
(Halpin et al., 2014; Rasmussen et al., 2001; Rasmussen and Muhling, 2007; Wing et al., 
2003).	Monazite	 is	well	suited	 for	geochronological	studies	because:	1)	significant	Th,	
and U are incorporated into its structure, 2) common Pb is largely excluded during 
growth	 (Parrish	1990),	3)	diffusive	Pb	and	Th	 loss	 rates	are	very	 low	(Cherniak	et	al.	
2004, Cherniak and Pyle 2008, Gardés et al. 2006, Gardés et al. 2007), 4) and it is resilient 
to radiation damage. Furthermore, the thermal closure temperature of monazite, 700 – 
900°C	,	well	above	peak	metamorphic	temperatures	throughout	in	the	eastern	Yilgarn	
Craton (Czarnota et al. 2010, Goscombe et al. 2009). As such it can be useful in constraining 
the age of sedimentation/diagenesis, metamorphism, hydrothermal alteration and even 
gold	 mineralisation.	 Monazite	 was	 identified	 in	 both	 least	 altered	mudstone	 and	 in	
hydrothermally altered mudstone. 

Monazites from least altered mudstone were dated to determine if they contained a 
similar age to the detrital zircons (2670 ± 6 Ma) from the same succession of rocks, or if 
they were younger and associated with later metamorphism or alteration. Hydrothermal 
monazite from a steeply dipping ore-stage vein in the mudstone and surrounding wall 
rock were dated to help constrain the emplacement age of these veins and associated 
gold mineralisation event at Invincible.

3.5 Deformation-mineralisation history of the Invincible deposit

The	earliest	mine-scale	deformation	recognised	at	Invincible	is	a	fine-grained	bedding-
parallel	 slaty	 cleavage	 dominantly	 defined	 by	 preferentially	 aligned	 biotite,	 lesser	
muscovite, ilmenite and zircon grains, denoted as S0 (Fig. 3.3a, b). This foliation is 
pervasively developed throughout least altered interbedded mudstone-siltstone of 
the Invincible Mudstone member. In the Invincible Sandstone member, S0	 is	 defined	
by	preferential	growth	of	fine-grained	biotite,	lesser	muscovite,	chlorite	and	ilmenite	as	
well	as	weak	alignment	of	detrital	quartz	grains.	In	the	Lower	Merougil	Group,	biotite	
and ilmenite concentrate on primary bedding planes (S0;	 cross-beds,	planar	 stratified	
beds etc). Uncommon garnet poikiloblasts overgrow S0 foliation and are intergrown 
with the biotite in the Invincible mudstone and sandstone members (Fig. 3.3c). Garnet 
poikiloblasts also form in the basal units of the Lower Merougil Group, preferentially 
growing	in	areas	with	mafic	conglomerate	clasts	and	overgrowing	biotite	laths	aligned	
with bedding. In the Invincible Mudstone and Sandstone members S0 dips 63° towards 
236° (Table 3.2, Fig. 3.3d).
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Stage 1 veins (V1) are the oldest veins recognised at the Invincible deposit and typically 
contain < 0.2 ppm gold (Table 3.2). These veins are commonly irregularly drag folded 
albite-carbonate	>	quartz	veins	with	weak	to	no	visible	albite-carbonate	altered	wall	rock	
surrounding them. These veins typically occur as 1 - 3 cm, isolated planar-boudinaged 
or folded bedding (S0) parallel extension veins that commonly form a series of parallel 
veins between shears (Ft1; Fig. 3.4a, 3.5a). Ft1 structures have been mapped in the open-
pits and drill-core as narrow, 3 to 10 cm wide zones of intense planar compositional 
banding (S1) that alternate between biotite-rich and carbonate-albite rich (Fig. 3.4b, c). 
Ft1	 structures	 vary	 from	bedding-parallel	 to	 cross-cutting	 steeply	dipping	 S0 forming 
a broad crenulation cleavage (Fig. 3.4b, d). Rare laminated V1 veins develop parallel 
to Ft1 shears (Fig. 3.4e). Measurements of S1 in Ft1 structures from drill-core shows it is 
bedding subparallel, 61° dip towards 234° (Fig. 3.5a), although underground exposures 
illustrate that abundant parallel V1 vein sets develop where bedding is steeper than Ft1 

structures (Fig. 3.4a, e). V1 veins have a variety of orientations due to folding, the average 

Figure 3.3 (a) Invincible Mudstone Member, interbedded siltstone and mudstone with graded beds, drillcore 
approximately 50 mm wide; (b) S0	fine-grained	bedding-parallel	 slaty	cleavage	defined	by	preferentially	
aligned biotite, muscovite, ilmenite and zircon grains. Weak S3 foliation also shown by alignment of 
pyrrhotite grains. Oriented to approximate bedding and S3 orientation, looking north-northwest; (c) Garnet 
poikiloblast overgrowing S0 foliation as indicated by aligned inclusions, garnet is intergrown with biotite; 
(d) Stereoplot of poles to bedding in the Invincible Mudstone and Sandstone members. Bedding is variably 
folded about north-northwest trending F3 folds as indicated by the girdle to bedding poles. 
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Table 3.2 Summary of vein orientations, compositions and comparison with other local and regional studies. 
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orientation of V1 veins dips 33° towards 233° (Table 3.2, Fig. 3.5b). A small population of 
V1 veins in the footwall Invincible Sandstone member have gentle dips of 35° towards 
073°. V1	veins	are	strongly	affected	by	dynamic	recrystallisation	and	dislocation	creep,	
typically containing carbonate and albite with small sub-grains, deformation twinning 

Figure 3.4 (a) V1 parallel veins between shears. Ft1 shears are reactivated to cause folding of V1 parallel veins; 
b) Apparently bedding-parallel compositional banding in Ft1 shears; (c) Ft1	 shears	 cross-cutting	bedding	
forming a broad crenulation cleavage. Phengite alteration of biotite and carbonate compositional banding 
S1; (d), V1 veins subparallel to bedding, drag folded by intense shearing along reactivated Ft1 shear; (e) 
Laminated V1 vein parallel to Ft1 shear. Inset shows drag folded V1 veins and phengite alteration of biotite 
and carbonate compositional banding S1
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Figure 3.5 (a) Stereoplot illustrates S1 in Ft1 structures is dominantly bedding subparallel with outliers 
representing variable folded orientations; (b) Stereoplot illustrates the variably folded orientations of V1 
veins that have a dominant population parallel to bedding. A small population of V1 veins in the Invincible 
Sandstone member gently dip towards the northwest; (c) Steeply northwest dipping mineral lineations on a 
reactivated S1 plane; (d) Steep northwest trend of mineral lineations. 

and undulose extinction (Appendix 3.1). 

Highly irregular and asymmetric drag folds (F2) of S0 and V1 veins commonly form 
adjacent to Ft1 faults (Fig. 3.4a, e). These drag folds do not have an axial planar cleavage. 
Drag folding of laminated V1 veins (Ft1 parallel) as pictured in Fig. 3.4e implies top to NE 
movement. Some underground exposures of Ft1 faults record reverse movement (Fig. 3.4b). 
Intense phengite alteration commonly overprints the dominantly biotite-rich S1 foliation 
in Ft1 structures (Fig. 3.4e). Phengite foliation planes on these structures commonly 
develop a steeply north dipping mineral lineation (Fig. 3.5c). The mineral lineations on 
bedding-parallel shears (Ft1) plunge 63° towards 295° (Fig. 3.5d). Drag folded S0-1 and V1 
veins are cross-cut by stage 2 veins (V2) that are subsequently drag folded themselves 
(Fig. 3.6a). Locally an S2 foliation develops subparallel to Ft1 reactivated structures (Ft1-2) 
where S0-1	has	been	drag	folded,	defined	by	intense	phengite	or	biotite	(Fig.	3.6a).	Ft1-2 
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(reactivated Ft1) structures are associated with zones of intense phengite alteration. Zones 
of intense shearing and phengite alteration associated with Ft1-2 structures (e.g. Fig. 3.4c, 
d) typically occur at the base of each of the Invincible ore shoots. V2 veins develop as a 
series of parallel extension veins and less common en-echelon vein arrays that vary from 
cross-cutting	 S0 to bedding-parallel, in proximity to Ft1-2 structures but generally not 
propagating from them. V2 veins that are steeper than S0 are generally thinner than those 
sub-parallel to it. V2 veins are generally lenticular to less commonly wedge-shaped, do 
not	 contain	cataclastic	bands,	 lack	obvious	 fault-fill	 textures	and	cause	no-	 to	 limited	
lateral	 offset	 of	 the	 surrounding	 rock.	 V2 veins are most common in the Invincible 
Mudstone Member and are categorised based on their associated wall rock alteration 
assemblages	into:	albite-carbonate-quartz	extension	veins	and	breccias	characterised	by	
0.1 to 50 cm wide haloes of intensely albite-pyrite altered wall rock (V2a; Fig. 3.6a), and 
quartz-albite	>	carbonate	veins	with	0.1	 to	10	cm	wide	selvages	of	 intensely	phengite	
altered wall rock (V2b; Fig. 3.6b). These veins are commonly boudinaged and folded 
although less intensely than V1 veins (Fig. 3.6c). Phengite associated with S2 foliation and 
V2 veins overprints the S0-1 biotite-rich fabric of least altered mudstone. V2a veins contain 
~4.72 ppm gold whereas V2b veins are much lower grade and contain ~0.43 ppm gold. 
V2a breccia veins commonly form where bedding is subvertical or in zones of intensely 
drag folded mudstone (Fig. 3.6a, c, d). The breccia veins dominantly consist of crackle 
breccia with large 10 - 30 cm, angular wall-rock fragments in a jigsaw arrangement as 
well as mosaic breccia that also contains more common smaller fragments (Fig. 3.6d). 
As with the wall-rock adjacent to the breccia veins, wall-rock fragments in the veins are 
partially or completely altered and replaced by hydrothermal albite-phlogopite-ankerite-
pyrite, adjacent to V2a veins, and phengite ± pyrite, adjacent to V2b veins. Some wall rock 
fragments within the veins preserve remnants of folded S0-1	defined	by	biotite	that	has	
been variably replaced by albite associated with V2 veins (Fig. 3.6d). Folds in breccia 
clasts do not contain an obvious axial planar cleavage. Breccia clasts are generally less 
deformed than the surrounding wall rock. Pseudo-stockwork breccias develop where 
parallel V2 veins coalesce during post emplacement deformation (Fig. 3.6c). V2a veins 
commonly	display	open-space	filling	textures,	as	evident	by	elongate-blocky	euhedral	
albite	crystals	attached	 to	 the	vein	walls.	While	subsequent	deformation	has	partially	
obscured microtextures and recrystalised some minerals (Appendix 3.1), mineral 
growth	fibres	indicate	the	opening	direction	of	V2 extension veins was at a high angle 
to the vein margins (Fig. 3.7a, b). V2	vein	minerals	are	commonly	finer	grained	at	the	
vein margin (Fig. 3.7b, c). Elongate-blocky albite crystals typically coarsen towards the 
center of V2a	veins	(Fig.	3.7c).	Commonly	albite	crystals	grow	in	semi-radiating	patterns	
off	vein	margins	and	thin	wall-rock	slivers	and	clasts	in	veins.	Quartz	dominant	V2 veins 
display	both	open-space	filling	and	elongate-blocky	 to	massive	quartz	and	fibrous	 to	
recrystalised	and	stretched	quartz	crystals	suggesting	an	incremental	crack-seal	opening	
history, although they lack parallel bands of wall rock material plucked from the vein 
margins (Fig. 3.7d, e, f). V2 veins have a mean dip of 55° towards 230° from diamond 
drill-core measurements, although underground exposures show these veins have an 
overall subvertical trend (Table 3.2, Fig. 3.8). Rare V2 veins in the Invincible Sandstone 
member dip 49° towards 094°. Although V2 veins commonly terminate at or near the 
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Figure 3.6 (a) V2a veins are characterised by intense albite-pyrite altered wall rock. V2a breccia vein pictured 
cross-cutting	 a	 folded	V1 vein; (b) V2b veins are characterised by intense phengite altered wall rock; (c) 
Boudinaged bedding parallel V2a veins; (d) V2a breccia vein with angular variably altered wall rock clasts in 
a jigsaw arrangement, inset shows V2a breccia clasts that preserve folded bedding.
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Figure 3.7 Photomicrographs of V1 and V2 veins in the Invincible Mudstone Member (a-e) and the Invincible 
Sandstone Member (f). (a) A bedding-parallel V2a	vein	cross-cutting	a	folded	V1 vein. V2a	vein	shows	quartz	
growth	fibres	at	high	angle	to	the	vein	margins	that	are	partially	stretched	and	recrystalised;	(b)	A	quartz-
rich V2a	vein	cross-cutting	drag	folded	bedding.	Partially	recrystalised	and	stretched	quartz	growth	fibres	
occur at high angle to the vein walls of the top vein. A weak S3 foliation is developed subparallel to the 
vein margin. Pressure solution seams (P3) form along the vein margins subparallel to S3. (c) A V2a breccia 
vein displaying elongate-blocky albite crystals that coarsen towards the centre of the vein. Albite crystals 
grow	in	semi-radiating	patterns	off	the	vein	margins	and	wall	rock	slivers;	(d)	Quartz	dominant	V2a display 
open-space	filling	textures	and	fibrous	to	recrystalised	and	stretched	quartz	crystals	perpendicular	to	the	
vein margins; (e) A V2b	quartz-carbonate	vein	with	characteristic	phengite	altered	wall	rock	halo.	Phengite	
alteration largely destroys previous fabrics, remnant biotite, as well as pyrite and less intense phengite 
may	reflect	bedding	crenulated	by	S1-2	cleavage;	(f)	A	quartz-rich	V2	vein	cross-cutting	a	folded	V1 vein, S1 is 
defined	by	intense	sericite/muscovite,	felsic	porphyry	clasts	develop	strain	shadows.
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unconformable contact with the overlying Lower Merougil Group (Fig. 3.9a), V2 vein 
sets do rarely cross the contact up to 3 m (Fig. 3.9b, c, d). 

S3 manifests as a spaced cleavage measured throughout the Invincible area and is 
axial planar to upright gently southeast-plunging F3 folds (Fig. 3.10a). F3 folds verge to 
the east and commonly develop adjacent to zones of intense V2 veining. S3	 is	defined	
by sericite that is intensely developed in reactivated Ft1-3 faults that are subvertical and 
trend NNW in the Invincible open pits, including the Merougil and Morgans Island 
shear zones (part of the larger Speedway Shear Zone; Fig. 3.10b-c, 11). The S3 foliation 
dips 78° towards 063° and F3 fold hinges plunge 31° towards 151° (Fig. 3.10d, e). Wriggly 
pressure solution seams develop parallel to S3 cleavage and commonly modify the steep 
margins of V1 and V2 veins (Fig. 3.7b, d). Locally pressure solution seams cross-cut 
V1 and V2 veins. V3	gently	dipping	quartz-rich	extension	veins	(V3) cross-cut all other 
vein stages at Invincible and are most common in the footwall Invincible Sandstone 
member (Fig. 3.12a). V3 extension veins are uncommon to absent in areas where the 
Speedway Andesite Formation forms the footwall to the Invincible Mudstone member. 
A characteristic feature of the V3 veins is a brick red hematitic alteration halo that 
extends up to 30 cm (Fig. 3.12b, c). The hematitic alteration haloes are only developed 
around V3 veins that cut magnetite-bearing units. The Invincible Mudstone member 
does not typically contain magnetite, as such V3 veins do not develop their characteristic 
red haloes in this unit. V3	veins	are	significantly	less	deformed	and	recrystallised	than	
V1-2	veins	and	the	quartz	fill	commonly	preserves	primary	fibrous	(crack-seal)	textures,	
and	in	some	of	the	larger	veins,	rare	open-space	fill	textures.	Mineral	fibres	formed	at	a	
high	angle	to	the	vein	walls	(subvertical)	that	are	modified	by	grain-boundary	migration	
that	forms	lobate	interpenetrating	boundaries	between	the	fibres	(Fig.	3.12d,	e).	V3 veins 

Figure 3.8 (a) Stereoplot illustrates V2 veins are deformed dominantly subparallel to bedding and S1 similar 
to V1	veins,	although	underground	exposures	indicate	that	this	reflects	subsequent	deformation	(Fig.	3.7a).	
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range from 0.1 to 50 cm wide and up to 100 m in length. These veins on average dip 5° 
towards 91° (Table 3.2; Fig. 3.12f).

Ft4 structures occur as late fault zones of mylonite and fault-gouge that trend north-
east	 and	 offset	 previous	 structures,	 veins	 and	Archean	 stratigraphy	 (Fig.	 3.13a,	 b,	 c).	

Figure 3.9 (a) Unconformable contact between the Lower Merougil Group (LMER) and the Upper Black Flag 
Group (UBFG); (b) V2 breccia veins with associated albite-pyrite altered LMER conglomerate; (c) V2 veins 
commonly terminate at this contact but do rarely cross into the LMER. Albite altered Lower Merougil Group 
conglomerate and deformed veins may follow a gently dipping fault. Steep shear zones (Ft1-3) cross-cut the 
V2 ore zone, especially evident in the Invincible Mudstone (left-hand side of the face); (d) Steep Ft1-3 shear 
zone along the contact between the UBFG and the LMER folding V2 veins that cross the contact. Thin V3 

veins cross-cut V2 veins and are developed in the UBFG and LMER. Note: V2 veins can be distinguished from 
V1 and V3 veins by their halo of albite-pyrite altered wallrock, V1 veins are also more deformed and lack an 
altered wallrock halo; V3 veins are characteristically less deformed, cut V1-2 veins, gentle dips and hematite-
albite altered wallrock halo in areas that contained magnetite. At the periphery of vein arrays, albitic haloes 
are commonly overprinted by phengite (e.g. 3.9d). The apparent absence of haloes to some veins shown 
above is because they were too narrow to represent at this scale or are being weakly developed.
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Figure 3.10 (a) S3 spaced cleavage axial planar to gently south-plunging F3 folds; (b) S3	cleavage	defined	by	
intense sericite in subvertical Ft1-3 structures including the Merougil Shear pictured; (c) F3 fold developed 
adjacent to zone of intense V2 veining, S1 foliation is folded; (d) Stereoplot illustrates the dominant 
subvertical to steep southwest dip of S3 cleavage; (e) Stereoplot shows the gentle southeast plunge of the 
north-northwest trending F3 folds.
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Figure 3.11 Plan view map of the Invincible Open Pit with a cross-section through the northern and southern 
ends. Showing the location of the Merougil and Morgans Island shears. Stereoplots show measurements of 
structures and foliations taken in the pit, vein measurements are from diamond drillcore. Locally veins are 
typically steeper than bedding, stereonets suggest the two are statistically parallel to subparallel.



108

Chapter 3: Structural evolution of the Invincible deposit

Figure 3.12 (a) V3	 gently	dipping	 extension	veins	 cross-cutting	brecciated	 and	boudinaged	V2 veins; (b) 
Characteristic brick red hematititc alteration halo surrounding V3 veins; (c) Hematitic alteration around 
V3 veins, in diamond drillcore, V3 veins cross-cut deformed V1	veins;	(d)	Quartz	fibres	of	V3 veins formed 
at high angle to the vein walls (subvertical) in the Invincible Mudstone member and (e) in the Invincible 
Sandstone	member;	(f)	Stereoplot	illustrate	the	dominantly	flat	to	variably	gentle	dip	of	V3 veins.
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Underground exposures in the 9121- south ore drive (Drake decline) indicate small 5 to 
30	cm	thick	mafic	dykes	with	similar	east-northeast	trends	to	larger	Proterozoic	dolerite	
dykes,	either	terminate	against,	or	are	cut	by	the	Alpha	Island	Fault	(Fig.	3.13c).	Offset	
on these faults is generally dextral and varies from less than a meter to ~500 m on the 
Alpha Island Fault. S4 foliation in Ft4	structures	is	dominantly	defined	by	chlorite	(Fig.	
3.13d). The Alpha Island Fault was intersected in the oxide zone at the most southern 
end of the Invincible Main open pit where it was marked by a zone of intense chlorite 

Figure 3.13 (a) Ft4	structure	offsetting	the	stratigraphy	in	the	Drake	9121	ore	drive	south;	(b)	Backs	map	of	
the	Drake	9141	ore	drive	south	illustrating	the	dextral	offset	on	the	Ft4 structure; (c) Proterozoic dolerite dyke 
truncated by an Ft4 fault; (d) Mylonite and fault gouge in an Ft4 structure containing sheared mudstone and 
sandstone with larger wall rock fragments of hematite altered conglomerate and deformed hematite stained.
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and green clays. No fresh rock exposures of the Alpha Island Fault occur in the open 
cuts due to the pit wall design. In diamond drill core and underground exposures at 
Invincible, the Alpha Island fault generally has a dark green-brown central fault gouge 
that	is	approximately	10	cm	wide.	A	strongly	foliated	zone	defined	by	biotite-chlorite	
surrounds the fault gouge in variably hematite to chlorite altered wall-rock that may 
extend tens of meters. The Alpha Island Fault has been mapped from the Beta-Hunt 
gold and nickel mine (Storkey and Whaanga 2008), to Invincible and Invincible South 
dominantly using geophysical images and limited diamond drill hole intersections by 
site geologists. 

3.6 U-Pb Monazite ages

Two	distinct	groups	of	monazites	were	identified	at	Invincible	in	the	Upper	Black	Flag	
Group Invincible Mudstone member: 1) Nodular clusters of small grains to larger 
individual	monazite	 grains	 are	 intergrown	with	 biotite	 that	 defines	 the	 S0-1 foliation 
in least altered mudstone (Fig. 3.14a, b); 2) Subhedral monazite crystals preferentially 
formed along S0-1 and intergrown with minerals associated with V2 alteration including 
albite,	phlogopite,	pyrite,	carbonate	and	lesser	quartz	(Fig.	3.14c,	d).	These	two	groups	
of monazites were dated to constrain the timing of S0-1 foliation and gold mineralisation 
during the development of V2 veins. 

Three	 filters	 were	 applied	 to	 the	 monazite	 data	 prior	 to	 interpretation	 of	 age	
populations: concordance, 232Th content and 204Pb content. Monazites were excluded from 
age calculations if they were more than 10% discordant. Concordance was determined 
by	the	difference	between	206Pb/238U age at one standard-error uncertainty and 207Pb/206Pb 
age at one standard-error uncertainty. Monazite grains are susceptible to dissolution/
precipitation	 reactions	 and	 therefore,	 detailed	 petrography	 and	 identification	 of	
different	growth	zones	followed	by	in	situ	analyses	are	required	(Vielreicher	et	al.,	2015).	
Monazites at Invincible were commonly strongly compositionally zoned, with both high 
and low Th growth zones (Fig. 3.14e, f). A broad correlation between increasing Th and 
increasing age is apparent in the hydrothermal monazites that occur around steeply 
dipping ore veins and to a lesser degree the monazite from least altered mudstone. 
Monazite with Th greater than 15,000 ppm typically also contained higher common 
204Pb. As such, monazite containing >15,000 ppm 232Th and >0.4 ppm 204Pb have been 
omitted	from	age	calculations	(Fig.	3.15a).	

Monazite age populations were interpreted from histograms and relative probability 
plots (Fig. 3.15b, c). Weighted mean 207Pb/206Pb ages were calculated for the selected least 
altered and hydrothermal monazite age populations with acceptable MSWD for the 
number of grains in each population (Spencer et al., 2016; Wendt and Carl, 1991). 

3.6.1 Interpretation of monazite age results

Authigenic monazites from least altered mudstone returned an age of 2668 ± 16 Ma (Fig. 
3.15b). This age is similar to the age of detrital zircons from the same rocks (2670 ± 6 Ma; 
Doutch and Cas 2019). The error on the authigenic monazites age is not small enough to 
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distinguish the age of the S1 foliation from the maximum deposition age of the Invincible 
Mudstone member. Hydrothermal monazites from a V2 vein and surrounding altered 
wall rock returned an age of 2632 ± 14 Ma (Fig. 3.15c). This age is similar to those reported 

Figure 3.14 Monazite textures and chemical zonation. (a) Authigenic monazite intergrown with biotite that 
defines	the	S0-1 foliation in least altered mudstone; (b) Authigenic monazite SEM image showing clustered 
monazite grains; (c) Hydrothermal monazite preferentially grown along S0-1 foliation and intergrown 
with alteration minerals such as albite, pyrite, phlogopite and carbonate associated with V2 veins; (d) 
Hydrothermal monazite SEM image showing core (dark) and rim (light) zonation; (e) WMP Th Wt% map 
of clustered authigenic monazite grains. This map is part of the aggregate shown in part (a-b); (f) WMP Th 
Wt% map of hydrothermal monazite showing core with lower Th than rim. This is a map of the grain shown 
in part (d).
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Figure 3.15 (a) Th vs 207Pb/206Pb ages with 204Pb content illustrated by symbol size, showing that correlation 
between increasing 204Pb	and	Th	content	with	increasing	age	above	the	cut-off	line	of	15,000	ppm	Th;	(b)	
Authigenic monazite ages represented on a histogram, relative probability plot, and Wetherill Concordia 
diagram	showing	single	population	of	ages	after	removing	monazite	effected	by	Pb	loss	or	common	Pb.		
Line graph (black) shows all data, red dashed line shows selected results only. Ages reported are weighted 
average	ages	with	95%	confidence;	(c)	Hydrothermal	monazite	from	a	V2 vein as well as surrounding altered 
wall rock represented on a histogram, relative probability plot, and Wetherill Concordia diagram showing 
single	population	of	ages	after	removing	monazite	effected	by	Pb	loss	or	common	Pb,	V2 vein cross-cuts drag 
folded S0-1. Line graph (black) shows all data, red dashed line shows selected results only. Ages reported are 
weighted	average	ages	with	95%	confidence.
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by	Nguyen	(1997)	for	monazite	from	a	mineralised	quartz	vein	at	the	Revenge	deposit	
in	 the	 St	 Ives	 gold	 field	 (2631	 ±	 9	Ma)	 suggesting	 that	 gold	mineralisation	 occurred	
synchronously at both deposits. Rutile from the Victory ore zone (2627 ± 7 Ma; Clark 
et al. 1989), and molybdenite from the Intrepide ore zone (2621.1 ± 9.7 Ma; Tunjic and 
Stein	2008)	in	the	St	Ives	gold	field	have	similar	ages	to	the	hydrothermal	monazites	at	
Invincible and Revenge. The ages of these ore-related minerals overlap and range from 
2646 to 2611 Ma. 

3.7 Structural synthesis and discussion

The deformation history of the Invincible deposit can be split into four main deformation 
events (D1 – D4; Table 3.3). The deformation scheme discussed in this section relates to 
the Invincible deposit, and is not correlated here with other deformation schemes for the 
St	Ives	goldfield,	or	the	Yilgarn	(e.g.	Blewett	et	al.	2010a).	

3.7.1 D1 – formation of bedding-parallel shears and stage 1 veins

The	 first	 generation	 of	 structures	 recognised	 at	 Invincible	 are	 shear	 zones	 (Ft1) that 
develop subparallel to and cause drag folding of bedding (S0-1). S1	dominantly	defined	
by biotite away from Ft1 shears is subparallel to bedding and not associated with folding 
indicating it represents a layer-parallel foliation.  In areas where these faults cross-cut 
folded bedding, V1 vein sets form parallel to bedding. V1 veins are associated with the 
onset of low-grade gold mineralisation and develop along or adjacent to Ft1 shears (Fig. 
3.4a, e). Deformation and recrystallisation of V1	veins	mean	their	formation	(as	fault-fill	
or extension veins) is enigmatic. However, as bedding-parallel vein sets typically form 
adjacent to Ft1 shears they likely formed as parallel series of extension veins. Rare V1 
veins in the footwall Invincible Sandstone member have gentle dips to the NE that may 
represent less folded orientations closer to their original orientation (Fig. 3.5b). These 
Ft1 shears and V1 + veins are compatible with low-angle thrusting during northeast 
compression (Fig. 3.16a, c).  In contrast, Jones et al. (2019) interpreted these veins and 
structures as forming during southwest-side-down extension while the stratigraphy 
was uplifted by granitoid batholiths (Jones et al. 2019). Continued deformation along Ft1 
structures, prior to the formation of V2 veins, is indicated by drag folded V1 veins that are 
cut by V2 veins. The orientation of asymmetric V1	drag	folds	reflects	reverse	movement	
on Ft1 shears. 

3.7.2 D2 – emplacement of stage 2 extension veins and breccias

The D2 event may represent a continuation of the D1 event, as the interpreted vein style 
and orientation are broadly similar. However, the variation in the mineralogy of the veins, 
increased albite and less carbonate in V2 compared to V1 veins, and wall rock alteration 
assemblages	surrounding	them	suggests	the	fluids	responsible	for	the	formation	of	these	
veins	were	different.	Additionally,	V2 veins are distinctly less deformed than V1 veins 
and the drag folded bedding they cut, indicating that these two stages of veining were 
separated by a period of intense, albeit similarly oriented, deformation. 



114

Chapter 3: Structural evolution of the Invincible deposit

Figure 3.16 Schematic cross-sections illustrating two possible structural models for the development of the 
Invincible deposit. (a) The stratigraphy is likely less steeply folded at the time of V1 vein development in a 
northeast-southwest compressional regime. Extension veins open adjacent to low angle reverse structures, 
in	 areas	 where	 bedding	 is	 folded	 subparallel	 to	 σ1	 during	 shearing,	 larger	 extension	 veins	 form;	 (b)	
Alternative to ‘a’. V1 extension veins develop in a northeast-southwest extensional regime. Steeply dipping 
V1 vein develop as bedding ‘open’ with normal kinematics adjacent to shears, after Jones et al. (2019); (c) The 
stratigraphy is gradually steepened during regional folding, S1 foliation is folded prior to V2 veins. V2 veins 
develop across folded S0-1 and V1 veins during northeast-southwest directed compression; (d) Alternative to 
‘c’.	Continued	or	intermittent	northeast-southwest	directed	extension	causes	steeply	dipping	V2 veins and 
breccias to develop similar to V1; (e) The stratigraphy is folded to near its present position, S3 steeply dipping 
cleavage develops axial planar to F3 folds, Ft1-2 structures are reactivated with reverse movement further 
folding V1 and V2 veins, V1-2 veins are rotated during shearing and oriented approximately subvertical, 



115

Chapter 3: Structural evolution of the Invincible deposit

The second deformation event at Invincible is associated with the formation of 
V2 veins and high-grade gold mineralisation. V2 veins form as gently dipping parallel 
veins and breccias. A local S2  foliation characterised by locally intense phengite or 
biotite transect folded bedding (S0-1) sub-parallel to Ft1 shears, indicating continued 
deformation or reactivation of these structures during a similar stress regime to S1. 
Intense phengite alteration is also associated with V2  veins. Phengite associated with V2  
veins and S2  foliation have similar paragenetic relationships, in that they both overprint 
the S0-1 biotite-rich fabric in least altered mudstone suggesting that they could have 
formed contemporaneously. V2  veins cut drag folded V1 veins and bedding and form 
adjacent to Ft1 shears (like V1 veins). Drag folding of V1 veins is interpreted to occur 
during reactivation of Ft1 shears (denoted as Ft1-2) and V2  vein formation. V2  breccia 
veins and large parallel extension veins preferentially form in areas where bedding was 
folded to gently dipping. Angular wall rock clasts in breccia veins variably preserve a 
folded S0-1 fabric that lacks an axial planar cleavage suggesting these folds are F2 (Fig. 
3.6d).	 The	 formation	 of	 these	 veins	 indicates	 relatively	 brittle	 deformation	 occurred	
during mineralisation syn to post drag folding. Drag folded mudstone is associated with 
higher-grade gold mineralisation compared to less deformed areas in the ore zones at 
Invincible (Jones et al. 2019). The occurrence of breccia veins in intensely drag folded 
areas	of	the	mudstone	may	be	due	to	the	shears	cross-cutting	complexly	oriented	S0-1. 
Large	albite-quartz	veins	between	Ft1-2 structures and subparallel to gently dipping S0-1 
(now steeply dipping) represent zones of maximum dilation during the D2 mineralising 
event. V2	parallel	extension	veins	and	breccias	are	compatible	with	a	structural	setting	
like that described for V1 veins where bedding is ‘opened’ during reverse movement 
along Ft1-2 structures (Fig. 3.16c, d). Dilatancy occurs as bedding is ‘opened’, creating a 
zone	of	lower	pore	pressure	where	fluids	flow	towards	forming	the	large	V2 veins and 
breccias (Jones et al. 2019).

 V2 veins are less deformed and recrystalised than V1 veins and contain microtextures 
that	vary	from	open-space	fill	to	quartz	mineral	fibres	approximately	perpendicular	to	
the	vein	margins	(Fig.	3.7a-f).	Although	stretched	quartz	crystals	are	commonly	partially	
recrystalised, they indicate the total opening direction was approximately perpendicular 
to V2 vein walls (Fig. 3.7a, b, e). V2	vein	minerals	are	commonly	finer	grained	at	the	vein	
margin and become coarser-grained and elongate-blocky towards the center of the vein 
(e.g.	 Fisher	 and	Brantley	 1992).	 This	 pattern	 is	 evidence	 of	 syntaxial	 growth,	 but	 the	
initial	albite	infill	was	epitaxial.	This	indicates	V2 vein growth nucleated on a mineral 
(commonly the same mineral) in the wall rock with a compatible crystal structure (Bons 
et al. 2012, Passchier and Trouw 2005). Additionally, this implies that albitization of 
the	immediate	wall	rock	predated	the	vein	fill,	because	the	wall	rock	albite	seeded	the	
elongate albite crystals in the veins. Widening of crystals towards the vein centre (Fig 
Fig.	3.7c)	is	interpreted	to	reflect	rapid	albite	growth	in	this	crystallographic	orientation	
over others. Initial albite crystal nucleation at the vein margins are likely to be randomly 

parallel	to	σ3	and	are	boudinaged,	gently	dipping	V3 veins cut folds and earlier veins; (f) Well developed 
and thick V1-2	ore	veins	that	formed	in	bedding	that	was	rotated	parallel	to	σ1	during	shearing	(normal	or	
reverse) are folded so that they plunge subparallel to F3 fold axes, steeply NW dipping biotite or phengite 
mineral lineations occur on reactivated Ft1-2 structures that indicate sinistral-reverse dip-slip movement. 
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oriented (Fig. 3.7c), but crystals with their fast growth direction oriented perpendicular 
to the vein wall, out compete, and eventually terminate those that are less favourably 
oriented (Bons et al. 2012, Passchier and Trouw 2005). 

V2 veins preferentially developed approximately 45° to S0-1 outside of Ft1-2 shear 
zones. Between Ft1-2 shears, V2 veins formed subparallel to S0-1 in the hinges of F2 folds.  
The	paucity	of	obvious	 fault-fill	 textures	 such	as	 cataclastic	bands	and	 lack	of	 lateral	
offset	 across	 these	 veins	 as	 well	 as	 their	 geometries	 support	 their	 interpretation	 as	
extension veins, rather than shear- or hybrid-veins. V2 extension veins are compatible 
with low-angle thrusting during northeast compression, if bedding was rotated as 
suggested in Fig. 3.16c. Although rare V2 veins display sigmoidal en-echelon vein array 
geometries and less deformed V2 veins cut folded V1 veins as may be expected (Fossen 
2016), individual veins display more variation in orientation than simple “text book” 
examples	that	form	parallel	to	the	σ1-	σ2	plane	(perpendicular	to	σ3). V1 and V2 veins also 
do not typically cross-cut S1-2 at a high angle as expected for an en-echelon vein array 
(Fossen 2016, Bons et al. 2012), rather they typically form between Ft1-2 shears. The veins 
were folded during later displacement along bounding Ft1-2 structures (e.g. Fig. 3.4a). 
As such, the majority of V2 and V1 veins are interpreted as parallel extension veins. The 
orientation of V2 parallel extension veins may imply the stratigraphy was less steeply 
dipping and folded during their emplacement (Fig. 3.16c). 

3.7.2.1 Southwest-side-down extension model

It has been suggested that V1-2 veins formed prior to the deposition of the Lower Merougil 
Group (Jones et al. 2019). This interpretation was based on underground exposures 
showing the apparent termination of veins at the unconformable contact between the 
Upper Black Flag Group and the Lower Merougil Group (Jones et al. 2019). However, 
further	work	has	identified	a	number	of	arguements	against	this	interpretation:

Further investigation of underground exposures and new diamond drill holes have 
identified	mineralised	breccia-	and	variably	 folded	veins	with	associated	albite-pyrite	
alterated wallrock, identical to V2 veins in the mudstone, rarely developed in the Lower 
Merougil Group near well developed (V2) ore zones in the Upper Black Flag Group 
mudstone (Fig. 3.9b, c). These veins are also cross-cut by thin gently dipping undeformed 
veins consistent with V3. This indicates the veins in the Lower Merougil Group from 
the Drake underground face (IN00049J) presented by Jones et al. 2019 are actually V2 
breccia veins that cross the contact, as shown in the center-left of Fig. 3.9c. Other veins 
in the Lower Merougil Group (RHS of Fig. 3.9c) have lower dips than most V1-2 veins in 
the mudstone, but they are still deformed suggesting they are also V2 rather than the 
characteristically undeformed V3	flat	extension	veins	(Fig.	3.12a-c).	Although	the	contact	
is commonly a sharp relatively undeformed angular unconformity (Fig. 3.9a; Doutch 
and Cas 2019), steeply dipping shear zones (Ft1-2) that deform V1-2 veins also commonly 
form at or cross-cut the contact at the Invincible deposit (Fig. 3.9c, d). The deformed veins 
at the contact that appear truncated may have originated as wedge-shaped wing-crack 
veins that developed preferentially in the mudstone, due to slip along or very close to 
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the contact (e.g. Cox 1995, Fossen 2016). The truncated appearance could also be caused 
by later structures and pressure dissolution that are known to modify the margins of V1 
and V2 veins and even truncate them in places (Fig. 3.6a, 3.7d). Further investigation is 
needed to demonstrate that termination of veins at the unconformity (where shearing 
is	not	present),	 is	not	due	 to	 later	modification	by	pressure	solution.	The	presence	of	
albite-altered, gold-mineralised mudstone clasts in the ‘late basin’ sequences (Merougil, 
Kurrawang,	Mt	Belches	etc.)	would	also	help	confirm	gold	mineralisation	similar	to	that	
at Invincible, occurred prior to the erosion of the Upper Black Flag Group and deposition 
of	the	Lower	Merougil	Group.	However,	such	clasts	have	not	been	identified	to	date.	

The southwest-side-down extension model proposed by Jones et al. (2019) suggests 
that V1-2 veins are present in close to their original orientation. Therefore, the present 
orientation of bedding (overall, steeply dipping to SW) has to be close to its orientation 
at	the	time	of	mineralisation,	too.	If	this	were	the	case,	it	is	very	difficult	to	explain	the	
development of the low angle unconformity between the Upper Black Flag Group and 
the Lower Merougil Group post-V2 mineralisation. The intepretation by Jones et al. 
(2019) requires the Upper Black Flag Group was: tilted (by extensional faulting) to very 
steep dips, mineralised, rotated back to near horizontal, eroded down to almost exactly 
the same stratigraphic level over a very large area, unconformably overlain by the Lower 
Merougil Group, re-buried and tilted back to steep SW dips. All before being cut by V3 
extension veins with very similar composition to V2 veins. 

Paragenetic relations indicate that mineralisation post-dates peak metamorphism. 
Both the Lower Merougil Group and the Upper Black Flag Group record the (same) 
peak metamorphic event, indicated by least altered mineral assemblages that include 
garnet, biotite, plagioclase and muscovite (discussed further in Chapter 5). Therefore,  
mineralisation occured after deposition of the Lower Merougil Group, contrary to the 
interpretation by Jones et al. (2019). 

The southwest-side-down extension model argues that V1-2 veins developed during 
horizontal extension. Given that V1-2 veins are associated with structures that formed 
during NE-SW horizontal compression such as zones of upright folding (F3) and ore 
shoot geometry (V2) mimics the plunge of F3 folds (Fig. 3.10e, 3.16f) it is more likely 
they formed during progressive horizontal compression. Additionally, the sequence and 
geometry (appearance) of vein arrays is very similar to Athena, where reorientation of 
gently dipping extension veins during progressive compression related shearing has 
been established (Gibson 2011). 

3.7.3 D3 – emplacement of stage 3 flat extension veins 

The third deformation event at Invincible is associated with the development of the 
steeply dipping north-northwest trending S3 cleavage that is axial planar to F3 upright 
folds. F3 upright folds verge to the east and are consistent with the trend of the larger 
Kambalda anticline. The main mineralised ore shoots at Invincible mimic the trend of 
F3 fold hinges (Fig. 3.10e, 3.16f), suggesting the D3 event was  important in orienting 
the high-grade V2 veins. Undeformed V3 gently dipping extension veins associated 
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with high-grade gold mineralisation cross-cut (late-syn to post) the S3 cleavage (Fig. 
3.10a).	 Stretched	 quartz	 mineral	 fibres	 develop	 perpendicular	 to	 V3 veins walls and 
are	approximately	subvertical	and	oriented	~90°	different	to	mineral	fibres	in	V2 veins. 
V1 and V2 veins are folded and boudinaged during the development of the S3 fabric 
and V3 vein emplacement (Fig. 3.6c, 3.10c). Locally S3 cleavage overprints V1 and V2 
veins. The steeply dipping margins of V1 and V2	 veins	 are	 also	 affected	 by	 pressure	
dissolution during this deformation event. V1-2 steeply dipping parallel extension veins 
coalesce into pseudo-stockwork breccias due to dissolution of veins and wall rocks 
during D3 deformation. These relations indicate gold mineralisation occurred in two 
distinct events, separated by an episode of northeast-southwest shortening and cleavage 
formation.	The	approximately	90°	change	in	the	orientation	of	σ3 (vein opening direction) 
between V1-2 and V3	could	reflect	~90°	rotation	of	V1-2	veins	during	either	intermittent	or	
sustained northeast-southwest direction compression (Fig. 3.16a, c, e, 3.17). Alternately, 
as	proposed	by	 Jones	et	al.	 (2019),	 it	 could	reflect	a	change	 in	 the	stress	 regime	 from	
northeast-southwest directed extension (V1-2 veins) to northeast-southwest compression 
(S3 and V3 veins). Mineral lineations on commonly phengite altered Ft1 structures plunge 
steeply to the northwest. These lineations are perpendicular to F3 fold axes suggesting 
they developed from reactivation (Ft1-2) and slip on Ft3 structures during D3 horizontal 
northeast – southwest compression (Fig. 3.5d, 3.10e). The steep northwest plunge of the 
lineations	indicates	that	movement	was	sinistral-reverse.	This	suggests	that	the	far-field	
maximum principal stress vector had rotated from northeast-southwest (D2) to east-
northeast-west-southwest during the transition to D3. 

3.7.4 D4 – NNE trending faults (Alpha Island Fault)

The	final	major	deformation	event	at	Invincible	is	recorded	by	steeply	dipping	north-
northeast trending strike-slip faults. These Ft4	 faults	dextrally	offset	 the	orebody	and	

Figure 3.17 (a) An extension vein forming during shearing; (b-d) The extension vein is rotated during 
sustained shearing. The displacement across the vein / extension fracture is opposite to the sense of shear 
(After Hudleston 1986, Fossen 2016).
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the stratigraphy up to 500 m. Large east-northeast trending Proterozoic dolerite dykes 
commonly	 cross-cut	 these	 faults,	 however	 underground	 exposures	 show	 these	mafic	
dykes locally terminate against the Alpha Island Fault (Ft4) suggesting movement on the 
fault post 2420 ± 7 Ma (Widgiemooltha dyke swarm; Nemchin and Pidgeon 1998, Turek 
1966) or possibly 1215 ± 10 Ma (Frazer dyke swarm; Wingate et al. 2000). Based on the 
east-northeast orientation of the dyke underground, late movement is interpreted to be 
post intrusion of the Widgiemooltha dyke swarm.

3.8 Timing of gold andsig relation to the regional deformation framework

The structural history of the Invincible deposit proposed in this study (Fig. 3.17a, c, e) 
has	similarities	to	the	regional	framework	proposed	by	Blewett	et	al.	(2010b)	for	the	St	
Ives	gold	field	(Table	3.3).	However,	a	significant	update	since	the	Blewett	et	al.	(2010b)	
framework presented in this study, is the less-steeply dipping orientation of the younger 
Black Flag and Merougil group stratigraphy during initial gold mineralisation. 

Recent detailed subdivision and mapping of the Black Flag Group internal 
stratigraphy	in	the	St	Ives	gold	field	by	Doutch	and	Cas	(2019)	indicates	that	mineralisation	
at	 Invincible	 is	unlikely	 to	be	 related	 to	D2	compression,	as	defined	by	Blewett	et	al.	
(2010b).	Note,	D2-5	 as	 used	 by	 Jones	 et	 al.	 (2010)	 follows	 the	 framework	defined	 by	
Swager	(1997)	and	is	different	to	that	defined	by	Blewett	et	al.	(2010b).	The	Foster	Thrust	
is	interpreted	to	be	one	of	the	earliest	faults	in	the	St	Ives	gold	field	(D2;	Blewett	et	al.	
2010b, Miller et al. 2010, Nguyen 1997). This fault is marked by a 50 m wide zone of intense 
foliation across which there is up to 3 km of top to north-northeast reverse movement 
(Nguyen 1997). The Lower Black Flag Group is displaced to the north-northeast, prior 
to	the	deposition	of	the	Upper	Black	Flag	Group,	along	with	the	underlying	older	mafic-
ultramafic	stratigraphy	by	the	Foster	Thrust	(Chapter	2:	Fig.	2.23b).	The	contact	between	
the Lower and Upper Black Flag Group in the area studied by Doutch and Cas (2019) 
is interpreted to be an angular unconformity that truncates the Foster Thrust. Further 
work	is	required	to	confirm	this	interpretation	as	the	contact	does	not	crop	out	in	the	St	
Ives	gold	field	and	has	few	diamond	drill	holes.	However,	a	~1	My	time	gap	is	estimated	
between the stratigraphic units at this contact based on the magmatic zircon age for the 
Speedway Andesite Formation (2674 ± 8 Ma; Upper Black Flag Group) and the detrital 
zircon age of the underlying Lower Black Flag Group (2685 ± 2 Ma; Doutch and Cas 
2019).	If	the	contact	is	an	unconformity,	it	constrains	the	timing	of	D2	in	the	Blewett	et	al.	
(2010b) regional framework.

The mineralisation associated with V1-2 veins at Invincible has been suggested to 
occur during D3 extension, caused by the intrusion of granite batholiths such as the 
Kambalda Granodiorite, located in the core of the Kambalda Dome; (Note: this event 
termed D1b in the Jones et al. (2019) scheme). V1-2 mineralised veins appear truncated at 
the contact with the overlying Lower Merougil Group and as such were interpreted to 
pre-date deposition of the Merouigil Group (Jones et al. 2019). Hydrothermal alteration 
associated with these veins was thought to stop at the contact or be associated with 
later V3 veins, although further work has shown this to be incorrect (Doutch et al. 2019). 
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Re-examination	 of	 the	 contact	 in	 this	 study	 indicates	 it	 can	 be	 the	 site	 of	 significant	
deformation that may explain the apparent truncated appearance of some veins, though 
further	work	is	suggested	to	confirm	these	relations.	Based	on	the	deformed	vein	style	
and associated alteration mineral assemblages, the veins that cross the contact and 
occur in the Lower Merougil Group are correlated with V2. The presence of V2 veins in 
the Lower Merougil Group makes it unlikely that mineralisation occurred during D3 
extension; during deposition of the Lower Merougil Group. 

Monazite associated with V2 veins was dated at 2632 ± 14 Ma, and correlates with 
similarly aged monazite from the Revenge deposit. This age possibly represents a later 
event than gold mineralisation, as has been suggested for similar ages in the Kalgoorlie 
gold	field	(Vielreicher	et	al.	2015a,	Bateman	and	Jones	2015,	Vielreicher	et	al.	2015b).	The	
influence	of	later	events	was	minimised	as	much	as	possible	through	sample	selection,	i.e.	
away from V3 veins, intrusions, and faults; and careful examination using a petrographic 
and electron microscope for growth textures. The similar ages from monazite and other 
minerals	at	deposits	in	the	St	Ives	gold	field,	associated	with	the	main	ore	veins	provide	
a strong argument for gold mineralisation between 2646 to 2611.

	The	maximum	age	(95%	confidence)	of	V2 associated monazite is 2646 Ma, suggesting 
that gold mineralisation occurred at least 16 My after deposition of the Lower Merougil 
Group, possibly during D4a or later (2666 ± 4 Ma; Doutch and Cas 2019). The maximum 
age for the Speedway Fault Zone and gold mineralisation at Invincible is therefore  
younger than 2662 Ma. Similar timing for gold mineralisation has been interpreted from 
felsic to intermediate porphyritic intrusions that are overprinted by ductile foliations in 
gold-bearing	shear	zones	at	the	Revenge	to	Victory-Defiance	mines	in	the	St	Ives	gold	
field.	These	 intrusions,	dated	 at	 2658	 ±	 4	Ma,	 are	 interpreted	 to	have	been	 emplaced	
during	D3	 extension	 as	 they	 cut	D2	 folds	 at	 the	Revenge	mine	 (Blewett	 et	 al.	 2010b,	
Nguyen 1997). The ductile, thrust-related foliations that overprint these intrusions is 
attributed	to	D4a	contraction	(Blewett	et	al.	2010b).	At	the	Cave	Rocks	deposit,	14	km	
northwest of Invincible, the Donna Lamprophyre cuts the ore bodies and provides a 
minimum	age	constraint	for	gold	mineralisation	in	the	St	Ives	gold	field	of	2627	±	10	Ma	
(unpublished by Claoué-Long in: Clout 1991). 

The development of V1 and V2 extension veins and associated asymmetric drag folds 
during northeast-southwest directed compression is consistent with D4a thrusting while 
the stratigraphy was less steeply dipping than it is now (Fig. 3.17a, c; Table 3.3). Sustained 
northeast-southwest directed compression caused the regional folding that started in this 
period. However, the development of F3 folds adjacent to zones of abundant and well-
developed and folded V2 veins suggests folding continued after V2 vein development. 
The widespread S3 cleavage that is axial planar to F3 folds is consistent with the regional 
steeply dipping foliation. Mineral lineations on Ft3 shears throughout the Invincible mine 
are perpendicular to F3 fold axes suggesting that slip on these structures occurred during 
folding. The steep northwest plunge of the mineral lineations indicates a component 
of sinistral as well as reverse movement that is consistent with the regional D4b event. 
Gently dipping V3 extension veins that cut F3 folds and previous veins likely formed 
during	this	event.	Dextral	offset	of	the	Speedway	Fault	Zone	and	the	Invincible	deposit,	
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caused by the Alpha Island Fault and other Ft4 structures is consistent with the D5 event 
of	Blewett	et	al.	(2010b).

At least two discrete deformation events associated with gold mineralisation are 
readily recognisable at Invincible due to contrasting vein geometry and characteristic 
wall rock alteration assemblages. V1-2 veins are steeply dipping deformed parallel 
extension veins associated with D4a, of which V2 contains high gold grades and the 
bulk of the resource modelled at Invincible. V3 veins are associated with D4b and less 
abundant, more restricted high gold grades than V1-2. V3 veins are gently dipping, 
undeformed and surrounded by characteristic hematitic altered wall rock in areas that 
contained magnetite. The recognition of these two styles of veining and alteration will 
aid	exploration	targeting	because	prospects	where	both	are	identified	indicate	the	area	
was subjected to multiple mineralisation events that overlapped in space. Such multi-
stage	ore	processes	can	lead	to	a	greater	accumulation	of	gold	(Meffre	et	al.	2016).

3.9 Fluid Pressure Regimes

Vein formation and faulting at the Invincible deposit occurred through repeated 
deformation and slip events as evidenced by overprinting relationships of V1-3 extension 
veins	and	structures.	The	fluid	pressure	regimes	during	the	formation	of	the	Invincible	
deposit are constrained by the style, orientation and distribution of these veins. 

V1-2 veins are predominantly extension veins and breccias, the largest of which form 
subparallel to gently dipping bedding that was rotated between Ft1-2 shear zones. While 
subsequent deformation has folded or partially recrystallised V1-2 veins, their geometries 
are	 consistent	 with	 two	 structural	 settings:	 1)	 intermittent	 or	 sustained	 northeast-
southwest directed compression (Fig. 3.16a, c); or 2) northeast-southwest directed 
extension	with	southwest-side-down	movement	(Fig.	3.16b,	e).	The	modification	of	V1-2 
veins, as well as primary and secondary foliations by pressure solution and mass-transfer 
must also be acknowledged as a limiting factor in the interpretation of V1-2 vein formation. 
The pre-Merougil Group timing suggested by Jones et al. (2019) for northwest-southwest 
directed extension and major vein development followed by their erosion is precluded 
by the fact that, (although rare) V1-2 veins and associated wall rock alteration cross the 
unconformity between the Upper Black Flag Group and the Lower Merougil Group. 
This indicates the Merougil Group was present during mineralisation but this does not 
preclude an extensional stress-regime for the formation of these veins. In their present 
orientation V1-2 extension veins and Ft1-2	structures	suggests	σ1	to	be	vertical	and	σ3 to 
be	horizontal	and	NE-SW	trending.	This	vein	geometry	could,	however,	 reflect	 shear	
rotation and regional folding (e.g. Fig. 3.16a, c, e). There is paucity of gently dipping V1-2 
veins	that	could	reflect	their	original	geometry	interpreted	in	the	compressional	model.	
However, rare V1-2 veins have been measured with gentle dips trending towards the 
northwest	in	the	footwall	and	hanging-wall	sandstones	(Fig.	3.5b,	3.8)	that	may	reflect	a	
less rotated geometry outside of the more ductilely deformed mudstone. A similar model 
was proposed for the Athena deposit (~12 km south-east of Invincible) by Gibson (2011; 
Fig. 3.1), that is also dominated by mineralised extension veins that are reoriented from 



122

Chapter 3: Structural evolution of the Invincible deposit

gently dipping in the hangingwall and footwall to much steeper dips within the Athena 
shear	 zone.	As	 such,	 an	 intermittent	 or	 sustained	 compressional	 structural	 setting	 is	
preferred	and	the	fluid	pressure	regimes	associated	with	this	setting	are	discussed	here.	

The	 evolution	 of	 shear	 stress	 and	fluid	pressure	 that	 caused	brittle-ductile	 shear	
failure and vein development at Invincible during tectonic loading can be illustrated 
using failure mode diagrams (Cox 2010). An average density of mudstone and sandstone 
was taken as 2.7 g/cm3, and a tensile strength 10 MPa was used to calculate failure mode 
diagrams	 in	 ‘pore-fluid	 factor’	 (λv)	–	 ‘differential	stress’	 space	between	 the	maximum	
and	minimum	principal	stresses	(σ1-	σ3) for reverse faulting regime at a depth of 10 km. 
A depth of 10 km was selected based on geobarometry results from this study (presented 
in	Chapter	5).	Pore-fluid	factor	(λv)	is	defined	as	the	ratio	of	fluid	pressure	(Pf) to vertical 
stress	σv	(Hubbert	&	Rubey	1959).	The	coefficient	of	internal	friction	for	rock	(μ)	used	
was	0.75.	Change	 in	 the	 ratio	of	pore	fluid	 factor	 to	 the	differential	 stress	 is	given	as	
δλv/δ(σ1-	σ3).

The widespread development of gently dipping mineralised extension veins in a 
compressional	 setting	 suggests	 that	fluid	pressure	was	 intermittently	higher	 than	 the	

Figure 3.18 Failure	 mode	 diagram	 illustrating	 the	 fluid	 pressure	 and	 differential	 stress	 during	 V1 
mineralisation	at	Invincible.	Tectonic	loading	along	path	X	may	have	caused	brittle	shear	failure	and	folding	
of the bedding prior to V1	vein	 formation.	Ductile	 creep	and	shearing	along	path	Y	 results	 in	extension	
failure at point 1, where V1 veins develop adjacent to optimally oriented structures parallel. V1 veins are 
folded prior to development of V2	veins	that	may	have	occurred	during	stress	difference	build	up	after	V1 

vein	formation	until	the	brittle	failure	envelope	was	intersected	(point	2)	shear	failure	occurs	forming	V1 

laminated shear parallel veins deforming V1	extension	veins	resulting	in	relief	of	λv	and	σ1-σ3.
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Figure 3.19 Failure	 mode	 diagram	 illustrating	 the	 fluid	 pressure	 and	 differential	 stress	 during	 V2 

mineralisation at Invincible. Ductile deformation of V1 prior to V2 formation may have occurred during 
interseismic	recovery	of	λv	and	σ1-σ3. For extension failure to have occurred, forming V2 veins, the extension 
failure envelope must have been intersected to the right of the misoriented cohesionless structures (point 1). 
The	lack	of	fault-fill	V2	veins	indicates	that	relief	of	λv	and	σ1-σ3 occurred after V2 vein formation (point 2).

total	local	lithostatic	pressure	(σ3) and the intact rock tensile strength in the Invincible 
area. The orientation of V1	 extension	veins	 implies	 that	σ1 was slightly inclined from 
subhorizontal and trending to the northeast forming near-optimal orientation (30 - 40° 
to	σ1) for reverse shearing subparallel to bedding in the Invincible Mudstone member 
(Fig. 3.16a).  Shear failure could have occurred during accelerating creep rates at low to 
moderate	change	in	pore	fluid	pressure	relative	to	the	change	in	differential	st	δλv/δ(σ1- 
σ3)	loading	trajectories	that	culminated	in	optimally	oriented	brittle	failure	(path	X,	Fig.	
3.18). While there are rare laminated V1 veins parallel to shears, there is generally a paucity 
of	evidence	for	massive	brittle	shear	failure	during	V1 vein formation. The abundance 
of V1 extension veins and their subsequent deformation prior to V2 vein development 
indicates	they	were	formed	during	abrupt	supply	of	pressured	pore	fluid	(path	Y,	Fig.	
3.18)	caused	by	high	δλv/δ(σ1-	σ3)	at	a	low	stress	difference	that	locally	drove	extension	
failure (point 1, Fig. 3.18). Ductile shearing caused reorientation of bedding between Ft1 
structures allowed S0	planes	oriented	approximately	perpendicular	 to	σ3 to open and 
form larger V1 extension veins. Rare laminated V1 veins parallel to Ft1 shears indicate 
that	optimally	oriented	brittle	shear	failure	conditions	were	transiently	met	during	D1,	
as indicated by the loading path for V1 vein development (point 2, Fig. 3.18). Shear failure 
following development of V1 extension veins could have folded them and the bedding 
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prior to V2	vein	formation	and	caused	relief	of	λv	and	σ1-	σ3 (point 3, Fig. 3.18). Planar 
extension veins may also form and deform continually during sustained ductile shear 
if creep rates balance the tectonically imposed loading rate at constant strain rate (Cox 
2010). Alternatively, interseismic ductile creep preceding V2 vein development could 
have also deformed V1 veins. 

Bedding, V1 veins and S1 foliation were folded prior to the development of V2 

veins, suggesting that regional folding of the stratigraphy had initiated. Folding of the 
stratigraphy under similar northeast-southwest directed compression to D1 would cause 
Ft1	 shears	 to	become	misoriented	(60	 -	70°	 to	σ1). The formation of regularly oriented 
parallel V2 extension veins and breccias that are best developed subparallel to rotated 
bedding adjacent to Ft1-2 faults indicate they formed under similar conditions to V1 veins, 
i.e.	high	δλv/δ(σ1-	σ3)	at	 low	σ1-	σ3. Importantly, in order for extension veins to form, 
the loading trajectory must intersect the extension shear failure envelope to the right 
of	 the	misoriented	cohesionless	brittle	 fault	 envelope	 (point	1,	Fig.	 3.19).	The	parallel	
orientation of these breccia veins to extension veins suggests they represent zones of 
maximum	 dilation	 rather	 than	 reoriented	 fault-fill	 veins.	 The	 paucity	 of	 V2	 fault-fill	

Figure 3.20 Failure	 mode	 diagram	 illustrating	 the	 fluid	 pressure	 and	 differential	 stress	 during	 V3 
mineralisation at Invincible. The development of V3	 extension	veins	and	 lack	of	 fault-fill	veins	 indicates	
tectonic	loading	occurred	at	low	stress	difference	(less	than	40	MPa)	and	high		λv. For extension veins to 
form, the extension failure envelope must have been intersected to the right of the severely misoriented 
cohesionless structures (point 1). Deformation along existing severely misoriented structures, indicated by 
folded V1-2	veins	with	reverse	kinematics,	means	brittle	failure	occurred	post	V3 extension vein formation 
after	decrease	in	σ1-σ3	(point	2).	Brittle	failure	along	severely	misoriented	structures	results	in	relief	of	λv and 
σ1-σ3.
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Table 3.3 Summary of deformation events at Invincible and correlation with regional deformation 
frameworks. Stereoplot projections of the observed deformation events. The dashed red line in D1 and D2 is 
an interpreted position for Ft1 / Ft1-2 shears based on Fig 17a, c. 
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veins	and	lack	of	cataclastites	indicates	that	the	stress	difference	between	σ1	and	σ3 was 
relatively low at the time of V2	vein	formation,	and	that	post-seismic	relief	of	λv	and	σ1-	σ3 
occurred following V2 extension vein formation (path 2, Fig. 3.19). 

The development of gently dipping V3 extension veins almost perpendicular to steeply 
dipping V2 extension veins suggests almost 90° rotation of the stratigraphy occurred 
prior to their formation. The low dip of V3	veins	indicates	that	σ1 was subhorizontal and 
σ3 was subvertical during their formation. During V3 vein development, V1-2 veins are 
variably	boudinaged	parallel	 to	σ3 (subvertical) and folded during reverse movement 
on adjacent faults. The focus of reverse movement occurs on existing steeply dipping 
(~70°; e.g. Fig 3.4a, 3.6a) structures rather than new optimally oriented structures. The 
loading trajectory for V3 extension vein development must intersect the extension failure 
envelope to the right of the severely misoriented fault envelope prior to re-shear (point 
1,	Fig.	3.20).	Re-shear	along	misoriented	structures	suggests	λv was either maintained or 
slightly	decreased	following	shear	stress	relief	(σ1-	σ3) associated with extension failure 
and development of V3 veins (point 2, Fig. 3.20).

In summary, V1-3 veins are associated with folding, cleavage development, and 
shearing (crytal-plastic ductile processes) rather than faulting. These veinsets can be 
explained	by	 three	pulses	of	fluid	released	 into	a	broad	zone	of	shearing	 localised	 in	
the	Upper	Black	Flag	Group	mudstone.	The	arrival	of	pressured	pore	fluids	triggered	
transient	episodes	of	brittle	(extensional)	failure),	in	a	zone	otherwise	undergoing	ductile	
creep.  

3.10 Conclusion

The Invincible deposit, hosted by the Speedway Fault Zone in the Upper Black Flag 
and	Lower	Merougil	groups,	contains	three	styles	of	albite-carbonate-quartz	extension	
veins and breccias that record at least two major stages of gold mineralisation. These 
mineralisation events are interpreted to have formed during a protracted northeast-
southwest directed compressional regime. The widespread development of extension 
veins proximal to shear zones indicates that mineralised veins formed during seismic 
events	that	tapped	an	overpressured	(supralithostatic)	fluid	reservoir.	

Stage 1 (V1) veins herald the onset of low-grade gold mineralisation forming as 
parallel extension veins in the Invincible Mudstone member between bedding parallel 
reverse shears (Ft1) while the stratigraphy was less steeply dipping. The Merougil 
and Morgans Island shears of the Speedway Fault Zone located near the hanging 
wall and footwall contacts of the Invincible Mudstone member are examples of early 
bedding parallel shears. Stage 1 veins are more deformed than stage 2 (V1) extension 
veins and breccias. V2 veins contain the bulk of the high-grade gold and are associated 
with characteristic bleached albite-pyrite-biotite alteration of the wall rock. V2 veins 
form between reactivated shears (Ft2) and are best developed in areas where bedding 
has been folded subparallel to the principal direction of contraction, that was gently 
dipping during their formation. Stage 3 (V3) veins are associated with narrower high-
grade gold and are most abundant in the footwall Invincible Sandstone member. During 
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V3 vein development, V1-2 veins were folded and boudinaged during or before V3 vein 
development, and bedding parallel shear zones were reactivated as severely misoriented 
sinistral-reverse faults (Ft3). V3 veins are characteristically weakly to undeformed (Note: 
also	much	better	preservation	of	primary	vein	textures),	gently	dipping	and	surrounded	
by hematitic altered wall rock in areas that contained magnetite. These veins developed 
after the host stratigraphy was folded into its present steeply SW dipping orientation. 
Prior to V3 vein development V1-2 veins were rotated to their subvertical dip. The near 90° 
difference	in	geometry	of	V1-2 and V3 is evidence of least two discrete mineralising events 
separated	by	a	period	of	significant	deformation.	

The	onset	of	mineralisation	at	Invincible	follows	a	change	in	the	regional	stress	field	
from northeast-southwest extension (D3) to northeast-southwest compression (D4a, 4b) 
that occurred after the deposition of the Lower Merougil Group. Deformed, mineralised 
veins cut the unconformable contact between the Upper Black Flag and Lower Merougil 
groups and are associated with albite-pyrite-biotite and hematitic hydrothermal 
alteration of the Lower Merougil Group. Truncated veins at the unconformity may be 
the	result	of	later	structural	modification.	Accordingly,	gold	deposition	is	younger	than	
2666 ± 4 Ma, the maximum deposition age of the Lower Merougil Group and likely 
occurred around 2632 ± 14 Ma, the age of hydrothermal monazite associated with V2 

veins at Invincible. 

3.11 Acknowledgments 

Funding for this research was provided by St Ives Gold Mine Pty. Ltd. and supported 
by an Australian Government Research Training Program (RTP) Scholarship. We thank 
Gold Fields Australia Pty. Ltd. for permission to publish this paper and acknowledge the 
support of the St Ives Gold Mine geology team, in particular Gary Sparks, Leon Grimbeek, 
David	Nixon,	 Sarah	Evans,	Gemma	Lavery,	 Jay	 Stafford	 and	 the	 Invincible	 open	pit	
and underground geologists. We would also like to thank Karsten Goemann, Sandrin 
Feig from the Central Science Laboratory, University of Tasmania and Jay Thompson, 
Sebastien	Meffre,	 and	Paul	Olin	 from	 the	Discipline	 of	Earth	 Sciences	 laboratories	 at	
the University of Tasmania for their analytical expertise. We also thank Paul Edmonds, 
Shaun Barker, Sian Bright, Damien Sadler, Brian McNulty and Cassady Harraden for the 
valuable discussion and comments.

3.12 References
AHMED A., VAN KLAVEREN N., SANDERSON D., and BRISCOE S. 2013 Invincible Deposit - 

Characterisation Report Includes Invincible South and Invincible North Extension. Unpublished 
Technical Note INV001. St Ives Gold Mine, Gold Fields Pty. Ltd.

ARCHIBALD	N.	J.,	BETTENAY	L.	F.,	BINNS	R.	A.,	GROVES	D.	I.,	and	GUNTHORPE	R.	J.	1978	The	Evolution	
of	 Archaean	 Greenstone	 Terrains,	 Eastern	 Goldfields	 Province,	 Western	 Australia,	 Precambrian	
Research, vol. 6, pp. 103-131.

BATEMAN R. & HAGEMANN S. 2004 Gold mineralisation throughout about 45 Ma of Archaean orogenesis: 
protracted	flux	of	gold	in	the	Golden	Mile,	Yilgarn	craton,	Western	Australia,	Mineralium	Deposita,	
vol. 39, no. 5-6, pp. 536-559.

BATEMAN	R.	&	JONES	S.	2015	Discussion:	The	timing	of	gold	mineralization	across	the	eastern	Yilgarn	
Craton using U–Pb geochronology of hydrothermal phosphate minerals, Mineralium Deposita, vol. 



128

Chapter 3: Structural evolution of the Invincible deposit

50, no. 7, pp. 885-888.

BLEWETT	R.	S.,	CZARNOTA	K.	&	HENSON	P.	A.	2010a	Structural-event	framework	for	the	eastern	Yilgarn	
Craton, Western Australia, and its implications for orogenic gold, Precambrian Research, vol. 183, no. 
2, pp. 203-229.

BLEWETT R. S., SQUIRE R., MILLER J. M., HENSON P. A., and CHAMPION D. C. 2010b Architecture and 
geodynamic	evolution	of	the	St	Ives	Goldfield,	eastern	Yilgarn	Craton,	Western	Australia,	Precambrian	
Research, vol. 183, no. 2, pp. 275-291.

BONS P. D., ELBURG M. A. & GOMEZ-RIVAS E. 2012 A review of the formation of tectonic veins and their 
microstructures, Journal of Structural Geology, vol. 43, pp. 33-62.

CAREY	M.	L.	1994	Petrography	and	geochemistry	of	selected	sills	from	the	Kambalda-Kalgoorlie	region,	
WA. Australian National University.

CHERNIAK	D.	J.	&	PYLE	J.	M.	2008	Th	diffusion	in	monazite,	Chemical	Geology,	vol.	256,	pp.	52-61.

CHERNIAK	D.	 J.,	WATSON	E.	B.,	GROVE	M.,	 and	HARRISON	T.	M.	2004	Pb	diffusion	 in	monazite:	A	
combined RBS/SIMS study, Geochimica et Cosmochimica Acta, vol. 68, no. 4, pp. 829-840.

CLAOUÉ-LONG J. C., COMPSTON W. & COWDEN A. 1988 The Age of the Kambalda Greenstones 
Resolved by Ion-Microprobe: Implications for Archean Dating Methods, Earth and Planetary Science 
Letters,	vol.	89,	pp.	239-259.

CLARK M., CARMICHAEL D., HODGSON C., and FU M. 1989 Wall-rock alteration, Victory Gold Mine, 
Kambalda, Western Australia: processes and P-T-X (sub CO2) conditions of metasomatism, The 
Geology of Gold Deposits; the Perspective in 1988. Economic Geology Monograph vol. 6, pp. 445-459.

CLARK M. E. 1987 The Geology of the Victory Gold Mine, Kambalda, Western Australia. Department of 
Geological Sciences. Queen’s University.

CLOUT J. M. F. 1991 Geochronology of the Kambalda–Kalgoorlie area: a review, Unpublished WMC 
Technical Report, no. 187.

COMPSTON W., WILLIAMS I. S., CAMPBELL I. H., and GRESHAM J. J. 1986 Zircon xenocrysts from 
the Kambalda volcanics: age constraints and direct evidence for older continental crust below the 
Kambalda-Norseman	greenstones,	Earth	and	Planetary	Science	Letters,	vol.	76,	pp.	299-311.

CONNORS K., STOLZ E. & HANNESON J. 2002 Early fault architecture at St Ives: implications for Au 
and Ni mineralisation, Applied Structural Geology for Mineral Exploration and Mining: Australian 
Institute of Geoscientists, Bulletin, vol. 36, pp. 29-31.

CONNORS K. A. 2002 Lake 3D project results 2001-2002. St Ives Technical Note No. TNSIG02_002. Kambalda: 
St Ives Gold Mine, Gold Fields Pty. Ltd.

COX	S.	 F.	 1995	Faulting	processes	 at	 high	fluid	pressures:	 an	 example	 of	 fault	 valve	behavior	 from	 the	
Wattle	Gully	Fault,	Victoria,	Australia,	Journal	of	Geophysical	Research:	Solid	Earth,	vol.	100,	no.	B7,	
pp. 12841-12859.

COX	S.	F.	2010	The	application	of	failure	mode	diagrams	for	exploring	the	roles	of	fluid	pressure	and	stress	
states in controlling styles of fracture-controlled permeability enhancement in faults and shear zones, 
Geofluids,	vol.	10,	no.	1-2,	pp.	217-233.

COX S. F. 2016 Injection-driven swarm seismicity and permeability enhancement: Implications for the 
dynamics	of	hydrothermal	ore	systems	in	high	fluid-flux,	overpressured	faulting	regimes—An	invited	
paper, Economic Geology, vol. 111, no. 3, pp. 559-587.

COX S. F., KNACKSTEDT M. A. & BRAUN J. 2001 Principles of Structural Control on Permeability and 
Fluid Flow in Hydrothermal Systems, Society of Economic Geologist Reviews, vol. 14, pp. 1-24.

COX S. F. & RUMING K. 2004 The St Ives mesothermal gold system, Western Australia—a case of golden 
aftershocks?, Journal of Structural Geology, vol. 26, no. 6-7, pp. 1109-1125.

CRAWFORD M. A. 2011 Dynamic Coupling Between Deformation Processes, Fluid-Rock Interation, and 
Gold Deposition in the Argo Gold Deposit, St Ives, Western Australia. Australian National University 

CRAWFORD M. A. 2014 Summary notes following an initial review of the Invincible Project (unpublished). 
St Ives Gold Mine: Gold Fields Pty. Ltd.

CZARNOTA	K.,	CHAMPION	D.	C.,	GOSCOMBE	B.,	BLEWETT	R.	S.,	CASSIDY	K.	F.,	HENSON	P.	A.,	and		
GROENEWALD,	P.	B.	2010	Geodynamics	of	the	eastern	Yilgarn	Craton,	Precambrian	Research,	vol.	
183, no. 2, pp. 175-202.

DOUTCH D. A. & CAS R. A. F. 2019 Architecture and evolution of Neoarchean Black Flag and Merougil 
Groups, Kambalda, Western Australia: a submarine fan to fan-delta sequence. PhD Thesis, Chapter 2. 
Hobart: University of Tasmania.

DOUTCH	D.	A.,	SCOTT	R.	J.,	HALLEY	S.,	PASS	H.,	and	CAS	R.	A.	2019	Hydrothermal	Alteration	Mineralogy,	



129

Chapter 3: Structural evolution of the Invincible deposit

Geochemical Footprints and Ore Fluid Characteristics associated with the Neoarchean Invincible gold 
deposit,	St	Ives	gold	field,	Western	Australia,	PhD	Thesis,	Chapter	5:	Hobart,	University	of	Tasmania.

FISHER	D.	M.	&	BRANTLEY	S.	L.	1992	Models	of	quartz	overgrowth	and	vein	formation:	deformation	and	
episodic	fluid	flow	in	an	ancient	subduction	zone,	Journal	of	Geophysical	Research:	Solid	Earth,	vol.	
97, no. B13, pp. 20043-20061.

FOSSEN H. 2016 Structural geology. Cambridge University Press.

GARDÉS	E.,	JAOUL	O.,	MONTEL	J.-M.,	SEYDOUX-GUILLAUME	A.-M.,	and	WIRTH	R.	2006	Pb	diffusion	in	
monazite:	An	experimental	study	of	Pb2+	+	Th4+	-	2Nd3+	interdiffusion,	Geochimica	et	Cosmochimica	
Acta, vol. 70, pp. 2325-2336.

GARDÉS	E.,	MONTEL	J.-M.,	SEYDOUX-GUILLAUME	A.-M.,	and	WIRTH	R.	2007	Pb	diffusion	in	monazite:	
New constraints from the experimental study of Pb2+ - Ca2+	interdiffusion,	Geochimica	et	Cosmochimica	
Acta, vol. 71, pp. 4036-4043.

GIBSON L. 2011 Structural Controls on Hydrothermal Alteration and Gold Mineralisation at the Athena Gold 
Deposit,	St	Ives	Goldfield,	W.	A.	.	Research	School	of	Earth	Sciences.	Australian	National	University.

GOLDFARB	R.	J.	&	GROVES	D.	I.	2015	Orogenic	gold:	Common	or	evolving	fluid	and	metal	sources	through	
time, Lithos, vol. 233, pp. 2-26.

GOSCOMBE B., BLEWETT R., CZARNOTA K., GROENEWALD P., and MAAS R. 2009 Metamorphic 
evolution	and	integrated	terrane	analysis	of	the	eastern	Yilgarn	Craton:	rationale,	methods,	outcomes	
and interpretation.

GOSWAMI-BANERJEE	S.	&	ROBYR	M.	 2015	Pressure	 and	 temperature	 conditions	 for	 crystallization	of	
metamorphic allanite and monazite in metapelites: a case study from the Miyar Valley (high Himalayan 
Crystalline of Zanskar, NW India), Journal of Metamorphic Geology, vol. 33, no. 5, pp. 535-556.

GROVES	D.	 I.,	 GOLDFARB	 R.	 J.,	 KNOX-ROBINSON	C.	M.,	 OJALA	 J.,	 GARDOLL	 S.,	 YUN	G.	 Y.,	 and		
HOLYLAND	P.	2000	Late-kinematic	timing	of	orogenic	gold	deposits	and	significance	for	computer-
based	exploration	 techniques	with	 emphasis	on	 the	Yilgarn	Block,	Western	Australia,	Ore	Geology	
Reviews, vol. 17, no. 1-2, pp. 1-38.

HAND J. L. 1998 The sedimentological and stratigraphic evolution of the Archaean Black Flag Beds, 
Kalgoorlie,	Western	Australia:	implications	for	regional	stratigraphy	and	basin	setting	of	the	Kalgoorlie	
Terrane. Monash University.

HUBBERT	M.	K.	&	RUBEY	W.W.	1959	Role	of	fluid	pressure	in	mechanics	of	overthrust	faulting.	Part	1:	
Geological Society of America, vol. 82, pp. 355-372.

HUDLESTON P. J. 1986 Extracting information from folds in rocks, Journal of Geological Education, vol. 
34, no. 4, pp. 237-245.

IIZUKA	T.,	MCCULLOCH	M.	T.,	KOMIYA	T.,	SHIBUYA	T.,	OHTA	K.,	OZAWA	H.,	SUGIMURA	E.,	and		
COLLERSON K. D. 2010 Monazite geochronology and geochemistry of meta-sediments in the Narryer 
Gneiss Complex, Western Australia: constraints on the tectonothermal history and provenance, 
Contributions to Mineralogy and Petrology, vol. 160, pp. 803-823.

IIZUKA T., NEBEL O. & MCCULLOCH M. T. 2011 Tracing the provenance and recrystallization processes of 
the Earth’s oldest detritus at Mt. Narryer and Jack Hills, Western Australia: An in situ Sm–Nd isotopic 
study	of	monazite,	Earth	and	Planetary	Science	Letters,	vol.	308,	no.	3-4,	pp.	350-358.

JONES S. 2014 Contrasting structural styles of gold deposits in the Leonora Domain: evidence for early gold 
deposition,	Eastern	Goldfields,	Western	Australia,	Australian	Journal	of	Earth	Sciences,	vol.	61,	no.	7,	
pp. 881-917.

JONES S., DOUTCH D. A. & LUTTER T. 2019 The Invincible Deposit: An example of early D1 gold 
mineralisation truncated by unaltered c. 2665 Ma Merougil Formation conglomerate, Ore Geology 
Reviews, vol. In Press.

MEFFRE	S.,	LARGE	R.	R.,	STEADMAN	J.	A.,	GREGORY	D.	D.,	STEPANOV	A.	S.,	KAMENETSKY	V.	S.,	
EHRIG K., and SCOTT R. J. 2016 Multi-stage enrichment processes for large gold-bearing ore deposits, 
Ore Geology Reviews, vol. 76, pp. 268-279.

MICKLETHWAITE	S.	&	COX	S.	F.	2006	Progressive	fault	triggering	and	fluid	flow	in	aftershock	domains:	
Examples	from	mineralized	Archaean	fault	systems,	Earth	and	Planetary	Science	Letters,	vol.	250,	no.	
1-2, pp. 318-330.

MILLER J., BLEWETT R., TUNJIC J., and CONNORS K. 2010 The role of early formed structures on the 
development	of	the	world	class	St	Ives	Goldfield,	Yilgarn,	WA,	Precambrian	Research,	vol.	183,	no.	2,	
pp. 292-315.

NEMCHIN A. A. & PIDGEON R. T. 1998 Precise conventional and SHRIMP baddeleyite U-Pb age for the 
Binneringie Dyke, near Narrogin, Western Australia, Australian Journal of Earth Sciences, vol. 45, no. 
5, pp. 673-675.



130

Chapter 3: Structural evolution of the Invincible deposit

NGUYEN	P.	T.,	COX	S.	F.,	HARRIS	L.	B.,	 and	POWELL	C.	M.	1998	Fault-valve	behaviour	 in	optimally	
oriented shear zones: an example at the Revenge gold mine, Kambalda, Western Australia, Journal of 
Structural Geology, vol. 20, no. 12, pp. 1625-1640.

NGUYEN	P.	T.	1997	Structural	Controls	on	Gold	Mineralisation	at	the	Revenge	Mine	and	its	Tectonic	Setting	
in the Lake Lefroy Area, Kambalda, Western Australia. The University of Western Australia.

PARRISH R. R. 1990 U–Pb dating of monazite and its application to geological problems, Canadian Journal 
of Earth Sciences, vol. 27, no. 11, pp. 1431-1450.

PASSCHIER C. W. 1994 Structural geology across a proposed Archaean terrane boundary in the eastern 
Yilgarn	Craton,	Western	Australia,	Precambrian	Research,	vol.	68,	no.	1-2,	pp.	43-64.

PASSCHIER C. W. & TROUW R. A. J. 2005 Microtectonics. (2nd Edition edition). Springer, Germany.

RASMUSSEN B., FLETCHER I. R. & SHEPPARD S. 2005 Isotopic dating of the migration of a low-grade 
metamorphic front during orogenesis, Geology, vol. 33, no. 10, pp. 773-776.

RASMUSSEN B., SHEPPARD S. & FLETCHER I. R. 2006 Testing ore deposit models using in situ U-Pb 
geochronology of hydrothermal monazite: Paleoproterozoic gold mineralization in northern Australia, 
Geology, vol. 34, no. 2, pp. 77-80.

RODDICK	J.	C.	1984	Emplacement	and	metamorphism	of	Archaean	mafic	volcanics	at	Kambalda,	Western	
Australia - geochemical and isotopic constraints, Geochimica et Cosmochimica Acta, vol. 48, pp. 1305-
1318.

RUMING	K.	J.	2006	Controls	on	Lode	Gold	Mineralisation	in	the	Victory	Thrust	Complex,	St	Ives	Goldfield,	
Western Australia. School of Environmental and Life Sciences. University of Newcastle.

STORKEY	A.	&	WHAANGA	A.	2008	Beta	Hunt	Project:	CNKO	Beta	&	East	Alpha	Progress	Report.	pp.	110.	
Kambalda: Consolidated Nickel Kambalda Operations Pty Ltd.

SWAGER	C.	P.,	GRIFFIN	T.	J.,	WITT	W.	K.,	WYCHE	S.,	AHMAT	A.	L.,	HUNTER	W.	M.,	and	MCGOLDRICK	
P. J. 1990, Geology of the Archaean Kalgoorlie Terrane -- an explanatory note.

SWAGER C. P. 1997 Tectono-stratigraphy of late Archaean greenstone terranes in the southern eastern 
goldfields,	Western	Australia,	Precambrian	Research,	vol.	83,	no.	1-3,	pp.	11-42.

TRIPP G. 2018 Visit Notes: St Ives Gold Field, Western Australia. Unpublished report for Gold Fields Ltd.

TUNJIC J. & STEIN H. 2008 Re-Os data for three molybdenites from a porphyritic felsic intrusion, St. Ives, 
Yilgarn	Craton,	Western	Australia.	Kambalda:	Gold	Fields,	St	Ives	Gold	Mine.

TUREK A. 1966 Rubidium-strontium isotopic studies in the Kalgoorlie-Norseman area, Western Australia. 
Australian National University, Canberra, A.C.T.

VIELREICHER N. M., GROVES D. I. & MCNAUGHTON N. J. 2015a The timing of gold mineralization 
across	 the	 eastern	Yilgarn	 craton	using	U–Pb	geochronology	of	 hydrothermal	phosphate	minerals,	
Mineralium Deposita, vol. 50, pp. 391-428.

---	2015b	Reply	to	Discussion:	The	timing	of	gold	mineralization	across	the	eastern	Yilgarn	Craton	using	
U–Pb geochronology of hydrothermal phosphate minerals, Mineralium Deposita, vol. 50, no. 7, pp. 
889-894.

---  2016 The giant Kalgoorlie Gold Field revisited, Geoscience Frontiers, vol. 7, no. 3, pp. 359-374.

VIELREICHER N. M., GROVES D. I., SNEE L. W., FLETCHER I. R., and MCNAUGHTON N. J. 2010 Broad 
Synchroneity of Three Gold Mineralization Styles in the Kalgoorlie Gold Field_SHRIMP, U-Pb, and 
40Ar/39Ar Geochronological Evidence, Economic Geology, vol. 106, pp. 187-227.

WEINBERG R. F., MORESI L. & VAN DER BORGH P. 2003 Timing of deformation in the Norseman-Wiluna 
belt,	Yilgarn	craton,	Western	Australia,	Precambrian	Research,	vol.	120,	no.	3,	pp.	219-239.

WILLIAMS	M.	L.,	 JERCINOVIC	M.	 J.,	HARLOV	D.	E.,	BUDZYŃ,	B.,	 and	 	HETHERINGTON	C.	 J.	 2011	
Resetting	monazite	ages	during	fluid-related	alteration,	Chemical	Geology,	vol.	283,	no.	3-4,	pp.	218-
225.

WING	 B.	A.,	 FERRY	 J.	M.	 &	HARRISON	 T.	M.	 2003	 Prograde	 destruction	 and	 formation	 of	monazite	
and allanite during contact and regional metamorphism of pelites: petrology and geochronology, 
Contributions to Mineralogy and Petrology, vol. 145, no. 2, pp. 228-250.

WINGATE M. T. D., CAMPBELL I. H. & HARRIS L. B. 2000 SHRIMP baddeleyite age for the Fraser dyke 
swarm,	southeast	Yilgarn	Craton,	Western	Australia,	Australian	Journal	of	Earth	Sciences,	vol.	47,	no.	
2, pp. 309-313.

WOODCOCK	 J.,	 EDMONDS	 P.,	MOORE	 S.,	 DOUTCH	D.	A.,	 and	 FOLEY	A.	 2015	 St	 Ives	 Gold	Mine;	
Invincible: From discovery to development. NewGenGold. Perth.

YEATS	C.	J.,	MCNAUGHTON	N.,	RUETTGER	D.,	BATEMAN	R.,	GROVES	D.	I.,	HARRIS	J.	L.,	and		KOHLER	
E.	1999	Evidence	for	diachrononous	archean	lode	gold	mineralization	in	the	Yilgarn	Craton,	Western	



131

Chapter 3: Structural evolution of the Invincible deposit

Australia: A SHRIMP U-Pb Study of Intrusive Rocks, Economic Geology, vol. 94, pp. 1259-1276.

3.13 Appendices
3.13.1 A3.1. Vein mineral deformation textures.

Deformation microstructures in V2 ore veins. (a) Deformed albite with evidence of 
dislocation creep such as deformation twins, subgrain development, undulous extinction 
and	kinking	of	crystals;	(b)	Solid	state	replacement	of	albite	by	quartz	along	a	fractures	or	
zone of kinking in the albite crystals, evidence for dissolution-precipitation processes; (c) 
Fractures	in	albite	have	quartz,	carbonate,	gold	and	telluride	infill;	(d)	Weak	undulous	
extinction	 in	 massive	 quartz	 through	 the	 centre	 of	 the	 vein;	 (e)	 Intense	 dissolution	
of V2b	 vein	 margins,	 carbonate	 crystals	 show	 deformation	 twinning,	 quartz	 crystals	
show evidence of dynamic recrystallisation and irregular grain boundary migration 
recrystallisation.  
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3.13.2 A3.2. Monazite U-Pb results.

See digital appendix.
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4.0 Abstract

A revised approach to Grant’s (1986) isocon method is presented as a simpler, more 
effective	means	of	depicting	and	interpreting	mass-balance	data	for	hydrothermally	

altered rocks. The data-driven approach does not rely on subjective assumptions about 
element mobility or prior statistical analysis of the geochemical data used. A simple 
column graph we call a ranked ratio plot is used to depict, in descending order, 
concentration ratios for analysed elements in the altered rock and protolith. As with 
many previous mass-balance approaches, we assume that immobile elements generally 
comprise the largest group of elements compatible with the same mass-change in the 
altered	 rock.	These	 elements	 are	 readily	 identified	as	 those	defining	 the	 largest	 step-
like segment (or plateau) on a ranked ratio plot. Use of a column graph, rather than an 
x-y plot, removes the need for arbitrary scaling of compositional data (which may vary 
by	five	orders	of	magnitude)	and	avoids	the	congestion	typical	of	most	previous	plots	
used to present this type of data. The simple standard form of ranked ratio plots greatly 
assists	comparison	of	mass-change	patterns	in	different	samples.	As	alteration	intensity	
increases, the number of immobile elements typically decreases, meaning that plateaus 
on	 ranked	 ratio	 plots	 can	 become	 more	 difficult	 to	 recognise.	 Strategies	 to	 identify	
immobile elements in strongly altered rocks, and deal with compositional variability in 
the protolith are discussed. The method is particularly well suited to automated mass-
balance analysis of large numbers of spatially related samples, leading to the improved 
description and understanding of compositional and mineralogical gradients induced 
in hydrothermally altered rocks. Our approach is demonstrated using data from two 
contrasting	ore	deposits,	the	Invincible	Au	deposit	in	the	Eastern	Goldfields	Superterrane,	
Western Australia and the Kansanshi Cu(-Au) deposit in NW Zambia. 
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4.1 Introduction

The process of hydrothermal alteration induces compositional gradients in altered 
rocks. In an originally homogeneous rock mass, changes in element concentration result 
from	both	their	addition	or	removal	by	the	fluid,	and	the	net	mass	change	in	the	rock.	
Whether	a	specific	element	is	added,	lost,	or	immobile	(i.e.	neither	added	to	nor	lost	from	
the	rock)	during	hydrothermal	alteration	may	vary	with	distance	along	the	flow	path,	
as	the	introduced	fluid	reacts	towards	equilibrium	with	the	host	rocks.	The	mobility	of	
elements	during	hydrothermal	alteration	depends	on	their	solubility	in	the	fluid	and	the	
stability of the minerals (new and old) capable of hosting those elements. Geochemical 
gradients are best understood using mass-balance methods, as these largely avoid the 
closure problems inherent in the analysis of compositional data expressed as parts of a 
whole (e.g. ppm, wt %; Grant, 1986; Rollinson, 1993). The ultimate goal of mass-balance 
is	to	better	understand	the	mineralogical	changes	that	took	place	during	alteration,	and	
in	so	doing,	improve	characterisation	of	the	causative	fluid	and	conditions	of	alteration.	
The most critical step in the mass-balance is the recognition of immobile elements, as 
these allow the net mass change in the rock, and the gains and losses of the mobile 
constituents	to	be	quantified	(Grant,	1986).

The most widely used approaches to geochemical mass-balance follow from work 
by Gresen (1967) who proposed an inter-relationship between an altered rock and its 
protolith	in	terms	of	changes	in	volume,	density,	and	composition.	Grant	(1986)	modified	
Gresen’s approach, developing a simple graphical method – the isocon diagram – to 
depict mass changes during hydrothermal alteration. Although Grant’s (1986) approach 
is still widely used, over the past 30 years many alternatives have been proposed, such 
that there is no longer a standard approach to mass-balance (e.g. Ague and Van Haren, 
1996; Baumgartner and Olsen, 1995; Efron, 1979; Humphris et al., 1998; Schedl, 1998; 
Woronow and Love, 1990). However, it is not clear that greater statistical rigour or 
numerical	 sophistication	 of	 the	 alternative	methods	 has	 significantly	 improved	 basic	
understanding of mass changes during hydrothermal alteration. The more complex and 
time consuming, statistical methods do not appear to have been widely adopted, and 
in	some	cases,	confusion	caused	by	differences	in	terminology	and	approach	between	
methods has led to errors in interpretation (see discussion in Grant, 2005). 

Fundamentally,	 differences	 in	 published	 mass-balance	 methods	 reflect	 different	
treatments	of	two	closely	related	problems:	(i)	identification	of	the	immobile	elements	
(e.g. Ague and Van Haren, 1996; Grant, 1986; Mukherjee and Gupta, 2008), and (ii) 
overcoming problems related to compositional heterogeneity in the protolith (e.g. 
Baumgartner and Olsen, 1995; MacLean and Barret, 1993). Some workers have simply 
assumed certain elements were immobile based on their very low solubilities under 
a wide range of hydrothermal conditions (e.g. Grant, 1986, 2005). Others advocate 
more data-driven approaches (Baumgartner and Olsen, 1995; Humphris et al., 1998). 
The approach to protolith heterogeneity is also critical, because mass transport is only 
unequivocally demonstrated where observed mass change for an element exceeds that 
which can be explained by normal variability in the composition of the least altered 
protolith (Baumgartner and Olsen, 1995).



135

Chapter 4: A simplification of the isocon method for evaluating element mobility and mass-balance

This	paper	presents	a	modification	of	Grant’s	(1986;	2005)	isocon	method	aimed	at	
both	simplifying	the	identification	of	immobile	elements	and	the	presentation	of	mass-
balance data. Our approach does not require prior inspection, statistical analysis, scaling, 
or other arbitrary manipulation of the data, and thus avoids some of the potential pitfalls 
of the approach adopted by Grant (1986). The approach used is similar to, but simpler 
than, those proposed by Baumgartner and Olsen (1995) and Humphris et al. (1998). The 
speed and simplicity of the graphical approach outlined herein, makes it feasible to apply 
to large numbers of spatially related samples. Thus, rather than simply characterising 
average mass changes for particular alteration facies, as has typically been the case 
in previous mass-balance studies reported in the literature, the method facilitates the 
identification	of	multiple	geochemical	gradients	within	haloes	of	hydrothermally	altered	
rock, which in turn allows the causative geological processes to be more fully elucidated. 

Our	modified	approach	to	Grant’s	(1986;	2005)	isocon	method	is	demonstrated	using	
data from the Archean Invincible orogenic gold deposit, Kambalda, Western Australia; 
and the Cambrian Kansanshi Cu-Au deposit, in NW Zambia. These deposits were chosen 
because	field	evidence	at	both	suggests	the	normally	immobile	elements,	Al	and	Ti,	were	
mobile during ore-related hydrothermal alteration (cf. Grant, 2005, p. 999). At Invincible, 
mineralised veins contain albite, biotite ± white mica (Fig. 4.1a, b), while at Kansanshi, 
coarse grained hydrothermal rutile is a minor constituent of some mineralized veins 
(Fig. 4.1c, d). At both deposits, wall rocks immediately adjacent to the veins are typically 
intensely albite-altered, containing up to 75 % albite, by mass. A previous mass-balance 
study at Kansanshi concluded that Al and Ti were both mobile during hydrothermal 
alteration associated with Cu mineralisation at that deposit (Torrealday, 2000).

Figure 4.1. (a-b) Syntaxial growth of albite crystals in ore-stage veins from Invincible; (c) Euhedral 
hydrothermal	rutile	crystal	in	a	barren	quartz	vein,	Kansanshi;	(d)	Coarse	grained	rutile	intergrown	with	
chalcopyrite and calcite in an ore-stage vein at Kansanshi. Ore stage minerals are cut by a thin grey dolomite 
vein.
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4.2 Previous work

Mathematical formulations and symbols used in this paper follow those of Grant (1986). 
The	relative	behaviour	of	any	two	elements	in	a	sample	of	altered	rock	is	reflected	by	their	
respective concentration ratios, Ci

A/Ci
O, where Ci

A is the concentration of element i in the 
altered rock, and Ci

O its concentration in the unaltered (or least altered) equivalent. Groups 
of elements with similar concentration ratios behaved similarly during hydrothermal 
alteration (Grant, 1986; Humphris et al., 1998). Geochemically dissimilar elements (e.g. 
Al, Ti, Zr) with similar concentration ratios are assumed to have been immobile (Grant, 
1986). The average concentration ratio of the immobile elements, m, is determined solely 
by the net mass change in the rock (i.e. MO/MA, with m > 1 for mass loss, m < 1 for mass 
gain, Grant, 1986). On isocon diagrams, concentrations of major and trace elements in the 
altered	rock	are	plotted	(ordinate)	against	their	concentrations	in	the	protolith	(or	least	
altered equivalent; abscissa). Immobile elements plot along a straight line through the 
origin termed the isocon (Grant, 1986). Other components, either added or lost during 
alteration, plot above and below the isocon (slope = m), respectively. Identifying the 
immobile elements allows both the net mass change, and mass changes for individual 
(mobile) components in an altered sample to be determined (Grant, 1986, 2005).

As	 element	 concentrations	 in	 rocks	 can	 vary	 by	 over	 five	 orders	 of	 magnitude,	
and	 cannot	 be	 effectively	 displayed	 using	 a	 linear	 scale,	 either	 a	 series	 of	 arbitrary	
multiplication factors (Grant, 1986, 2005), arbitrary rankings (Huston 1993; Cooke et al., 
1998), or log scales (Baumgartner and Olsen, 1995) have been used to distribute data 
more evenly on x-y plots. The pitfalls of arbitrarily scaling the data have been much 
discussed (Huston, 1993, Baumgartner and Olsen, 1995, Mukherjee and Gupta, 2008). For 
each element, the same multiplication factor is used to scale concentrations in the altered 
and	least	altered	rock,	so	scaling	only	affects	the	distance	that	a	component	plots	from	
the origin on an isocon diagram (Grant, 2005). If the immobile elements have exactly the 
same	concentration	ratio,	scaling	factors	have	no	effect	on	the	slope	of	the	isocon,	which	
is identically determined from any of one of them. If, however, concentration ratios for 
the immobile elements are not identical as will typically be the case due to protolith 
heterogeneity	or	 analytical	uncertainty),	 scaling	 can	affect	 the	 calculated	 slope	of	 the	
isocon,	with	more	weight	given	to	elements	plotting	furthest	from	the	origin	(Mukherjee	
and Gupta, 2008). Prior inspection of the data is also required to ensure appropriate 
scaling factors are selected, as these will vary depending on protolith composition and 
intensity of alteration.

Baumgartner and Olsen (1995) consider compositional variability in both the 
protolith and altered rock (based on multiple analyses of each) in their selection of 
immobile elements. While this appears more rigorous, by averaging compositional data 
for	specific	alteration	facies	the	potential	for	resolving	geochemical	patterns	within	that	
alteration facies is lost. While it is clearly important to characterise original compositional 
heterogeneity in the protolith, additional variability in the compositions of the altered 
equivalents	 will	 primarily	 reflect	 spatial	 variations	 in	 the	 nature	 and	 extent	 of	 the	
hydrothermal alteration. Thus, within what might be interpreted as a single alteration 
facies, the nature and extent of alteration in any two samples need not be, and generally 
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will not be, the same.  As well as losing spatial information, by averaging data for altered 
rocks, geologists are forced to make pre-emptive decisions about which altered samples 
are	equivalent,	rather	than	letting	the	data	“speak	for	themselves”.	

4.3 Ranked Ratio and Mass-Balance Box Plots

To avoid arbitrary scaling or congestion of data on bivariate plots, we advocate the use 
of column graphs to display component concentration ratios in descending order (i.e. 
greatest enrichment to greatest depletion).  This is, in essence, a graphical representation 
of the approach adopted by Grant (2005) in his Table 1, Panel B. As with previous mass-
balance approaches, the concentration used for each element in the protolith (Ci

O) is best 
determined by averaging the results of multiple analyses of the least altered material. 
Arranging component ratios in descending order (ranked ratio plots) typically reveals a 
central	plateau	defined	by	components	with	very	similar	concentration	ratios,	and	‘head’	
and ‘tail’ regions formed by components with respectively higher (i.e. elements added 
during alteration) and lower (i.e. elements removed during alteration) concentration 
ratios	 than	 elements	 defining	 the	 plateau	 (Fig.	 4.2).	One	 or	more	 other	 smaller	 step-
like features may also be apparent. The separation of elements on ranked ratio plots 
avoids the congestion of the concentration diagrams used by Humphris et al. (1998) 
and	other	x-y	plot	representations	of	the	data.	The	step	defined	by	the	largest	number	
of components with very similar concentration ratios (here termed the plateau), will 
generally identify the immobile elements, and can thus be used to determine the slope of 
the	isocon.	Gentle	slopes	for	the	plateau	may	reflect	either	compositional	heterogeneity	
in protolith, analytical uncertainty, or minor mobility of some of the elements concerned.

Few rocks (especially sedimentary rocks) are homogeneous on the scales at which 
whole rock geochemical studies are usually undertaken. Comparing each least altered 
sample	with	the	average	protolith	using	ranked	ratio	plots	defines	the	range	of	Ci

A/Ci
O 

due	to	protolith	heterogeneity.	A	buffer	range	that	accounts	for	protolith	heterogeneity	
and analytical uncertainty is set accordingly when selecting immobile elements (Fig. 
4.2b).	Equation	optimisers	such	as	the	Solver	tool	for	Microsoft	Excel	can	be	used	to	find	
the	maximum	number	of	 elements	with	 concentration	 ratio	within	 a	 specified	buffer	
limit of a given m-value. The slope of the isocon is either determined by averaging the 
concentration	ratio	of	components	plotting	between	the	buffer	limits,	or	simply	taking	
the central value of this range. Both approaches usually yield similar results unless the 
threshold	buffer	is	large.	The	approach	is	readily	automated	for	batch	analysis	of	large	
numbers of samples.

Components that are below detection limits in either the protolith or the altered 
rock	are	 still	potentially	useful	 in	 evaluating	patterns	of	mass	 change,	 although	 their	
concentration ratios cannot be exactly determined. To represent such components on 
ranked ratio plots, detection limit concentrations are used for all below detection analyses, 
such that where Ci

O is below detection, Ci
A/Ci

O will be a minimum for that component; 
and where Ci

A is below detection, Ci
A/Ci

O will be a maximum for that component. Where 
a component is below detection in both the protolith and altered rock, it is excluded from 
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the analysis. 

Following Equation 6 in Grant (1986), to graphically represent mass changes in 
the major elements resulting from alteration, we introduce the ‘mass-change box plot’, 
which	depicts	the	relative	mass-change	(ΔCi / Ci

O) of each component (y-axis) in relation 
to its original concentration (Ci

O) in the protolith (x-axis). To calculate the relative mass-
change, Equation 1 (see Table 4.1) is rearranged as follows: 

ΔCi / Ci
O = 1/m ( Ci

A/ Ci
O ) – 1 (Eq. 2)

where the slope of the isocon, m = MO/MA. The absolute mass change for each 
component	(ΔCi	=	Δmi / MO) is simply the relative mass change (from Eq. 2) multiplied 
by its initial concentration (Ci

O), so:

Δmi / MO = 1/m . Ci
A – Ci

O (Eq. 3)

Thus, on the mass-change box-plots, the absolute mass change for each component 
is simply the area of the corresponding box. The mass-change box-plots are also a 
convenient way of depicting the extremes of compositional heterogeneity in the protolith 
(Fig. 4.3a). 

4.4 Application at Invincible and Kansanshi

Ranked ratio and mass-change box plots were used to interpret element mobility and 
mass	 change	patterns	 in	whole	 rock	X-ray	fluorescence	 (XRF)	data	 for	 samples	 from	
two contrasting ore deposits. Details of sample preparation and analytical procedures 
are provided in the Appendix A4.1. The geochemical data is reported in Appendix 
A4.2.	Invincible	is	an	Archean	orogenic	gold	deposit	in	the	St.	Ives	goldfield,	Western	
Australia. It is hosted by mudstone and sandstone of the uppermost Black Flag Group. 
Similar	 to	 other	 gold	 deposits	 in	 the	 St	 Ives	 goldfield,	 the	 ore	 fluid	 at	 Invincible	 is	
interpreted to have been near-neutral, moderately reduced, CO2- and H2S-rich, and 
low salinity (<10 eq. wt % NaCl). Given these characteristics, it is likely that Au was 
predominantly	transported	as	a	bisulfide	complex	(e.g.	Au(HS)2‒, e.g. Mikucki, 1998). The 
Kansanshi Cu (-Au) deposit in NW Zambia is a Cambrian sheeted vein deposit hosted 
by Neoproterozoic marine sedimentary strata of the Katangan Supergroup (Torrealday 
et	al.,	2000;	Broughton	et	al.,	2002).	The	ore	fluid	at	Kansanshi	is	interpreted	have	been	
moderate	temperature	(300‒400°C),	acidic,	oxidized,	CO2-rich	and	highly	saline	(20‒30	
eq. wt % NaCl) (Speiser et al., 1995; Torrealday, 2000; Broughton et al., 2002). Metals 
(Cu, Au, U) were likely to have been transported as chloride complexes. Host rocks at 
both deposits were metamorphosed at upper greenschist to lower amphibolite facies 
conditions prior to mineralisation.

The twelve samples from the Invincible deposit come from a 10 m interval that 
straddles a 2 m wide mineralised intercept in diamond drill hole number LD13800. 
Samples	 collected	 from	 210.3	 ‒	 214.4	 m	 and	 215.1	 ‒216.2	 m	 both	 have	 a	 mudstone	
protolith, and represent the immediate hanging wall and ore zone, respectively. Samples 
at 217 and 217.4 m are from a ~2 m wide fault that forms the footwall contact of the ore 
zone in this drill hole. These also have a mudstone protolith. Samples from 218.5 m 
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Figure 4.2 (a)	Element	concentrations	in	weakly	altered	Invincible	sample	LD13800-210.3	m	(y-axis)	plotted	against	average	concentrations	of	same	elements	in	the	least	altered	mudstone	protolith	(x-axis).	A	log-log	plot	is	used	to	depict	the	data	as	element	
concentrations	vary	by	five	orders	of	magnitude.	This	type	of	plot	has	been	widely	used	to	depict	mass-changes	in	altered	rocks	in	the	literature,	although	Grant	(2005)	has	highlighted	problems	with	using	log-log	plots.	The	largest	group	of	elements	consistent	
with	the	same	mass-change	in	the	altered	rock	lie	along	a	straight	line	through	the	origin,	however	these	are	not	easily	identified	by	visual	inspection.	(b)	Same	data	as	(a)	plotted	on	a	ranked	ratio	plot.	The	horizontal	line	at	Ci

A/Ci
O = 0.98 (mass change +2%) gives 

the	gradient,	m,	of	the	best-fit	isocon	on	a	conventional	isocon	diagram	(Grant,	1986).	On	a	ranked	ratio	plot,	the	isocon	is	determined	by	varying	the	value	of	m	so	as	to	find	the	maximum	number	of	elements	with	concentration	ratios	falling	within	a	specified	
buffer	range,	in	this	case	±10%	in	the	value	of	m	(denoted	by	thin	dotted	lines).	The	buffer	is	set	to	account	for	typical	compositional	variability	in	the	protolith.	Black	columns	denote	the	immobile	elements	defining	the	plateau.	Elements	with	concentration	
ratios >m occupy the “head” region (left) of the diagram and were added during alteration. Elements with concentration ratios <m occupy the “tail” region (right) and were partly removed during alteration. See text for further discussion. (c) Ranked ratio plots 
for	remaining	samples	from	Invincible	drill	hole	number	LD13800.	Elements	represented	by	black	columns	are	identified	as	immobile	in	each	case.	Labels	for	major	element	oxides,	S	and	LOI	are	shown	above	the	plots,	and	those	for	trace	elements	below.	Note	
decrease	in	number	of	elements	defining	plateaus	for	samples	from	the	ore	zone.	Also	note	that	a	least	altered	sandstone	composition	was	used	to	generate	ranked	ratio	plots	for	the	samples	from	218.5	and	220	m	depth.	(d)	Schematic	diagram	of	the	ore	zone	
intercept in drill hole LD138000, showing the distribution of samples. 
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and	220	m	(footwall)	are	both	sandstones.	 In	drill	hole	LD13800,	 the	visible	effects	of	
hydrothermal alteration are largely restricted to the 2 m wide ore zone intercept. Ten to 
70	%	(by	volume)	of	the	ore	zone	samples	consists	of	small	quartz	+	carbonate	(calcite,	
dolomite, ankerite) ± albite-rich veins (e.g. Fig. 4.1a, b), which could not be practically 
separated from wall rock material, and thus form part of the whole rock analyses. Minor 
vein	phases	 include	biotite/phlogopite,	muscovite,	K-feldspar,	barite,	 sulfides	 (pyrite,	
pyrrhotite, galena), tellurides and gold. Narrow muscovite-rich selvages occur at the 
margins of some veins.

The Kansanshi data forms part of a larger data set for carbonaceous phyllite samples 
collected	 at	 distances	 of	 1	 to	 4	 m	 from	 a	 1	m	wide,	 steeply	 dipping,	 quartz-calcite-
chalcopyrite vein in Main Pit. The four samples reported here are from a single ~20 
cm wide schist layer, that passes from albite-altered and generally strongly bleached 
material	within	 2	metres	 of	 the	 vein,	 to	 black	 graphitic	 and	 sufidic	 schist	 at	 greater	
distance. Bleaching of the wall rocks is interpreted to be due to the oxidation of wall 
rock graphite during hydrothermal alteration (Kríbeck et al., 2005). At this locality, wall 
rocks <1 m from the vein were very deeply weathered, and not sampled. In fresh rock, 
Kansanshi	ore-stage	veins	principally	consist	of	carbonate	 (calcite>>dolomite),	quartz,	
and chalcopyrite (>>pyrite). Locally developed minor vein phases include biotite, rutile, 
epidote,	anhydrite,	bornite,	molybdenite,	a	variety	of	Ni	±	Co	±	Fe	sulfides,	magnetite,	
tellurides, and gold (Torrealday, 2000; Torrealday et al., 2000; Broughton et al., 2002; 

Table 4.1 List of symbols used in Equation 1 (from Grant, 1986).
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Heathcote, unpublished data). Typically, the centimetre- to metre -wide, albite-altered 
haloes extend outward from the vein edges, however later selvages of biotite and 
muscovite-altered wall rock up to several centimetres wide are also 

4.5 Results and Interpretation

Ranked ratio plots for Invincible drill hole number LD13800 samples are presented in 
Figure 4.2, and the corresponding mass-change box plots in Figure 4.3. A summary of 
the results of the mass-balance calculations for the Invincible samples is provided in 
Appendix A4.3. Ranked ratio plots for the Kansanshi samples are shown in Figure 4.4. Both 
sample	sets	show	a	progressive	decrease	in	the	number	of	components	defining	plateaus	
on	 the	 ranked	ratio	plots	 towards	 the	mineralized	veins.	 In	most	cases,	 the	plateau	‒	
representing	the	immobile	or	least	mobile	elements	‒	occupies	a	relatively	central	position	
on the ranked ratio plots, indicating the number of (analysed) components added during 
alteration was approximately balanced by the number at least partially removed. Only 
Invincible ore zone samples containing >10% vein-material, and the distal Kansanshi 
sample	number	B16,	show	significant	shifts	in	the	position	of	the	plateau	towards	the	
tail	region	of	the	plots	(Figs.	4.2,	4.4).	The	best-defined	plateaus	on	ranked	ratio	plots	
for	samples	from	both	deposits	typically	include	Al	and	the	high	field	strength	elements	
(HFSE) Ti, Zr, Th, and Nb, supporting the view that these elements are immobile in most 
hydrothermal	fluids	(e.g.	Grant,	1986).	For	the	Invincible	samples,	plateaus	commonly	
also	include	the	elements	V,	Nd,	Ga,	Y	and	P2O5, while for the Kansanshi carbonaceous 
schist samples SiO2 and Pb (plus Na2O, K2O and MgO in the most distal samples) are 
typically also components of the plateau segments.  

4.5.1 Behaviour of Ti

Titanium	 is	 a	 plateau-defining	 (i.e.	 immobile)	 element	 on	 ranked	 ratio	 plots	 for	 all	
Kansanshi and Invincible samples examined in this study (Figs. 4.2, 4.3) even though 
coarse-grained hydrothermal rutile is a minor component of the ore-stage veins at 
Kansanshi	 (Figs.	 4.1c,	 d).	 This	 suggests	 that	 solubility	 of	 Ti	 in	 the	 ore	fluid	 abruptly	
decreased prior to, or during its initial interaction with the adjacent wall rocks. It is 
possible that rocks closer to the vein edge at the Kansanshi sample site did record 
evidence of Ti mobility during hydrothermal alteration (e.g. Torrealday, 2000), however, 
unfortunately these were considered too deeply weathered to be worth sampling for 
this	study.	Nonetheless,	our	data	suggest	any	significant	Ti-mobility	in	the	wall	rocks	at	
Kansanshi occurred within 1 m of major veins, as well as within the veins themselves.

4.5.2 Behaviour of Al

Aluminium (Al2O3) was immobile in all Kansanshi samples (Fig. 4.4), and in all but 
the ore zone samples from Invincible (Fig. 4.2). The three Invincible ore zone samples 
containing >20 % vein material all show addition of Al2O3 and net mass gains up to 160 % 
(Figs. 4.2, 4.3, Appendix A4.3). A fourth ore zone sample (sample number LD13800_215.7 
m), with only 10% veins by volume, was depleted in Al2O3 and shows ~30 % net mass 
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Figure 4.3 (a) Protolith-variability box plots for mudstone (upper) and sandstone (lower) show major element compositional heterogeneity in least altered protoliths at Invincible. The plots are produced by superimposing mass-change box for the individual 
least	altered	samples	compared	to	the	average	least	altered	protolith	composition	(see	below	for	further	explanation).	Only	mass-changes	in	altered	rocks	that	exceed	the	ranges	shown	here	should	be	considered	statistically	significant.	(b)	Mass-change	box-plot	
for Invincible sample number LD13800-210.3. The width of the box for each component is its concentration in the least altered protolith. The height of the box is the relative mass change relative to its original concentration, such that the area of the box is the 
absolute mass change. (c) Mass-change box plots for the remaining samples from Invincible drill hole number LD13800. Colour scheme as for panel b.
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loss (Figs. 4.2. 4.3, Appendix A4.3). 

The contrasting behaviour of Al in strongly altered rocks from the two deposits 
is highlighted in a plot of Al2O3 against ~immobile TiO2 (Fig. 4.5). Aluminium and Ti 
are	 typically	 strongly	 correlated	 in	 fine	 grained	 clastic	 sedimentary	 rocks,	 as	 shown	
by the data for carbonaceous schist samples from Kansanshi (Fig. 4.5). At Invincible, 
the three ore zone samples with the highest proportion of vein material all have much 
higher Al/Ti ratios than the other mudstone samples from that deposit, implying the 
addition	of	Al	is	mainly	a	reflection	of	the	albite-bearing	veins	(Fig.	4.5).	Although	the	
mass-balance	results	from	Invincible	support	field	evidence	for	Al	mobility	during	Au-
related hydrothermal alteration, the length-scales over which Al was mobile are less 
clear. The ore zone sample with the lowest vein density shows Al depletion, suggesting 
some of the Al added in the ore zone (presumably mostly an expression of the albite- ± 
mica-bearing veins) was stripped from nearby wall rocks. A more detailed mass-balance 
study	is	required	to	better	characterise	the	length-scales	over	which	Al	was	mobilized	at	
this deposit.

4.5.3 Behaviour of Na

Despite the similar alteration mineral assemblages, and albite abundances in the most 
strongly	 altered	 samples	 from	Kansanshi	 and	 Invincible	 (Fig.	 4.6),	 differences	 in	 the	
behaviour of Na2O	are	 apparent	 at	 the	 two	deposits.	At	Kansanshi,	 significant	Na2O 
addition only extends a short distance beyond the limits of strong bleaching in the 
carbonaceous schist. At greater distances from the vein, Na2O was essentially immobile 
(Fig. 4.3). At Invincible Na2O addition extends well beyond the limits of visible 
alteration.	However,	in	contrast	to	patterns	at	Kansanshi,	two	of	the	three	most	distal	
Invincible samples show pronounced Na2O-depletion (Figs. 4.2, 4.3). The contrasting Na 
mass-balance	patterns	are	interpreted	to	indicate	albitization	at	Kansanshi	was	entirely	
facilitated	by	an	externally	sourced	supply	of	Na,	introduced	in	the	ore	fluid,	whereas	at	
Invincible, at least some Na concentrated in rocks in and around the ore zone may have 
been	leached	from	the	surrounding	wall	rocks.	This	difference	in	Na	behaviour	may	be	
partly	be	explained	by	the	different	Na	contents	of	the	least-altered	wall	rocks	at	the	two	
deposits,	with	 the	 least-altered	mudstone	at	 Invincible	 containing	4‒7	 times	as	much	
Na2O as the least-altered carbonaceous schist at Kansanshi (Fig. 4.6, Appendix A4.2). The 
much	higher	salinity	of	the	Kansanshi	ore	fluid	was	probably	also	a	significant	factor.		

4.5.4 Behaviour of K, Ba and Rb

At both Kansanshi and Invincible, enrichment in Na2O was accompanied by losses in 
K2O (Figs. 4.2, 4.4 and 4.6, Appendix A4.3). Data for the carbonaceous schist samples 
from Kansanshi reveals a linear inverse relationship between K and Na concentrations, 
but	the	pattern	is	more	complex	at	Invincible,	where	the	mineralogy	and	original	K2O 
content of the protolith is more variable (Fig. 4.6). Given the immobility of Al in all 
but the ore zone samples from Invincible, the Al needed for albite growth must have 
been largely (Invincible) or entirely (Kansanshi) sourced from the breakdown of pre-
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Figure 4.5 Plot of Al2O3 against TiO2 in compositional data for the Kansanshi carbonaceous schist and 
Invincible mudstone samples. The Kansanshi data for these elements is highly correlated and plots along 
a straight line through the origin, as required if these geochemically dissimilar elements were immobile 
during hydrothermal alteration. In contrast, data from Invincible shows both Al addition (vein-rich) and Al 
depletion (vein-poor) samples from the ore zone.

Figure 4.6 Plot of K2O versus Na2O in compositional data for the Kansanshi carbonaceous schist and 
Invincible mudstone samples. The estimated proportion of albite in the samples (based on Na2O content) is 
also	shown.	The	inverse	correlation	between	K	and	Na	in	the	Kansanshi	samples	reflects	the	replacement	of	
original muscovite by albite, and accompanying removal of K, in the more strongly altered rocks close to the 
vein. See text for further discussion.
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existing aluminous minerals in the wall rocks (i.e. muscovite at Kansanshi, and biotite/
phlogopite, muscovite ± plagioclase at Invincible). 

Based on the mineralogy of least altered samples, the major albite-forming reaction 
in	 the	 carbonaceous	 schist	 at	 Kansanshi	 (originally	 containing	 ~45%	 quartz,	 ~40%	
muscovite, by weight), is interpreted to have been: 

KAl3Si3O10(OH)2  +  6 SiO2  +  3 Na+  ↔  3 NaAlSi3O8  +  2 H+  +  K+ (Eq. 4)

Assuming the operation of this reaction alone, conversion of a rock with an initial 
mineralogy matching the least altered carbonaceous schist, to one containing 70 wt % 
albite, should produce a small mass gain of +2.6%. Silica should be conserved (immobile). 
These predictions accord well with mass-balance data for Kansanshi samples B9 (65% 
albite, SiO2 immobile and a mass change of +2.4%) and B6 (~70% albite, SiO2 immobile 
and a mass change of -5.9%, see Fig. 4.4). However, another more altered sample (B4, 
~75% albite) from closer to the vein records a net mass change of -16%, which includes 
a 10% loss of SiO2 (or 16% of the original SiO2 content). This shows that dissolution of 
quartz,	beyond	 that	 involved	 in	 the	 formation	of	 albite	 (e.g.	Eq.	 4),	 occurred	 in	most	
strongly altered rocks close to the vein.

At both Invincible and Kansanshi, the behaviour of Rb and Ba generally mimicked K 
(Figs. 4.2, 4.4 and 4.7), indicating these elements were originally also contained in mica, 
and that like potassium, were largely removed from the rock mass following breakdown 
of the mica to form albite. However, mass-balance results for two of the Invincible ore 
zone samples (samples with 25 and 70% vein material, respectively) show no change 
to slight enrichment in Ba in rocks that have strong depletions in K2O (Figs. 4.2e, 4.2f 
and 4.7). Petrographic examination indicates these samples contain minor barite as well 
as barian K-feldspar (and hyalophane with up to 9 wt % Ba) in ore stage veins. Thus, 
while Ba and K were progressively leached from the wall rocks during alteration, these 
elements were evidently locally redeposited in veins, possibly as a result of mixing 
between	K-	 and	Ba-enriched,	wall	 rock-reacted	fluids	 and	 less	 reduced	 ‘juvenile’	 ore	
fluid	during	subsequent	rupture	events	(cf.	Cox	et	al.,	1995).	

4.5.5 Behaviour of Ca, Mg, Fe, CO2 and S

Visibly altered samples from Invincible and Kansanshi both show strong gains in Na2O 
and CaO, as expected for alteration assemblages dominated by albite and carbonate. 
Magnesium was depleted in almost all samples from both deposits (Figs. 4.2, 4.4), 
suggesting calcite (rather than dolomite or ankerite) is the dominant carbonate mineral. 
Another feature apparent at both deposits is that gains in CaO extend further into the 
wall rocks (i.e. well beyond the limits of visible alteration) than those for Na2O (Figs. 4.2, 
4.4). 

All	 Invincible	 samples	 record	minor	 to	 significant	gains	 in	 loss-on-ignition	 (LOI)	
due to hydrothermal alteration. At Invincible, CO2 is likely the main contributor to LOI, 
as these components are strongly correlated in compositional data (Appendix A4.2). 
The Invincible samples have relatively high carbonate contents and S/Ca << 1. Upon 
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heating	to	~1000°C	during	sample	preparation,	S	released	by	sulfide	breakdown	largely	
re-combines with Ca, if available, to form CaSO4, so does not contribute to LOI. In the 
Kansanshi samples, however, LOI is poorly correlated with CaO, but strongly correlated 
with S content (as measured on pressed powder pills, Appendix A4.2). All but the most 
strongly altered carbonaceous schist samples have very low carbonate contents and S/Ca 
ratios >> 1. Accordingly, it is likely that much of the S in the carbonaceous schist samples 
was lost during sample heating and may account for as much as 20–50% of the measured 
LOI. Also, compared to mudstone samples from Invincible, a greater contribution to 
LOI from H2O is also likely for the less altered Kansanshi carbonaceous schist samples, 
as these were originally more micaceous (e.g. higher K2O contents, see Fig. 4.6) than the 
mudstone at Invincible. 

Mass-balance	patterns	for	S	are	quite	different	at	the	two	deposits.	At	Kansanshi,	the	
behaviour	of	S	largely	mimics	Fe,	with	iron	sulfides	(pyrite	>	chalcopyrite	>	pyrrhotite)	
the major host to both elements in both the protolith and altered samples (Fig. 4.8a). At 
Kansanshi, Fe and S are both strongly depleted in intensely altered carbonaceous schist 
samples closest to the vein, but moderately to strongly enriched in rocks immediately 
beyond the limits of strong bleaching (graphite destruction) and albite alteration (Fig. 
4.4).	This	pattern	suggests	S	and	Fe	scavenged	from	intensely	altered	wall	rocks	close	to	
the vein were subsequently deposited in more distal parts of the alteration halo (see also 
Broughton et al., 2002, p.151). 

Several processes may have contributed to the behaviour of Fe and S at Kansanshi. 
The	likely	predominance	of	dissolved	sulphate	over	sulfide	in	the	primary	hydrothermal	

Figure 4.7 Plot of Ba versus K2O in compositional data for the Kansanshi carbonaceous schist and Invincible 
mudstone samples. Correlations between Ba and K in the least altered rocks from both deposits indicate 
Ba was originally contained in mica. In the strongly altered wall rocks at Kansanshi, Ba and K were both 
removed	in	the	residual	fluid	following	the	breakdown	of	muscovite	to	form	albite.	The	behaviour	of	these	
elements was more complex at Invincible, where some K and Ba liberated during  mica replacement in the 
wall rocks was apparently re-deposited as later-stage gangue and vein minerals (e.g. barian K-feldspar, 
barite, phlogopite and phengite) in and adjacent to the ore stage veins.
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fluid	may	have	caused	dissolution	of	pre-existing	sulfides	in	the	wall	rocks	immediately	
adjacent	 to	 the	vein.	However,	 as	 the	 ore	fluid	permeated	 further	 from	 the	vein,	 the	
progressive	 reduction	 of	 sulfate	 through	wall	 reaction,	 could	 have	 increased	 sulfide	
concentrations	 sufficiently	 to	 allow	 pyrite	 and	 chalcopyrite	 to	 precipitate	 at	 greater	
distance	from	the	veins.	Progressive	changes	in	pore	fluid	pH	of	may	have	also	played	a	
role.	Acidity	of	the	primary	ore	fluid,	plus	that	subsequently	generated	by	the	conversion	
of muscovite to albite (e.g. Eq. 4) could also have led to the dissolution of pre-existing 
sulfides	in	albite-altered	zones.	Once	the	supply	of	Na	was	exhausted,	however,	further	
infiltration	 of	 the	 fluid	 into	 the	 rock	mass	was	 likely	 accompanied	 by	 a	 rise	 in	 pH,	
reducing the solubility of Fe and S. A crude inverse relationship between Na2O and Fe 
(and S) concentrations in compositional data for many of the carbonaceous schist samples 
supports the operation of this process (Appendix A4.2, Fig. 4.8b). A similar process 
may have also operated at Invincible, where an outward increase in the abundance and 
grainsize of disseminated pyrite is apparent across albite-altered haloes to some of the 
auriferous	veins.	However	as	this	occurs	on	the	mm	‒	cm	scale,	it	is	not	resolvable	in	the	
whole rock geochemical data presented here. 

Figure 4.8 (a) Plot of S versus Fe for the Kansanshi carbonaceous schist and Invincible mudstone samples. 
In both the weakly and strongly altered carbonaceous schist samples from Kansanshi, both elements are 
principally	contained	in	sulfides	(pyrite,	chalcopyrite,	pyrrhotite).	Strongly	altered	schist	samples	closest	to	
the	vein	have	the	lowest	sulfide	contents.	At	Invincible	biotite	±	carbonate	minerals	are	more	important	hosts	
for	Fe	than	sulfides	in	all	but	the	ore	zone	samples.	(b)	The	crude	inverse	relationship	between	Na2O and 
Fe	for	albite-altered	carbonaceous	schist	suggests	changes	in	fluid	chemistry	as	a	result	of	albite	formation	
may have completed to the depletion of Fe (and S) in the inner bleached halo to ore stage veins at Kansanshi.

4.5.6 Behaviour of U

Uranium is below detection (<2 ppm) in the least-altered protoliths at both deposits. 
The only Invincible samples in which U is above detection (up to 14.1 ppm) are from the 
ore zone (AppendixA4.2, Fig. 4.2c, sample numbers LD13800-215.4 and -215.7), while 
at Kansanshi, bleached samples B6 and B9 contain 11.8 and 9.5 ppm U. Mass-balance 
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results for the full set of carbonaceous schist samples from this locality shows U addition 
increases in magnitude towards the vein, reaching a maximum 18.5 ppm U in the most 
intensely albite-altered sample (an addition of at least 680%). Uranium mass-balance 
patterns	 at	 Kansanshi	 suggest	 U	 deposition	 was	 driven	 by	 interaction	 between	 the	
oxidized	ore	fluid	(in	which	U	was	transported	as	a	chloride	complex)	and	the	reduced	
wall rock. A similar scenario may have applied at Invincible, although the more reduced, 
less	saline	ore	fluid	at	that	deposit	was	less	likely	to	transport	significant	U.	

4.5.7 Behaviour of LREE (La, Ce, Nd)

The light rare earth elements (LREE) La, Ce, Nd are highly correlated in whole rock data 
for samples from both deposits and these elements typically plot close together or form 
(at least part of) step-like features on ranked ratio plots (Figs. 4.2, 4.4). The association 
probably	reflects	the	near	exclusive	incorporation	of	these	elements	into	monazite,	(Ce,	
La, Nd)PO4.		Steps	defined	by	Ce-La-Nd	are	located	in	the	head	regions	of	ranked	ratio	
plots for strongly altered samples from both deposits, but form part of the plateau or 
occur in the tail region of the plots for the less altered, more distal samples. This implies 
some	LREE	enrichment	close	to	the	veins	may	partly	reflect	remobilization	of	original	
wall-rock components from the more distal parts of the alteration haloes. Particularly 
at Kansanshi (where the concentration ratios (Ci

A/Ci
O) for La, Ce, Nd in the individual 

samples are most consistent), the fact that these LREE form step-like features on ranked 
ratio plots implies that the compositions of hydrothermal and pre-existing monazite 
must be similar. 

4.6 Discussion
4.6.1 Identification of immobile elements

Previous mass-balance methods have used either log-log plots or arbitrary, uncertainty-
weighted (e.g. Baumgartner and Olsen, 1995) or equally-weighted (e.g. Humphris et 
al.,	1988)	scaling	 factors	 to	display	concentration	data	 (which	may	vary	by	up	 to	five	
orders of magnitude) on x-y plots. The potential pitfalls of these approaches have 
been extensively debated (Baumgartner and Olsen, 1995; Grant, 2005; Mukherjee and 
Gupta,	2008).	As	well	as	actual	mass-changes	during	alteration,	the	effects	of	protolith	
heterogeneity and analytical uncertainty commonly conspire to mask the identity of 
truly immobile elements in strongly altered rocks (Baumgartner and Olsen, 1995). In 
such	cases,	multiple	plausible	isocons	(each	implying	a	different	mass-change	pattern)	
could	be	fitted	to	a	single	data	set	(e.g.	Durand	et	al.,	2015).	In	such	circumstances,	one	
approach has been to simply assume that one or more of the most commonly immobile 
elements (e.g. Al, Ti, Zr, etc) was immobile, and to use the concentration ratio, Ci

A/Ci
O of 

that (or those) elements to quantify mass changes in the rock (e.g. Grant, 1986; Kalczynski 
and Gates, 2014). However, no element is immobile under all hydrothermal conditions 
(e.g. Rubin et al., 1993), and the incorrect choice of immobile elements could lead to 
significant	errors	in	mass-balance	calculations.	

Ore zone sample LD13800-215.4 m (Fig. 4.2c) from Invincible provides a good 
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example. It contains 70% vein material, so a mass-change >>100% (m-value <<0.5) is 
expected. However, if Al had simply been assumed immobile, without considering the 
petrographic and textural features of the sample, an m-value of 0.90 and a mass change 
of +11.4% would have been determined. This is well short of the much more reasonable 
+163% (i.e. m = 0.38) determined based on the selection of Ti and Zr as the only immobile 
elements in the sample (Fig. 4.2c, sample number LD13800-215.4). 

Baumgartner and Olsen (1995) proposed a less subjective approach to characterising 
mass changes during hydrothermal alteration was to identify the maximum number 
of elements that are, within the limits of their uncertainties, compatible with the same 
isocon. Our use of the largest step-like segment (or plateau) on a ranked ratio plot to 
identify the immobile elements follows the same rationale, as did the mass-balance 
approach developed by Humphris et al. (1998). This assumption may not always hold 
in very strongly altered rocks, or where the total number of analysed components is 
small (e.g. <15) or the composition of the protolith is poorly constrained. Grant (1986, 
2005) gives several examples in which geochemical and petrological arguments may 
justifiably	outweigh	simple	numerical	ascendancy	in	the	selection	of	immobile	elements.	
Nonetheless, we contend that identifying the largest population of elements with similar 
concentration ratios (i.e. the largest step-like feature on a ranked ratio plot) should always 
be	the	first	step,	and	commonly	the	only	step	needed,	to	identify	the	immobile	elements.

4.6.2 Compositional variability in the protolith

Where	our	mass	balance	approach	differs	from	that	of	Baumgartner	and	Olsen	(1995)	
is in the treatment of uncertainties. Those authors argued multiple analyses of both 
the parent and altered rock were required to fully characterise uncertainties in the 
concentration ratios of individual elements. In contrast, we use compositional variability 
in the protolith only, to set a threshold value for allowable deviation in the slope of the 
isocon	when	finding	the	maximum	number	of	elements	consistent	with	the	same	isocon.	
The threshold value (say ±8 % in the value of m) is set to account for compositional 
variability	of	most	elements	in	the	protolith,	paying	particular	attention	to	those	that	are	
most commonly immobile (e.g. Al, Ti, Zr, Nb, etc). 

As emphasised by Baumgartner and Olsen (1995), mass transport for an element is 
only unequivocally demonstrated where the observed mass change is more than can be 
explained by compositional variation in the least altered protolith. Our recommendation 
to set the threshold value for m to account for the variability of most elements in the 
protolith, means that apparent mass changes for the elements that are most variable in 
the	protolith,	may	not	be	statistically	significant	in	altered	rocks.	Thus,	it	is	advisable	to	
first	produce	a	mass-change	box	plot	that	shows	the	maximum	composition	variation	
for the major elements in the protolith (e.g. Fig. 4.3a). This plot, which we term a 
“protolith-variability box plot” is produced by superimposing the mass-change box 
plots for individual least altered samples compared to the average least altered protolith 
composition. In altered rocks, only mass-changes that exceed the ranges shown in 
the	protolith	variability	box	plot	should	be	considered	statistically	significant.	Similar	
comparisons should also be done for the trace elements, but the major elements are 
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considered	most	important,	because	it	is	these	that	reflect	(and	determine)	the	mineralogy	
of the rock.

Figure 4.3 helps illustrate our approach. The proportion of thinly interbedded 
siltstone	 in	 mudstone	 samples	 from	 Invincible	 varies	 significantly,	 and	 contributes	
to the greater heterogeneity of the least altered mudstone (Fig. 4.3a) compared to the 
carbonaceous schist at Kansanshi (Fig. 4.4). For many of the major elements in the 
mudstone (e.g. Ca, Na, K and LOI), only mass-changes greater than (±) 40% can be 
confidently	attributed	to	alteration,	while	for	S	the	required	change	is	even	larger.	The	
least altered sandstone from Invincible has even greater compositional variation (Fig. 
4.3a). Comparison of mass-change box plots for the two altered sandstone samples 
(Figs. 4.3k, l) and the protolith-variability box plot for the sandstone (Fig. 4.3a) shows 
apparent mass-changes for SiO2 and Fe2O3 are within the range of normal variability in 
the protolith, while CaO, MnO, K2O, P2O5, LOI, and S all fall outside their ranges in the 
protolith,	and	thus	reflect	changes	due	to	alteration.	

Our	method	could	easily	be	adapted	to	use	different	uncertainties	for	each	element	
in the protolith, but the results of this study suggest the greater rigour is generally 
unnecessary. Analysis of a few weakly altered samples in a given dataset is usually 
sufficient	to	determine	whether	the	threshold	value	has	been	set	unrealistically	high	or	
low	for	a	given	protolith.	Our	approach	also	allows	for	the	mathematical	best-fit	solution	
(i.e. greatest number of elements consistent with the same isocon) to be overridden by 
manually adjusting the m-value or threshold (i.e. slope of the isocon) until the isocon 
either includes the preferred “immobile” elements, or (where appropriate) matches mass 
changes in nearby or apparently similarly altered samples. However, manual adjustments 
are only recommended in circumstances where elements comprising the mathematical 
best-fit	 isocon	 are	 geologically	 implausible	 (e.g.	many	 of	 the	 identified	 elements	 are	
mobile	 in	 adjacent	 samples).	 Our	 experience	 suggests	 significant	 adjustments	 to	 the	
best-fit	solution	are	rarely	necessary,	although	are	probably	more	likely	to	be	required	in	
circumstances where the protolith composition is particularly heterogenous.

4.6.3 Compositional variation in altered rocks

The	main	difference	between	our	approach	and	that	of	Baumgartner	and	Olsen	(1995)	
is in the treatment of compositional variability in the altered rock. Baumgartner and 
Olsen (1995) recommend analysing multiple samples for each altered rock type, to 
assess its compositional variability, independently of that in the protolith. While this 
approach may appear more rigorous, it potentially puts the cart before the horse, and 
runs counter to a primary objective of mass-balance calculations; namely to identify and 
interpret	compositional	gradients	(i.e.	a	spatial	attribute)	in	altered	rocks.	It	is	important	
to recognise that such gradients exist within individual “alteration facies”, as well as 
between them. Indeed, as we have demonstrated here, altered rocks with very similar 
appearance	 and	 mineralogy	 can	 have	 quite	 different	 mass-change	 characteristics,	
reflecting	 the	 operation	 of	 additional	 chemical	 (and/or	 physical)	 processes,	 at	 some	
points	 along	 the	 flow	path	 (e.g.	 samples	 B4,	 B6	 and	B9	 from	Kansanshi).	Unless	 the	
alteration zones under investigation are developed on the scale of tens to hundreds of 
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metres	or	more,	it	may	be	difficult	to	ensure	samples	collected	as	‘duplicates’	truly	are	
samples of equivalent rocks. 

Our approach is to compare the composition of each individual altered rock sample 
to the average composition of the (assumed) protolith. As such, each sample contributes 
information about chemical changes at a particular point in the system. This may introduce 
spurious results for individual samples, but this should normally be recognisable by 
the occurrence of abrupt, unexplained changes in m-value (slope of the isocon) between 
nearby samples. It is expected that for closely spaced samples derived from a common 
protolith, abrupt changes in m-value should be accompanied by corresponding changes 
in mineralogy, vein abundance, or intensity of dissolution features. Where this is not the 
case, it is likely the m-value	determined	for	one	or	more	samples	may	be	significantly	in	
error.	Thus,	comparison	of	mass-balance	patterns	in	neighbouring	samples	provides	an	
additional	strategy	that	can	be	used	to	guide	the	identification	of	immobile	elements	in	
problematic samples. 

4.6.4 Interpretation of multiple step-like features on ranked ratio plots

As results for the Invincible and Kansanshi case studies demonstrate, as the intensity of 
alteration	increases,	the	number	of	(immobile)	elements	defining	the	plateau	segment	of	
a	ranked	ratio	plots	decreases.	The	lack	of	a	well-defined	plateau	on	a	ranked	ratio	plot	
(e.g. Fig. 4.2c, sample number LD13800-215.4) indicates that either (i) the rock is very 
strongly altered and all, or almost all, elements were mobilised to some degree, or (ii) the 
composition assumed for the protolith is simply not appropriate. Instead of, or perhaps 
in	addition	 to,	 a	well-defined	plateau,	one	or	more	 smaller	 step-like	 features	may	be	
apparent on ranked ratio plots for more strongly altered samples (e.g. Figs. 4.2c, sample 
number LD13800-218.5, 4b). 

Step-like features on ranked ratio plots are formed wherever two or more elements 
have the same (or very similar) concentration ratios, Ci

A/Ci
O. This also means that 

the concentration ratios of the elements (with respect to one another) did not change 
significantly	during	alteration.	Thus,	for	any	two	elements	i	and	j	that	form	a	step	on	a	
ranked ratio plot, Ci

O/Cj
O must also approximately equal Ci

A/Cj
A.  Thus, on bivariate plots 

of geochemical data for multiple altered samples with a common protolith, any highly 
correlated elements forming a linear array along a straight line through the origin, also 
form steps on ranked ratio plots. This is true regardless of whether the elements were 
mobile	or	immobile.	However,	if	the	elements	are	geochemically	dissimilar	(e.g.	Al‒Ti,	
Ti‒Zr,	etc),	such	linear	arrays	imply	both	elements	must	be	immobile.	This	important	
corollary provides an additional test for element immobility in larger suites of altered 
rock samples, provided they share a common protolith. Thus, regardless of length, only 
step-like	 features	on	 ranked	ratio	plots	defined	by	geochemically	dissimilar	elements	
can be taken to unequivocally identify immobile elements (e.g. Fig. 4.2c, sample number 
LD13800-215.4). 

Geochemically similar elements that strongly partition into a single mineral should 
produce small step-like features, or plot close together, on ranked ratio plots. The 
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common step-like features formed by the LREE elements La, Ce and Nd on ranked ratio 
plots	for	the	Invincible	and	Kansanshi	samples	are	one	such	example	and	reflect	the	near	
exclusive portioning of these elements into monazite. The behaviour of P is decoupled 
from that of the LREE, however, because it is contained in a second mineral, apatite, 
which is more abundant than monazite in samples from both deposits.

While La, Ce and Nd were added in the most altered samples from Kansanshi and 
Invincible, in general step-like features formed by mobile elements should be more 
common	in	the	tail	regions	of	ranked	ratio	plots,	where	they	reflect	element	partitioning	
into a mineral that was unstable (i.e. dissolved or replaced) during hydrothermal 
alteration.	Small	step-like	features	defined	by	K,	Rb	and	Ba	in	the	tail	regions	of	ranked	
ratio plots for moderately to strongly altered carbonaceous schist samples from Kansanshi, 
have	this	origin,	and	reflect	 the	breakdown	of	original	muscovite.	Potassium,	Rb	and	
Ba	have	similar	patterns	in	some	of	the	altered	mudstone	samples	from	Invincible	(e.g.	
Figs. 4.2c, sample numbers LD13800-212.5, 214.4, 215.7, 217 and 217.4), but overall these 
elements are not as well correlated at Invincible (e.g. Fig. 4.7), where they are contained 
in a variety of minerals formed both prior to, and during, alteration (e.g. muscovite, 
biotite, phlogopite, barian K-feldspar, hyalophane and barite). This last point is worth 
emphasising. Although K, Rb and Ba record mass losses in most of the altered mudstone 
samples from Invincible, these elements were not completely removed from the rock 
mass once their original host minerals were dissolved or replaced by albite. Instead, 
subsequent	interactions	between	the	juvenile	ore	fluid	and	(K	+	Ba	+	Rb-enriched)	wall	
rock-reacted equivalent are interpreted to have locally resulted in conditions favourable 
to the partial re-deposition of these components in later stage minerals (e.g. barian 
K-feldspar, barite, phlogopite and muscovite) in and adjacent to some ore-stage veins. 

4.6.5 Spatial variations in mass-change patterns at Invincible and Kansanshi

Ranked ratio plots for the Invincible and Kansanshi sample sets both show increasing 
numbers of immobile elements (i.e. wider plateaus) in samples collected at progressively 
greater	distances	from	the	primary	ore	fluid	conduits	(Figs.	4.2,	4.4).	This	suggests	fewer	
original minerals were involved in alteration reactions at greater distances from the 
veins,	as	expected	for	metasomatic	fluids	reacting	towards	chemical	equilibrium	with	
the wall rocks. Clearly, it is a mistake to assume that because an element is “mobile 
during	hydrothermal	alteration”,	it	will	be	so	at	all	points	along	the	flow	path.	Indeed,	
potentially important insights are gained from an understanding of spatial changes in 
the behaviour of individual elements, or groups of elements within the alteration halo. 

The	main	mass-change	patterns	during	hydrothermal	alteration	of	the	mudstone	at	
Invincible and the carbonaceous schist at Kansanshi are schematically depicted in Figure 
4.9. Decreasing Na2O and CaO additions with increasing distance from the mineralised 
veins	at	the	two	deposits	reflect	the	predominant	albite	±	carbonate	wall	rock	alteration	at	
both. Although the mineralogy of the most intensely altered mudstone (Invincible) and 
carbonaceous	schist	(Kansanshi)	samples	is	very	similar,	there	are	important	differences	
in	spatial	mass-balance	patterns	that	reflect	differences	in	the	composition	of	both	ore	
fluid	and	protolith	at	the	two	deposits.	At	Invincible,	an	outward	change	from	Na	and	
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S addition, to Na and S depletion in the mudstone (Fig. 4.9a) suggests that at least some 
enrichment in the ore zone was due to remobilization of Na and S from the surrounding 
rocks. At Kansanshi however, mass-balance results for carbonaceous schist samples 
indicate Na was immobile beyond the inner zone of albite-alteration (Fig. 4.9b). In this 
case, all Na added during hydrothermal alteration must have been externally sourced 
and	 introduced	 in	 the	 ore	 fluid.	 Differences	 in	Na	mass-balance	 patterns	 at	 the	 two	
deposits	are	interpreted	to	reflect	both	differences	in	the	salinity	of	the	ore	fluids	(higher	
salinity at Kansanshi) and original Na content of the protolith (higher at Invincible).

Figure 4.9 Schematic	diagrams	highlighting	the	main	mass-change	patterns	during	hydrothermal	alteration	
of	(a)	the	mudstone	at	Invincible,	and	(b)	the	carbonaceous	schist	at	Kansanshi.	Orange	patterning	represents	
the approximate extent and intensity of visual alteration. Lines denoting mass-changes cross veins where 
those	components	form	a	significant	portion	of	the	vein.	See	text	for	further	discussion.		

The presence of albite veins at Invincible and rutile in veins at Kansanshi indicates 
local mobility of the normally highly insoluble elements, Al and Ti, in the respective 
hydrothermal systems. However, our mass balance results suggest the distances over 
which these elements were mobilized were probably short. None of the carbonaceous 
schist samples from Kansanshi showed evidence of Ti mobility. Evidently, if Ti was 
mobile in this rock type during alteration at Kansanshi, it was limited to narrow regions 
along the vein edge. Unfortunately, wall rocks in this position were too weathered to 
sample at the site investigated for this study. 

Aluminium was also immobile during hydrothermal alteration of carbonaceous 
schist samples from Kansanshi (Fig. 4.9b). Unlike the situation at Invincible, the only 
albite	 identified	 in	ore	stage	veins	at	Kansanshi	resides	 in	slivers	of	altered	wall	 rock	
plucked from the vein margins (no albite growth into open-space). Aluminium was 
mobile during gold mineralisation at Invincible, but Al addition appears to have been 
largely restricted to the veins. In samples examined for this study, the greatest Al 
additions (i.e. +51 to +138%, Appendix A4.3) were for three ore zone samples containing 
20‒70%	(±albite-bearing)	veins.	A	fourth	ore	zone	sample,	with	only	10%	veins,	records	
an Al depletion of -29%. Thus, it is possible that much of the Al added in the veins 
was sourced from the immediately adjacent wall rocks (Fig. 4.9a), and the distance over 
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which Al was mobile were on the order of centimetres to metres. Further work is needed 
to determine whether zones of Na and Al depletion in rocks in and around the ore zones 
at	Invincible	are	sufficient	to	explain	the	observed	enrichment	of	these	elements	in	the	
ores. 

While mass-balance results for Invincible suggest the inward movement of original 
wall rock components (e.g. Al, Na ± S) during alteration, Fe and S exhibit the opposite 
behaviour in carbonaceous schist samples from Kansanshi (Fig. 4.9b). Mass-balance 
results indicate Fe and S stripped from strongly altered carbonaceous schist close to 
the vein was re-deposited in non-bleached rocks immediately beyond the limits of 
strong albite-alteration. A crude inverse relationship between Na and both Fe and S in 
compositional data for the carbonaceous schist (Fig. 4.8b) suggests acidity generated 
during	 the	 conversion	 of	muscovite	 to	 albite	 (e.g.	 Eq.	 4)	may	have	promoted	 sulfide	
dissolution	in	rocks	closest	to	the	vein.	Progressive	reduction	of	the	ore	fluid	(due	to	the	
oxidation	of	graphite)	and	the	subsequent	rise	 in	pH	of	 the	fluid	(caused	by	ongoing	
fluid-rock	 interaction	 once	 the	 supply	 of	Na	was	 exhausted)	 are	 interpreted	 to	 have	
caused	sulfide	deposition	(pyrite	>	chalcopyrite)	and	the	pronounced	addition	of	Fe	and	
S at the outer limits of the zone of visible alteration (Fig. 4.9b).

Ranked ratio plots for the Invincible and Kansanshi samples indicate the most distal 
samples on the transects had not returned to background concentrations for all elements. 
Antimony	and	As,	both	recognised	pathfinder	elements	for	gold	in	the	St	Ives	goldfield,	
such as Prendergast (2007), are both still enriched above background levels in samples 
furthest from the ore zone in drill hole LD13800 (Figs. 4.2, 4.9). Similarly, elements 
introduced	or	mobilized	in	the	ore	fluid	at	Kansanshi	(e.g.	Cu,	S,	Fe)	are	amongst	the	
most variable elements in the least altered protolith samples (collected at distances of 
4‒5	m	from	the	vein),	were	also	very	weakly	affected	by	hydrothermal	alteration	(Fig.	
4.4). In both cases, the collection of more distal samples would have helped characterise 
the full extent of mineralization-related alteration haloes.

4.7 Conclusions

The	ranked	ratio	and	mass-change	box	plots	introduced	here	are	a	simple	and	effective	
way to present and interpret mass-balance data for hydrothermally altered rocks. In 
most	cases,	ranked	ratio	plots	allow	immobile	elements	to	be	quickly	identified,	without	
reliance on subjective assumptions about element mobility or prior statistical analysis 
of the geochemical data. The plots are simple to produce, less congested and easier to 
interpret than conventional isocon diagrams. Removing the necessity for arbitrary or 
uncertainty weighted scaling of compositional data means the plots all have a standard 
form,	which	 assists	 comparisons	 between	 different	 samples	 of	 altered	 rock.	 In	most	
cases, immobile elements will be the largest group of elements compatible with the 
same mass-change and represented by the largest step-like segment (or plateau) on 
ranked ratio plots. In multiple samples from a common protolith, an additional test for 
element	immobility	is	that	geochemically	dissimilar	element	pairs	(e.g.	Al‒Ti,	Ti‒Zr,	etc)	
must form highly correlated arrays along straight lines through the origin on bivariate 
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plots.	Understanding	protolith	heterogeneity	is	also	critical	to	confidently	determining	
element behaviour during alteration. In this regard, comparison of protolith-variability 
and mass-change box plots (for altered samples) provides a simple way to assess whether 
apparent mass-changes in altered rocks are statistically meaningful. 

The mass-balance approach proposed here is ideally suited to processing large 
datasets of spatially related samples. All hydrothermal alteration produces chemical 
gradients	reflecting	the	reaction	of	fluids	towards	equilibrium	with	the	wall	rocks.	Some	
changes	in	rock	composition	and	mineralogy	are	readily	visible	to	the	field	geologist,	
but	many	are	not.	Mapping	out	spatial	patterns	of	element	addition	and	depletion,	not	
only helps understand the scale of alteration cells and the composition of hydrothermal 
fluids	but	can	also	provide	insights	into	the	sources	of	components	enriched	in	various	
parts of the system. Mass-balance studies using large sets of closely spaced samples 
means comparison of ranked ratio plots for nearest-neighbours becomes an additional 
strategy to identify immobile elements in problematic samples. Other things being equal 
(i.e. mineralogy, vein abundance, intensity of dissolution features), mass-changes (i.e. 
MO/MA = m-value) are likely to vary gradually over distances that are small with respect 
to overall dimensions of the alteration halo. As such, m-values for nearby samples with 
well-defined	plateaus	on	ranked	ratio	plots	can	help	identify	the	least	mobile	elements	
in samples with ranked ratio plots lacking these features.

Application	of	our	modified	mass-balance	approach	to	samples	from	the	Invincible	
Au	deposit	and	Kansanshi	Cu	(-Au)	deposit	has	revealed	contrasting	patterns	of	fluid	
rock interaction despite the similarity of alteration mineral assemblages developed at 
the	deposits.	These	differences	are	 interpreted	 to	 reflect	both	 the	compositions	of	ore	
fluid	and	least	altered	protolith.	These	study	sites	were	selected	because	both	have	field	
evidence for at least local mobility of the normally highly insoluble elements, Al and Ti, 
which are often assumed immobile in mass-balance studies of altered rocks. Our results 
confirm	limited	mobility	of	these	elements,	but	suggests	the	distances	over	which	they	
were mobilized were on the order of millimetres to metres, and mobility was restricted 
the	most	intensely	altered,	highest	fluid/rock	ratio	portions	of	the	systems.
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4.10 Appendices
4.10.1 A4.1 - Geochemical analytical method

To assess element mobility and mass-balance surrounding a mineralised zone, a series 
of altered and least altered samples were selected from diamond drillcore (Invincible) 
and open pit exposures (Kansanshi) for whole-rock geochemical analysis. The samples 
were crushed to small <3 cm fragments using a jaw-crusher. Fragment of least altered 
samples were then handpicked for pulverising in an agate mill. Altered sample fragments 
were handpicked for pulverising in a tungsten carbide ring mill. Due to the potential 
contamination of tungsten and cobalt from this sample preparation method they have 
been	removed	from	plots	but	are	still	reported	in	Appendix	A4.2.	Quartz	blank	material	
run between samples and a select few analysed from various stages through the milling 
process were analysed to minimise and assess contamination. Pulverised samples were 
prepared into glass disks and powder pellets for X-ray Fluorescence analysis of major 
oxides and trace elements respectively. All XRF analysis was completed at the School of 
Physical Sciences, University of Tasmania using an Axios advanced XRF spectrometer 
with a 4kW Rh tube. Mass-balance results are reported in Appendix A4.3.
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4.10.2  A4.2 - Table 2. Whole-rock and trace element data for the Invincible and Kansanshi samples
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Table 1. Whole-rock and trace element data for the Invincible and Kansanshi samples 
continued.
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4.10.3  A4.3 - Mass-balance results for the Invincible samples
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5.0 Abstract

Alteration mineral assemblages and geochemical dispersion haloes associated with 
orogenic	gold	mineralisation	commonly	reflect	the	composition	of	the	ore-forming	

fluids.	However,	 the	 largest	 geochemical	 dispersion	 haloes	 in	 the	 Eastern	Goldfields	
Terrane may not be directly related to orogenic gold mineralisation but rather associated 
with abundant felsic porphyry intrusion, that developed approximately 30 My before 
gold mineralisation. The Neoarchean, ~1.5 Moz Invincible orogenic gold deposit is 
located	in	the	world-class	St	Ives	gold	field	that	has	produced	over	400	t	of	gold	since	
1980. At Invincible, gold is hosted in metamorphosed and hydrothermally altered 
mudstone and sandstone-conglomerate of the Upper Black Flag Group and to a much 
lesser degree the Lower Merougil Group. The deposit is surrounded by a 10 km long 
by 2 km wide dispersion halo of As, Sb, Cs and Li. This paper presents an investigation 
into the timing and origin of the alteration and geochemical footprint surrounding the 
Invincible deposit that may be related to multiple events, not all associated with gold 
mineralisation. 

Gold is associated with three stages of veins that formed during at least two 
mineralisation events. The bulk of the resource at Invincible is associated with stage 2 
extension veins and breccias that are characterised by alteration zones that extend up to 
100 m from the wall rock. Alteration zones comprise an albite-pyrite zone proximal to 
the veins, followed by a biotite-carbonate and a distal sericite-chlorite zone. Alteration 
assemblages associated with stage 2 veins replace a least altered mineral assemblage 
comprised	of	abundant	biotite,	plagioclase,	quartz,	muscovite	and	ilmenite.	Intense	but	



170

Chapter 5: Hydrothermal Alteration Mineralogy, Geochemical Footprints and Ore Fluid Characteristics

more restricted phengite altered wall rock extends up to 20 cm from veins that form on 
the periphery of the main ore zones. Less abundant stage 3 gold-bearing extension veins 
cross-cut all other veins and are associated with red, hematite altered wall rock. Mass-
balance and petrographic results show that gold mineralisation occurred partially due 
to	sulfidation	of	iron-bearing	minerals,	dominantly	biotite	and	magnetite	in	least	altered	
protoliths. Fluctuating stability of albite, zoned Ba-rich K-feldspar and sulfate minerals 
including barite indicate varying hydrothermal conditions during mineralisation that 
may	have	been	caused	by	fluid	mixing.	Wall	rock	reactions	and	mass-balance	suggest	
that	fluid	mixing	between	a	relatively	weakly	reduced,	near	neutral	primary	ore	fluid	
and	a	reduced,	 ‘evolved’	or	more	rock-buffered	ore	fluid	with	slightly	lower	pH	may	
have also been a cause of gold deposition. 

The geochemical processes during gold mineralisation at Invincible highlight the 
importance of iron-bearing phases (biotite, muscovite, and ilmenite etc) in the least 
altered protoliths. The widespread pre-gold micaceous alteration in the ‘least altered’ 
rocks is shown to host the anomalous geochemical footprint of: Sb (ilmenite and pyrite), 
As (pyrite), W (ilmenite), Cs (biotite, phlogopite and muscovite) and Li (phlogopite, 
chlorite and biotite), that surround the Invincible deposit. These minerals are intergrown 
with uncommon garnet and suggest that peak-metamorphism, reached temperatures of 
400 ± 50 °C at a depth around 10 to 12 km. Camp-scale geochemical dispersion trends, 
of	Sb,	As,	Cs	and	Li	around	Invincible	and	Mo,	Te,	Bi,	and	W	around	Victory-Defiance	
could have been caused by a porphyry-related alteration event that was subsequently 
metamorphosed prior to gold deposition.

5.1 Introduction

Gold	has	been	mined	in	the	St	Ives	gold	field	for	over	100	years,	predominantly	from	
the	older	Kambalda	Sequence	of	mafic-ultramafic	rocks.	The	discovery	of	 the	>1	Moz	
Au sediment-hosted Invincible deposit hosted in the younger Black Flag Group sparked 
interest in the largely underexplored younger Kalgoorlie Sequence. The geology, 
mineralogy and deformational history of these younger volcano-sedimentary units in 
the	St	Ives	gold	field,	and	the	Eastern	Yilgarn	Craton	is	relatively	poorly	understood.	

Alteration mineral assemblages and geochemical dispersion haloes that surround 
orogenic gold deposits have been used to interpret metamorphic grade, depth of vein 
formation,	 hydrothermal	 fluid	 composition	 and	 fluid	 source	 (Eilu	 and	Groves,	 2001;	
Mueller and Groves, 1991). Geochemical footprints surrounding orogenic deposits 
typically	include	pathfinder	elements	such	as	As,	Au,	Sb,	Te	and	W	(Eilu	and	Groves,	
2001).  These dispersion haloes typically have limited lateral extent of less than hundreds 
of meters and greater strike extent parallel to structures, of up to a few kilometers. 
Variation	in	pathfinder	element	abundance	has	been	described	between	deposits	hosted	
around the relatively close Victory thrust complex and those further away along nearby 
regional D1 structures, such as the Playa-Repulse fault and the Foster Thrust (Fig. 5.1; 
Prendergast, 2007). 

The timing and origin of the alteration and geochemical dispersion haloes 
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surrounding the Invincible and other deposits hosted in the Neoarchean Upper Black 
Flag Group is poorly understood. This makes exploration for similar gold deposits 
difficult,	 especially	 if	multiple	 hydrothermal	 events	 are	 responsible,	 not	 all	 of	which	
are related to gold mineralisation. Currently there is debate about whether the large-
scale geochemical anomalies are related to gold mineralisation or related to an earlier 
alteration event, associated with abundant felsic porphyry intrusion approximately 30 
My	prior	(Halley,	2018;	Neumayr	et	al.,	2008;	Witt	et	al.,	2015).	The	Invincible	deposit	is	
well suited to addressing this issue, as it is surrounded by a large km-scale geochemical 
dispersion halo of As, Sb, Cs and Li, and does not contain any felsic intrusions. In 
comparison,	the	majority	of	deposits	mined	from	the	older	mafic	stratigraphy	in	the	St	

Figure 5.1 Archaean	geology	of	the	Yilgarn	Craton,	Western	Australia.	(a)	Location	of	the	Yilgarn	Craton	in	
Western	Australia;	(b)	The	Yamarna,	Burtville,	Kurnalpi	and	Kalgoorlie	Terranes	of	the	Eastern	Goldfields	
Superterrne (after Pawley et al., 2012); (c) Domain subdivisions of the Kalgoorlie Terrane and location of 
the	St	Ives	gold	field	(after	Swager	et	al.	1990);	(d)	The	St	Ives	gold	field	and	extent	of	the	Lake	Lefroy	Salt	
Lake,	and	major	gold	deposits	including	Invincible	and	Victory;	(e)	Simplified	Archaean	geology	map	of	the	
study area.
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Ives	gold	field	are	commonly	intruded	by	felsic	porphyries	and	have	dispersion	haloes	
composed of Mo, Te, Bi, and W (Connors et al., 2005; Prendergast, 2007). Orogenic 
deposits	 in	 the	Eastern	Yilgarn	Craton,	 and	 specifically	 Invincible,	may	have	 formed	
in the footprint of early (syn-porphyry) alteration systems (Halley, 2018). To improve 
the	 constraints	on	 the	 composition	of	 the	ore	fluids	and	 the	mineralisation	processes	
that formed the Invincible deposit and the geochemical dispersion haloes in the young 
volcano-sedimentary	successions,	this	study	will	attempt	to:	

• Determine the sequence and mineral paragenesis of veins and related wall rock 
alteration events.

• Investigate	the	extent	to	which	the	composition	of	mineralising	fluids	evolved	
over time as a result of chemical or structural processes, and hence the processes 
governing gold deposition and geochemical footprint of the deposit. 

• Determine the origin of the large geochemical halo that surrounds Invincible 
and	suggest	why	it	is	different	to	deposits	hosted	lower	in	the	stratigraphy.	

5.2 Regional Setting

The	Yilgarn	Craton	of	Western	Australia	is	divided	into	seven	geological	terranes	and	
domains that are separated by major faults and shear zones, and characterised by 
differences	in	ages,	geochemistry	and	lithofacies	(Cassidy	et	al.,	2006;	Pawley	et	al.,	2012;	
Swager,	1997).	The	Eastern	Yilgarn	Craton	comprises	the	Kalgoorlie,	Kurnalpi,	Burtville	
and	Yamarna	Terranes	 (Blewett	et	 al.,	 2010a).	The	St	 Ives	gold	field	 is	 located	~60km	
south-southeast of Kalgoorlie, in the Kambalda Domain of the Kalgoorlie Terrane (Fig. 
5.1). 

In	the	Kambalda	area,	the	Kalgoorlie	Terrane	of	the	Yilgarn	Craton	contains	a	3.3	to	
4.5	km	thick	mafic-ultramafic	succession	formed	through	two	cycles	of	major	volcanism	
each	spanning	15	to	20	Ma.	These	mafic-ultramafic	successions	can	be	traced	hundreds	
of	 kilometers	 (Hayman	 et	 al.,	 2015).	 The	 first	 cycle	 of	 mafic-ultramafic	 volcanism	 is	
not	recognised	in	 the	Kambalda	area	(Hayman	et	al.,	2015).	 	 In	 the	St	 Ives	gold	field,	
the Lunnon Basalt (2720 ± 105 Ma; Roddick, 1984), Kambalda Komatiite (2709 ± 4 Ma; 
Claoué-Long et al., 1988), Devon Consols Basalt, Kapai Slate (2692 ± 4 Ma; Claoué-Long 
et	al.,	1988),	Defiance	Dolerite,	Paringa	Basalt	(2690	±	5	Ma;	Clout,	1991)	and	Condenser	
Dolerite (2680 ± 8 Ma; Carey, 1994) of the Kambalda Sequence represent the second cycle 
of this volcanism (Hayman et al., 2015). 

Overlying the Kambalda Sequence is a similarly thick (>3.5 km in the Kambalda area) 
intermediate-felsic volcano-sedimentary successions of the Kalgoorlie and Merougil 
sequences comprised of the Black Flag, Merougil and Kurrawang groups (McGoldrick 
et al., 2013; Squire et al., 2010). However, only the Lower Black Flag Group (LBFG; 2690 – 
2680Ma), Upper Black Flag Group (UBFG; 2680 – 2670Ma) and Lower Merougil Groups 
(LMER;	2670	–	2660Ma)	have	been	recognised	in	the	St	Ives	gold	field	(Doutch	and	Cas,	
2019;	Squire	et	al.,	2010).	Regionally,	 the	Lower	Black	Flag	Group	represents	 the	first	
major felsic volcanism, deposited as rapidly reworked feldspar-rich pyroclastic debris. 
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Emplacement of large granite batholith, such as the Kambalda Granodiorite (2662 ± 6 
Ma; Compston et al., 1985), caused uplift that exhumation of the Kambalda Sequence 
and	 resulted	 in	 subaerial	 erosion	and	 resedimentation	of	mafic	and	 felsic	debris	 into	
deep submarine basins forming the Upper Black Flag Group (Squire et al., 2010). The 
Lower Merougil Group overlies the Black Flag Group and represents the second major 
episode of felsic volcanism (Squire et al., 2010). This phase of volcanism produced large 
volumes	 of	 rapidly	 reworked	 quartz-rich	 pyroclastic	 debris	 that	 was	 deposited	 into	
subaerial braided river channels (Bader, 1994). 

5.3 Local Geological Setting

The	 Invincible	 gold	mine	 is	 located	on	 the	 south-west	flank	of	 the	Kambalda	Dome,	
and	 15	km	north-west	 of	 the	Argo	gold	mine	 in	 the	 St	 Ives	 gold	field	 (Fig.	 5.1).	 The	
stratigraphy of the Invincible study area (Fig. 5.2) is composed of Paringa Basalt 
overlain by the Speedway Andesite and Morgan’s Island formations of the Upper 
Black Flag Group. These in turn are locally unconformably overlain by the Zeta Island 
Conglomerate and Triangle Island Sandstone formations of the Lower Merougil Group 
(Doutch and Cas, 2019). The stratigraphy trends north-northwest and dips ~70° SW in the 
study	area.	Cross-cutting	the	Archaean	bedrock	stratigraphy	are	east-northeast	trending	
Proterozoic dolerite dykes. Felsic sills and dykes with granodiorite to tonalite (dacitic) 
QAP compositions also intrude the stratigraphy typically forming tabular bodies up 
to several tens of meters thick. No known felsic intrusions occur within or above the 
Invincible	Mudstone	Member	of	the	UBFG	in	the	St	Ives	gold	field.

The	metamorphic	grade	of	the	St	Ives	gold	field	ranges	from	greenschist	to	lower	
amphibolite. Peak metamorphism has been interpreted around 2655 to 2650Ma, with P-T 
conditions reaching 2 to 3 kb and 470-500°C (Archibald, 1985; Bavington, 1979; Connors 
et al., 2005; Wong, 1986). The high metamorphic grades up to lower amphibolite facies, 
are recognised around large intrusions such as the Kambalda Dome (Wong, 1986) and 
in	the	west	of	the	St	Ives	gold	field	(e.g.	Cave	Rocks	mine),	shown	based	on	the	common	
presence of garnets (Bakker, 2013; Doutch, 2014). 

Polyphase	Archean	deformation	has	modified	the	rocks	across	the	Eastern	Goldfields	
Superterrane	(Blewett	et	al.,	2010a;	Swager,	1997).	Six	main	deformation	events	have	been	
identified	at	 the	St	 Ives	gold	field,	 the	earliest	 (D1)	 involved	east-northeast	extension	
synchronous (2710 to 2665 Ma) during deposition of the Kambalda and Kalgoorlie 
Sequences	(Blewett	et	al.,	2010b).	Episodic	high-Ca	granite	emplacement	accompanied	
and potentially caused east-northeast contraction (D2) that developed basins where the 
LMER	deposited	(Blewett	et	al.,	2010b;	Squire	et	al.,	2010).	The	Lower	Merougil	Group	
was deposited during northeast extension (D3) along with exhumation of granites and 
underlying greenstone units. The Merougil Basin deposits were folded into a north-
northwest trending regional syncline along with inversion of the underlying >2655Ma 
successions during east-northeast contraction (D4a).  Large north-northwest trending 
faults and shear zones developed or were reactivated (e.g. Boulder-Lefroy fault-zone and 
the Playa Fault) during west-southwest directed contraction and sinistral transpression 
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(D4b).	Dextral	N-NE	trending	strike-slip	faults	formed	(e.g.	Alpha	Island	Fault)	and	offset	
the stratigraphy due to SW compression (D5; Fig. 5.1). The regional D6 event associated 
with	minor	extension	 is	not	 recognised	 in	 the	St	 Ives	gold	field.	The	 last	major	event	
recognised	at	the	St	Ives	gold	field,	is	the	emplacement	of	the	Proterozoic	dykes	around	
2400Ma	which	was	coincident	with	east-northeast	contraction	(D7;	Blewett	et	al.,	2010b).	

The	Invincible	gold	deposit	 is	hosted	by	fine-grained,	tuffaceous	turbidites	of	the	
invincible mudstone and sandstone members of the Morgan’s Island Formation, situated 
immediately below (i.e. east of) the contact with the LMER. The Invincible Mudstone 
and Sandstone Members are referred to as ‘mudstone’ and ‘sandstone’ herein. Two main 
structures	of	the	steeply	west	dipping	listric	Speedway	Fault	Zone	(D1	to	D4;	Blewett	et	
al., 2010b; Connors, 2002; Miller et al., 2010), namely the Merougil Shear in the hanging-
wall and the Morgan’s Island Shear in the footwall, bound the deposit (Fig. 5.3; Ahmed 
et al., 2013; Woodcock et al., 2015). Bedding of the mudstone and sandstone turbidite 
sequences trend NW-SE and dip 70-85° SW. The Alpha Island Fault (D1, D5) dextrally 
offsets	 the	 Invincible	 orebodies	 by	 up	 to	 500m	 to	 the	 south-west,	 across	 which,	 the	
deposit is named Invincible South. 

Gold is hosted in two vein sets and associated hydrothermally altered wall rock at 

Figure 5.2 Stratigraphy	of	the	St	Ives	gold	field,	Kambalda.	Revised	stratigraphic	divisions	and	zircon	U-Pb	
ages of the Black Flag Group and Merougil Group from Doutch and Cas (2019) are shown.
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the	 Invincible	deposit:	NW	striking	 steeply	dipping	variably	deformed	albite-quartz-
carbonate dominant extension veins and breccias surrounded by intensely albite altered 
wall	rock;	and	cross-cutting	subhorizontal	to	gently	dipping	quartz-carbonate	>	albite	
extension veins surrounded by variably hematite altered wall rock (Doutch et al., 2019b). 
Although early reports interpreted these two vein sets to have formed synchronously as 
fault-fill	and	related	flat	extensional	veins	(Ahmed	et	al.,	2013;	Woodcock	et	al.,	2015),	
representing	 reverse	 thrusting,	 similar	 to	 other	 large	 mafic-ultramafic	 hosted	 gold	
deposits	such	as	Victory-Defiance	(Nguyen	et	al.,	1998),	the	flat	veins	clearly	overprint	
the	steeper	veins.	Additionally,	distinct	differences	in	deformation,	vein	and	wall	rock	
mineral composition suggest these veins formed during separate events. 

5.4 Methods
5.4.1 Vein and alteration mineral paragenesis

A detailed understanding of the deformation history, and the distribution and relative 
timing of alteration minerals surrounding the Invinicble deposit was obtained through 
core logging (67 drill holes, totalling over 27,000 m). Mapping was also undertaken on 
accessible exposures in the Invincible open pits as well as outcrop on and around the 
edge of lake Lefroy (up to ~6 km northwest along strike of the deposit). A total of 135 
samples were collected for compositional analysis. A subset of these samples, including 
32 thin-sections, 24 laser-mounts and 3 diamond drill-core slabs, were selected for 
thin-section microscopy, mineral petrography and or mineral compositional analysis. 
Sampling was undertaken from all lithology units around the deposit but focused on 
the Black Flag Group mudstone and siltstone where the largest veins and majority of 
the gold occur (Fig. 5.3). Suits of samples on transects from least altered protoliths to 
intensely hydrothermally altered equivalents in ore zones were collected to determine 
mineralogical	and	geochemical	trends	across	the	ore-zones,	and	patterns	of	pathfinder	
element dispersal in the surrounding, more weakly altered, rocks. Least altered 
samples were chosen based on appearance (e.g. texture and apparently low abundance 
of alteration minerals) and location (e.g. collected as far as possible from veins and 
intrusions). These samples were checked by subsequent petrographic examination and 
compositional analysis. Samples of all visually or mineralogically distinctive alteration 
types were collected.

Rock fragments selected for in situ laser ablation inductively coupled mass-
spectroscopy (LA-ICP-MS) analysis and scanning electron microscopy (SEM) imaging 
and analysis were mounted in a 2.5 cm diameter epoxy resin mould, polished and 
washed.	Automated	mineral	identification	maps	were	created	for	select	samples	using	
the mineral liberation analyser sparse phase liberation (MLA SPL-lite) on the FEI 
MLA650 SEM at the University of Tasmania. Mineral maps are presented in Appendix 
A5.1. Laser-ablation line analyses were conducted on the mudstone samples from the 
Invincible	South	transect	and	classified	based	on	their	dominant	mineralogy.

Thirty-two polished thin-sections were prepared from representative samples 
collected	across	the	deposit,	as	well	as	more	regionally.	Optical	microscopy	was	used	first	
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to identify major minerals and their paragenetic relationships and then carbon coated 
for detailed SEM imaging and EMPA at the Central Science Laboratory, University of 
Tasmania where necessary. Smaller areas of a select few samples were chosen for full 
mineral maps created using the MLA. 

5.4.2 Mineral Composition 

The compositions of major minerals in the least altered and altered Upper Black Flag 
Group mudstone and sandstone, including feldspar, apatite, biotite, muscovite, chlorite, 
garnet and carbonates were analyzed in thin-section using scanning electron microscope 
(SEM) energy-dispersive spectroscopy (EDS) and electron micro probe analyzer (EMPA) 
wavelength-dispersive spectroscopy (WDS). Additionally, in situ pyrite, rutile and 
ilmenite were analyzed in laser-ablation mounts for their major and trace element 

Figure 5.3 Local geology of the Invincible deposit. (a) Detailed geology map of the Invincible area including 
altered and least altered samples taken for geochemical analysis; (b) A cross-section showing the diamond 
drill hole selected from Invincible (LD81611W16) for detailed geochemical sampling and mass-balance 
analysis of the deposit; (c) A cross-section showing the diamond drill hole selected from Invincible South 
(LD14697) for detailed geochemical samples and mass-balance analysis of the deposit; (d) A long-section 
showing the distribution of samples in this study in relation to the ore shoots and relative gold grades of 
Invincible and Invincible South. 
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compositions by LA-ICP-MS at CODES, University of Tasmania. More detailed on 
mineral compositional analysis are given in Appendix A5.2.

5.4.3 Whole rock and trace element geochemistry

Whole	rock	X-ray	fluorescence	(XRF)	major	oxide	and	trace	element	analyses,	and	ICP-
MS trace element analyses for 279 samples throughout the study area including 41 least 
altered protoliths. These samples were crushed using a tungsten carbide hydraulic 
press and milled in an agate mill to reduce potential contamination. Powdered samples 
were prepared into fused disc and pressed powder pills for analysis of 10 major oxides, 
sulphur	and	fluorine,	and	33	trace	elements	respectively	using	a	PANanalytical	Axios	
Advanced X-Ray Spectrometer with a 4kW maximum Rh anode end window. Powdered 
samples were also digested with four acids (H2SO4, HClO4, HNO3, and HF) under 
high pressure and temperature using the PicoTrace-GmbH system and then analyzed 
for 46 trace elements with an Agilent 7700x ICP-MS using He gas. Both sets of analyses 
were conducted in the Discipline of Earth Sciences laboratories at the University of 
Tasmania using international and Tasmanian reference standards and pure silica blanks 
that	showed	no	systemic	offset	from	accepted	published	values;	within	5%	of	accepted	
published values for elements in high abundance. Regional geochemical data was 
obtained from the St Ives database. Detailed whole-rock analyses from this study are 
presented in Appendix A5.3.

5.4.4 Mineral abundance 

X-ray	 diffraction	 (XRD)	was	 undertaken	 to	 estimate	 the	 bulk	mineral	 abundances	 in	
least altered pelitic samples. Analysis were performed at the Central Science Laboratory, 
University of Tasmania using a Bruker D2 Phaser, with operating conditions of 30kV 
and	10mA	with	a	cobalt	X-Ray	 tube	 to	general	CoKα	radiation	with	a	wavelength	of	
1.79026	Å.	A	 1.0mm	 (0.5°)	 fixed	 divergence	 slit,	 2.5°	 soller	 slit	 and	 an	 Fe-filter	were	
used.	Scans	ranged	from	5	to	120°	(2θ)	with	a	0.02°	step	size	and	a	measurement	time	
of	 0.6	 seconds	 per	 step.	Mineral	 phases	were	 identified	using	Bruker	DIFFRAC.EVA	
software	package	with	the	PDF-2	(2012	release)	powder	diffraction	file	mineral	database.	
Mineral	 abundances	were	 quantified	 by	 quantitative	 Rietveld	 analysis	 using	 TOPAS	
pattern	analysis	software.	Whole	rock	geochemical	data	was	also	used	to	estimate	the	
bulk mineral abundances in samples from Invincible and Invincible South using a least 
squares method (MINSQ; Herrmann and Berry, 2002). In-depth QXRD and MINSQ 
mineral abundance results are presented in Appendix A5.4.

5.5 Least Altered Host Rock Mineralogy
5.5.1 Invincible Mudstone Member

The least altered mudstone contains a mixture of detrital, metamorphic and hydrothermal 
minerals.	 The	 dominant	 mineralogy	 includes	 detrital	 quartz	 and	 plagioclase	 that	 is	
variably altered to hydrothermal albite, as well as metamorphic biotite, muscovite and 
minor hydrothermal phlogopite (Table 5.1). Mineral abundances were estimated from 
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Table 5.1 Least altered protolith mineralogy and mineral compositions
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XRF whole rock compositional data using the MINSQ method (Herrmann and Berry, 
2002). MINSQ mineral abundances compare well to QXRD results for a subset of 21 
samples (e.g. R2 of 0.96 for albite + plagioclase), for which both methods of estimating 
mineral proportions were used (DDH LD13800; Doutch et al., 2019a). However, based on 
whole rock compositional data, the QXRD results typically overestimate the abundance 
of minor phases such as pyrite and apatite (Fig. 5.4). 

Biotite, muscovite and less common Fe-chlorite laths are typically concentrated on 
bedding	planes	 (Fig.	 5.5a,	 b).	Minor	 amounts	 of	 fine-grained	 chlorite	 are	 interleaved	
with and interpreted to replace biotite and muscovite along their cleavage planes. The 
composition of chlorite replacing biotite and muscovite could not be reliably analysed 
due to their small grain-size. Minor tourmaline occurs throughout the least altered 
mudstone and is commonly concentrated on bedding planes. 

Poikiloblastic	garnet	grains	typically	include	tectonically	aligned	grains	of	quartz,	
apatite and lesser allanite (Fig. 5.5c, d). Biotite laths aligned with bedding commonly 
intergrown or included in rare garnet grains. Fine grained chlorite replaces garnet along 
fractures. This chlorite is more magnesium rich (9.7 to 13.7% MgO) than the Fe-chlorite 
lathes	(7.1to	8.3%	MgO)	intergrown	with	quartz	and	plagioclase.

Subrounded authigenic monazite grains in the mudstone typically form small 
clusters which are commonly intergrown with plagioclase (Fig. 5.5e). Larger poikiloblastic 
grains	contain	inclusions	of	quartz	and	lesser	plagioclase.	Barite	is	present	in	the	least	
altered protoliths as an uncommon matrix mineral or concentrated around weathered 
pyrite near surface.

The least altered mudstone typically contains 1 to 2% pyrite, which is typically 
euhedral and cubic in form. Pyrite crystals are commonly clustered on or near bedding 
interfaces and foliation planes. Small arsenopyrite grains occur in the cores of ~10% of 
pyrite/pyrrhotite grains (Fig. 5.5f). Pyrrhotite crystals are subhedral and commonly 
acicular. Less abundant chalcopyrite is intergrown with pyrrhotite and to a lesser degree 
pyrite. Rare pentlandite is also intergrown with pyrrhotite. 

5.5.2 Invincible Sandstone Member

The Invincible Sandstone Member of the UBFG is the second most important gold host, 
and	 therefore	a	 focus	of	 this	 study.	Massive	quartz-rich	wacke	 sandstone,	and	 lenses	
of	 conglomerate	 with	 quartz-rich	 wacke	 sandstone	 matrix	 comprise	 the	 Invincible	
Sandstone Member (Doutch and Cas, 2019). Readers are directed to Doutch and Cas 
(2019) for a full description of the other least altered sandstone facies groups. Least 
altered	sandstone	herein	refers	to	least	altered	quartz-rich	wacke	sandstone	of	the	UBFG	
(Fig. 5.6a, b).

Least altered sandstone has the same mineral assemblage as thin sandstone layers 
interbedded	throughout	the	UBFG	Invincible	Mudstone	Member.	Quartz	(30	to	50%),	
muscovite (0 to 35%), and plagioclase/albite (0 to 20%) dominate the mineralogy of the 
sandstone	(Table	5.1).	Quartz	grains	are	subangular	to	subrounded	and	variably	develop	
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micaceous (biotite, chlorite and muscovite) strain fringes also aligned with S0-1. Readers 
are direct to Doutch et al. (2019b) for a full description of tectonic fabrics and their relative 
timing. Plagioclase grains show a degree of alignment with the tectonic fabric and are 
variably altered to albite and or muscovite.

Biotite, and chlorite laths are typically aligned to either bedding or the axial planar 
S3 cleavage (Fig. 5.6c). The composition of chlorite was not measured in the least altered 
sandstone due to its small grain size and presence of other mineral inclusions. Fine-
grained muscovite is concentrated along bedding interfaces and variably replaces 
plagioclase grains. 

Rare garnets appear restricted to areas with patchy intense biotite-chlorite and 
magnetite development (Fig. 5.6c). The garnets are typically poikiloblastic and include 
S0-1	aligned	 inclusions	of	quartz,	apatite,	pyrite,	and	 lesser	magnetite,	plagioclase	and	
ankerite. The preferred orientation of mineral inclusions in the garnet matches that 
in the surrounding rock. Neither pressure shadows nor strain fringes are developed 
adjacent to the garnet poikiloblasts suggesting that rocks (at least in the areas that garnet 
is	preserved)	were	not	significantly	deformed	after	garnet	development.	

Monazite	grains	from	the	footwall	least	altered	sandstone	were	identified	using	the	

Figure 5.4 Comparison of QXRD and MINSQ mineral proportion estimates for selected minerals from 
LD13800 presented in Doutch et al. (2019a).  The trend line shows the correlation for feldspar (albite plus 
plagioclase) estimates.
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MLA grain X-Ray mapping measurement mode (GXMAP) but their exact compositions 
were not determined. Authigenic monazite has similar textures to those seen in the 
mudstone. 

Minor magnetite is disseminated through the least altered sandstone but increases 
in abundance close to the Morgans Island shear zones and locally along bedding planes 

Figure 5.5 Least altered Invincible Mudstone Member. (a) Thinly interbedded mudstone and siltstone with 
minor	quartz	carbonate	veining;	 (b)	Least	altered	mudstone	mineral	assemblage	comprised	of	abundant	
biotite, carbonate, muscovite, chlorite, plagioclase, pyrrhotite and garnet. The biotite grains are aligned to a 
weak foliation subparallel to bedding; (c) Garnet poikiloblasts surrounded by biotite strain shadows aligned 
to foliation subparallel to bedded; (d) Garnet poikiloblasts overgrow a foliation, shown by aligned inclusions 
of	plagioclase,	quartz	and	lesser	mica,	chlorite	replaces	garnet	along	fractures,	apatite	are	intergrown	with	
the garnet and surrounding biotite dominated wall-rock assemblage; (e) Less foliated least altered mineral 
assemblage containing monazite; (f) Pyrrhotite and chalcopyrite intergrown with pyrite and arsenian pyrite.
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(Fig. 5.6c). Magnetite occurs both as inclusion-rich euhedral grains commonly intergrown 
with pyrite and skeletal grains variably replaced by pyrite, hematite and biotite. Biotite 
and	quartz	are	the	most	abundant	inclusions	in	magnetite	and	are	aligned	with	S0-1. 

Pyrite occurs as euhedral to subhedral crystals that are typically inclusion rich. The 
euhedral pyrite typically formed along S0-1 foliation planes, rich in biotite and rutile. 
Inclusions	consist	of	quartz,	biotite,	muscovite,	rutile,	plagioclase,	monazite,	and	relic	
magnetite. Etching with sodium hypochlorite (NaClO) shows that the larger pyrite 
crystals and inclusion rich pyrite poikiloblasts are commonly compositionally zoned. 
5.6 Geothermometry 

A least altered sandstone sample containing biotite in apparent textural equilibrium 
with	garnet	(i.e.	no	reaction	rims	or	evidence	of	significant	compositional	zonation)	was	
used to estimate peak metamorphic temperatures. Garnets in the least altered mudstone 
were	not	used	in	temperature	estimation	as	they	were	variably	modified	by	later	chlorite	
alteration. The garnet-biotite calibration equations of Gulbin (2011b) and Kaneko and 
Miyano	 (2004)	 were	 used	 as	 they	 minimize	 the	 effect	 of	 Ca	 and	 Mn	 compositional	

Figure 5.6 Least	altered	Invincible	Sandstone	Member.	(a)	Quartz-rich	wacke	sandstone	with	rare	floating	
clasts and lenses of polymictic conglomerate; (b) Least altered mineral assemblage showing volcanic 
quartz	and	fine-grained	mud	matrix;	(c)	SEM	MLA	SPL-lite	mineral	map	showing	the	least	altered	mineral	
assemblage	including	garnet,	biotite,	magnetite,	plagioclase,	pyrrhotite	and	quartz.	
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variations in garnet, as well as AlVI and Ti contents in biotite on temperature estimations. 
Pressure was assumed to be 3 kbar for these calculations; this pressure is within error of 
that calculated from garnet-biotite-muscovite-plagioclase geobarometry below. 

The composition of garnet poikiloblasts only slightly varied from core to rim (Table 
5.2).	The	composition	of	biotite	grains	did	not	vary	significantly	(Table	5.2).	Several	biotite	
grains surrounding, but not in contact with, garnets were analysed in each sample, as 
per Holdaway et al. (1997) and Gulbin (2012). Garnet rims were used in the average 
PT method of temperature calculation, as they contained the highest Fe/Mg ratio, 
representing peak-T (Gulbin, 2011a). Additionally, only garnet analyses with XMn less 
than 0.28 were used (Kaneko and Miyano, 2004). All Fe in biotite was assumed to be in 
the ferrous state (Kaneko and Miyano, 2004).  The XCa composition of garnet rims (and 
cores) falls outside of the experimental calibration range of Kaneko and Miyano (2004) 
and may cause an overestimation of the calculated temperature by up to 30 °C (Gulbin, 
2011a).	Minor	chlorite	alteration	of	the	biotite	may	also	have	affected	temperature	and	
pressure estimates. The estimated temperature of the least altered mineral assemblage 
in the sandstone ranged from 316 to 489 °C depending on the calibration used but varied 
only slightly between individual garnet grains (Table 5.2). The preferred estimated 
temperature was 400 ± 50 °C using the calibration of Gulbin (2011b). 

5.7 Geobarometry

This study uses the revised garnet-biotite-muscovite-plagioclase (GBMP) geobarometer 
formulated by Wu (2015) which is applicable to metapelites that do not contain an 
Al2SiO5 mineral phase. This method is also less temperature dependent than other 
geobarometers such as the garnet-Al2SiO5-quartz-plagioclase	(GASP)	method.	The	upper	
limit of the garnet-biotite temperature estimations for the sandstone sample fall just 
within the calibration range of the GBMP. The estimated pressure for the least altered 
mineral assemblage at Invincible averaged 3.2 ± 1.2 kbar (Table 5.2), indicating a depth 
of formation between 10 to 12 km. 

5.8 Vein Geology

Vein paragenesis and their timing relative to deformation events was established using 
cross-cutting	relationships	between	the	different	vein	stages,	their	associated	wall	rock	
alteration mineral assemblages and deformation fabrics (e.g. folds, S0-2 and S3 cleavage) 
developed in the wall rocks (Fig. 5.7). 

5.8.1 Stage 1 carbonate-quartz-albite extension veins

Stage 1 (V1) veins are composed of strongly recrystalised albite, carbonate and lesser 
quartz	(Table	5.3).	These	veins	are	weakly	mineralised	and	occur	as	both	isolated-planar	
boudinaged veins or folded bedding parallel extension veins that commonly develop 
adjacent to shear zones (Fig. 5.8a). These veins are surrounded by visibly unaltered 
to weakly albite-carbonate altered wall rock and are commonly strongly folded to 
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Table 5.2 Garnet-Biotite-Muscovite-Plagioclase compositions for geothermometry and geobarometry

boudinaged. V1 veins are uncommonly cross-cut by phengite altered S1-2 foliation parallel 
to reactivated shears, pressure solution seams and S3 cleavage that is axial planar to F3 
folds (Fig. 5.8b, c, d; Doutch et al., 2019b). They are typically milky-white to light grey 
when	quartz-albite-rich	to	creamy	coloured	when	carbonate-rich.	V1 veins range from 0.1 
to 15 cm but are typically < 3 cm wide with lateral extents of several tens of centimeters 
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Figure 5.7 Mineral paragenesis for the Invincible deposit. The three stages represent the major vein and 
associated	 wall-rock	 alteration	 events.	 The	 figure	 also	 illustrates	 the	 timing	 relationships	 with	 major	
deformation fabrics. Dashed lines signify low abundance and limited paragenetic constraints. The 
varying thickness of solid lines represents approximate abundance (thicker lines represent greater mineral 
abundance).
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to several meters. 

5.8.2 Stage 2 albite-quartz-carbonate extension veins and breccia infill

Stage 2 (V2) veins develop as parallel extension veins that are best developed where 
parallel to (now) steeply dipping bedding (Doutch et al., 2019b). V2 veins and associated 
wall rock alteration host the majority of gold at Invincible. V2 veins are also commonly 
folded, although less intensely than V1, and boudinaged. These veins are best developed 
in the mudstone but are also commonly found in the footwall sandstone and conglomerate 
lithofacies. V2 veins also rarely occur in the Lower Merougil Group and may cut across 
the unconformable contact with the Upper Black Flag Group (Doutch et al., 2019b). V2 
veins are generally coarser grained and less recrystallised than V1 veins. Subhorizontal 
quartz	mineral	 fibres	 in	 these	 veins	 indicate	 they	 are	 extension	 veins	 (Doutch	 et	 al.,	
2019b). The subvertical margins of V2 veins are commonly irregular to stylolitic in form 
due	to	the	effects	of	intense	pressure	solution.	

V2 veins can be subdivided based on their wall rock alteration assemblages and 
minor	difference	in	the	abundance	of	vein	minerals:	albite-carbonate-quartz	extension	
veins and breccias characterised by proximal 0.1 to 50 cm wide haloes of intensely albite-
pyrite altered wall rock (V2a;	Fig.	5.9a),	and	quartz-albite	>	carbonate	veins	with	0.1	to	
10 cm wide selvages of intensely phengite altered wall rock (V2b; Fig. 5.9b, c; Doutch et 
al., 2019b). Although these two styles of V2 veins have varied mineralogy and mineral 
abundances	(Table	5.3),	they	developed	at	similar	time	and	have	a	mutual	cross-cutting	
relation and commonly develop as composite veins (Fig. 5.9d) and as such have been 
classified	as	a	single	stage.	Both	V2a and V2b cross-cut folded S0-1 and V1 veins. S3 cleavage 
runs subparallel to the veins and overprints surrounding altered wall rock. 

V2a veins are milky-white to patchy light tan/olive colored and have distinctive 

Table 5.3 Vein description and compositions
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light	 orange	 to	 buff	 coloured	haloes	 of	 hydrothermally	 altered	 rock	 extending	 0.1	 to	
50 cm from the vein margins. V2a and composite V2a	veins	are	albite-quartz>carbonate	
(calcite and dolomite) rich veins, that contain phlogopite, pyrite, concentrically zoned 
K-feldspar variably enriched in Ba, chlorite, and lesser rutile, monazite, gold, barite, 
celestite,	 tellurides,	fluorite,	 sphalerite,	galena	 (Fig.	 5.10a-d).	V2a veins range from 0.1 
to 100 cm wide and are up to several meters in length down dip and tens of meters 
along strike. In V2a and composite veins, individual euhedral to subhedral albite crystals 
may	be	as	long	as	1	cm	and	vary	from	blocky	open-space	filling	textures	(Fig.	5.10a)	to	
stretched and appear syntaxial (Doutch et al., 2019b). In contrast, hydrothermal albite in 
the	wall	rocks	is	invariably	fine	grained	(<	50	μm,	Fig.	5.10b).	Quartz	typically	dominates	
the central parts of V2a	veins	as	well	as	larger	breccia	vein	infill.	Vein	quartz	textures	in	
ore veins vary from nearly completely recrystallised, blocky partially recrystallised to 
fibrous.	Larger	vein	quartz	crystals	typically	display	undulose	extinction.	Vein	carbonate	
is	 typically	 blocky	 and	 subhedral	 and	 common	 on	 vein	margins	 as	well	 as	 infill	 for	
brecciated	veins	along	with	quartz.	Laths	of	hydrothermal	phlogopite,	that	range	from	50	
µm to 2 mm in length, are commonly developed on the selvages of V2a veins (Fig. 5.10a, 
5.12) and are variably replaced by phengite and chlorite. Gold-electrum and tellurides 
can form locally along the cleavage planes in phlogopite in veins, especially where the 
laths are in contact with carbonate crystals (Fig. 5.10e, f). Anhedral K-feldspar crystals 

Figure 5.8 Stage 1 veins (V1). (a) V1 veins are commonly strongly deformed and occur as series of parallel 
extension	veins	very	little	wall-rock	alteration	between	shears;	(b)	Folded	and	recrystallised	quartz-carbonate	
V1	vein	cutting	and	cut	by	phengite	altered	S1-2 foliation; (c) V1	carbonate-quartz	veins	are	cross-cut	by	V2a 

veins; (d) S3 cleavage cross-cuts V1 veins.
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Figure 5.9 Stage 2 veins (V2). (a) V2a deformed parallel extension and breccia veins cross-cut by V3 gently 
dipping extension veins (red); (b) V2b veins subparallel to S0-1 surrounded by phengite altered wall rock 
folded by F3 folds that contain steeply dipping S3	 axial	planar	 cleavage;	 (c)	A	more	quartz-rich	V2b vein 
cross-cutting	an	earlier	albite-rich	V2a vein, V2a surrounded by characteristic phengite altered wall-rock; (d) 
A composite V2 vein (2a and 2b) that contains Ba-rich K-feldspar (red coloured mineral), phengite surrounds 
the	more	quartz-rich	infill	and	overprints	the	bleached	albite	altered	wall-rock	(see	Fig.	10a).
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Figure 5.10 Stage 2a vein mineralogy. (a) A cross-polarised thin-sectional vein of a V2a breccia vein with 
abundant carbonate, with phlogopite, albite alteration of wall-rock clasts. Gold is located in small fractures 
in the wall-rock clasts, associated with telluride minerals; (b) A MLA-SPL-lite mineral map of Fig. 5.10a. 
Ankerite dominates this part of the vein and contains inclusions of calcite, Phlogopite in the wall-rock is 
variably altered to chlorite and lesser phengite along its cleavage planes; (c) Calaverite (AuTe2) intergrown 
with altaite and galenea in a fractured breccia clast, area shown in Fig. 5.10b; (d) An SEM image of gold 
associated	with	tellurides	and	fluorite	in	a	V2a breccia vein. (e) A plane polarised photomicrograph showing 
phlogopite adjacent to dolomite and albite in a V2a vein; (f) A cross-polarised photomicrography of Fig. 
5.10e, showing tellurides and electrum developed along the cleavage planes of the phlogopite, at grain 
boundaries as well as in fractures the dolomite and albite crystals.
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uncommonly form on the margins of V2a and composite veins and are typically zoned 
with varying Ba content (Fig. 5.11a, b). Albite grains variably replace K-feldspar and vice 
versa. Fine barite crystals (1 to 20 µm) form as inclusions in albite that replace Ba-rich 
K-feldspar. Larger barite crystals (up to 150 µm) uncommonly form between albite and 
altered K-feldspar. Rare hydrothermal chlorite laths (15 to 30 µm), are intergrown with 
albite, carbonate, and K-feldspar. 

V2b veins are characterised by distinct phengite altered wall rock that extends up 
to	20	cm	from	the	vein	and	are	 typically	more	quartz	rich	 than	V2a veins (Fig. 5.12a). 
These	translucent	white-grey	to	milky	white	quartz>albite-phengite	rich	veins	are	less	
mineralogically complex than V2a veins, containing carbonate, chlorite, and pyrite. V2b 
veins range from 0.1 to 50 cm wide and up to several meters in length and contain coarse 
laths (up to 500 µm) of hydrothermal phengite on the vein selvages. Rare thicker veins are 
typically brecciated with small (up to 1 cm) phengite altered wall rock clasts. Spatially, 
V2b veins typically surround zones of intense V2a veining and have similar orientations 
(Table 5.3). Composite veins are comprised of both V2a and V2b mineral assemblages and 
are very common in the ore zones (Fig. 5.12b-c).

5.8.3 Stage 3 quartz-albite extension veins

Stage 3 veins (V3)	are	flat-lying	quartz-rich	extension	veins	with	lesser	albite	and	similar	
ore mineralogy to V2a veins (Fig. 5.13a-d). These veins cross-cut all previous vein stages 
and	can	locally	contain	significant	amounts	of	gold.	These	veins	are	translucent	white-
grey to milky white in colour and vary from massive to laminated, and commonly have 
quartz	mineral	fibers	at	high	angle	to	the	vein	walls.	They	range	from	0.1	to	50	cm	wide,	
typically 2 to 5 cm, and up to 100 m long. V3 veins are best developed and thickest 
in the footwall sandstone, but also preferentially develop uncommonly over the top of 
clustered V2 veins in the mudstone. These veins are apparently most abundant in footwall 
sandstone adjacent to thick mudstone hosted ore-bodies; although this may be a drilling 
artifact related to the small amount of footwall sandstone drilled. Gold and tellurides are 
uncommonly	intergrown	with	quartz	and	carbonate	aggregates	in	these	veins	as	well	as	
rare clusters of phengite. Chlorite commonly alters phengite in these veins. 

5.9 Alteration Zones
5.9.1 Stage 2 alteration mineral assemblages

Haloes of hydrothermally-altered rock surround V2 veins are subdivided into three 
distinct, but gradational, zones based on the dominant mineral assemblages. From vein 
proximal to distal these are: albite, phengite, and biotite-carbonate (Fig. 5.14; Table 5.4). 
The boundaries of these alteration zones parallel V2 veins, although not all zones may 
develop adjacent to each vein. Additionally, zones of sericite-chlorite alteration occur 
along the Merougil and Morgan’s Island shears in the footwall and hangingwall to the 
mudstone.

The inner albite alteration zone has a similar mineralogy to the associated V2	vein-fill,	
dominated by albite with variable phlogopite, phengite, carbonate and disseminate pyrite 
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Figure 5.11 Zoned Ba-rich K-feldspar in a V2a-b composite vein. (a) An SEM image of a zoned Ba-rich 
K-feldspar, as seen in Fig. 5.9d. The varying light and dark bands in the K-Feldspar are controlled by Ba-
content as shown by the labelled EDS percent values. The K-Feldspar contains small inclusions of albite and 
barite and is truncated at its margin by hyalophane. Albite replacing hyalophane and the Ba-rich K-Feldspar 
contains barite (dominant bright phase). Celestite is also a common oxide mineral present in these veins 
commonly	an	inclusion	or	mineral	associated	with	carbonate	in	the	veins;	(b)	A	larger	field	of	view	showing	
zoned K-feldspar fractured and truncated by ‘brighter’ hyalophane. 
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Figure 5.12 (a) Stage V2b	quartz-albite-carbonate	extension	vein	surrounded	by	characteristic	phengite	altered	
wall	rock,	the	margins	of	the	vein	are	modified	by	pressure	solution;	(b)	A	cross-polarised	thin-sectional	
view of the V2a-b composite vein from Fig. 5.9d showing area that was mapped using MLA SPL-lite mineral 
mapping; (c) Mineral map for V2a-b composite vein and associated altered wall-rock, across a bleached to 
unbleached	alteration	front	adjacent	to	the	vein.	Phengite	and	fluoroapatite	form	on	the	vein	margin	and	
is	finely	disseminated	in	the	bleached	albite	altered	area.	At	the	bleached	front,	carbonate	species	changes	
from ankerite dominated to calcite dominated and pyrite size and abundance is increased. In the vein, 
albite contains inclusions of K-feldspar and phengite and K-feldspar contains inclusions of albite showing 
fluctuating	Na/K	hydrothermal	conditions.



193

Chapter 5: Hydrothermal Alteration Mineralogy, Geochemical Footprints and Ore Fluid Characteristics

(Table 5.4). This alteration zone is typically bleached to a beige-tan coloured appearance, 
likely	due	to	destruction	of	carbonaceous	matter,	and	corresponds	to	an	increase	albite	
abundance compared to surrounding altered mudstone. The bleached albite alteration 
zone is referred to as ‘ore zone’ (Woodcock et al., 2015) because it contains abundant gold-
bearing V2a veins as well as rare gold in pyrite and wall rock fractures. The lateral extent 
of the albite zone is partly controlled by wall rock lithofacies; extending further from 
veins	hosted	in	siltstone	and	fine-grained	sandstone	layers	than	they	do	in	mudstone	
layers.	Although,	the	difference	in	alteration	extent	between	lithofacies	is	typically	only	
a	few	centimeters	(e.g.	Fig.	5.9d).	Albite	replaces	quartz	and	biotite	and	plagioclase	in	
decreasing intensity away from the veins. Compositionally zoned subhedral ankerite 
grains are disseminated in the albite altered wall rock. These ankerite grains contain 
alternating zones with elevated Fe (up to 11%) and low Mg (down to 7%) as determined 
by EMPA analysis, and vice versa. Less common disseminated calcite grains are not 

Figure 5.13 Stage 3 veins (V3). (a) A zoom in on V3	veins	cross-cutting	V2a veins in Fig. 5.9a. V3 veins in the 
mudstone do not have a visible alteration halo. (b) V3 veins in the footwall Invincible Sandstone Member 
are characteristically surrounded by intense hematite-albite altered wall-rock when they intersect areas the 
previously contained magnetite. (c) A thin-sectional vein of a V3 extension vein showing the area mapped 
by MLA SPL-lite. (d) MLA-SPL-lite mineral map of the V3 vein margin and altered wall-rock. The vein is 
dominated	by	quartz	but	also	contains	abundant	ankerite	and	lesser	albite	and	K-feldspar.	The	wall-rock	
shows	destruction	of	quartz	grains	replaced	by	albite	and	pyrite.	Hematite	and	pyrite	replace	magnetite	
and pseudomorphed magnetite (by hematite) occurs away from the veins in less altered areas shown by the 
presence of biotite and muscovite. 
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compositionally zoned. 

Pyrites in the albite zone are euhedral to subhedral and have pronounced, yet 
variably developed, concentric compositional zoning (revealed by etching the pyrite 
with sodium hypochlorite, NaClO). Oscillatory zonation is best developed in the albite 
alteration zone. The core zones of the pyrite are typically euhedral, contain elevated 
Au, Ag, As and Pb and locally include minor (5 to 50 µm) euhedral arsenopyrite and 
gersdorffite	inclusions	(Fig.	5.15a,	b,	c,	f).	The	outer	zones	of	pyrite	commonly	contain	
inclusions	 of	 rutile,	 albite,	 quartz	and	biotite	 aligned	with	 S0-1, as well as galena and 
tellurides. Galena, tellurides and chalcopyrite also occur together along fractures in 
pyrite. The rims of V2a pyrite contain elevated Te, Bi, As, Pb, Sb, Ag, Cu, Se, and Au (Fig. 
5.15a, b, d-f; Appendix A5.2). In the albite zone, both grain size, and abundance of pyrite 
typically increase away from vein margins, reaching a maximum between 1 and 5 cm 
from the veins, before again decreasing in size and abundance further from the veins. The 
grain size of minor pyrrhotite decreases away from vein margins and is more abundant 
and coarser in less intensely albite altered areas. Pyrrhotite abundance increases with 
depth at Invincible and at Invincible South. Rutile replaces ilmenite and is most common 
in the albite alteration zone. The grain size of rutile and to a lesser degree ilmenite, 
decreases with distance from the ore zones. Monazite in V2a veins and surrounding wall 
rock is compositionally zoned (varying Th contents), typically subhedral and rarely 
subrounded, and preferentially formed along S0-1 (Doutch et al., 2019b). Hydrothermal 
monazite from the albite alteration zone surrounding V2a veins have a mean weighted 
age of 2632 ± 14 Ma (Doutch et al., 2019b). Apatite varies in size from 40 to 200 µm in wall 
rock next to and in V2a	ore	veins	and	fines	to	15	μm	with	distance	away	from	the	vein	
(1 to 2 cm). The hydrothermal apatite is subhedral to euhedral, commonly associated or 
intergrown with albite, carbonate and phlogopite and is not compositionally zoned. 

The biotite-carbonate zone encompasses the proximal albite alteration zone and is 
dominated by phlogopite, Fe-Mg biotite, carbonate and decreasing albite abundance 
that	 corresponds	 with	 increasing	 plagioclase	 and	 quartz	 abundance.	 This	 alteration	
zone is visually and broadly compositionally similar to least altered mudstone, but is 
characterised by increased abundance of hydrothermal minerals such as phlogopite and 
albite. The biotite-carbonate alteration zone has a gradational contact with least altered 
mudstone.	Pyrite	is	typically	finer-grained	than	those	closer	to	V2a veins, but still show 
variably developed concentric zonation. Pyrrhotite gradually increases in abundance, 
as	pyrite	 abundance	decreases,	 away	 from	 the	 veins.	 Patchy	 carbonate-quartz	 ‘spots’	
develop in this alteration zone, and preferentially form in mudstone rather than siltstone 
layers. These ‘spots’ overgrow S0-1	and	have	a	core	of	carbonate	and	recrystallised	quartz	
(Fig. 5.14). Biotite forms narrow reaction-rims to strain-fringes aligned with S0-1 around 
these spots and commonly contains intergrown apatite. Rare anhedral pyrites occur in 
the core of these ‘spots’. Ilmenite increases in abundance as rutile abundance quickly 
decreases away from the contact with the albite alteration zone. Tourmaline is patchy 
but	rarely	increases	in	abundance	in	areas	of	intense	carbonate	spotting.	

The phengite alteration zone commonly overprints the albite and biotite-carbonate 
alteration zone and characteristically surrounds V2b veins. This alteration zone is 
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Figure 5.14 Alteration facies related to V2 and V3 veining at the Invincible deposit. (a) Schematic diagram showing the spatial relationships between V2 and V3 veins and their associated alteration facies; V2 alteration facies from distal to proximal: (b) pervasive 
sercite-chlorite altered sandstone; (c) biotite-carbonate altered mudstone; (d) weakly albite-carbonate altered mudstone, more intense albite alteration follows bedding plane altering biotite; (e) intensely albite altered mudstone and hydrothermal breccia with 
abundant	pyrite;	(f)	albite	altered	mudstone	with	abundant	phlogopite	on	vein	margins	as	well	as	diffusely	disseminate	through	the	adjacent	wall-rock;	(g)	albite	alteration	facies	overprinting	phengite	around	a	composite	V2 vein; (h) phengite alteration facies 
overprinting albite around a composite V2	vein;	(i)	phengite	alteration	of	mudstone;	(j)	disseminated	biotite-carbonate	spots	over	mudstone,	the	SEM	image	shows	one	‘spot’	with	biotite	surrounding	a	core	of	quartz,	carbonate	and	lesser	plagioclase	and	pyrite	
that is coarser grained than the surrounding mudstone. V3 alteration facies: (k) A V3 extension vein in the mudstone crossing the contact into to footwall Invincible Sandstone Member with albite-hematite alteration following the sandstone but not visibly 
altering	the	mudstone	to	the	same	degree	due	to	a	difference	in	mineralogy	and	permeability;	(l)	characteristic	hematite-albite-pyrite	alteration	surrounding	a	V3 vein, grading to hematite-magnetite-albite with distance from the vein.  
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dominated by albite, phengite, pyrite, 
decreasing phlogopite and increasing 
Fe-Mg biotite abundance. Composite V2 
veins typically have less intense phengite 
alteration than simple V2b veins. Mutual 
overprinting of phengite and albite 
alteration zones commonly occurs around 
composite V2 veins and breccias (Fig. 5.14). 
Coarse apatite (up to 400 µm) is locally 
intergrown with phengite adjacent to 
V2a-b composite veins. Accessory minerals 
such as rutile, ilmenite and uncommon 
tourmaline are aligned with cleavage 
planes in phengite. Larger rutile (15 to 
30 µm) grains in these zones commonly 
contained inclusions of biotite, phengite 
and chlorite, these minerals also formed 
rare strain fringes. Around these veins, 
rutile variably alters the rims of larger 
ilmenite grains. Pyrite is zoned similar to 
those in and surrounding V2a veins, with 
core	zones	containing	inclusions	of	quartz	
and rutile and outer zones typically 
massive with less common inclusions of 
rutile aligned with S0-1. 

5.9.2 Shear zone alteration mineral 
assemblages

The sericite-chlorite alteration zone is 
rare and only weakly developed in the 
mudstone and typically occurs near 
the footwall and hangingwall contacts. 
This alteration zone is more intensely 
developed around the deposit, outside 
of the mudstone, in the Zeta Island 
Formation of the Lower Merougil Group 
and the Invincible Sandstone member of 
the Upper Black Flag Group. In addition to 
chlorite and sericite, this zone comprises 
biotite, albite, magnetite and pyrite (Table 
5.4).	 It	 is	difficult	 to	 relate	 this	alteration	
to	a	specific	vein	stage,	due	to	its	distance	
from veins and changes in lithology. The 

Table 5.4 Alteration zones and mineral abundances
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hematite alteration zone associated with stage 3 veins overprints the sericite-chlorite 
alteration zone.

5.9.3 Stage 3 alteration mineral assemblages

In the mudstone, V3 veins have no visible to less-extensive alteration similar to the albite 
zone surrounding V2a veins. In the footwall sandstone, the gold-bearing V3 veins have 
distinctive bright red hematite hydrothermal alteration haloes that extend up to 30 cm. 
Albite, pyrite and carbonate are the dominant alteration minerals surrounding these 
veins with lesser hematite, biotite, K-feldspar, apatite, and pyrrhotite. Minor mineral 
phases	 include:	 fluorite,	 rutile>ilmenite,	 barite,	 chlorite,	 monazite,	 allanite,	 zircon,	
tourmaline and rare scheelite (Fig. 5.14). The development of alteration minerals around 
V3 veins, similar to V2 veins, is controlled by wall rock lithofacies. Alteration minerals 
surrounding V3 veins typically extend further along coarser-grained sandstone layers 
than	finer	grained	layers.	Hematite	occurs	as	fine	dusting	over	albite	and	K-feldspar	as	
well as acicular crystals (0.5 to 5 µm) disseminated through albite. Adjacent to the V3 
veins,	subrounded	to	angular	detrital	quartz	is	variably	replaced	by	albite,	phlogopite	
and pyrite, however, to a lesser degree than in mudstone hosted ore zones. Minor 
anhedral K-feldspar aligned with S0-1 commonly occurs in intensely hematite altered 
areas. Minor, compositionally zoned, Ba-rich K-feldspar also occurs in veins. 

Pyrite is most abundant in the inner alteration zone up to 30 cm from V3 veins 
but extends further from the veins where they cut coarser-grained sandstone beds. 
The size of pyrite crystals (1 µm to 3 mm) increases with proximity to the veins and 
with increasing grain size of the host sandstone. Pyrite typically forms euhedral to 
subhedral crystals that commonly contain muscovite, albite, rutile, ilmenite, zircon, 
and	less	common	arsenopyrite,	magnetite,	biotite,	apatite	and	quartz.	Growth	zonation	
is common, although less well developed than in pyrite surrounding V2 veins in the 
mudstone. The outer rims of pyrite are typically inclusion-free and are compositionally 
defined	by	elevated	Co,	As,	Sb,	Pb,	Te,	and	Bi.	The	core	zones	are	defined	by	Co,	Ni,	Pb,	
Bi and As. Gold is most common in the core zones as micro-inclusions (Fig. 5.15). 

Carbonate abundance increases from 5 wt% outside the inner alteration halo to 20 
wt% adjacent to V3 veins. Carbonate in the wall rocks occur as both isolated masses and 

Figure 5.15 Pyrite LA-ICP-MS composition maps. Stage 2a pyrite: (a) photomicrograph of a pyrite grain 
from altered mudstone surrounding a V2a vein, etched with NaClO to show compositional domains; (b) 
gold is concentrated in the core of the pyrite, especially in a small arsenian pyrite inclusion and around the 
outer rim possibly indicating two mineralisation events. Micro-inclusion of gold appear to follow foliation 
(dashed-line) preserved in the outer pyrite; (c) Cobalt and (d) Nickel align well with the etched zones in the 
pyrite	and	define	the	inner	core	pyrite	that	is	relatively	enriched	in	gold	and	contains	an	arsenian	pyrite	
inclusion;	(e)	The	outer	rim	of	the	pyrite	is	well	defined	by	Te	in	pyrite	proximal	to	V2a veins. Tellurium also 
occurs in the inner pyrite as micro-inclusions similar to gold; (f) Arsenic is elevated in the core pyrite as well 
as the outer rims. Stage 3 pyrite: (g) Photomicrograph of a pyrite grain from altered sandstone surrounding a 
V3	vein,	containing	inclusions	of	quartz,	rutile	and	gersdorffite;	(h)	Gold	is	disseminated	as	micro-inclusions	
throughout	the	pyrite	and	strongly	elevated	in	the	gersdorffite	inclusion;	(i)	Cobalt,	(j)	Nickel,	(k)	Tellurium	
and	(l)	Arsenic	define	the	outer	rim	of	the	pyrite	as	well	as	the	gersdorffite	inclusion,	but	are	similarly	patchy	
through the inner zone of the pyrite. 
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interconnected mosaics of anhedral to subhedral, inclusion-rich to poikiloblastic grains. 
Inclusions	of	albite,	quartz,	pyrite	are	common;	apatite,	hematite,	rutile	and	zircon	are	
less common inclusions, typically aligned with S3. Bands of carbonate, recrystallised 
quartz	and	albite	 (dusted	with	hematite)	aligned	with	S3 cleavage uncommonly form 
near the contact with the mudstone. Hydrothermal apatite (5 to 30 µm) is commonly 
associated with carbonate surrounding V3 veins. 

Phengite is minor in the sandstone hosted ore zones and typically restricted to the 
inner intensely albite-hematite alteration zone adjacent to the veins. Hydrothermal biotite 
is minor to absent in the wall rocks immediately adjacent to V3 veins, but progressively 
returns to background levels (i.e. 5 to 15% in the least altered rocks, Table 5.3) at distances 
greater than 1 to 50 cm from the veins. Disseminated chlorite occurs partially replaces 
biotite near the outer boundary of the hematite alteration zone.

5.10 Geochemistry

Element zonation and mass-change were investigated from altered wall rock haloes of 
V2 and V3	veins	to	assess	temporal	changes	in	the	chemistry	of	the	primary	ore	fluids.	
Geochemical gradients are described using mass-balance methods, to avoid closure 
problems inherent in compositional data expressed as parts of a whole (Rollinson, 1993). 
Mass-balance data are reported in Appendix A5.5. These trends were then compared 
to	the	stratigraphically	deeper,	dominantly	mafic-hosted	Victory	deposit	(Fig.	5.1)	and	
camp-scale	multi-element	datasets	to	better	understand	differences	between	the	deposits	
and the genetic implications of their formation. 

The terms strong, moderate and weak are used here to refer to trends in the 
magnitude of mass-change relative to protolith heterogeneity for individual components. 
Weak: samples show mass-change up to 5% beyond protolith heterogeneity. Moderate: 
5 to 50% and Strong: greater than 50%. When referring to depletion trends ‘strong’ can 
indicate complete removal of components in some samples (down to -100%; Fig. 5.16, 
5.17).

5.10.1 Stage 2 wall rock geochemical trends

The main components involved with mineralogical changes during hydrothermal 
alteration and mass-transfer are Na2O, CaO, K2O, Fe2O3, S, CO2 and to a lesser degree 
MgO and TiO2. Across all alteration zones Al2O3 was immobile except where samples 
contained a large amount of vein material; TiO2 and Zr were also commonly immobile 
but varied more than Al2O3 (Doutch et al., 2019a). Raw geochemical, MINSQ mineral 
abundance and mass change results for transects across Invincible and Invincible South 
are presented in Fig. 5.16 and 5.17 respectively. Mass-balance results described here 
highlight	 trends	 that	are	difficult	 to	determine	 from	raw	geochemical	data	alone	and	
help explain mineral abundance changes between alteration zones at the Invincible 
deposit. Fluorine mass-balance results are only available for the Invincible transect. 
Protolith heterogeneity was considered when undertaking the mass-balance calculations. 
Variation in least altered sample compositions is depicted by dashed lines in Fig. 5.16 
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Figure 5.16 Geochemical and mass-balance trends surrounding a relatively weakly altered ore zone centred around V2 veins at Invincible. (a) From left to right: a geological summary strip log of LD81611W16 showing vein percentages downhole. Colours 
across	the	figure	indicate	alteration	facies.	Gold	concentration	is	shown	downhole	and	is	most	elevated	in	the	albite	alteration	facies.	MINSQ	estimated	mineral	abundance	plotted	down	hole.	An	estimate	of	least	altered	MINSQ	estimated	mineral	abundance	
is also given below the transect results for comparison. Whole-rock geochemical trends downhole are shown for comparison with mass-balance trends depicted in: (b) shows the mass-change trends for the same drill hole, highlighting trends of enrichment 
and depletion around V2 veins at Invincible. Numbers on the mass-change graphs represent outliers beyond the graph limits. 
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Figure 5.17 Geochemical and mass-balance trends surrounding a relatively strongly altered ore zone centred around V2 veins at Invincible South. (a) From left to right: a geological summary strip log of LD14697 showing vein percentages downhole. Colours 
across	the	figure	indicate	alteration	facies.	Gold	concentration	is	shown	downhole	and	is	most	elevated	in	the	albite	alteration	facies.	MINSQ	mineral	abundance	plotted	down	hole.	An	estimate	of	least	altered	MINSQ	estimated	mineral	abundance	is	also	given	
below the transect results for comparison. Whole-rock geochemical trends downhole are shown for comparison with mass-balance trends depicted in: (b) shows the mass-change trends for the same drill hole, highlighting trends of enrichment and depletion 
around V2	veins	at	Invincible	South.	Note	this	does	not	imply	that	alteration	at	Invincible	is	generally	less	intense	than	Invincible	South,	typically	alteration	intensifies	with	increasing	vein	abundance.	Numbers	on	the	mass-change	graphs	represent	outliers	
beyond the graph limits.
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and 5.17, per Doutch et al. (2019a). Mass-changes of individual samples within these 
limits	cannot	be	definitively	related	to	hydrothermal	alteration.	However,	spatial	trends	
were still considered if they fell within these limits if similar trends were observed in 
both transects. 

The sample transect from Invincible South (DDH: LD14697) represents a more 
visibly intense altered zone, with high Au grades. The transection from Invincible (DDH: 
LD81611W16) represents visibly less intensely altered samples with associated low Au 
grades. Importantly, similar trends are seen in mass-balance results despite variations 
in visible alteration intensity, although the less intensely altered samples commonly fall 
within the limits of protolith heterogeneity. The mass-balance for these transects are 
discussed here with reference to the visible alteration zones described for V2 and V3 veins 
as shown by the background colours in Fig. 5.16 and 5.17. 

Sodium is strongly added in the albite alteration zone (up to 160%) but is depleted 
from surrounding altered areas commonly extending into outer sericite-chlorite altered 
zones.	 Potassium	addition	 and	depletion	patterns	 are	 typically	 opposite	Na2O in the 
proximal alteration zones, i.e. depleted (down to -90%) in the albite zone and variably 
added in the phengite zone. Samples from the biotite-carbonate and sericite-chlorite 
zones showed variably depleted or no mass-change in K2O (-11% to 18%). Silicon is 
weakly	depleted	in	the	albite	zone,	isolated	additions	in	these	zones	is	attributed	to	thin	
quartz	veins	that	were	unavoidable	during	sampling.	In	the	phengite	to	biotite-carbonate	
alteration zones SiO2 commonly shows no mass-change beyond protolith heterogeneity 
but is depleted in the sericite-chlorite zone. Depletion of SiO2 gradually returns to no 
mass-change towards the distal extent of the sericite-chlorite zone. The coupled Na2O 
enrichment and K2O, SiO2 depletion in the albite altered zone supports petrographic and 
MINSQ	mineral	abundance	result,	that	quartz	and	biotite	are	consumed,	and	albite	is	
formed around V2	veins.	Quartz	gradually	returns	to	least	altered	protolith	abundance.	
Addition of K2O and depletion of Na2O in the phengite zone petrographically correlates 
with phengite overprinting albite, whereas in the biotite-carbonate zone the limited to 
no K2O	mass-change	reflects	similar	abundance	of	biotite	and	muscovite	to	least	altered	
rocks. 

Calcium shows no net change in the albite and phengite alteration zone, isolated 
additions	 in	 these	 zones	 typically	 reflect	 increased	 carbonate	 veining.	 Calcium	 and	
CO2 mass-change results are consistently above 20% in the biotite-carbonate alteration 
zone.	These	components	vary	significantly	in	least	altered	samples,	meaning	that	only	
additions	above	77%	can	be	confidently	said	 to	have	CaO	and	CO2 added. However, 
petrographically these zones correspond to increased carbonate. 

Iron is typically immobile or shows no mass-change in the albite alteration zone 
but	can	be	weakly	depleted	in	the	biotite-carbonate	and	phengite	zone.	Strong	patterns	
of Fe2O3 addition are recorded in the sericite-chlorite zone, especially near the contact 
with the biotite-carbonate zone, that gradually decrease towards the visible extent of the 
sericite-chlorite	alteration	zone.	Magnesium	mass-change	patterns	are	similar	to	Fe2O3. 
The addition trends of Fe2O3 and MgO correlate with increases in MINSQ estimation of 
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chlorite and biotite abundance. 

Sulphur is strongly added in the albite alteration zone and decreases to weakly added 
or no mass-change in the biotite-carbonate zone. The phengite alteration zone shows 
isolated	 moderately	 added	 to	 no-	 mass-change	 patterns	 in	 S,	 although	 immediately	
adjacent	to	intense	albite	alteration	zones	small	depletion	patterns	may	develop.	Fluorine	
has	a	very	similar	mass-change	pattern	of	addition	and	depletion	to	S,	until	the	sericite-
chlorite zone where it shows addition that gradually decreases towards and beyond the 
visible extent of this alteration zone. 

Barium	mass-change	patterns	show	isolated	strong	additions	in	the	albite	alteration	
zone but are typically moderate depleted. In the biotite-carbonate and phengite alteration 
zone Ba shows no mass-change beyond protolith heterogeneity. In the sericite-chlorite 
alteration zone Ba shows similar moderately depleted mass-change trends to K2O. 

Tellurium,	and	Bi	are	strongly	added	in	the	albite	alteration	zone	with	little	to	no	
mass change in the biotite-carbonate zone and variable addition in the sericite-chlorite 
zone. In the albite alteration zone, these elements are typically enriched in pyrite and 
arsenopyrite inclusions in pyrite relative to wholerock composition (Fig. 5.18a). Pyrite 
away from the albite alteration zone contain less Te (and Au) but relatively more Bi. 
Tungsten and Sb are also added in the albite and sericite-chlorite zones but vary from 
depleted in weakly altered areas, to added in the biotite-carbonate zones. Tungsten and 
Sb	mass-change	 patterns	 closely	 reflect	 the	 concentration	 of	 these	 elements	 in	 pyrite	
and rutile in the albite alteration zone. Rutile inclusions in pyrite contain elevated W, 
whereas Sb is concentrated in the pyrite core and outer rim. In the biotite-carbonate 
and	phengite	alteration	zone,	W	and	Sb	mass-change	patterns	vary	 from	depleted	 to	
added in weakly altered samples but are strongly added in these zones if they surround 
a	more	intensely	albite	altered	zone.	Patterns	of	mass-change	addition	in	these	elements	
peak in the sericite-chlorite zone, at the contact with the Lower Merougil Group and 
slowly decrease to no mass-change or weakly depleted beyond the visible extent of 
this	alteration	.	Outside	of	the	albite	alteration	zone,	mass-change	patterns	in	W	and	Sb	
reflect	the	concentration	of	these	elements	in	pyrite,	gersdorffite	and	lesser	ilmenite	(Fig.	
5.18, 5.19). Arsenic is weakly depleted in the albite alteration zone and spatially has a 
negative correlation with Au (Fig. 5.16, 5.17). However, throughout the biotite-carbonate, 
sericite-chlorite	and	phengite	alteration	zones,	As	varies	from	no	mass-change	patterns	
to	 zones	 of	 strong	 addition.	 These	mass-change	 patterns	 reflect	 the	 concentration	 of	
As in pyrite and arsenopyrite inclusions in all alteration zones but also the presence 
of	arsenopyrite	and	gersdorffite	in	the	biotite-carbonate	and	phengite	alteration	zones.	
In	the	phengite	alteration	zone,	increased	gersdorffite	abundance	also	correlates	with	a	
decrease in the As content of pyrite (Fig. 5.18b, c). Molybdenum is weakly depleted in 
the albite alteration zone and varies from weakly added to no mass-change in the biotite-
carbonate and phengite zone. Molybdenum gradually increases to strongly added in 
the sericite-chlorite alteration zone with additions extending beyond the visible extent 
of this alteration zone and sampling undertaken in this study. Pyrite from all alteration 
zones surrounding V2 veins contained low levels of Mo (Fig. 5.18c). Elevated Mo in pyrite 
and	gersdorffite	from	laser	ablation	data	are	coincident	with	zones	of	S	and	Mo	addition	
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Figure 5.18 Sulphide compositional trends grouped by alteration facies. (a) Te-Sb plot showing that pyrite 
in the albite alteration facies is more enriched in Te compared to Sb. Also that gold is more concentrated in 
pyrite	that	contains	elevated	Te.	Pyrite,	arsenopyrite	and	gersdorffite	from	the	biotite-carbonate,	sericite-
chlorite and hematite alteration facies contains lower amounts of gold, and is relatively more enriched in 
Sb, compared to Te, and has similar to elevated concentrations of Sb compared to whole-rock analyses; (b) 
As-Sb	plot	showing	that	pyrite	and	less	common	arsenopyrite	and	gersdroffite	are	relatively	more	enriched	
in As and to a lesser degree Sb in the albite, biotite-carbonate and phengite alteration facies compared to 
the sericite-chlorite alteration facies that has similar concentrations to whole-rock analyses of the mudstone 
and	sandstone	around	the	deposit.	This	suggests	that	pyrite,	arsenopyrite	and	gersdorffite	are	some	of	the	
main hosts for these elements around Invincible; (c) Box and whisker plots for trace element compositions of 
pyrite,	arsenopyrite	and	gersdorffite	according	to	the	alteration	facies	they	were	hosted	in.	This	shows	pyrite	
in the albite and hematite alteration facies contain more gold than the more distal alteration facies, and that 
the	As	and	Sb	content	of	pyrite	drops	significantly	in	the	phengite	alteration	facies	where	gersdorffite	occurs.	
Histograms in ‘c-d’ -show the values of the Mo, Te, Bi, As, Sb and W camp-scale anomalies (95th percentile 
of whole-rock data) for comparison with mineral compositions.
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Figure 5.19 Rutile and ilmenite LA-ICP-MS compositional trends grouped by alteration facies. (a) W-Nb plot 
showing that rutile and ilmenite around the Invincible deposit are enriched in W. Rutile from the albite and 
hematite alteration facies contain elevated Nb and Sb. (b) W-Sb plot showing that rutile and ilmenite contain 
higher levels of W and Sb compared to whole-rock analyses of the mudstone and sandstone surrounding 
the Invincible deposit, showing they are some of the main hosts for these element; (c) Box and whisker plot 
for trace elements in ilmenite grouped by alteration facies. Ilmenite is more common away from the main 
ore veins and proximal albite alteration facies, and as such its composition is more variable in these areas. In 
the more distal alteration facies, such as the sericite-chlorite facies ilmenite is enriched in Sb and W; (d) Box 
and whisker plot for trace elements in rutile grouped by alteration facies, showing rutile is most strongly 
enriched in Sb and W in the proximal albite and hematite alteration facies. Histograms in ‘c-d’ show the 
values of the Sb and W camp-scale anomalies (95th percentile of whole-rock data) for comparison with 
mineral compositions.
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mass-change	patterns.	

Caesium is strongly depleted in intensely albite altered zones but varies from no 
mass-change to weakly added in less intensely albite altered wall rock. Caesium is added 
in the biotite-carbonate and sericite-chlorite alteration zones and gradually reduces to 
no mass-change towards the visible extent of the sericite-chlorite zone. In the phengite 
alteration zone, Cs varies from strongly depleted to weakly added near the contact with 
the	 biotite-carbonate	 alteration	 zone.	 Lithium	 mass-change	 patterns	 are	 opposite	 to	
Cs in the albite to biotite-chlorite zones but are similarly added in the sericite-chlorite 
alteration zones. Laser ablation line analyses show that phlogopite, chlorite and to a lesser 
extent biotite are enriched in Li, and biotite and muscovite are enriched in Cs relative to 
wholerock	geochemical	data	(Fig.	5.20).	Mass-change	patterns	of	Cs	and	Li	surrounding	
V2 veins correlate with changes in mica mineral species and the concentration of these 
elements in them (Fig. 5.20). 

5.10.2 Stage 3 wall rock geochemical trends

Altered wall rock surrounding V3 veins is less extensive than V2 veins and the thin nature 
of these veins often means that samples containing them are bulked out with altered wall 
rock. Element trends are presented here from a limited number of whole-rock samples 
around a V3 vein and associated hematite altered wall rock (Fig. 5.21). 

Silicon shows moderate addition in the hematite alteration zone partially due to 
unavoidable	thin	quartz	veins,	as	shown	by	elevated	quartz	abundance	(MINSQ)	in	the	
last two samples of the transect (Fig. 5.21). Sodium and K show similar trends of mass-
change to that of the albite alteration zone around V2a veins, however while Na is strongly 
added, K is only moderately depleted in the hematite alteration . These trends match an 
increase in albite abundance (MINSQ) and a decrease in muscovite in proximity to the 
V3 vein. Calcium shows no mass-change beyond protolith heterogeneity. Iron shows 
weak	addition	mass-change	patterns	in	the	hematite	altered	samples	closest	to	V3 veins 
and in these samples S is strongly added. Less intensely hematite altered samples show 
Fe2O3	quickly	decreases	to	no	mass-change	patterns	further	from	the	veins,	whereas	S	
varies from moderately depleted to no mass-change. Fluorine data was not available for 
samples surrounding V3 veins.  

Molybdenum,	Te,	and	Bi	have	similar	patterns	of	addition	and	depletion	and	are	
strongly added in the hematite alteration zone, where they correlate with Au. Tungsten, 
Sb and As are also strongly added in the hematite zone and quickly drop to depleted or 
no mass-change as alteration intensity decreases. The host minerals for these elements 
are as per V2 veins. Pyrite, rutile and ilmenite from the hematite alteration zone have 
similar concentration of Te, Bi, As, Sb, W and Au to the albite alteration zone surrounding 
V2 veins (Fig. 5.18, 5.19). Pyrite in the hematite zone contained higher Mo (~0.3 ppm) 
compared to the albite alteration zone (~0.08 ppm, detection limit of Mo was typically 
0.01 ppm). 

Caesium	shows	a	depleted	mass-change	pattern	 in	 the	hematite	altered	zone	but	
quickly increases to strongly added as hematite alteration intensity decreases. This 
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pattern	petrographically	corresponds	to	an	increase	in	muscovite	away	from	V3 veins. 
Conversely, Li has been added surrounding V3 veins and decreases to weakly added or 
no mass-change away as hematite alteration intensity decreases. 

5.11 Geochemical Trends at Invincible Compared to Victory
5.11.1 Camp- to deposit scale trends

Geochemical dispersion haloes that typically extend beyond the visual alteration zones 
into cryptic alteration zones or ‘least altered’ rocks are referred to here as camp scale 
trends.	 In	 the	 St	 Ives	 gold	field,	 the	Victory	 and	 Invincible	 areas	 have	 broad	 2	 to	 10	

Figure 5.20 Mica	compositional	trends	grouped	by	alteration	facies.	(a)	Mg	-	K	plot	showing	the	classification	
of mica-rich LA-ICP-MS line data; (b) Li - Cs plot showing phlogopite and chlorite are more enriched in Li 
compared to biotite and muscovite/phengite that are relatively more enriched in Cs. Note biotite can contain 
elevated Li but at lower concentrations than phlogopite, possibly indicating Li was enriched in phlogopite 
during hydrothermal alteration; (c) Box and whisker plot for trace elements in biotite grouped by alteration 
facies, showing that biotite from the biotite-carbonate alteration facies contains slightly elevated Cs and that 
Li is enriched in biotite from the albite alteration facies similar to phlogopite; (d) Box and whisker plot for 
trace elements in phlogopite grouped by alteration facies, showing the strong enrichment of Li in phlogopite 
from the albite alteration facies. Phlogopite is very uncommon in the distal alteration facies compared to 
biotite, as such the small box plots for the biotite-carbonate facies are indicative of only a few laser spots. 
Histograms in ‘c-d’ show the values of the Cs, and Li camp-scale anomalies (95th percentile of whole-rock 
data) for comparison with mineral compositions.
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km long by 0.5 to 1 km wide geochemical 
dispersion haloes surrounding them, 
respectively (Fig. 5.22). It must be noted 
that these deposits do not occur in 
isolation and the large-scale geochemical 
haloes described here may be the result of 
multiple deposits clustered in structurally 
favourable locations (Cox and Ruming, 
2004) or possibly the result of an earlier 
unrelated event (Halley, 2017). The 
deposits in the Invincible area referred to 
below include from north to south: Lut, 
Invincible North, Invincible and Invincible 
South. There are numerous deposits in the 
Victory – Revenge area that are referred to 
below; readers are directed to Prendergast 
(2007) and Oxenburgh et al. (2017) for 
their location and description. 

The geochemical data presented as 
‘elevated’	for	the	given	area,	refers	to	≥95th	
percentile of each element. Mass-balance 
calculations on a camp-scale were outside 
the scope of this study. Mineral abundance 
(MINSQ; Herrmann and Berry, 2002) 
maps were created to help interpret the 
host mineralogy of the large geochemical 
anomalies around the Invincible deposit 
(Fig. 5.23). The complex geology around 
the Victory deposit precluded the creation 
of similar maps in this study. Readers 
are directed to Bath et al. (2013) for a 
schematic cross-section of hydrothermal 
mineral distribution through the Victory 
deposit. The majority of data that forms 
the basis of these maps, comes from end 
of hole air-core rock chips that sample 
the top surface of “fresh” rock below the 

Figure 5.21 Geochemical and mass-balance trends 
surrounding a V3 ore vein at Invincible South. From 
left	to	right:	A	simplified	geological	log	of	LD13514,	
vein abundance and gold grades in a stage 3 ore 
zone.	 MINSQ	 mineral	 abundance	 is	 plotted	 for	
comparison with down hole geochemical mass-
change trends. Enrichment and depletion trends 
around V3 veins is broadly similar to V2a veins. 
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weathered saprolite and unconsolidated Tertiary cover. An assumption is made that 
these samples are comparable to fresh rock samples from diamond drill hole traverses, 
that may be up to 100’s of meters below surface, through the Invincible deposit.

Invincible is surrounded by 800 m (across strike) by 10 km (along strike) raw 
whole-rock geochemical dispersion halo of As, Sb, Cs, Li and W. In map view, zone 
of elevated As, Sb, W, Cs and Li parallel the contact between Upper Black Flag Group 
and Lower Merougil groups (Fig. 5.23), but the highest concentrations of these elements 
coincides with visibly altered mudstone around V2 veins in the Upper Black Flag Group. 
Enrichments in As, Sb, Cs, Li and W are both more pronounced in, and appear to extend 
further	 into,	 the	 footwall,	 i.e.	 locally	affecting	 the	Speedway	Andesite	Formation	and	
Upper Paringa Basalt  more than the hanging wall, however the extent of hanging wall 
alteration (i.e. in the Lower Merougil Group) is not fully resolved by available drilling.
The anomalous dispersion halo of As, Sb, Cs, Li and W (Sb being the widest), extend into 
the Lower Merougil Group (Fig. 5.16) as well as the Paringa Basalt and appear to follow 
the Alpha Island Fault, Foster Thrust as well as the unconformity between the Lower 
Merougil Group and the Upper Black Flag Group. 

The highest Sb anomalies correlate with increased pyrite and rutile abundance 
associated with the gold deposits in the mudstone (Lut, Invincible North, Invincible, 
Invincible South; Fig. 5.23).  Anomalous W is similarly associated with increased rutile 
abundance, but is more tightly restricted to 100 to 300 m zones around Au-deposits hosted 
in the mudstone. Arsenic shows a similar distribution to Sb but has tighter, anomalously 
high zones along and in the hangingwall to the Foster Thrust as well as the mudstone 
(Fig. 5.22, 5.23). Anomalous As distribution also correlates with increased pyrite (and 
pyrrhotite) abundance associated with the deposits located along the Speedway Fault 
Zone in the mudstone. Smaller zones of elevated As occur along the Alpha Island 
Fault corresponding to the Santa Ana and Bahama deposits. Elevated Cs surrounds the 
Invincible deposit and follows the trend of the mudstone but is most concentrated in the 
hangingwall to large felsic intrusions to the northwest. Zones of elevated Cs correspond 
to apparent increases in phlogopite and biotite abundance (Fig. 5.23). Phlogopite 
abundance is also highest in the hangingwall to the felsic intrusion to the northwest. 
The highest Li concentrations occur in tight trends that follow the Foster Thrust and in 
proximity to felsic intrusions that intrude the Upper Paringa Basalt, but less elevated 
zones also follow the mudstone around the Invincible deposit. Increased chlorite (Mg) 
abundance correlates with elevated Li in the Upper Paringa Basalt. Elevated Li in the 
mudstone correlates with increases in phlogopite, chlorite and biotite abundance.

Trace element zonation has not been investigated in detail at the Victory deposit, 
but camp-scale geochemical data shows elevated Mo, Sn, Se, Te, Bi, and W with more 
restricted zones of As and Li (This study; Prendergast, 2007). While these elements 
are centred on the deposits in the Victory to Revenge area, they appear to follow D1 
structures, including the Foster Thrust and the Playa Fault (Prendergast, 2007) in 
increasing dispersion, from Mo (proximal) - Sn - Se - Te (distal), away from the deposit 
(Fig. 5.22). Anomalous W is more tightly restricted in distribution to ~100 m outside of 
the deposits in the Victory to Revenge area.
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Figure 5.22 Camp-scale	geochemical	trends	for	the	St	Ives	gold	field.	Samples	from	the	St	Ives	geological	database	were	classified	into	percentile	groups,	these	images	show	area	with	concentrations	equal	or	above	the	95th	percentile	to	illustrate	the	large-scale	
geochemical dispersion halos that occur in the camp. The ppm value for each element is listed in the legends. (a) Grouped geochemical map of areas with elevated Mo, Sn and Se, highlighting the Victory area is particularly enriched in these elements. These 
elements	are	typically	associated	with	hotter	temperatures	and	zones	proximal	to	porphyries	(Halley	et	al.	2015);	(b)	Grouped	geochemical	map	of	areas	with	elevated	Te,	Bi,	and	W.	These	elements	are	also	centred	on	the	Victory	-	Revenge	deposits,	but	have	a	
wider dispersion than Mo, Sn and Se, extending along D1 structures such as the Playa Fault and the Foster Thrust; (c) Grouped geochemical map of areas with elevated As, Sb, Cs and Li. These elements are most enriched on the Western limb of the Kambalda 
Anticline in the Upper Paringa Basalt, Upper Black Flag Group and base of the Lower Merougil Group. These elements extend along the D1 structures or in the hanging-wall to them (e.g. Foster Thrust) and are concentrated along two major unconformities 
associated	with	the	Upper	Black	Flag	Group.	Large	dispersion	halos	of	Sb,	As,	Cs	and	Li	are	associated	with	more	distal	low-temperature	clay	alteration	associated	with	porphyry	systems;	(d)	A	simplified	schematic	of	the	major	geochemical	dispersion	halos	
in	the	St	Ives	gold	field;	(e)	A	simplified	geological	map	of	the	St	Ives	gold	field	showing	major	gold	deposits	and	structures	of	the	area.	Major	structures	are	labeled:	(A)	Boulder-Lefroy	Fault	Zone,	(B)	Playa-Repulse	Fault,	(C)	Delta	Fault,	(D)	Foster	Thrust,	(E)	
Speedway Fault, (F) Alpha Island Fault. 
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Figure 5.23 Geochemical maps (grouped by percentile) of the Invincible area compared to MINSQ mineral abundance maps. As Fig. 16 and 17 demonstrate the enriched zones of As, Sb, W, Cs and Li shown here extend into the Lower Merougil Group, however, 
further	sampling	is	needed	to	understand	if	this	is	restricted	mainly	to	the	basal	units.	(a)	As	concentration	map;	(b)	Sb	concentration	map;	(c)	W	concentration	map;	(d)	Cs	concentration	map;	(e)	Li	concentration	map.	MINSQ	mineral	abundance	maps	attempt	
to illustrate the main mineral hosts for the geochemical anomalies in a-e: (f) Pyrite abundance has similar distribution trends to As and Sb; (g) Rutile abundance has similar distribution trends to Sb and W; (h) Biotite abundance has similar distribution to Cs 
and weakly to Li and W; (i) Phlogopite abundance has a similar distribution to Cs, especially in the hanging-wall to a large porphyry intrusion in the North-West. Phlogopite shows a series of small enriched zones (yellow) that follow the trend of the Morgan’s 
Island Formation similar to Li; (j) Chlorite abundance has a similar distribution to Li especially in the Upper Paringa Basalt; (k) Pyrrhotite abundance has a similar distribution to pyrite, and As; (l) Ilmenite is more abundant in the footwall Speedway Andestite 
formation and Upper Paringa Basalt and shows similar distribution trends to Sb and W as well as Li; (m) Muscovite is concentrated in highest abundance around the Invincible deposit and has a weakly similar distribution to Cs; (n) A map of the sum square 
of	the	residuals	provides	an	estimate	of	the	‘goodness	of	fit’	to	the	mineral	and	compositions	used	during	estimation	of	mineral	proportions	using	the	MINSQ	method.	Note	all	samples	have	a	residual	SSQ	less	than	1	that	was	deemed	acceptable	for	such	a	
large	geochemical	dataset	and	numerous	different	lithologies;	(o)	Geological	map	of	the	Invincible	area.	
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5.11.2 Deposit-scale trends

The geochemical signatures associated with ore vein emplacement and visible wall rock 
alteration	at	 the	 Invincible	 and	Victory	deposits	 also	differ	 (Fig.	 5.23).	The	 Invincible	
deposit contains higher As, Sb and Hg compared to Victory. Victory contains higher Mo 
than Invincible. Lithium and F and to a lesser extent Cs increase with Au at Invincible, 
whereas these elements decrease with increasing Au at Victory. Tellurium, Bi and W 
increase with Au at both deposits. 

5.12 Discussion
5.12.1 Vein sequence and related hydrothermal alteration events

The Invincible deposit consists of numerous vein stages and alteration zones with a 
range of mineralogical and geochemical characteristics. Overprinting criteria were used 
to establish the sequence of vein formation and alteration mineral formation in the wall 
rocks. Understanding the relative timing of these events allowed the origin of the large 
geochemical dispersion halo that surrounds the Invincible deposit to be elucidated. 

There are three main vein sets at the Invincible deposit, hosted in the Invincible 
Mudstone and Sandstone members of the Morgan’s Island Formation, Upper Black Flag 
Group. Low grade gold mineralisation is associated with intensely deformed V1 veins, 
but the majority of gold is associated with intense wall rock alteration surrounding folded 
and boudinaged V2 extension and breccia veins. Two distinct alteration zones envelope 
V2a veins: (1) an inner albite zone that grades to (2) biotite-carbonate zone that gradually 
transitions to a least altered assemblage, characterised by abundant metamorphic biotite 
and detrital plagioclase. Additionally, a phengite alteration zone is associated with V2b 
veins. The phengite alteration zone, generally overprints the albite alteration zone as 
well as the biotite-carbonate zone.  However, composite V2 veins contain phengite that is 
uncommonly overprinted by intense albite or biotite alteration. This alteration typically 
occurs in breccia vein clasts and suggests a  mutual overprinting relation and a similar 
formation time with the other two alteration zones. 

Sericite-chlorite alteration is best developed in the footwall and hangingwall shear 
zones, although less-intense alteration is found in undeformed sandstone-conglomerate 
near the contact with the mudstone around Invincible. The sericite-chlorite alteration 
zone is rarely developed in the mudstone. The approximately symmetrical distribution 
of muscovite around the Invincible deposit (Fig. 5.23) suggests that this alteration zone 
is	related	to	hydrothermal	fluids	associated	with	the	formation	of	the	deposit	(Fig.	5.23).	
Timing of the sericite-chlorite alteration zone is constrained by hematite alteration 
associated with V3 veins, that overprint it in the footwall units. The alteration zones’ 
around V2 veins at Invincible broadly resemble that of other well studied deposits in 
the	St	Ives	gold	field	such	as	Victory	(Clark	et	al.,	1989;	Ruming,	2006),	Argo	(Crawford,	
2011),	Revenge	(Nguyen,	1997)	and	Athena	(Gibson,	2011).	Based	on	the	cross-cutting	
relationships, deposit-scale zoning, and comparable alteration zones at other deposits in 
the	St	Ives	gold	field,	the	sericite-chlorite	alteration	zone	is	interpreted	to	have	formed	
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with or just after V2 vein emplacement. 

The	second	gold	mineralisation	event	is	associated	with	relatively	flat,	undeformed	
V3 extension veins and hematite alteration. Magnetite is a key precursor mineral to 
the formation of this alteration zone, something that has also been documented at the 
Bellerophon deposit, similarly hosted in the Black Flag Group at St Ives (Fig. 5.1; Xue, 
2014; Xue and Campbell, 2014). Magnetite around the Invincible deposit is part of the 
least altered sandstone mineral assemblage, formed prior to hydrothermal alteration 
associated	with	 the	first	gold	event.	Hematite	alteration	surrounding	V3 veins is only 
present when these veins cross-cut bedding layers that contain magnetite. In the 
hematite	 alteration	 zone,	 magnetite	 is	 variably	 converted	 to	 pyrite	 and	 fine-grained	
hematite dusting on albite. V3 veins develop without the characteristic hematite altered 
wall rock haloes in areas where magnetite was previously converted to pyrite in the 
albite alteration zone surrounding uncommon V2 veins in the footwall sandstone. 

The destruction of magnetite during gold mineralisation has been observed 
throughout	the	St	Ives	gold	field	(Neall	and	Phillips,	1987;	Neumayr	et	al.,	2008;	Palin	
and	Xu,	2000;	Watchorn,	1998).	Paragenetic	analysis	of	iron	sulfides	and	oxides	across	
the	St	Ives	gold	field	by	Neumayr	et	al.	(2008)	found	that	magnetite	formation	predates	
and was synchronous with early gold mineralisation associated with albite-carbonate-
pyrite-biotite-chlorite hydrothermal alteration. Magnetite at the Victory deposit 
overgrows chlorite in the distal alteration zones and is interpreted to have formed during 
a subsequent hydrothermal alteration event (Ruming, 2006). This later alteration event 
converted	chlorite,	quartz	and	calcite	in	the	presence	of	a	CO2	+	Na-rich	fluid	to	dolomite,	
albite and magnetite (Ruming, 2006). This does not appear to be the case at Invincible 
as the dominant inclusions in magnetite, from the outer sericite-chlorite alteration zone, 
suggest	it	overprinted	a	least	altered	mineral	assemblage	including	biotite	and	quartz	
rather than pervasive chlorite and sericite. 

5.13 Timing of Gold Mineralisation

The	cross-cutting	relationships	and	different	structural	regimes	that	formed	the	V2 and V3 
extension veins indicate that there were two separate mineralisation events at Invincible. 
The absolute timing of V2 vein emplacement has been constrained to 2632 ± 14 Ma using 
monazite (U-Pb geochronology) from the inner albite alteration zone (Doutch et al., 
2019b). Hydrothermal monazite dated from the main ore veins at Revenge contained 
a similar U-Pb age population at 2631 ± 4.6 Ma (Nguyen, 1997).  Additionally, rutile 
associated with pre-gold carbonation from Victory contained a similar age at 2627 ± 7 Ma 
(Clark et al., 1989). The ages of the main gold deposition event at these mines are within 
error and assuming they represent the same event have a weighted mean age of 2629 ± 
5 Ma. V3 vein emplacement and wall rock alteration were unable to be dated however, 
structural constraints suggest they formed after the stratigraphy was folded to near its 
current position (Doutch et al., 2019b). 

The Lower Merougil Group was hydrothermally altered during V2 vein emplacement 
and so provides a maximum age limit on gold mineralisation at 2666 ± 4 Ma (Doutch 
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and Cas, 2019). Although not present at the Invincible deposit, intrusions in the St Ives 
gold	field	may	provide	a	minimum	age	for	gold	mineralisation.	At	the	Athena	mine,	the	
Athena Dacite is weakly foliated and mineralised at the contact with the Paringa Basalt, 
and	 is	offset	by	a	 shear	zone	 that	hosts	 the	Athena	ore	bodies	 (Brown,	2009;	Gibson,	
2011). Surrounding the dacite (up to 50 m) is a zone of lower grade gold and less intense 
alteration (Brown, 2009). These relationships suggests pre-syn gold mineralisation 
emplacement of the Athena Dacite, that is supported by a zircon U-Pb crystallisation  age 
of 2630 ± 14 Ma (Camp, 2011). At Cave Rocks, the ‘Donna’ kersantite lamprophyre cross-
cuts the ore bodies (Doutch, 2014) and has a zircon U-Pb age of 2627 ± 10 Ma (sample 
from drill hole: CVK166, 170.62 – 172 m; unpublished report by Claoué-Long in Clout 
1991), providing a minimum age for gold mineralisation. Therefore, gold mineralisation 
in	the	St	Ives	gold	field	can	be	broadly	constrained	to	2635	–	2625	Ma.	

The	age	 range	 for	gold	mineralisation	 in	 the	St	 Ives	gold	field	overlaps	with	 the	
proposed, although still hotly debated, 10-million-year period (2640 to 2630 Ma) of 
gold	mineralisation	across	the	Eastern	Goldfields	Superterrane	(Vielreicher	et	al.,	2015;	
Vielreicher et al., 2016; Vielreicher et al., 2010); including three distinct mineralisation 
events	at	the	Golden	Mile	that	are	classified	based	on	mineral	compositions	and	cross-
cutting	relationships	(Bateman	and	Hagemann,	2004;	Clout	et	al.,	1990;	Mueller,	2015).	

5.14 Balanced Mineral Reactions

Compositional gradients in altered rocks are produced as a result of element addition 
or	removal	by	hydrothermal	fluid,	in	addition	to	net	mass	changes	in	the	rock.	Element	
mobility	may	vary	with	flow	distance	as	the	hydrothermal	fluids	react	with	the	host	rocks	
towards	 equilibrium.	Mineral	 stability	 and	 element	 solubility	 also	directly	 influences	
element mobility, as such understanding mineral chemistry and abundance is key to 
interpreting element mass-changes and the processes that caused them. The detailed 
vein	and	alteration	mineral	paragenesis	are	related	here	to	geochemical	data	to	better	
understand the evolution of mineralising processes at the Invincible deposit. 

Hydrothermal alteration during the emplacement of V2 and V3 veins caused 
advective transport of mobile ionic species, forming compositional gradients that vary 
with	distance	along	flow	paths	as	the	fluid	reacted	towards	equilibrium	with	the	host	
rocks.Two balanced reactions are proposed in Fig. 5.24 and 5.25 and used to estimate 
progressive	fluid-wall	rock	reaction	away	from	V2a and V3 veins. 

Given	 the	 characteristically	 low	 salinities	 of	 orogenic	 gold	 hydrothermal	 fluids,	
the abundant juvenile volcanic plagioclase in least altered volcaniclastic sedimentary 
rocks of the Upper Black Flag Group is a likely source of the Na enriched in and around 
the ore-stage veins. This interpretation is supported by geochemical mass-balance that 
shows Na2O is depleted from the surrounding rock up to 100 m away from V2a veins. 
Geochemical mass-balance also shows that while S was strongly added in the inner albite 
alteration zone, Fe was largely immobile. This indicates that Fe was redistributed from 
existing minerals that were destroyed during hydrothermal alteration, such as abundant 
metamorphic biotite. Sulphidation of biotite is also supported by the strong depletion 
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of K2O in the inner albite alteration zone. Although biotite contains the majority of Fe 
in the least altered protoliths, it is also in lesser chlorite, carbonate and oxides. The 
sulphidation	reaction	between	a	S-rich	fluid	and	Fe	in	wall	rock	is	an	important	process	
in the precipitation of gold as it destabilises Au-S complexes (e.g. Au(HS)2-). This process 
is	one	of	 the	main	drivers	 for	precipitation	of	gold	 in	 the	mafic	hosted	deposits	at	St	
Ives (Clark et al., 1989; Crawford, 2011; Neall and Phillips, 1987; Ruming, 2006) and 
at many other orogenic gold deposits including the Golden Mile (Evans et al., 2006). 
Other	processes	such	as	fluid-mixing	and	phase	separation	are	also	suggested	but	do	not	
explain	the	close	association	between	gold	and	Fe-sulfides	adjacent	to	ore-stage	veins	at	
Invincible. 

Simplified	mineral	 formula,	 based	 on	 EMPA	 analysis	 of	 hydrothermal	 minerals	
around V2 veins as well as least altered protoliths, were used to create a balanced 
reaction (Fig. 5.24). Reaction progress is shown by ten incremental steps that represent 
the breakdown of 10% of the precursor minerals in the least altered rocks (Fig. 5.24). The 
reaction	assumes	there	is	minor	excess	quartz	as	indicated	by	quartz	in	the	veins	and	
that Al, and Fe are conserved. Although Ti is added as a component of the hydrothermal 
fluid	in	the	simplified	reaction,	 it	 is	thought	to	be	largely	immobile	and	redistributed	
from metamorphic biotite that contained up to 0.25 Ti apfu (Atoms Per Formula Unit, 
Appendix	A5.2).	The	proposed	 reaction	 (Fig.	 5.24)	 involves	 the	dissolution	of	quartz,	
biotite and plagioclase in the presence of an S-, CO2-,	Na-rich,	F-bearing	fluid	to	form	
albite, pyrite and carbonate and phlogopite. The balanced mineral reaction suggests 
that complete consumption of the metamorphic biotite, plus other minor sources of iron 
should yield 5% pyrite and 8% phlogopite, these values are comparable to the 3 to 5% 
pyrite and 4 to 12% phlogopite common in the albite alteration zone. 

The balanced reaction was tested by sorting MINSQ mineral abundance data for the 
Invincible	and	Invincible	South	geochemical	transects	by	decreasing	quartz	abundance	
(Fig. 5.24). The sorted data shows a very similar trend to the step wise model, although 
with	more	variation	in	muscovite.	Varying	fluid-wall	rock	ratios	around	veins	as	well	as	
primary	porosity	and	permeability	of	sedimentary	units	are	differences	in	porosity	and	
permeability are suggested to cause the variable reaction extents away from separate 
veins. The greater variation of muscovite in the sorted geochemical data is largely due 
to V2b phengite alteration. 

The phengite alteration zone associated with V2b veins has a mutually overprinting 
relationship with the albite alteration zone. The most intense phengite alteration typically 
forms	around	quartz-rich	V2b veins that surround zones of intense V2a veining and wall 

Figure 5.24 Balanced reaction for stage 2 wall-rock alteration in the Invincible Mudstone Member. (a) Using 
most altered (Step 10) to least altered (Step 0) MINSQ estimated mineral abundances and mass-balance 
results,	a	simplified	model	demonstrating	mineralogical	changes	with	increasing	wall-rock	-	fluid	ratio	away	
from a V2a	vein.	The	model	demonstrates	that	quartz,	plagioclase,	biotite	and	lesser	muscovite	and	ilmenite	
are converted to albite, pyrite, phlogopite and rutile as observed in thin-section. Carbonate minerals have 
increased abundance in and around V2 veins, indicating some transport of Ca in the CO2-rich hydrothermal 
fluids;	(b)	The	balanced	mineral	reaction	model	is	supported	using	actual	MINSQ	mineral	abundance	data	
sorted	by	quartz	abundance	from	transects	across	the	alteration	zones	surrounding	V2 ore zones, illustrated 
using data from Invincible South (LD14697).
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rock	alteration.	The	phengite	 alteration	zone	may	map	outflow	zones	 from	 the	 sodic	
alteration. The transformation of biotite, plagioclase and muscovite to albite and pyrite 
(V2a reaction, Fig. 5.24) produces excess H+ and K+ ions for the sericitisation of albite (V2b 
reaction,	Fig.	5.25).	The	sericitisation	of	albite	produces	quartz	and	Na+ ions (e.g. reaction 
1) that are then available for further sodic alteration of least altered rocks or phengite 
altered wall rock. The presence of phengite indicates a near neutral pH (Halley et al., 
2015; Wang et al., 2017) during sericitisation of albite in the phengite alteration zone. 

3 NaAl3Si3O8 + 2 H+ + K+    ↔    KAl3Si3O10(OH)2 + 6 SiO2 + 3 Na+       [1]

	 										albite	 	 																				‘white	mica’									quartz

The sericite-chlorite alteration zone associated with shear zones in the footwall 
and hangingwall to the mudstone, is interpreted to have formed in a similar way to the 
phengite alteration zone around V2b veins. The increased intensity of the sericite-chlorite 
alteration	zone	in	proximity	to	shear	zones	suggests	that	they	acted	as	fluid	pathways	for	
slightly	acidic	and	potassic	fluids.	

The change in white mica species from phengite, proximal to V2 ore zones, to 
muscovite in the most distal alteration zone implies that the pH in the outer alteration 
zones	decreased	below	phengite	stability	to	produce	fine-grained	muscovite	(Wang	et	
al., 2017). Decreasing Si, Fe and Mg coupled with increasing Al content in the white 
micas towards the sericite-chlorite zone suggests that Tschermak exchange reactions 
were largely responsible for changes in white mica composition (Gaillard et al., 2018). 
Tschermak exchange reactions are likely responsible for decreasing Mg and F in 
conjunction with increasing Fe and AlVI from V2 veins towards the biotite-carbonate zone 
and least altered rocks. Although temperature and pressure are drivers for Tschermak 
substitution at higher metamorphic grades (Duke, 1994; Keller et al., 2005; Wang et al., 
2017), at lower grades and during hydrothermal alteration the drivers are less clear. 
Thermodynamic	modelling	 by	Wang	 et	 al.	 (2017)	 for	 ore	 fluids	 at	 the	 Sunrise	 Dam	
and	Kanowna	Belle	orogenic	gold	deposits	in	the	Eastern	Yilgarn	Craton	indicate	that	
decreasing silica activity and pH are the drivers for white mica compositional changes 
from phengite to muscovite at temperatures between 200° to 400°C. The stability and 
abundance of these micas, as well as chlorites and ankerites, is controlled by the Fe/(Fe + 
Mg)	ratio	of	the	ore	fluids	(Wang	et	al.,	2017).

The hematite alteration zone that surrounds V3 veins in the footwall sandstone 
typically overprints the sericite-chlorite alteration zone associated with V2 veins. A 
balanced reaction for the formation of the hydrothermal mineral assemblage surrounding 
V3 veins is proposed here as per the method described for V2a alteration zones (Fig. 
5.25). In the footwall sandstone, plagioclase and biotite are far less abundant compared 
to the mudstone and so are not the main mineral components that were consumed 
to form albite, pyrite and hematite around V3 veins. Plagioclase in these sandstone-
conglomerate beds is commonly altered to sericite and minor biotite to chlorite as part 
of the outer V2 alteration zones. Sericite is then replaced by albite and magnetite by 
pyrite during V3 alteration. Depletion of K2O and strong addition of Na2O surrounding 
V3 veins in the hematite alteration zone support albite replacement of sericite. Iron(III) 
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oxide (Fe2O3) shows weak to no mass addition around V3 veins (Fig. 5.25). The balanced 
reaction	assumes	that	there	was	excess	quartz,	approximately	10	times	more	than	for	V2 

alteration. This assumption is based on the moderate addition of SiO2 around V3 veins 
and	the	dominance	of	quartz	 in	V3 veins. However, addition of SiO2 around V3 veins 
could be a remnant geochemical trend from V2 sericite-chlorite alteration that could not 
be	accounted	for	due	to	insufficient	sampling,	as	SiO2 is consumed during the formation 
of albite from sericite. Magnetite is replaced by pyrite around V3 veins, and pyrite 
commonly contains inclusions of the wall rock as well as Au and tellurides. 

5.15 Pressure and Temperature Estimation

The	albite-phlogopite-ankerite-dolomite-calcite-quartz	mineral	assemblage	of	V2 veins 
surrounding altered wall rock is consistent with estimated temperatures ranging from 
320 °C to 420 °C (McCuaig and Kerrich, 1998; Mikucki and Ridley, 1993). The P-T 

Figure 5.25 as per Fig. 5.24, a balanced mineral reaction model for wall-rock alteration surrounding V3 veins 
in	the	Invincible	Sandstone	Member.	The	model	illustrates	that	quartz,	plagioclase,	muscovite	and	magnetite	
and	lesser	ilmenite	are	converted	to	albite,	pyrite,	phengite,	hematite	and	rutile.	One	main	difference	between	
V2 and V3 veins is that muscovite is more commonly more abundant than biotite, although where present 
biotite is expected to react as per the stage 2 model. 
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conditions	of	wall	rock	alteration	and	gold	mineralisation	in	the	St	Ives	gold	field	has	
been estimated at 2 kbar and 400 ± 50 °C, from amphibole geobarometry and calcite-
dolomite geothermometry at Victory respectively (Clark et al., 1989; Clark, 1987). Biotite-
apatite pairs from around the Repulse Thrust at Victory yielded higher temperatures than 
previous temperature estimates; especially in the Devon Consols Basalt and granitoid 
intrusions (up to 560 °C; Bath et al., 2013). However, the average temperature yielded 
from the biotite-apatite geothermometry, 480 ± 60 °C, is within error of measurements 
by Clark et al. (1989).

Estimation of the P-T conditions during hydrothermal alteration using similar 
methods at Invincible was not possible due to a paucity of the minerals required or mineral 
disequilibrium, e.g. zoned ankerite in contact with calcite. The presence of tellurides and 
rare sulfosalts in V2 and V3 veins at Invincible suggests that the temperature of associated 
gold	mineralisation	 could	 range	between	300	 °C	and	350	 °C	 (Afifi	et	 al.,	 1988;	Cabri,	
1965),	similar	to	the	Bellerophon	deposit	 in	the	St	Ives	gold	field	(Xue	and	Campbell,	
2014). The Bellerophon deposit is similarly hosted in the Black Flag Group and contains 
fluid	inclusions	that	formed	by	liquid	immiscibility	consistent	with	temperatures	around	
300 °C and pressures between 0.6 and 2.1 kbar (Xue, 2014). High temperature (over 550 
°C),	high	salinity	fluid	inclusions	containing	Cu	and	Bi	were	also	present	in	ore	veins	
at	 Bellerophon	 (Xue,	 2014).	While	 fluid	 inclusions	 have	 not	 been	 investigated	 at	 the	
Invincible deposit, the similarity in telluride species and their abundance, as well as the 
presence of abundant phlogopite may indicate gold mineralisation occurred at lower 
temperatures than at Victory, 300 – 350 °C, however further study is required to test this 
hypothesis.

5.16 The Nature of Hydrothermal Fluids

The	distribution	of	iron	sulfides	and	oxides	as	well	as	sulfate	minerals	can	help	identify	
the	 redox	 state	 of	 hydrothermal	 fluids	 (Neumayr	 et	 al.,	 2008).	 	 Barium	 is	 stable	 as	
barite under oxidizing conditions and mobile under reducing (H2S-stable) conditions 
(Johnson et al., 2017). Barium concentrated in K-feldspar indicates the presence of 
reduced	hydrothermal	fluid	capable	of	transporting	Ba2+ (Chabu and Boulegue, 1992). 
At Invincible, Ba- and F-rich hydrothermal minerals occur in both V2a-b and V3 veins 
regardless of the host rock. V2a-b here refers to both V2a and composite veins (e.g. Fig. 
5.9d). Similar Ba- and F-rich hydrothermal minerals occur at Victory, where they have 
been interpreted to represent the presence of an elevated fO2,	sulfate-rich	fluid	(Bath	et	
al., 2013). In V2a-b and V3 veins at Invincible, barium is present as concentrically zoned 
Ba-rich K-feldspar and barite. Barite in the veins commonly forms as inclusions in albite, 
and pyrite associated with gold. 

In	plutonic	rocks,	the	development	of	concentric	zoning	in	K-feldspar	defined	by	
barium	is	dependent	on	the	crystal	growth	rate,	the	diffusivity	of	Ba2+ in the liquid (Long 
and Luth, 1986) and local compositional variations in the melt immediately surrounding 
the	crystal	(Vernon,	2018).	Local	compositional	variations	in	the	fluid	are	less	likely	the	
cause of zonation in the K-feldspar in veins at Invincible because hydrothermal systems 
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have	much	higher	fluid	flow	rates	than	magmas	(Dolejš,	2015;	Martin	et	al.,	1987),	and	
major	 fluid	 components	 are	 typically	 internally	 buffered	 in	 hydrothermal	 ore	 veins	
(Mikucki and Ridley, 1993). The varying concentration of Ba in zoned K-feldspar as 
well as barite inclusions in albite in V2a-b and V3	 veins	more	 likely	 reflect	 fluctuating	
hydrothermal	(redox)	conditions	that	affect	the	solubility	of	Ba2+	in	the	fluid.

A	fluctuation	in	hydrothermal	fluid	composition	is	also	indicated	by	competing	Na	/	
K metasomatism (Ruming, 2006). V2 veins and surrounding albite and phengite alteration 
zones show this where albite contains inclusions of K-feldspar and uncommonly phengite, 
and phengite and K-feldspar contain albite inclusions. Sodic alteration of the wall rock 
during initial V2a	vein	emplacement	formed	an	‘evolved’	fluid,	that	was	depleted	relative	
to	 the	 original	fluid,	 in	Au,	 S,	 and	Na+ contained elevated K+ and H+ (Fig. 5.24). The 
spatial distribution of V2b veins (on the periphery of V2a ore zones) coupled with the 
presence of phengite, and lack of K-feldspar in the associated phengite alteration zone, 
indicates	that	they	likely	represent	the	outflow	of	V2a	‘evolved’	fluid.	The	prevalence	of	
phengite suggests that H+	 in	 the	 ‘evolved’	fluid	was	enough	to	decrease	 the	fluid	pH	
slightly	and	shift	mineral	deposition	 into	 the	muscovite	stability	field	rather	 than	the	
K-feldspar	field.	Decreasing	temperature	away	from	V2a veins would have also helped 
shift	 the	mineral	 stability	field	 towards	 forming	muscovite	 (Fig.	 5.26a).	The	presence	
of	arsenopyrite	in	equilibrium	with	pyrite	and	gersdorffite	in	the	phengite	and	biotite-
carbonate	alteration	zone	suggest	that	further	reaction	of	the	‘evolved’	fluids	followed	
a path of decreasing fO2	and	aΣS.	The	reaction	continued	until	the	pyrrhotite	stability	
field	was	reached,	representing	equilibrium	with	the	least	altered	mineral	assemblage	
(Fig. 5.26b).

A wall rock source for K, Ba and Na is suggested from mass-change trends across 
the Invincible deposit. Barium was dominantly depleted in the outer sericite-chlorite 
alteration zone and beyond showing it was mobile and likely transported in a reduced 
fluid	until	it	was	variably	added	in	V2 and V3 ore veins in K-feldspar and barite. During 
episodic	opening	and	sealing	of	veins,	the	reduced	‘evolved’	fluid	is	drawn	back	into	the	
vein system, transporting Ba2+ from the wall rock, and forming Ba-rich K-feldspar. These 
zoned K-feldspar crystals were partially dissolved prior to deposition of hyalophane 
around	their	rim,	indicating	a	change	in	fluid	chemistry,	such	as	a	decrease	in	pH	(Fig.	
5.26a).	When	 the	pH	of	 the	fluid	 increased	 again,	 due	 to	 influx	of	 original	 fluid,	 the	
Ba/K	of	the	fluid	was	markedly	higher	depositing	the	rim	of	hyalophane.	Subsequent	
albite-barite	replacement	of	K-feldspar	was	likely	driven	by	increasing	Na/K	of	the	fluid,	
possibly	caused	by	replenishment	of	the	original	hydrothermal	fluid	during	subsequent	
opening	of	the	veins.	This	suggests	that	the	original	fluid	(V2a), with high Na/K, contained 
some SO4

2- or was at least closer to the H2S-SO4
2- predominance boundary than those 

with	greater	K/Na,	e.g.	stage	2b	(Fig.	5.26c).	The	stage	2a	fluid	is	interpreted	to	be	near	
neutral with high Au solubility (Fig. 5.26d). V2b	veins	represent	a	more	wall	rock	buffered	
fluid	with	lower	fO2 and pH (or temperature) where Au solubility was lower compared 
to V2a veins. Lower Au solubility in V2b	veins	is	supported	by	significantly	lower	average	
gold grades than V2a veins (Table 5.3).

The	 trends	described	above	 could	 imply	 the	presence	of	 two	differently	 sourced	
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Figure 5.26 Stability	phase	diagrams	showing	the	reaction	path	between	stage	2	and	3	hydrothermal	fluids	
and	the	wall	rock.	Diagrams	‘a-b’	are	modified	after	Mikucki	and	Ridley	(1993)	and	‘c-d’	after	D.	Cooke	in	
Scott	(2018).	The	slight	 temperature	and	fluid	compositions	between	these	diagrams	is	expected	to	be	 in	
range of the conditions at Invincible and in-line with previous interpretations of sub-amphibolite facies 
Archean	 auriferous	hydrothermal	fluids.	 (a)	 Stability	 relationships	 for	Na-K	aluminosilicate	minerals	 as	
a	 function	 of	 hydrothermal	 fluid	 composition	 at	 a	 pressure	 of	 2	 kbar	 and	 a	 temperature	 of	 350	 °C.	 pH	
contours are indicated by long-dashed lines for 1 wt% NaCl. Temperature changes in the albite-muscovite 
equilibrium line are indicated by the short dashed-line. The shaded area is labeled with the approximate 
fluid	compositions	for	each	ore	stage	vein	(V2a, V2b, and V3)	as	well	as	fluid	in	equilibrium	with	the	wall	
rock (R). The alteration assemblages that are zoned around V2	veins	could	be	caused	by	fluctuations	in	pH,	
and	changes	in	Na	and	K	activities	in	the	fluid	rather	than	temperature	increase;	(b)	Log	f(O2)	vs	log(aΣS),	
Fe-sulphide	 -	 Fe-oxide	 stability	diagram	 for	 conditions	 at	 2	 kbar,	 350	 °C	 and	ΣSO4 = 103aSO42-. The light 
solid line shows the reaction boundary for As-bearing phases, the short-dashed line Cu-bearing phases, 
and	the	dotted	line	carbonate	phases	(at	XCO2	=	0.25).	Long	dashed	lines	show	redox	buffers.	The	shade	
areas	indicate	approximate	fluid	conditions	for	the	ore	stage	veins	and	wall	rock	equilibrium	at	Invincible.	
V2a	weakly	 ‘reduced’	 composition	 is	 constrained	 by	 the	presence	 of	 pyrite	 ±	 fluctuating	 barite	 -	 Ba-rich	
K-feldspar; V2b	‘reduced’	composition	is	constrained	by	the	presence	of	pyrite	±	arsenopyrite	±	gersdorffite;	
V3 weakly ‘oxidised’ composition is constrained by the presence of pyrite ± hematite ± magnetite ± barite, 
least altered to most distal altered wall rock contains pyrrhotite ± magnetite ± ankerite indicating a more 
reduced	 composition	 of	fluid	 at	 greatest	 distance	 from	ore	 veins.	As	V2 veins do not contain magnetite 
a	slight	decrease	in	the	activity	of	ΣS	in	the	fluid	likely	occurred	as	the	fluid	continued	to	react	with	the	
wall rock towards equilibrium; (c) Log f(O2) vs pH, Fe-sulphide - Fe-oxide stability diagram for 300 °C, 
0.5	wt%	NaCl	and	ΣS	=	0.004	m.	The	short	dashed-line	shows	the	reaction	boundaries	for	H-S	phases,	the	
long	dashed-line	Ca-bearing	phases	and	the	dotted-line	the	stability	fields	for	K-feldspar,	muscovite	and	
kaolinite.	The	 shaded	areas	 represent	approximate	fluid	conditions	 for	 the	ore	 stage	veins	at	 Invincible.	
V2a composition is constrained by the presence of pyrite ± barite ± K-feldspar and lack of hematite and 
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fluids;	a	reduced	and	a	more	oxidized	fluid	(e.g.	Neumayr	et	al.,	2008).	Alternatively,	a	
sudden pressure drop caused by fault-valve behaviour could have drawn progressively 
rock	buffered,	more	 reduced	 (after	 reaction	with	 carbonaceous	mudstone)	fluid	back	
into V2a veins and breccias (Cox et al., 1995; Micklethwaite and Cox, 2006). This would 
then	cause	mixing	between	the	more	reduced	wall	rock	reacted	or	‘evolved’	fluid	and	the	
primary	ore	fluid	(Cox	et	al.,	1995).	Mixing	of	these	fluids	could	have	caused	reduction	
of Au-S complexes (e.g. Au(HS)2-) and lead to gold precipitation in the veins (Cox, 1995; 
Cox et al., 1995). The common association of galena with visible gold (Fig. 5.10c) in V2a 

veins	may	suggest	fluid	mixing	between	a	more	oxidized	(SO4
2-	dominant),	saline	fluid	

that transported Pb and a more reduced, Au(HS)-	bearing	fluid.	A	single	original	fluid	
source model is preferred here as it best explains the mass-balance (e.g. Ba, K, Na) and 
feldspar, sulfate and white mica mineralogical trends across the deposit. 

Fluorine	 is	 the	strongest	oxidizing	agent	and	present	as	fluorite,	fluorapatite	and	
F-rich phlogopite in the Invincible ore zones. Fluorine mass-change trends indicate it 
was strongly added during V2 vein emplacement and as such may have helped oxidize 
reduced sulphur in H2S and driven the deposition of gold. Additionally, HF, a powerful 
acid that is routinely used to dissolve silicate rocks for geochemical analysis, is produced 
from this reaction [2] and could have helped enhance and focus further hydrothermal 
fluid	flow	through	wall	rock	dissolution	(McPhie	et	al.,	2011).

H2S + F2   ↔    2 HF + S                               [2]

Stage 3 wall rock alteration minerals such as hematite, barite and celestine may 
indicate	hydrothermal	fluids	with	higher	fO2 than those that formed V2 veins. However, 
Evans	 (2010)	 showed	 that	 an	 external	 oxidizing	 fluid	 was	 not	 necessarily	 required	
to form hematite. Rather, carbonation combined with an Fe3+ source mineral such as 
magnetite can produce the assemblages typically thought of as indicating an oxidized 
fluid.	Although	in-situ	oxidation	caused	by	carbonation	and	destruction	of	magnetite	
in the footwall sandstone may have taken place during V3 alteration, it doesn’t explain 
the lack of hematite around V2a veins emplaced in the same magnetite-bearing lithology. 
Minor amounts of Fe3+	have	been	 interpreted	 in	biotite	 in	 the	St	 Ives	gold	field	 (Bath	
et al., 2013); and could have led to in situ oxidation of H2S in V2a veins allowing 
formation of SO4

2-. If this were the case, barite would be expected to lie at or near the 
site of the replaced biotite. However, there is no petrographic evidence to support this. 
Additionally, the Fe3+ estimation method of Droop (1987) suggests the Fe in biotite and 
phlogopite at Invincible and in the least altered protoliths was all in the ferrous oxidation 
state (Fe2+). Although the amount of Fe3+ can be underestimated using cation and anion-

magnetite; V2b composition is constrained by pyrite ± phengite ± minor K-feldspar ± carbonate phases 
without magnetite; V3 composition is constrained by the presence of pyrite ± hematite ± barite ± K-feldspar 
± muscovite. Fluid in equilibrium with the wall rock is estimated from least altered to most distal alteration 
facies that contains pyrrhotite ± magnetite ± muscovite ± carbonate. Continued reaction of V2a	fluid	to	V2b 

towards equilibrium with the wall rock indicates a slight pH drop accompanied a decrease in fO2; (d) Log 
f(O2)	vs	pH,	gold	solubility	and	complexing	stability	diagram	for	300	°C,	0.5	wt%	NaCl	and	ΣS	=	0.004	m.	
The reaction pathways from diagram ‘c’ are shown, indicating that V2a	fluid	composition	was	most	ideal	for	
transporting gold supported by these veins containing high-grade gold at Invincible. Gold deposition was 
accompanied	by	pH	drop	and	reduction	of	the	fluid	through	reaction	with	the	wall	rock.		



228

Chapter 5: Hydrothermal Alteration Mineralogy, Geochemical Footprints and Ore Fluid Characteristics

based normalization methods (Feldstein et al., 1996). Recalculation of the ferric iron in 
biotite	at	the	Junction	deposit	in	the	St	Ives	gold	field	in	conjunction	with	micro-XANES	
analysis	of	biotite	confirmed	that	all	Fe	is	in	the	ferrous	state	(Pearce	et	al.,	2015).	The	
lack of minerals containing ferrous iron limits the possibility for in-situ oxidation of 
reduced	hydrothermal	fluids	due	to	carbonation.	As	such	it	is	necessary	to	imply	that	
hydrothermal	fluids	with	higher	fO2 than V2 formed V3 veins and surrounding wall rock 
alteration, although still on or near the H2S-SO4

2- boundary (Fig. 5.26c).

Structural and paragenetic evidence shows that two distinct vein events separated 
by deformation formed the Invincible deposit. However, the alteration style and 
composition	 of	 hydrothermal	 fluids	 between	 V2 and V3	 did	 not	 vary	 significantly,	
although a minor increase in fO2 is inferred at V3 (Fig. 5.26d). This is consistent with 
interpretations	of	fluid	compositions	during	mineralisation	events	at	 the	Golden	Mile	
and	 Mount	 Charlotte	 (Bateman	 and	 Hagemann,	 2004;	 Mikucki	 and	 Heinrich,	 1993;	
Vielreicher et al., 2016). The mineralogy of the veins only varies slightly between all 
stages,	 becoming	more	 quartz-rich.	 Geochemical	mass-change	 trends	 around	V2 and 
V3	 veins	 were	 also	 similar	 and	 varied	 mainly	 due	 to	 different	 wall	 rock	 precursor	
mineralogy. These similarities suggest that the Invincible deposit formed from a single 
fluid	that	evolved	with	progressive	reaction	with	the	wall	rock.	

5.17 Camp-scale Geochemical Dispersion Haloes 

A	unique	feature	in	the	St	Ives	gold	field	are	km	scale	geochemical	dispersion	haloes	
that are spatially coincident with some gold deposits. The origin of these haloes is 
poorly understood because of their size, and distance from veins and visible alteration 
zones	associated	with	gold	mineralisation.	Additionally,	the	elements	that	define	these	
dispersion haloes appear to vary with stratigraphic depth. The stratigraphically deeper 
deposits (e.g. Victory) have geochemical haloes consisting of W, Bi, Te and Mo, while the 
shallower deposits (e.g. Invincible) have haloes of As, Sb, Cs, Li and W. Some of these 
elements	are	considered	to	represent	temperature	gradients	and	or	differences	in	depths	
of formation around several deposit types such as Orogenic (Te, As, Sb, Hg; Eilu and 
Groves, 2001; Goldfarb and Groves, 2015; Groves, 1993), Porphyry – Epithermal (Mo, Te, 
Bi, W, As, Sb, Cs, Li; Halley, 2017; Halley et al., 2015), Intrusion-Related Gold Systems 
(Bi, Te, W, Mo, As, Sb;  Hart, 2005, 2007; Sillitoe and Thompson, 1998), and Thermal 
Aureole Gold Systems (Bi, Mo, W, As, Sb; Wall, 2017). Alternatively, Mo, W and Bi have 
been	interpreted	to	map	out	the	distribution	of	oxidised	fluids	derived	from	either	ortho-
magmatic	hydrothermal	fluid	or	from	fluid-rock	interaction,	from	felsic	intrusions	(Bath	
et	al.,	2013;	Witt,	2013).	Dispersion	haloes	of	As	and	Sb	have	been	interpreted	to	record	
a	reduced	more	widespread	“orogenic”	reduced	fluid	(Neumayr	et	al.,	2008),	that	may	
(Walshe,	2018)	or	may	not	have	been	contemporaneous	with	oxidised	fluids	(Witt,	2013).

The mineralised vein stages and associated alteration zones at Invincible, as well as 
gold precipitation processes and wall rock reactions are comparable to those described 
at	other	deposits	in	the	St	Ives	gold	field	(Table	5.3;	Clark	et	al.,	1989;	Crawford,	2011;	
Ruming,	2006).	Yet,	 there	are	distinct	differences	 in	 the	distal	geochemical	dispersion	
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haloes surrounding these deposits that predate gold mineralisation. At Invincible, the 
distal (up to 1 km from ore zones), least altered samples occur within a Sb, As, Cs and 
Li geochemical dispersion halo (Fig. 5.3, 5.22). In these least altered rocks, ilmenite, 
rutile and pyrite host Sb; pyrite and arsenian pyrite host As; biotite, muscovite and 
chlorite host Cs and Li (Fig. 5.18, 5.19, 5.20). The abundance and composition of these 
minerals are not spatially associated with ore veins or ubiquitous throughout the Upper 
Black Flag or Lower Merougil groups (Fig. 5.22, 5.23). This suggests that least altered 
rocks at Invincible were extensively altered and enriched in these elements prior to 
gold mineralisation associated with V1  - V3 veins. This timing constraint indicates the 
geochemical dispersion haloes are unlikely related to syn-gold mineralisation deposits-
types such as Intrusion-Related or Thermal Aureole gold systems.

Halley	(2017)	suggested	that	numerous	orogenic	gold	deposits	in	the	Yilgarn	Craton	
form in the footprint of earlier syn-porphyry alteration systems, around 2660 Ma. Halley 
(2018) hypothesised that syn-volcanic, enriched porphyries were emplaced at shallow 
crustal levels (0 to 3 km) prior to regional metamorphism. These porphyries form 
classic	temperature-depth	metal	zonation	patterns	associated	with	porphyry-epithermal	
deposits, i.e. near surface, lower temperature metals: As, Sb, Cs, and Li; deeper higher 
temperature metals associated proximal to porphyry intrusions: Mo, Te, and Bi (Halley, 
2018; Halley et al., 2015). Associated alteration mineral assemblages’ zone towards 
surface along faults and shear zones from biotite-magnetite to feldspar-muscovite to 
illite-chlorite-pyrite-ankerite to smectite-pyrite-ankerite (Halley, 2018). 

Laterally extensive haloes of metals associated with enrichment in low-temperature 
alteration such as Sb, Cs, and Li form along the unconformity between the Upper Black 
Flag Group and the Lower Merougil Group (or equivalent units). Smectite and chlorite 
host	Li	in	mafic	rocks,	and	smectite	hosts	Cs	in	intermediate	to	felsic	rocks	(Halley,	2018).	
Halley, (2018) suggested that during regional metamorphism to mid-greenschist facies, 
clay and mica minerals in the low temperature blanket are converted to paragonite, 
chlorite and magnetite. Similar pre-gold hydrothermal alteration assemblages containing 
paragonite	have	recently	been	identified	at	the	contact	between	the	Golden	Mile	Dolerite	
and Paringa Basalt and centred on the D2 Trafalgar Fault (Mueller, 2018).

As	 lithium	 is	 a	fluid-mobile	 element	 its	 concentration	 in	 clay	 and	mica	minerals	
likely decreased during regional metamorphism, due to dehydration reactions, but was 
not lost completely (Qiu et al., 2011; Qiu et al., 2009; Teng et al., 2007). The loss of Li from 
mudstone and metapelites under similar metamorphic conditions, depending on the 
H2O content initially, has been estimated at up to 50% of the original concentration (Qiu 
et al., 2009; Teng et al., 2007). However, during regional metamorphism, reduction of Li 
would	be	expected	across	the	St	Ives	gold	field,	possibly	resulting	in	a	similar	camp-scale	
distribution (at lower concentrations) to that interpreted prior to metamorphism. 

The paragenesis proposed by Halley (2018) of early porphyry alteration minerals does 
not adequately account for the abundant biotite (up to 30%), that hosts the anomalous Cs 
halo around the Invincible deposit or the lack of paragonite. The association of abundant 
phlogopite and anomalous Cs in the hangingwall to large porphyries to the north-west of 



230

Chapter 5: Hydrothermal Alteration Mineralogy, Geochemical Footprints and Ore Fluid Characteristics

Invincible (Fig. 5.23) suggest that biotite (and magnetite) in least altered protoliths could 
be genetically linked to them. The emplacement of high-level porphyries is suggested to 
have followed low-temperature hydrothermal alteration (surrounding biotite enriched 
in Cs) from a more deeply sourced felsic porphyry system, such as underneath Victory. 
The presence of uncommon garnet intergrown with widely dispersed biotite in the least 
altered rocks, suggests that the emplacement of high-level porphyries preceded peak 
metamorphism. Metals such as Sb and Li are less controlled by high-level porphyries 
and extend from the Upper Paringa Basalt where Li is concentrated in chlorite, across the 
Upper Black Flag Group and the Lower Merougil Group where Sb is held by ilmenite, 
pyrite and rutile closer to Invincible (Fig. 5.23). 

The low temperature metal haloes are thought to have formed prior to tilting of 
the	 stratigraphy	 (Halley,	 2018)	during	D2	 to	D3	 regional	deformation	 (Blewett	 et	 al.,	
2010b). However, there are few direct timing constraints on the porphyries implicated 
in	the	pre-gold	hydrothermal	alteration	in	the	St	Ives	gold	field.	There	is	no	evidence	of	
a	geochemical	dispersion	halo	around	the	porphyritic	 ‘Little	 Italy’	Dacite	 (2678	±	Ma;	
Fig. 5.22) which intrudes the Upper Black Flag group aproximately 5km northwest of 
invincible	 and	proximal	 to	 the	mudstone	 contact.	The	age	 for	 the	 ‘Little	 Italy’	Dacite	
is within error of detrital zircons from the Invincible Mudstone Member (2670 ± 6 Ma) 
and igneous zircons from the Speedway Andesite Formation (2674 ± 8 Ma) indicating it 
likely predates porphyries that caused pervasive alteration of these successions as well 
as the Lower Merougil Group (2666 ± 4 Ma; Doutch and Cas, 2019). Swarms of felsic 
porphyries similar in age to the Kambalda Granodiorite (2662 ± 6 Ma; Compston et al., 
1985)	such	as	xenolithic	diorites	and	quartz-albite	dykes	are	common	in	the	hinge	zones	
of north-northwest trending anticlines at the Revenge and Victory deposits (Nguyen, 
1997) as well as below the ore domain at Victory (Bath et al., 2013). The age and location 
of	these	porphyries	fit	with	the	ca.	2660	Ma	porphyry	age	interpretation	by	Halley	(2018),	
implying	they	may	be	the	source	of	the	early	hydrothermal	fluids.	These	porphyries	are	
enriched in Mo, Te, Bi and W. Disseminated molybdenite and associated minor gold is 
interpreted to have formed during alteration that preceded the main gold mineralisation 
event, during which bismuthinite and scheelite formed in veins (Bath et al., 2013).

5.18 Deposit-scale Geochemical Dispersion Haloes

The formation of the Invincible and Victory deposits in the footprint of earlier syn-
volcanic	 alteration	may	 explain	 differences	 in	 the	 geochemistry	 of	 these	 deposits,	 as	
metals can be locally derived during orogenic processes (Cave et al. 2017; Gregory et 
al.,	2012;	Halley,	2018;	Hamisi	et	al.,	2017;	Steadman	et	al.,	2015;	Tomkins,	2013;	Witt	
et al., 2015). The increased concentration of Hg associated with gold mineralisation 
at Invincible could have originated during this earlier alteration or indicated the 
Invincible deposit formed at depths between 0 to 3 km and that the Victory deposit 
formed deeper (Fig. 5.27; Eilu and Groves, 2001; Groves et al., 1998). Mercury is highly 
volatile and commonly lost during metamorphism (Pitcairn et al., 2014; Pitcairn et al., 
2006). Therefore, if Hg originated during the porphyry related alteration event prior to 
metamorphism, it would be expected that the concentrations of Hg in the Invincible 
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area would have decreased during regional greenschist facies metamorphism. The 
average concentration of Hg at the Invincible deposit is 0.02 ppm (max 0.07 ppm; Fig. 
5.27), which is comparable to values described for greenschist facies rocks in the Otago 
and Alpine Schists in New Zealand (Pitcairn et al., 2014; Pitcairn et al., 2006). It is also 
possible that Hg was mobilized from elsewhere during regional metamorphism and 
focused along the Speedway Fault Zone, where low concentrations were chemically 

Figure 5.27 Geochemical comparison of the Invincible and Victory deposits. (a) Mo - Au plot showing that 
the Victory deposit contains higher concentrations of Mo than Invincible and Mo does not correlate with 
Au, although a weak negative correlation is observed in the Invincible data; (b) W- Au plot showing that 
W has a positive correlation with Au at both deposits and W occurs at similar concentrations at both as 
well; (c) Te - Au plot showing Te has a strongly positive correlation with Au at both deposits and occurs at 
similar concentrations at both; (d) Bi - Au plot shows that both deposits have similar enrichments in Bi, a 
weak positive correlation between Bi and Au is seen in the Victory data; (e) As - Au plot shows a negative 
correlation between As and Au at Invincible, corresponding to the change in sulphide species seen with 
distance	away	from	the	main	ore	zones,	pyrite	in	the	proximal	zones	and	arsenopyrite	-	gersdorffite	in	the	
distal alteration zones that have much lower gold grades. This plot also shows that Invincible has much 
higher concentrations of As than Victory; (f) Sb - Au plot shows that Invincible has almost 10 times more 
Sb than Victory and that Sb does not appear to correlate with Au at either deposit; (g) Cs - Au plot shows a 
strong negative correlation between Cs and Au at Victory compared to Invincible where Cs does not appear 
to correlate with Au; (h) Li - Au plot shows a strong negative correlation between Li and Au at Victory and 
a positive correlation at Invincible, corresponding to an increased amount of phlogopite in V2a ore veins at 
Invincible; (i) Hg - Au plot shows a strongly positive correlation between Hg and Au at Invincible compared 
to Victory where only 1 sample contained Hg above detection limit (0.0025 ppm); (j) F - Au plot shows a 
positive correlation between F and Au at Invincible and a negative correlation at Victory, both deposits have 
similar concentrations of F overall. 
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trapped and associated with ore at Invincible. Further analysis for Hg away from the 
Invincible deposit is required to understand its origin.

Fluorine, Li, and lesser Cs, are hosted in phlogopite from V2 veins and associated 
alteration, have positive correlations with Au at Invincible (Fig. 5.27). Mass-balance 
patterns	 show	 that	 F	was	dominantly	 added	around	 the	 Invincible	deposit	 and	 so	 is	
interpreted	 to	 have	 been	 introduced	with	 hydrothermal	 fluids	 that	 formed	V2 veins. 
Fluorite occurs in V2 and V3 veins suggesting F was added or remobilised during 
subsequent hydrothermal events. Depletion of Li and Cs in alteration zones proximal 
to V2 veins indicates that low concentrations of these elements in least altered rocks, 
contained	 in	 biotite	 and	 muscovite,	 were	 mobilised	 by	 hydrothermal	 fluids.	 These	
elements are added in the outer sericite-chlorite alteration zones to V2 veins suggesting 
fluid-rock	ratios	decreased	enough	at	this	stage	for	Li	and	Cs	to	become	less	mobile	and	
partition into the micas in this zone. 

Molybdenum shows good spatial correlation with known felsic intrusions in 
the	St	 Ives	gold	field	 (Prendergast,	 2007),	 as	 is	 the	 case	 at	 the	Victory	deposit	where	
molybdenite is disseminated through the footwall granitoid intrusions (Bath et al., 
2013). These intrusions may have contributed to the Mo anomalies (Prendergast, 2007) 
or	been	the	focus	for	oxidised	fluid	flow	(Bath	et	al.,	2013).	Molybdenum	is	present	as	
rare molybdenite in ore veins at both Invincible and Victory (Bath et al., 2013). Pyrite 
associated with V2 veins at Invincible also contains low concentrations of Mo at Invincible 
as well as micro-inclusions of molybdenite. The relative timing of these Mo host minerals, 
dominantly	 added	mass-change	patterns	 and	 the	 absence	 of	 proximal	 (known)	 felsic	
intrusions at Invincible, suggests Mo was transported with V2	hydrothermal	fluids.	

Tellurides, including gold-bearing species as well as bismuthinite form with gold 
in the main stage veins at both Invincible and Victory deposits explaining the positive 
correlation between Te, Bi and Au (Fig. 5.27). Rutile and to a lesser degree ilmenite are 
the main hosts for W at Invincible. In the proximal (albite) alteration zone at Invincible 
and	 Victory	 rutile	 replaces	 ilmenite	 (Walshe	 et	 al.,	 2014),	 mass-change	 patterns	 at	
Invincible indicate W was added in these zones suggesting W was transported with V2 
hydrothermal	fluids.	

5.19 Formation Depths

The	detailed	paragenetic	and	geochemical	data	presented	here	have	enabled	a	refined	
interpretation of the timing and origin of alteration zones and camp-scale geochemical 
dispersion	 haloes	 in	 the	 St	 Ives	 gold	 field.	 Using	 available	 geobarometric	 data	 from	
mineral relationships and structural data a revised conceptual model is proposed, which 
builds on work by Halley (2018). We propose that low temperature geochemical trends 
formed between 0 to 3 km from porphyry intrusions below the Victory deposit (Fig. 
5.28a, b). These geochemical trends were overprinted in the Invincible area by high-
level porphyry related alteration. The high-level emplacement of ca. 2660 Ma porphyries 
indicates that this took place during an extensional tectonic regime (D3) synchronous 
with deposition of the Lower Merougil Group (Doutch and Cas, 2019).  Regional 
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Figure 5.28 Schematic diagram showing the formation of alteration and geochemical dispersion halos around the Invincible deposit. (a) Schematic diagram showing the stratigraphy after D2 deformation but prior to metamorphism and D4 deformation; the 
Foster	Thrust	(D2)	one	of	the	earliest	structures	in	the	St	Ives	gold	field,	and	Lower	Black	Flag	Group	are	eroded	prior	to	the	deposition	of	the	Speedway	Andesite	Formation	of	the	Upper	Black	Flag	Group;	(b)	Fluids	associated	with	porphyry	intrusion	below	
the	Victory	deposit	could	have	formed	the	geochemical	dispersion	halos	observed	in	the	St	Ives	gold	field,	prior	to	metamorphism	and	gold	mineralisation.	Alteration	documented	below	the	Victory	deposit	by	Bath	et	al.	(2013)	indicate	pre-gold	biotite	and	
magnetite occur in close proximity to porphyries, in line with the model proposed by Halley (2018). Distinct geochemical dispersion halos of Mo, Sn, Se occur close to area with abundant porphyry intrusions such as the Victory Dome area, these areas are 
surrounded by elevated Te, Bi and W and indicate higher temperatures compared to areas with As, Sb, Cs and Li that occur in the Upper Paringa Basalt, Upper Black Flag Group and base of the Lower Merougil Group. Dispersion halos of As, Sb, Cs and Li 
formed prior to gold mineralisation and are hosted by pyrite, ilmenite, biotite and muscovite (least altered mineral assemblage at Invincible). These elements may have been enriched in a low temperature clay blanket associated with underlying porphyry 
intrusions. Pervasive biotite in the mudstone and biotite-magnetite in the sandstone around Invincible indicate continued porphyry intrusion to higher levels prior to burial and metamorphism around 10 km;  (c) Geobarometry of the least altered mineral 
assemblage indicate it was buried between 10 - 12 km during metamorphism that reached Upper Greenschist facies (400 ± 50 °C). (d) Stage 2 gold mineralisation formed in the footprint of the earlier porphyry related alteration after the stratigraphy was partially 
folded and, in some cases, enriched pre-existing geochemical trends. 
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metamorphism and burial to depths around 12km followed porphyry intrusion and 
related alteration (Fig. 5.28c). 

The	geochemical	dispersion	pattern	of	As,	Sb,	Cs	and	Li	unlikely	 represent	 their	
exact original distribution or concentrations, as these metals are typically mobile during 
greenschist facies metamorphism (e.g. Pitcairn et al., 2014; Pitcairn et al., 2006; Qiu et al., 
2011). However, investigation of As, Sb and Li mobility across multiple metamorphic facies 
indicate they are not lost completely during P-T conditions consistent with greenschist 
facies metamorphism (Pitcairn et al., 2014; Pitcairn et al., 2006; Qiu et al., 2011). As such, 
the	relative	element	distribution	patterns	(i.e.	highs	and	lows)	across	the	St	Ives	gold	field	
may have been retained or similar to their pre-metamorphic distributions, albeit at lower 
concentration,	possibly	also	more	diffuse	and	widespread	than	they	were	originally.	The	
geochemical	dispersion	pattern	in	the	Upper	Black	Flag	and	Lower	Merougil	groups	was	
also	subsequently	locally	modified	during	hydrothermal	alteration	associated	with	gold	
mineralisation at Invincible.

GBMP geobarometry indicates the pre-gold alteration assemblages at Invincible 
formed at pressures around 3 kb, indicating a depth between 10 to 12 km. This depth 
does	not	fit	the	model	proposed	by	Halley	(2018)	that	indicates	shallow	depths	between	0	
to 3 km are needed to form the low temperature geochemical dispersion haloes as occur 
around the Invincible deposit. The presence of Hg in the Invincible deposit is consistent 
with shallow depths. The inferred depth from GBMP geobarometry is interpreted to 
represent the crustal position of the Upper Black Flag Group during peak metamorphic 
conditions after burial (Fig. 5.28c). 

The	first	gold	event	at	Invincible,	could	have	occurred	prior	to	intense	folding	of	the	
stratigraphy (Doutch et al., 2019b). If this was the case, then Invincible would have formed 
at shallower depths, compared to the Victory deposit. Therefore, gold mineralisation at 
Invincible is interpreted to have occurred after partial erosion of the Lower Merougil 
Group, at a depth of 5 to 7 km (Fig. 5.28d). 

 Gold mineralisation at the Victory deposit is interpreted from amphibole 
geobarometry and structural data to have occurred at depths around 10 to 12 km (Clark, 
1987; Cox and Ruming, 2004). Given the similar timing of gold mineralisation across the 
St	Ives	gold	field	and	based	on	stratigraphic	distances	between	Victory	and	Invincible,	
Invincible is likely to have formed at depths between 5 to 7 km (Fig. 5.28d). This depth 
range represents pressure between 1 to 2 kbar, consistent with pressures estimated from 
fluid	inclusions	at	the	Black	Flag	Group	hosted	Bellerophon	deposit	(Xue,	2014).	

Uplift and erosion are implied by changes in the estimated formation depths of the 
pre-gold alteration at Invincible and subsequent gold mineralisation. This erosional event 
may	be	recorded	by	the	resedimented	quartz-rich	sandstone	and	felsic	conglomerate	of	
the	Upper	Merougil	Group.	Although	not	present	in	the	St	Ives	gold	field,	the	Upper	
Merougil Group has been interpreted to contain a large component of reworked material 
from the Lower Merougil Group as indicated by sedimentary composition and a broad 
detrital zircon age range with a dominant sub-population similar to that of the Lower 
Merougil Group, ca. 2665 Ma (Squire et al., 2010). 
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5.20 Fluid Source

Archean orogenic gold deposits can form from both reduced and oxidized hydrothermal 
fluids	or	by	mixing	of	both	(Bath	et	al.,	2013;	Neumayr	et	al.,	2008;	Walshe	et	al.,	2014).	
Granitic	 magmas	 have	 been	 suggested	 as	 a	 possible	 source	 for	 the	 oxidized	 fluids	
(Cameron	 and	 Hattori,	 1987).	 However,	 the	 presence	 of	 oxidized	 fluids	 does	 not	
necessarily imply a magmatic source, progressive carbonation and destruction of an Fe3+ 
bearing	mineral	such	as	magnetite	can	cause	a	reduced	fluid	to	become	oxidized	(Evans,	
2010;	Palin	and	Xu,	2000).	An	intrusion-related	fluid	source	is	 interpreted	for	the	pre-
gold	widespread	geochemical	dispersion	haloes,	however	a	weakly	reduced	fluid	(near	
the H2S – SO4

2-	boundary)	is	interpreted	as	the	primary	hydrothermal	fluid	at	Invincible	
that becomes increasingly reduced with lower pH with increased wall-rock reaction. 
Mixing	between	the	primary	ore	fluid	and	the	‘evolved’	fluid	could	have	locally	aided	
gold deposition at Invincible. However, as albite and pyrite are dominantly associated 
with	gold,	typically	without	K-feldspar	or	phengite,	a	single	fluid	is	interpreted	to	be	
responsible for the majority of gold mineralisation at Invincible.  

The	origin	for	the	weakly	reduced	fluid	could	be	metamorphosed	clay-	and	H2O-
rich rocks (Halley, 2018). Although, the minerals from least altered assemblages around 
Invincible do not contain detectable gold, implying that gold was not sourced from an 
early	intrusion-related	alteration	event	that	effected	the	St	Ives	gold	field.	The	Kapai	Slate	
or similar black shales have been suggested as a potential sedimentary (diagenetic pyrite) 
source	 in	 the	St	 Ives	and	Kalgoorlie	gold	fields	 (Gregory,	2014;	Steadman	et	al.	2013;	
Steadman et al. 2015). However, the limited volume of these sediments suggests they are 
unlikely to be the main source for gold (Wyman et al. 2016). A deeper metamorphic or 
buried granite-, lamprophyric magma or sanukitoid related source (Smithies et al. 2018), 
possibly near the Victory Dome, are viable sources for gold at this stage. 

5.21 Conclusions

This chapter aimed to answer three key questions regarding the alteration mineralogy 
and geochemical footprint associated with the Invincible deposit. (1) The sequence and 
mineral paragenesis of veins and related wall rock alteration events was determined so 
that timing could be established for the mineral hosts to geochemical anomalies around 
the	 Invincible	 deposit.	 (2)	 Ore	 fluid	 composition	 and	Au-deposition	 processes	 were	
investigated for the main mineralisation events associated with V2 and V3 veins, through 
mass-balance and mineral abundance changes across the deposit. (3) Understanding 
the mass and mineral changes associated with gold mineralisation allowed the timing 
and	relation	to	the	larger	geochemical	dispersion	haloes	in	the	St	Ives	gold	field	to	be	
interpreted. 

5.21.1 Sequence and mineral paragenesis of veins and related wall rock alteration 
events. 

The Invincible deposit is hosted in the Invincible Mudstone and Sandstone of the Upper 
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Black Flag Group at the contact with the Lower Merougil Group. Three vein stages have 
been	identified	based	on	cross-cutting	relationships	and	alteration	mineral	paragenesis:	
V1	deformed,	generally	steeply	dipping,	carbonate-quartz	extension	veins;	V2 commonly 
boudinaged	 steeply	 dipping,	 albite-quartz-carbonate	 extension	 veins	 and	 breccias;	
and V3	relatively	flat	lying	quartz-albite	extension	veins.	V2 is divided into V2a and V2b 
based dominantly on the associated altered wall rock mineral assemblages. V2a veins 
are surrounded by three coeval alteration zones: albite, biotite-carbonate, and sericite-
chlorite zones. These alteration zones combined, extend up to 100 m from the vein 
margins	and	overprint	a	least	altered	mineral	assemblage	of	quartz,	plagioclase,	biotite,	
muscovite, and ilmenite. V2b veins are characterised by intense phengite alteration of the 
surrounding wall rock up to 20 cm from the vein. V2 veins are commonly composites of 
V2a and V2b	veins	and	indicate	a	change	in	hydrothermal	fluid	composition.		V3 veins are 
less deformed than, and cross-cut, the V1 and V2 veins. Where developed in the footwall 
sandstone V3 veins are surrounded by distinctive hematite (after magnetite) altered wall 
rock. In the mudstone, V3 veins have no visible to less-extensive wall rock alteration 
similar to the albite zone of V2a veins. Gold is dominantly hosted by V2 and V3 veins 
and surrounding haloes of altered wall rock. Gold mineralisation in the wall rocks at 
Invincible	largely	occurred	due	to	sulfidation	of	Fe-bearing	minerals	in	the	least	altered	
mineral assemblages, dominantly biotite around V2 and magnetite around V3 in the 
footwall	sandstone.	The	cross-cutting	relations	indicate	these	veins	were	developed	in	
two distinct gold mineralising events These two mineralising events were separated by 
deformation of the earlier V1 and V2 veins during north-northeast directed compression 
and sinistral-reverse dip-slip movement on shears in the Speedway Fault Zone. 

5.21.2 Composition and evolution of the primary mineralising fluids over time as a 
result of structural / chemical processes

V2	 hydrothermal	fluid	 is	 interpreted	 to	have	been	near	neutral	pH	 (6.5	 to	 7),	weakly	
reduced (near the H2S-SO4

2- boundary) and to have contained Na, S, and F. As the 
primary	ore	fluid	reacted	with	the	surrounding	wall	rock,	forming	the	albite	alteration	
zone around V2a veins, it became increasingly concentrated in K and its pH decreased 
due	to	the	dissolution	of	biotite	and	muscovite,	and	the	precipitation	of	sulfides.	This	
‘evolved’	fluid	concentrated	around	the	margins	of	the	V2a ore shoots and formed the V2b 
veins with distinctive phengite altered wall rock. Further reaction between the ‘evolved’ 
fluid	and	the	wall	rock	caused	further	decrease	in	the	pH	until	muscovite	(sericite)	was	
more	stable	than	phengite.	The	fluid	may	have	became	increasingly	reduced,	through	
interaction with carbonaceous mudstone, and stabilized pyrrhotite over pyrite in the 
more distal biotite-carbonate to sericite-chlorite alteration zones. 

Fluctuating stability of albite, zoned Ba-bearing K-feldspar and sulfate minerals, 
including barite, in V2a	veins,	indicates	the	composition	of	the	ore	fluid	(including	H2S-
SO4

2-)	varied	over	time.	The	fluctuation	in	chemistry	could	be	caused	by	mixing	between	
the	primary	ore	fluid	and	wall	rock	reacted	‘evolved’	ore	fluid.	Alternatively,	the	more	
reduced	fluid	may	represent	a	distinctly	separately	sourced	fluid	(Neumayr	et	al.,	2008).	
A	single	primary	ore	fluid	and	a	wall	rock	reacted	ore	fluid	are	preferred	as	they	best	
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explain the mass-balance trends where some elements are stripped from the wall rock 
(e.g. Ba, K, and Na) and deposited in or proximally to V2a veins. Depletion of Ba in 
the sericite-chlorite alteration zone to V2a veins is consistent with transportation by a 
reduced	fluid.	The	addition	of	Ba	in	the	albite	alteration	zone	and	V2a veins as barite, 
suggests	 precipitation	 occurred	 when	 the	 fluid	 composition	 became	 relatively	 more	
oxidized,	possibly	through	mixing	with	replenished	primary	ore	fluid.	

As	gold	is	not	restricted	to	areas	that	show	mineralogical	evidence	for	fluid	mixing	
the	significance	of	fluid	mixing	as	a	mechanism	for	reducing	Au(HS)2- complexes and 
causing precipitation of gold at Invincible is interpreted to be relatively low. Albite is 
far	 more	 abundant	 than	 K-feldspar	 and	 barite	 implying	 fluid	mixing	 was	 relatively	
localised. Gold dominantly occurs in V2a veins and the surrounding albite alteration 
zone, that contain abundant pyrite and show depletion of K2O,	suggesting	sulfidation	
of biotite was a major cause of gold mineralisation.  The composition of the primary ore 
fluid	did	not	change	significantly	between	V2a and V3, although the presence of hematite, 
and sulfate minerals, in and around V3	veins	suggests	 the	fluid	may	have	been	more	
oxidized. 

5.21.3 Origin of the large geochemical halo that surrounds Invincible 

A camp-scale zoned geochemical dispersion halo extends across most of the St Ives gold 
field	(Fig.	5.22).	The	mineralogical	residence	of	elements	comprising	the	outer	parts	of	
the broad geochemical dispersion halo around the Invincible deposit is as follows (Fig. 
5.18, 5.19, 5.20): Sb (ilmenite and pyrite), As (pyrite), W (ilmenite), Cs (biotite, phlogopite 
and muscovite) and Li (phlogopite, chlorite and biotite). In the more distal parts of the 
dispersion halo, these minerals are part of the least altered assemblage and apparently 
predate V1 - V3 veins (Fig. 5.7, Table 5.4), suggesting these anomalies are older than gold 
mineralisation. Mass and mineralogical changes related to gold mineralisation occur up 
to 100 m from V2 and V3 veins, that form within the paragenetically earlier, broad 800 m 
(lateral) by 10 km (strike) geochemical dispersion halo (Fig. 5.16, 5.17, 5.24).

Element	 dispersion	 around	 Invincible	 is	 part	 of	 an	 early,	 goldfields-wide	 zoned	
alteration	system.	Yet,	the	geochemical	dispersion	surrounding	the	Invincible	deposit	is		
markedly	different	to	that	around	most	other	gold	deposits	at	St	Ives,	which	are	hosted	
in	the	older	mafic	stratigraphy	(e.g.	Victory:	Mo,	Te,	Bi,	and	W).	Based	on	the	paragenetic	
work by Bath et al. (2013) the anomalism in Mo is coincident with porphyry-related 
biotite-magnetite-epidote-pyrite alteration prior to gold mineralisation. The residence of 
anomalous Te, Bi and W in pre-gold mineral assemblages has not been documented, as 
little	work	has	been	undertaken	on	the	trace	element	composition	of	minerals	at	Victory	
and the surrounding deposits. Bismuthite and silver tellurides do form part of the ore 
assemblage (Bath et al. 2013). Porphyry deposits typically display a similar vertical 
zonation of metals as that seen (laterally) at St Ives. At these deposits (e.g. Ann Mason 
porphyry	Cu-Mo	deposit,	Yerington,	Nevada:	Ahmed	et	al.,	2019;	Cohen,	2011;	Halley	et	
al. 2015), Mo, Te, Bi and W are typically deposited at greater depth (i.e. associated with 
higher temperatures) proximal to the porphyries, while Sb, As, Cs, and Li are primarily 
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concentrated in zones of lower temperature clay alteration at shallow depth. The metal 
distribution of Sb, As, Cs and Li that occurs in the Upper Paringa Basalt, Upper Black 
Flag and Lower Merougil groups are consistent with a large low-temperature clay 
alteration blanket that formed over a deeper porphyry intrusion beneath the Victory 
deposit (Halley, 2018).

Pervasive biotite, and magnetite (in the sandstones), is especially abundant around 
porphyry intrusions that sit near the top of the Upper Black Flag Group (Fig. 5.23). 
The distribution of biotite and magnetite suggests that higher level porphyry intrusion 
and related alteration occurred in the Upper Black Flag Group prior to  regional peak 
metamorphic conditions. Peak metamorphic conditions occurred after porphyry related 
alteration. The garnet-biotite-muscovite-plagioclase geobarometer and the garnet-biotite 
geothermometer suggest temperatures reached 400 ± 50 °C at a depth around 10 km (3.2 
± 1.2 kbar); upper greenschist facies. Rapid deposition of the Triangle Island Formation 
of the Lower Merougil Group (ca. 2660 Ma) and possibly sequences of rock since eroded 
and	not	present	in	the	St	Ives	gold	field	today	(e.g.	Upper	Merougil	Group),	could	have	
buried the Upper Black Flag Group to these depths. Currently less than 2 km of the 
Lower	Merougil	Group	is	preserved	in	the	St	Ives	gold	field	(Krapež	et	al.	2008).

The low concentrations of Hg associated with Au in V2 veins and associated altered 
wall rock at Invincible (Fig. 5.27) possibly indicate that (initial) gold mineralisation at 
Invincible formed at a shallower depth of 5 to 7 km, compared to depths inferred during 
peak metamorphism. This formation depth, implies uplift and erosion of the stratigraphy 
following peak metamorphic conditions. A depth of 5 to 7 km for the formation of 
Invincible,	 is	 consistent	with	pressure	estimates	 from	fluid	 inclusions	at	Bellerophon,	
also	hosted	in	the	Black	Flag	Group	in	the	St	Ives	gold	field.	Regional	contraction	(D4	in	
Blewett	et	al.	(2010)	deformation	framework)	and	folding	of	the	stratigraphy	and	bring	
the two deposits of similar age to similar elevations (Doutch et al. 2019b). Hydrothermal 
monazite associated with V2 gold-bearing veins and altered wall rock suggest that 
Invincible formed around 2640 to 2630 Ma, in the footprint of an earlier porphyry related 
alteration event . 
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5.24 Appendices
5.24.1 A5.1 MLA SPL-lite mineral maps

Figure A5.1 Compositional banding (S1) in the Invincible Sandstone Member, overprinted with hematite 
alteration associated with V3 veins. 
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Figure A5.2 Mineral maps of mineralised samples surrounding ore veins at Invincible. Mineral map legend 
as per Figure A5.1; (a-b) Albite-hematite alteration of sandstone wall rock surrounding a V3 vein. Hematite 
dusting not visible in mineral map; (c-d) albite alteration zone adjactent to a V2a vein showing destruction 
of biotite proximal to the vein; (e-f) Albite-hematite altered sandstone and mudstone proximal to V3 vein, 
V1 vein truncated by fracture that runs through the sample subparallel to V3 veins; (g-h) phengite alteration 
adjactent to a composite V2a-b vein.
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Figure A5.3 Additional mineral maps of mineralised samples surrounding ore veins at Invincible. Mineral 
map legend as per Figure A5.1; (a-b) Hematite-albite alteration of Invincible Sandstone Member proximal 
(left) to a V3 vein gradually transitioning to less altered denoted by muscovite, biotite and relic magnetite; 
(c-d) Hematite-albite altered sandstone adjacent to a V3 vein (left) in the Invincible Sandstone member; 
(e-f) Compositional banding (S0-1) overprinted by albite alteration surrounding a thin V2a veinlet; (g-h) 
Compositional banding (S0-1) overprinted by V2a veinlet containing celestine-Ba and less K-feldspar.
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Figure A5.4 Apatite	mineral	classification	diagrams

Figure A5.5 Garnet	classification	diagrams

5.24.2 A5.2 EMPA and LA-ICP-MS results and mineral classification diagrams
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Figure A5.6 Carbonate	mineral	classification	diagrams
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Figure A5.7 Feldspar	mineral	classification	diagrams
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Figure A5.8 White	mica	mineral	classification	diagrams
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Figure A5.9 Biotite	mineral	classification	diagrams
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Figure A5.10 Biotite	mineral	classification	diagrams
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5.24.3 A5.3 Whole rock geochemistry results

See digital appendix. 

5.24.4 A5.4 QXRD and MINSQ mineral abundance results

See digital appendix.

5.24.5 A5.5 Mass-balance results

See digital appendix.
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6.0 Introduction

This	study	aimed	to	better	understand	the	formation	of	the	Invincible	deposit	including:	
(1) the stratigraphic host rocks, (2) Speedway Fault system and structural evolution 

of the local area, and the relative timing of gold mineralisation (3) the geochemical and 
alteration	mineral	zonation	and	fluid-wall	rock	interaction	in	the	context	of	other	deposits	
in	 the	St	 Ives	gold	field	and	the	regional	Kambalda	Domain.	Each	section	provides	a	
summary	of	the	main	findings	for	each	chapter,	followed	by	practical	application	and	
implications,	and	recommendations	for	exploration	and	further	research	specific	to	the	
geological theme addressed. 

6.1 Chapter 2 - Stratigraphic evolution of the Black Flag and Merougil groups

This	chapter	refined	the	internal	stratigraphy	of	the	Black	Flag	and	Merougil	groups	that	
comprise	up	to	60%	of	the	Archean	rocks	in	the	St	Ives	gold	field	that	were	previously	
largely	unclassified,	and	host	the	Invincible	deposit.	Detailed	lithofacies	analysis,	new	
maximum	depositional	ages,	and	a	refined	interpretation	of	the	paleoenvironments	of	
formation for the Black Flag and Merougil groups were presented.

1. The	Black	Flag	Group	in	the	St	Ives	gold	field	was	subdivided	into	the	Lower	
and Upper Black Flag Group based on provenance, lithofacies and their 
distribution, U-Pb detrital zircon geochronology, geochemical and geophysical 
characteristics.	These	results	confirm	the	findings	of	a	regional	study	by	Squire	et	
al. (2010) and importantly provided the detailed observations and data required 
for mapping new subdivisions on a camp-scale.

2. The Lower Black Flag Group comprises the ‘lower’ and ‘upper’ Newtown Felsic 
Formation that contains a single population of detrital zircons with a mean 
weighted age of 2685 ± 2 Ma. 
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• The ‘lower’ Newtown Felsic Formation contains proximal felsic volcanic 
facies, such as monomictic hyaloclastite. This formation also contains 
resedimented, juvenile feldspar and lithic-rich pyroclastic debris deposits 
that are dominantly dacitic. Black mudstone units are intercalated 
with dacitic pyroclastic debris. The ‘lower’ Newtown Felsic Formation 
represents subaerial, pyroclastic volcanism that was deposited in deep 
water onto a submarine fan or volcanic apron. 

• The ‘upper’ Newtown Felsic Formation contains abundant, thick 
successions of polymictic conglomerate and feldspathic sandstone. 
Subrounded clasts of basalt, andesite, dacite and rhyolite characterise 
‘lower' Newtown Felsic Formation and represent tractional reworking 
of debris from more distal, felsic, explosive volcanic centres. Polymictic 
volcanic debris is thought to have been eroded from local and regional 
stratigraphy that was being uplifted during the onset of high-Ca, felsic 
magmatism. The ‘upper’ Newtown Felsic Formation represents rapidly 
reworked, pyroclastic debris that was deposited onto a submarine fan. 

3. The Upper Black Flag Group overlies the Lower Black Flag Group across an 
angular unconformity. The unconformity is interpreted from the angular 
relation, distinct change in provenance and a ~1 My time gap. The time gap 
is based on the detrital zircon age populations of the two stratigraphic units. 
However, as only 1 diamond drill hole intersects this contact, that is weakly 
structurally	deformed	and	does	not	crop	out,	further	work	is	required	to	confirm	
this interpretation. 

4. The Upper Black Flag Group comprises the Speedway Andesite and Morgans 
Island Formations that contain single populations of zircons with mean weighted 
ages of 2674 ± 8 Ma and 2670 ± 6 Ma, respectively. 

• The Speedway Andesite Formation comprises coherent andesitic lava 
and lava domes with associated monomictic, andesitic breccia, as well as 
resedimented feldspar-rich sandstone and polymictic conglomerate. The 
thickest successions of the Speedway Andesite occur around the Alpha 
Island Fault, suggesting the fault possibly acted as a conduit for the 
andesitic magma to reach the surface. 

• The Morgans Island Formation conformably overlies the Speedway 
Andesite Formation and comprises the Invincible Sandstone and 
Mudstone members, that host the Invincible deposit and several other 
gold prospects. The thickest successions of the Morgans Island Formation 
are also located adjacent to the Alpha Island Fault, suggesting the fault 
acted as a submarine canyon that channelled turbidity currents into a 
submarine fan. The Invincible Sandstone member is composed of volcanic, 
quartz-rich,	sandstone	with	wedge-like	polymictic	conglomerate	beds	that	
are consistent with channel lithofacies in a submarine fan. The Invincible 
Mudstone	member	 is	 composed	 of	 upwards	 fining	 turbidite	 sequences	
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dominated	 by	 fine	 mud	 and	 siltstone,	 but	 also	 containing	 quartz-rich	
fine-grained	sandstone	and	rare	 lenses	of	polymictic	 conglomerate.	The	
lithofacies of the Invincible Mudstone member are consistent with channel 
deposits in a prodelta submarine fan. 

5. Only the Lower Merougil Group (no Upper Merougil Group) was recognised in 
the	St	Ives	gold	field;	it	unconformably	overlies	the	Morgans	Island	Formation	
of the Upper Black Flag Group. The unconformity is interpreted based on 
undeformed, underground exposures and diamond drill hole intersections 
that show an erosional and angular discordance between the Lower Merougil 
and Upper Black Flag group units. Current geochronological studies were not 
able	to	confirm	or	deny	a	time	gap	between	the	Upper	Black	Flag	and	Lower	
Merougil groups. The submarine fan to subaerial delta-fan and braid-plain 
paleoenvironments of formation interpreted for these two stratigraphic units, 
respectively, is more transitional than previously interpreted.

6. The Lower Merougil Group contained two populations of detrital zircons. The 
youngest and dominant population of detrital zircons have a mean weighted 
age of 2666 ± 4 Ma, and an older population of generally subrounded zircons 
have a mean weighted age of 2702 ± 9 Ma. The Lower Merougil Group can 
be subdivided based on provenance, lithofacies and the spatial distribution 
of lithofacies groups into the basal Zeta Island and overlying Triangle Island 
formations.

• The Zeta Island Formation comprises thick, sheet-like polymictic 
conglomerate	 beds	 that	 grade	 to	 typically,	massive	volcanic-quartz-rich	
sandstone units. These lithofacies, are consistent with fan-delta deposits 
depositing over the prodelta turbidites of the Upper Black Flag Group. 
Conglomerate clasts are rounded and include basalt, andesite, dacite, 
metasediment and less common granite, BIF and vein-material clasts. 
Granite, BIF and vein-material clasts are characteristic of the Zeta Island 
Formation and Lower Merougil Group. 

• The Triangle Island Formation conformably overlies the Zeta Island 
Formation.	 This	 formation,	 comprises	 trough	 cross-stratified,	 planar	
laminated and massive sandstone, intercalated with less extensive lens-
like beds of polymictic conglomerate. The lithofacies of the Triangle Island 
Formation are consistent with previous interpretations of deposition in a 
subaerial, braid-plain environment. 

7. The subdivisions of the Black Flag and Merougil groups can be mapped using 
'full-field',	 end	 of	 hole	 aircore	 multi-element	 samples	 in	 conjunction	 with	
magnetic geophysical maps. 

• The Lower Black Flag Group is distinguished by Zr/Th ratios greater than 
33.3 and a Ti/Th ratios greater than 550; and generally, a low magnetic 
response,	except	for	areas	with	a	greater	abundance	of	mafic	conglomerate.	
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• The Speedway Andesite Formation of the Upper Black Flag Group is 
typically characterised by Sc/Th ratios greater than 2.5, Ti/Th ratios greater 
than 550, Cr/Th ratio greater than 50, P/Th ratios greater than 150 and P/Cr 
ratios greater than 1.6; and generally, a high magnetic response. 

• The Morgans Island Formation of the Upper Black Flag Group is typically 
characterised by Sc/Th ratios between 1.5 and 2.5, Ti/Th ratios between 
350 and 550, P/Th ratios between 100 and 150 and P/Cr ratios greater than 
3.75; the Morgans Island Formation has a varied magnetic response and is 
generally high in the vicinity of the Invincible deposit. 

• The Lower Merougil Group is generally characterised by Sc/Th ratios 
below 1.5, Ti/Th ratios below 350, Cr/Th ratios below 50, Zr/Th ratio below 
33.3, and P/Th ratios below 100; the Lower Merougil Group generally has 
a low magnetic trend. 

6.1.1 Practical application and implications

• The	subdivision	and	definition	of	the	internal	formations	in	the	Upper	and	Lower	
Black Flag groups provides a framework that exploration geologists in the St 
Ives	gold	field,	as	well	as	regionally,	can	use	to	map	the	remaining	unclassified	
Black Flag Group.

• Conglomerate	clast	counting	provides	an	easy	and	reliable	way,	in	the	field,	to	
identify	the	different	units	and	recognise	provenance	changes	throughout	the	
Black Flag Group.

• Recognition	of	the	different	formations	may	aid	gold	exploration	for	analogous	
deposits hosted in similar parts of the stratigraphy elsewhere in the camp and 
region. This includes exploration for prospective dolerites that commonly 
intrude the base of the Lower Black Flag Group and host large gold deposits, 
such as Argo and Junction. It also includes exploration for deposits hosted in 
fine-grained	turbidites	near	the	top	of	the	Upper	Black	Flag	Group,	such	as	the	
Invincible deposit, Lut and Incredible prospects. 

6.1.2 Recommendations for exploration or further research

Detailed lithofacies and provenance analysis, whole rock geochemistry coupled with 
detrital zircon age dating of the Black Flag and Merougil group provides a reliable way 
to subdivide these thick volcano-sedimentary successions.

• The volcano-sedimentary facies and composition of the Black Flag Group has 
been	shown	to	vary	significantly	across	the	Kalgoorlie	Terrane.	This	is	interpreted	
to be a result of numerous sub-basins, sourced from similar subaerial explosive 
felsic volcanism and erosion of the local and regional stratigraphy. While the 
stratigraphy can be broadly correlated across the Kalgoorlie Terrane, further 
detailed,	camp-scale	studies	are	recommended	to	better	understand	the	regional	
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evolution of the Black Flag Group and broader tectonic implications. 

• In	 the	 St	 Ives	 gold	 field,	 further	 investigation	 of	 the	 Lower	Merougil	Group	
hosted Incredible prospect is recommended to identify if the internal architecture 
of the Zeta Island Formation imparts a control on gold mineralisation (Fig. 6.1). 
Investigation	 of	 the	Morgans	 Island	 Formation	 and	 its	 fine-grained	 turbidite	
units that occur in the footwall to the Incredible prospect is recommended for 
possible mineralisation like that at the Invincible deposit.

• The revised internal stratigraphy of the Black Flag Group may help provide 
lithological controls or trends to gold mineralisation at the Jargo prospect, to the 
northwest of the Junction gold mine (Fig. 6.1). Relogging of drill core from this 
area is recommended using the stratigraphic framework presented in this thesis 
to aid exploration. 

• Detailed study of the Black Flag and Merougil group lithofacies on the 
western margin of the Merougil Basin around the Pilbaily prospect (Fig. 6.1), is 
recommended	to	help	identify	prospective	stratigraphic	positions.	Identification	
of lithofacies similar to the Morgans Island Formation described in this thesis on 
the eastern margin of the Merougil basin may host mineralisation similar to the 
Invincible deposit.

6.2 Chapter 3 - Structural evolution of the Invincible deposit

This chapter developed a structural model for the formation of the Invincible deposit 
including the relative timing of the three stages of veining and tectonic foliations 
associated with the Speedway Fault Zone and folding. It also explored the absolute 
timing of gold mineralisation in the context of an established camp- to regional-scale 
deformation event framework.

1. The Invincible mudstone and footwall Invincible sandstone members of the 
Morgans Island Formation, host ore veins and shear zones associated with the 
Speedway Fault Zone, that record four main stages of deformation. The local 
deformation events recorded at the Invincible deposit are:

• D1 – shear zones develop subparallel to and cause drag folding of bedding 
(S0). S1 fabric in Ft1	 shear	 zones	 is	 defined	 by	 compositional	 banding,	
with	alternating	thick	bands	of	carbonate-albite-quartz	and	thin	bands	of	
biotite-ilmenite-zircon. Away from Ft1 shear zones, S1 develops subparallel 
to	 bedding,	 defined	 by	 biotite	 and	 represents	 a	 layer-parallel	 foliation	
(denoted S0-1). Stage 1 (V1) extension veins, associated with low-grade 
gold mineralisation (<0.2 ppm), commonly develop parallel to bedding 
adjacent to Ft1 shears in the mudstone. Less common laminated V1 veins 
develop subparallel to Ft1 shear zones. V1 veins are commonly intensely 
folded and recrystallised and their origin is enigmatic. The spatial relation 
to Ft1 shears and drag folded mudstone is compatible with low-angle 
thrusting during north-northeast compression, when the stratigraphy 
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Figure 6.1 Revised	Archean	geology	map	for	the	study	area	in	the	St	Ives	gold	field.	Coloured	areas	show	
the updated stratigraphy. The location of prospects recommended for further research or exploration, based 
on	the	results	from	this	study,	in	the	St	Ives	gold	field	are	shown	in	red.	These	prospects	include:	Pilbaily,	
suspected to be hosted in the Upper Black Flag Group, on the western margin of the Merougil Basin, in a 
similar stratigraphy position to the Invincible mine; Incredible, hosted in the Lower Merougil Group; and 
the Jargo prospect hosted in the Lower Black Flag Group and felsic intrusions between the Junction and 
Argo mines.
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was more gently dipping and less folded. Alternatively, the orientation of 
these	veins	and	structures	may	reflect	north-northeast	-	south-southwest	
directed extension.

• D2 – the S0-1 foliation and V1 veins are folded (F2) and then cross-cut by 
steeply dipping stage 2 (V2)	 parallel	 extension	 veins	 and	 breccia	 infill	
that develop adjacent to reactivated Ft1 shears (denoted Ft1-2). A local S2 
foliation overprints folded S0-1 compositional banding in Ft1-2 shear zones, 
defined	by	intense	phengite	or	biotite.	V2 veins are associated with high-
grade gold mineralisation (~4.7 ppm). Large V2 parallel extension veins 
and	breccia	 infill,	 preferentially	 form	 subparallel	 to	 S0-1, in areas where 
bedding was folded and gently dipping. Wall rock clasts in breccia 
veins preserve a folded S0-1 foliation that lacks an axial planar cleavage 
indicating that they are F2 folds. V2 veins are less folded and recrystallised 
than V1	veins	and	preserve	microtextures,	that	vary	from	open-space	fill	to	
quartz	mineral	fibres.	Quartz	mineral	fibres	indicate	the	opening	direction	
of the veins was approximately perpendicular to the V2 vein margins, 
and dominantly represent parallel extension veins. The orientation of V2 
veins and structures is compatible with southwest-side-down extension. 
Rare V2 veins form in the Lower Merougil Group, and therefore post-
date	its	sedimentation	during	regional	extension	(D3	of	Blewett	et	al.	2010	
regional deformation framework). As such, the preferred interpretation 
for the reactivated Ft1-2 shear zones and development of extension veins 
subparallel to folded S0-1 is through low-angle thrusting during continued 
north-northeast compression and folding of the local and regional 
stratigraphy. 

• D3 – steeply dipping north-northwest trending S3 cleavage develops 
axial planar to upright F3 folds that verge to the east, consistent with the 
trend of the Kambalda anticline. Stylolitic pressure dissolution of steeply 
dipping V1-2 vein margins occurs during this deformation event. V2 parallel 
extension veins are rotated to their present day steep dip, and commonly 
coalesce into pseudo-stockwork breccias during shearing and dissolution 
of the veins and wall rocks. Stage 3 (V3) gently dipping extension veins 
most commonly develop in the footwall sandstone and are undeformed. 
V3 veins cross-cut F3 folds, folded and boudinaged S0-2 and V1-2 veins. V3 
veins	 contain	 stretched	mineral	 fibres	 perpendicular	 to	 the	 vein	 walls,	
approximately	subvertical	and	oriented	~90°	different	to	the	mineral	fibres	
in V2 veins. V3 veins are associated with high-grade gold mineralisation 
(~5.4 ppm) but are less abundant than V2 ore veins. Mineral lineations on 
commonly phengite altered reactivated Ft1-2 (denoted F1-3) shears, plunge 
steeply to the northwest, perpendicular to F3 fold axes. These mineral 
lineations suggest that V3 veins developed sinistral-reverse, dip-slip 
movement, during horizontal east-northeast – west-southwest directed 
compression. 
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• D4 – steeply dipping north-northeast trending strike-slip faults (Ft4) 
dextrally	offset	the	Speedway	Fault	Zone	and	the	Invincible	deposit	by	up	
to 500 m. 

2. The	widespread	extension	and	breccia	infill	veins,	and	paucity	of	fault-fill	veins	
and	cataclastite	suggest	that	differential	stress	was	relatively	low	(typically	<40	
Mpa)	and	that	fluid	pressures	were	supralithostatic	during	their	development	
and gold mineralisation. 

3. Gold mineralisation is hosted in the three stages of veins and associated altered 
wall rock at Invincible. Overprinting relations of veins separated by periods of 
intense deformation and changes in vein and wall rock mineralogy indicate that 
the Invincible deposit formed through at least two gold mineralisation events 
(V1-2 and V3). 

4. Kinematic indicators, such as extension vein and shear spatial relations, 
asymmetric folding and the interpreted horizontal north-northwest directed 
compression	 (σ1)	 during	 V1 and V2 development is compatible with a 
contractional	stress	field,	part	of	the	regional	D4a	deformation	event.	

5. Mineral lineations on shear planes associated with gently dipping V3 extension 
veins	 suggests	 the	 local	 stress	 field	 rotated	 slightly,	 causing	 east-northeast	 –	
west-southwest directed compression and sinistral-reverse, dip-slip movement 
that	 is	 compatible	 with	 a	 contractional	 stress	 field	 during	 the	 regional	 D4b	
deformation event. 

6. V2 ore veins and associated wall rock alteration in the Lower Merougil Group 
constrain the timing of gold mineralisation to younger than 2666 ± 4 Ma (maximum 
deposition age). Hydrothermal monazite, associated with V2 gold-bearing veins, 
were dated at Invincible and suggest that gold mineralisation occurred around 
2632 ± 14 Ma. This age is similar to that of monazite from the Revenge deposit 
(2631	±	9	Ma;	Nguyen	1997)	in	the	St	Ives	gold	field	and	is	within	error	of	the	10	
- 25 My period, around 2640 Ma, proposed for gold mineralisation in the Eastern 
Goldfields	Terrane	(Vielreicher	et	al.	2015,	Vielreicher	et	al.	2016).

6.2.1 Practical application and implications

• The implication of the presented structural model and geochronology results in 
this thesis is that, gold mineralisation occurred during protracted contractional 
stress	regime	at	a	similar	time	across	the	St	Ives	gold	field.	

• Regardless	of	the	structural	model,	the	different	vein	stages	at	Invincible	correlate	
with veins of similar mineralogy and wall rock alteration zones at other deposits 
in	the	St	Ives	gold	field.	As	such,	identification	of	the	different	vein	stages	during	
early exploration may help target potential high-grade zones associated with 
“V2”-like veins. 
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6.2.2 Recommendations for further research

• Petrographic analysis of the unconformable contact between the Upper Black 
Flag Group and Lower Merougil Group is recommended in undeformed areas 
where V2	veins	appear	to	be	truncated.	Petrographic	analysis	will	help	confirm	
timing relation of V2 gold mineralisation with the deposition of the Lower 
Merougil	Group	and	help	confirm	the	structural	model	proposed.	

• Dating of gold mineralisation associated with V3 veins was not possible in this 
study due to the small volume of material collected from diamond drill core and 
low abundance of monazite. With the commencement of underground mining 
at Invincible, larger volume, well constrained samples may be collected for 
dating of hydrothermal minerals, such as monazite. The aim of dating V3 veins 
would	be	to	determine	if	a	time	difference	can	be	distinguished	between	V2 – V3 
mineralisation events that are separated by a period of intense deformation.

 
6.3 Chapter 4 - Simplified isocon method for assessing element mobility and 
mass-balance 

This chapter developed an adaptation of Grant’s (1986; 2005) isocon method that 
avoids prior inspection, statistical analysis, scaling, or other arbitrary manipulation 
of	 the	data.	The	simplified	 isocon	method	 is	demonstrated	with	reference	 to	samples	
from	the	sediment-hosted	Invincible	(orogenic)	gold	deposit	of	the	Eastern	Goldfields	
Superterrane, Western Australia and the Kansanshi Cu(-Au) deposit in NW Zambia..

1. The	simplified	isocon	method	assess	element	mobility	as	per	the	following:

• Components of an average, least altered protolith and associated altered 
samples	are	ratioed,	and	then	ranked	in	descending	order	and	plotted	on	
a column graph, termed the 'ranked ratio plot'.

• Rather	than	assuming	Al	or	Ti	are	immobile	or	attempting	to	pick	immobile	
elements from an arbitrarily scaled isocon diagram, immobile elements 
are interpreted from generally, obvious plateaus on the ranked ratio plot, 
of very similar concentration ratios. The plateau of immobile elements is 
then used to determine the slope of the isocon. 

• Elements added during hydrothermal alteration have ratios greater than 
the plateau of immobile elements and occupy the ‘head’ region of the 
ranked ratio plot. Conversely, elements lost during alteration have ratios 
lower than the plateau of immobile elements and occupy the ‘tail’ region 
of the ranked ratio plot. 

2. Rocks are rarely homogeneous on the scale at which whole rock geochemical 
studies	 are	 typically	 undertaken.	 The	 simplified	 isocon	 method,	 compares	
individual least altered samples with the average protolith using ranked 
ratio	 plots	 to	 define	 a	 range	 of	 compositional	 ratios	 that	 represent	 protolith	
heterogeneity.	This	range	is	used	as	a	buffer	when	selecting	a	plateau	of	immobile	
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elements,	and	to	determine	the	range	of	mass-changes	that	can	be	confidently	
attributed	to	alteration	rather	than	protolith	heterogeneity.	

3. Petrographic	observations	of	mineral	assemblages	as	well	as	identification	of	vein	
abundance and dissolution features can guide the interpretation of immobile 
elements	in	strongly	altered	rocks,	and	in	general	also	increase	the	confidence	in	
mass-balance results.

4. A mass-change box plot is introduced, that depicts the relative mass-change of 
each component in relation to its original concentration in the protolith. This 
plot avoids the need for multiple graphs or accompanying information about 
the initial concentration of geochemical components in the rock when displaying 
mass-change data as has been past practice.  

5. The	data-driven	 simplified	 isocon	method	provides	a	quick	and	 reliable	way	
to estimate mass-balance that is ideal for large datasets of spatially related 
samples. Therefore, this method provides a powerful way to help elucidate the 
geochemical gradients associated with hydrothermal alteration. 

6. The	altered	samples	from	Invincible	and	Kansanshi,	highlight	where	difficulties	
may have arisen in determining element mobility with other methods. Using 
the	simplified	isocon	method,	consideration	of	surrounding	samples	and	their	
geology meant that plateaus of immobile elements were readily recognisable in 
the samples from Invincible. 

7. Samples were chosen from the Invincible and Kansanshi deposits as they 
both	 contained	 field	 evidence	 for	 at	 least	 local	mobility	 of	 elements,	Al	 and	
Ti, normally highly insoluble and commonly assumed to be immobile in mass 
balance studies of altered rocks. The samples from the Invincible and Kansanshi 
deposits	contained	contrasting	patterns	of	fluid	rock	interaction	despite	similar	
alteration	mineral	assemblages.	The	difference	reflect	the	composition	of	the	ore	
fluid	and	least	altered	protoliths.	The	results	confirm	limited	mobility	of	Al	and	
Ti over millimeters to meters and restricted to the most intensely altered, highest 
fluid/rock	ration	portions	of	the	system.

6.4 Chapter 5 - Wall rock alteration of the Invincible deposit, geochemical pro-
cesses for gold deposition

This chapter aimed to address three key issues regarding the alteration mineralogy 
and geochemical footprint associated with the Invincible deposit. (1) The sequence and 
mineral paragenesis of veins and related wall rock alteration events was determined so 
that timing could be established for the mineral hosts to geochemical anomalies around 
the	 Invincible	 deposit.	 (2)	 Ore	 fluid	 composition	 and	Au-deposition	 processes	 were	
investigated for the main mineralisation events associated with V2 and V3 veins, through 
mass-balance and mineral abundance changes across the deposit. (3) Understanding 
the mass and mineral changes associated with gold mineralisation allowed the timing 
and	relation	to	the	larger	geochemical	dispersion	haloes	in	the	St	Ives	gold	field	to	be	
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interpreted. A model was proposed to explain the camp-scale geochemical dispersion 
halo and how Invincible formed in its footprint. 

1. Three	 stages	 of	 veins	 were	 identified	 at	 Invincible	 with	 varying	 degrees	 of	
associated metasomatism of the surrounding wall rock. These veins overprint a 
least	altered	mineral	assemblage	dominated	by	quartz,	plagioclase,	biotite	and	
muscovite. 

2. Stage	1	deformed	carbonate-quartz	extension	veins	(V1)	have	little	to	no	visibly	
altered wall rock associated with them. 

3. Stage	2	commonly	boudinaged	albite-quartz-carbonate	parallel	extension	veins	
and	breccia	infill	are	divided	into	V2a and V2b based on the vein and associated 
altered wall rock mineral assemblages. 

4. V2a	 veins	 typically	 contain	 40%	 albite,	 35%	 quartz,	 20%	 carbonate	 and	 are	
surrounded by three coeval alteration zones that extend up to 100 m from the 
vein margins. From proximal to distal these alteration zones are: 

• Albite Zone - a typically bleached to a beige-tan coloured zone adjacent 
to the veins with increased albite and pyrite abundance. Albite replaces 
quartz,	plagioclase	and	biotite	from	the	least	altered	protoliths	in	decreasing	
intensity away from the veins. Pyrite forms with the introduction of S in 
the	hydrothermal	fluid	combining	with	Fe3+ dominantly from biotite in the 
mudstone and magnetite in the footwall sandstone. This alteration zone 
is marked by addition of Na2O, BaO, S, F, Te, Bi, W, Sb, Li and Au, and 
depletion of SiO2, K2O, Cs, and As. 

• Biotite-Carbonate Zone – dominated by phlogopite, Fe-Mg biotite, 
carbonate	 and	 increasing	 quartz	 and	 plagioclase	 abundance	 correlates	
with decreasing albite abundance further from the vein margins. The 
biotite-carbonate alteration zone also contains pyrrhotite, pyrite and lesser 
gersdorrfite	and	arsenopyrite.	This	alteration	zone	is	marked	by	addition	
of CaO, CO2, S, F, As, Sb, Cs, and Au, and variable depletion of Fe2O3, and 
Li. 

• Sericite-Chlorite Zone – distally surrounds the Invincible deposit, 
associated with shear zones, most common in the footwall and hanging-
wall sandstone units. Contains abundant sericite and chlorite with lesser 
biotite, magnetite, albite, plagioclase and pyrite. This alteration zone is 
marked by addition of Fe2O3, MgO, S, F, Mo, W, Sb, As, Li, and depletion 
of SiO2, K2O, and BaO.

5. V2b	 veins	 typically	 contain	 20%	 albite,	 65%	 quartz	 and	 10%	 carbonate	 and	
are surrounded by intensely phengite altered wall rock (Phengite Zone). The 
phengite alteration zone mutually overprints the albite alteration zone and 
contains	phengite,	albite,	pyrite,	gersdorffite,	arsenopyrite	and	increasing	biotite	
abundance	 away	 from	 the	 vein	 margins.	 This	 alteration	 zone	 is	 defined	 by	
addition of K2O, Fe2O3, MgO, Mo, Te, Bi, W, Sb, As, Cs, and depletion of Na2O. 
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6. Stage 3 undeformed, gently dipping extension veins (V3) are best developed 
in the footwall sandstone where they are commonly characterised by a halo 
of bright red hematite altered wall rock. V3 veins typically contain 10% albite, 
70%	quartz,	and	15%	carbonate.	The	hematite	zone	contains	similar	alteration	
minerals to the V2a albite zone; however, magnetite is partially converted into 
hematite dusting over albite and carbonate. This alteration zone is characterised 
by addition of Na2O, Mo, Te, Bi, W, Sb, As, Li, Au and depletion of Fe2O3, K2O, 
and Cs. 

7. The	spatial	zonation	of	alteration	mineralogy	was	 largely	controlled	by	fluid-
wall	rock	interaction	and	buffering	of	the	hydrothermal	fluid.	

8. The	composition	of	the	primary	hydrothermal	fluid	responsible	for	high-grade	
gold mineralisation associated with V2 vein development was interpreted from 
vein	and	wall	rock	mineralogy.	The	hydrothermal	fluid	was	near	neutral	and	
weakly	reduced,	and	contain	elevated	Na,	S,	and	F.	As	this	fluid	reacted	with	
the	surrounding	wall	rock,	it	deposited	gold	through	sulfidation	reactions	with	
biotite and became increasingly concentrated in K, and its pH decreased slightly. 
Sulfidation	is	interpreted	to	be	a	major	cause	of	gold	deposition	at	Invincible.

• The	wall	rock	reacted	or	‘evolved’	fluid	was	focussed	at	the	margins	of	V2a 
ore shoots where it formed the distinctive V2b veins with phengite altered 
wall	 rock.	 The	 ‘spent’	 fluid	 also	 became	 progressively	 reduced	 with	
increasing	fluid-wall	rock	interaction,	stabilising	pyrrhotite	over	pyrite	in	
the biotite-carbonate to sericite-chlorite alteration zones. Further reaction 
between	this	fluid	and	wall	rock	 in	shear	zones	on	the	periphery	to	the	
deposit caused a further decrease in pH until sericite was more stable than 
phengite, leading to the formation of the sericite-chlorite alteration zone. 

• Fault-valve	processes	may	have	drawn	wall	rock	reacted	fluid	back	into	
V2a	veins.	There,	the	more	reduced,	‘evolved’	fluid	mixed	with	replenished	
primary	ore	fluid,	forming	the	complex	paragenetic	relation	between	Ba-
zoned K-feldspar, albite, and barite inclusions in albite. Fluid mixing 
locally likely aided gold precipitation by reducing Au-S complexes.

• V3	 veins	 are	 interpreted	 to	 have	 formed	 from	 primary	 ore	 fluids	 with	
similar composition to that which formed V2a veins, however the presence 
of hematite altered wall rock and sulfates in V3	veins	suggests	that	fluids	
were more oxidised.

9. The mass and mineralogical changes associated with gold mineralisation during 
V2 and V3 vein development extend up to 100 m from vein margins. In contrast 
a larger camp-scale geochemical dispersion halo, up to 800 m (lateral) by 10 km 
(strike),	of	anomalous	(>95%	percentile	for	each	element	in	the	St	Ives	gold	field)	
Sb, As, W, Cs and Li roughly surrounds the Invincible deposit.

• The camp-scale geochemical dispersion halo is hosted by minerals 
that comprise the least altered mineral assemblage that pre-dates gold 
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mineralisation associated with V2 and V3: Sb (ilmenite and pyrite), As 
(pyrite), W (ilmenite), Cs (biotite, phlogopite and muscovite), and Li 
(phlogopite, chlorite and biotite). 

• A	markedly	different	camp-scale	geochemical	dispersion	halo	surrounds	
most	other	gold	deposits	at	St	Ives,	which	are	hosted	in	the	older	mafic	
stratigraphy (e.g. Victory: Mo, Te, Bi, and W). 

• Porphyry deposits typically display similar vertical zonation of metals as 
laterally seen at St Ives: Mo, Te, Bi and W are typically deposited at greater 
depth proximal to prophyries, associated with higher temperatures and 
biotite-magnetite alteration zones; whereas Sb, As, Cs and Li are typically 
concentrated at shallower depths in lower temperature clay alteration. 

• These	dispersion	haloes	are	not	restricted	to	specific	lithologies,	rather	the	
elements	that	define	them	appear	to	follow	early	D1	structures	such	as	the	
Playa Fault and Foster Thrust. 

• Mass-balance results indicate that these elements were scavenged from 
least altered minerals during hydrothermal alteration and were variably 
concentrated or depleted in V2 or V3 veins and associated alteration zones. 

• The metal distribution of Sb, As, Cs and Li that occurs in the Upper 
Paringa Basalt, Upper Black Flag and Lower Merougil groups is consistent 
with a large, low-temperature clay alteration blanket that formed over 
a deeper porphyry intrusion beneath the Victory deposit prior to gold 
mineralisation and peak metamorphism.

• Biotite and magnetite (restricted mainly to sandstone-conglomerate 
units) in the Upper Black Flag and Lower Merougil groups are especially 
abundant around porphyry intrusions that intrude near the top of the 
Upper	Black	flag	Group.	These	porphyries	vary	 in	age	between	2685	 to	
2650 Ma, similar to the maximum depositional ages for the Upper Black 
Flag and Lower Merougil group respectively. 

10. Peak metamorphism is interpreted to occur after porphyry related alteration 
and associated with the pervasive least altered mineral assemblages around 
Invincible, including biotite that comprises on average 25% of the rocks. These 
assemblages may represent metamorphic products of low temperature clay 
alteration.

• The garnet-biotite-muscovite-plagioclase geobarometer and the garnet-
biotite geothermometer suggest peak metamorphic conditions in the 
Invincible area reached upper greenschist facies, 400 ± 50 °C at a depth 
around 10 km (3.2 ± 1.2 kbar).

11. Gold mineralisation at Invincible formed in the footprint of an earlier porphyry 
related alteration during regional (D4) contraction, uplift and erosion of the 
Merougil Group. 
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12. Low concentrations of Hg at Invincible are associated with V2a gold mineralisation. 
Hg is not present at the Victory deposit. The presence of Hg at Invincible may 
indicate gold mineralisation formed at shallower depths than Victory, possibly 
around	5	to	7	km	as	suggested	by	pressure	estimates	from	fluid	inclusions	at	the	
Bellerophon	mine	also	hosted	in	the	Black	Flag	Group	in	the	St	Ives	gold	field.	

6.4.1 Recommendations for further research

To	better	understand	the	earliest	alteration	event,	its	association	with	porphyry	intrusions	
and the implications for gold mineralisation, the following recommendations are made 
for further research: 

• To understand the textural and mass-changes associated with the pre-gold 
alteration event, further paragenetic and trace element analysis in the Morgans 
Island Formation (UBFG) of mineralogy outside of the 10 km long geochemical 
dispersion halo that is centered on Invincible is recommended. 

• Mass-change results indicate that minerals analysed in this study do not account 
for all the Sb in the large geochemical dispersion halo, as such further trace 
element	 analysis	 of	 Sb	 bearing	 minerals	 (rutile,	 ilmenite,	 pyrite	 gersdorffite,	
arsenopyrite) in the Speedway Andesite Formation in the footwall to the 
Invincible deposit is recommended. 

• Further authigenic monazite geochronology inside and outside of the camp-
scale geochemical dispersion halo in the Upper Black Flag Group would aim to 
determine the absolute timing of this alteration event. 

• To understand the timing and host mineralogy of the large Mo, Te, Bi and W 
dispersion	halos	around	most	gold	deposits	in	the	older	mafic	stratigraphy	at	
St Ives, trace element analysis of the earliest alteration surrounding the Victory 
deposit is recommended. 
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7.0 Abstract

The Invincible deposit, hosted by Neoarchean felsic to intermediate volcano-
sedimentary	 rocks	 known	 as	 the	 Black	 Flag	 Group	 in	 the	 St	 Ives	 gold	 field,	 at	

Kambalda,	 Eastern	 Yilgarn	 Craton,	 presents	 a	 unique	 opportunity	 to	 document	 and	
understand gold mineralisation and its controls in these newly prospective rocks. It has 
been found that large gold deposits have a spatial association with the thickest parts of 
the stratigraphy in the Kambalda region, and that these areas may represent depocentres 
formed by large early structures (McGoldrick et al., 2013). The early formation of such 
depocentres is in accordance with the most recent update to the deformational history of 
the	Kalgoorlie	Terrane	and	St	Ives	gold	field	(Blewett	et	al.,	2010b).	However	there	is	still	
contention about how orogenic gold deposits are formed. Most recently three genetic 
models for the formation of orogenic gold deposits have been discussed with evidence 
cited	from	the	Archean	Yilgarn	Craton:	the	crustal	continuum	model;	the	fault-valve	–	
golden aftershocks model; and, diagenetic arsenian pyrite model. Structural, veining 
style and deformation, geochemical and alteration mineral assemblages have been used 
to	support	or	preclude	these	models	for	specific	deposits	but	additionally	have	all	been	
used as gold exploration tools. This paper aims to review these subjects in the context 
of the newly discovered multi-million ounce Invincible deposit and propose topics for 
further research at this deposit in these areas.
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7.1 Introduction 

The township of Kambalda is located 57km south of Kalgoorlie and the world class 
Golden Mile Dolerite gold deposit. During the 1960’s, Western Mining Corporation 
(WMC)	discovered	what	is	now	classified	as	one	of	the	world’s	largest	nickel	districts	
around Kambalda. However, prior to that, in the 1890’s Kambalda was host to minor 
gold	discoveries,	hinting	at	the	larger	goldfield	yet	to	be	discovered.	It	wasn’t	until	the	
1970’s when the rise of gold prices renewed interest in gold exploration in the area given 
its	historic	minor	gold	prospects.	The	modern	age	of	gold	mining	in	the	St	Ives	gold	field	
began in the 1980’s and to date has produced over 12 million ounces from multiple open 
pit and underground mines. Now considered a world class gold district, the St Ives gold 
field	is	host	to	deposits	such	as	the	2	million	ounce	(produced)	Junction	mine,	the	3.3	
million	ounce	Victory-Defiance-Leviathan	complex,	and	the	2.4	million	ounce	Revenge	
complex along with newer mines such as the million ounce deposits of Argo, Athena-
Hamlet and half-million ounce Cave Rocks deposits (Osborne 2011, Doutch 2014). Most 
of these deposits are hosted by dolerite sills that intrude the greenstone stratigraphy. 

Around 2007, results from terrane and local scale projects investigating the Black 
Flag Group began to question the then current paradigms focused on dolerite dominated 
gold exploration (Squire et al. 2006), opening the prospect of gold deposits hosted by 
all	stratigraphic	units	in	the	St	Ives	gold	field.	The	Black	Flag	Group	remained	largely	
undifferentiated	and	represented	as	large	swaths	of	grey	polygons	on	geological	maps	
of the area until just prior to 2007 at the St Ives Gold Mine. The Black Flag Group has 
subsequently been subject to continued scrutiny and investigation, transforming it from 
the	once	undifferentiated	to	the	sought	after	host	rock	sequence	for	multi-million	ounce	
gold deposits such as Invincible. 

In 2012, a new deposit called Invincible was discovered. Between February 2012 
and November 2013, a large exploration drill program was conducted targeting the new 
deposit. In this time period it has been reported that 2,192 m of aircore, 44,034 m of 
Reverse	Circulation	 and	 17,663	m	of	 diamond	 core	was	drilled	 to	define	 the	deposit	
(Ahmed et al. 2013). The Invincible deposit, located approximately 9km equidistant from 
the Lefroy Mill and Kambalda West, grew to total deposit of almost 2 million ounces by 
the end of 2013. Gold mineralisation at Invincible was thought to be restricted to two 
rock packages, a mudstone-siltstone facies and a sandstone-conglomerate facies (Ahmed 
et al. 2013). These units make up part of the stratigraphic unit known as the Black Flag 
Group, which is one of the youngest rock sequences in the area apart from the Merougil 
Formation, which is younger again. 

While multiple projects have been undertaken characterising and investigating the 
facies and stratigraphic architecture of the Black Flag Group and Merougil Formation, 
there is a lack of detailed study into the styles and controls on gold mineralisation in this 
new host rock sequence. Furthermore, an expedited mining schedule brought on by the 
dramatic gold price drop in early 2013, meant that the controls on mineralisation at the 
Invincible deposit were not fully documented nor understood. This project coincides with 
large scale drilling and the start of open pit mining of the Invincible deposit, allowing for 
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a	unique	opportunity,	one	researchers	are	not	normally	afforded	who	generally	study	
deposits in later mining stages, to understand an orogenic gold deposit located in a new, 
younger	host	rock	sequence	than	previously	identified.	

As such aims of this PhD project are to document the detailed stratigraphy and 
volcanic evolution of the area, the structural styles and deformation history, composition 
of	 host	 rocks,	 hydrothermal	 fluids	 and	 alteration	 assemblages,	 and	 detailed	 chrono-
stratigraphy of the deposit in order to determine the controls on gold mineralisation. 
This paper aims to review the evolution of the stratigraphic and structural architecture at 
the	St	Ives	gold	field	in	the	context	of	the	tectonic	and	deformational	regimes	recognised	
across	 the	Eastern	Yilgarn	Craton.	Models	and	gold	 forming	processes	 thought	 to	be	
responsible for the formation of Archean orogenic gold deposits will be discussed at 
varying scales from terrane to deposit to vein and related to studies completed at the St 
Ives	gold	field.	Alteration	assemblages	and	geochemistry	will	be	reviewed	in	terms	of	
fluid	pathways	and	understanding	the	process	that	form	orogenic	gold	deposits	along	
with	gold	exploration	pathfinders	and	vectoring	tools.	Finally,	the	reviewed	information	
will be discussed in the context of implications and questions raised for the newly 
discovered Invincible gold deposit.

7.2 Stratigraphy and Volcanic Evolution 
7.2.1 Regional Stratigraphy

The	 St	 Ives	 gold	field	 is	 located	 in	 the	Kambalda	Domain	 of	 the	Kalgoorlie	 Terrane,	
Yilgarn	Craton,	WA	(Czarnota	et	al.	2010).	The	greenstone	stratigraphy	of	the	Kambalda	
Domain	 is	 comprised	 of	 a	 series	 regionally	 metamorphosed	 mafic-ultramafic,	 felsic	
intrusive and clastic sedimentary units which are grouped into the Kalgoorlie Group, 
Black	Flag	Group	and	Merougil	Formation	(Table	A7.1;	Czarnota	et	al.	2010,	Krapež	et	
al. 2008, Squire et al. 1998). The Kambalda Domain is bound to the east by the Boulder-
Lefroy Fault Zone and the east by the Zuleika Shear Zone respectively (Myers 1997, 
Swager	et	al.	1990).	 

 The Lunnon Basalt (2720 ± 105 Ma; Table A7.1) forms the base of the regional 
stratigraphy in the Kambalda region, and is overlain by the Kambalda Komatiite 
(Claoué-Long et al. 1988, Nguyen 1997, Squire et al. 1998). Overlying the Kambalda 
Komatiite (2709 ± 4 Ma; Table A7.1) is the tholeiitic to high Mg Devon Consols Basalt 
(2963±30	Ma;	Table	A7.1)	and	differentiated	sill	of	the	Defiance	Dolerite	(Claoué-Long	
et	 al.	 1988,	Nguyen	 1997,	Crawford	 2011).	 Separating	 the	Defiance	Dolerite	 from	 the	
overlying younger basalt-dolerite sequence is the Kapai Slate (2962 ± 4 Ma; Table A7.1), 
which	is	used	as	a	regional	marker	horizon	at	the	St	Ives	gold	field	(Connors	et	al.	2005,	
Claoué-Long et al. 1988, Nguyen 1997). The layered high Mg to tholeiitic Paringa Basalt 
(2690 ± 5 Ma; Table A7.1) overlies the Kapai Slate and is itself overlain by the Black Flag 
Group (Claoué-Long et al. 1988, Nguyen 1997). 

The Black Flag Group of felsic volcano-sedimentary rocks is intruded by the 
differentiated	sill	 to	ponded	basalt	of	 the	Condenser	Dolerite	 (McGoldrick	2007).	The	
Black Flag Group is overlain by the ‘late basin’ sequence of the Merougil Formation, Fig. 
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A7.1. A summary of the stratigraphy of the Kambalda Domain is shown in Table A7.1.  

7.2.2 Black Flag Group Stratigraphy

At	the	St	Ives	gold	field	in	Kambalda,	the	Black	Flag	Group	(BFG)	conformably	overlies	
the Paringa Basalt of the Kambalda Sequence, based on undeformed diamond drill 
core relationships (Squire et al. 2006). However, local unconformable contacts have also 
been	interpreted	where	fine	grained	shale	to	chert	facies	are	found	in	contact	with	the	
Paringa Basalt (Hand 1998). The contact between the Black Flag Group and the overlying 
Merougil	Sequence	has	been	interpreted	through	field	observations	of	erosional	surfaces	
and	sequence-stratigraphic	correlation	to	be	unconformable	(Krapez	1997,	Krapež	and	
Hand	2008,	Watchorn	1998).	Four	unconformity	bound	cycles	have	been	 identified	 in	
the	Black	Flag	Group	in	the	Eastern	Goldfields	Superterrane,	with	three	interpreted	to	
be	present	at	the	St	Ives	gold	field	(Krapež	and	Hand	2008).	Unconformities	have	been	
inferred	by	Krapež	and	Hand	(2008)	to	lie	above	a	mudstone	facies	at	Morgans	Island	
and	at	the	upper	contact	of	a	mudstone	facies	on	the	Pacific	Blue	diamond	drill	traverse,	
north of Junction. The sedimentary sequences at Morgan’s Island, Junction and from 
the	Pacific	Blue	diamond	drill	core	traverse	are	thought	to	represent	repetitious	cycles	
of	erosion	-	deep-marine	resedimentation	-	uplift	and	intrusion	of	granites	(Krapež	and	
Hand 2008). A rapid change in palaeo-depositional environments is interpreted to occur 
between the sub-aerial Merougil Sequence (Bader 1994) and the sub-marine Black Flag 
Group (Hand 1998), possibly aiding the interpretation of an unconformable contact 
between them. Additionally Hand (1998) observed a primary, sharp and not faulted 
contact at the Morgans Island outcrop between the Merougil Sequence and the Black Flag 
Group and interpreted the contact as a disconformity. However, it has been recognised 
that often the contact between the Merougil Sequence and Black Flag Group and the 
Paringa	Basalt	are	sites	for	moderate	to	significant	structural	deformation	(Doutch	2008,	
Ahmed et al. 2013) that obscures the contact relationships and as such observations of 
undeformed contacts has been sporadic. Further work is needed to determine the contact 
relationships between the Paringa Basalt, Black Flag Group and Merougil Sequence.  

The Black Flag Group is divided into the Newtown Felsic formation and the 
Morgan’s Island Epiclastic formation (Connors et al. 2005, Sugden and Hein 1995). The 
Newtown Felsic formation is comprised of massive porphyritic rhyolites, dacite lava 
domes, dominantly felsic volcaniclastic conglomerates, volcaniclastic breccia, sandstone 
and	mudstone	facies	(Hand	1998,	Hand	et	al.	2002,	Krapež	and	Hand	2008).	The	Pacific	
Blue stratigraphic diamond drill core traverse is thought to represent a >300m thick 
section of the Newtown Felsic formation, north of the Junction Gold Mine (Hand 1998). 
This drill traverse shows a conformable sequence of volcaniclastic breccia overlain by 
facies	of	sandstone,	mudstone	and	a	final	sandstone	(Hand	1998).	This	sequence	of	rocks,	
upwardly	fines	and	has	been	interpreted	as	indicating	a	retrograding	submarine	fan	at	
depths < 1000 m (Hand 1998). The Morgan’s Island Epiclastic Formation is comprised 
of epiclastic sandstones, polymictic conglomerates and interbedded mudstone-siltstone 
facies (Connors et al. 2005). A detailed BFG facies analysis throughout the Kalgoorlie 
Terrane can be found in Hand (1998), partially published in (Hand et al. 2002). While 
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these studies give a well-structured framework, description and interpretation of the 
BFG and its facies, detailed sub-basin analysis of facies is still required locally. 

Squire et al. (2010) and McGoldrick et al. (2013) also divide the BFG into two broad 
subdivisions, namely early and late, however they do not mention how these subdivisions 
relate to the two existing BFG formations. McGoldrick et al. (2013) describe the early 
BFG as being comprised of feldspar-rich granule breccia, volcaniclastic sandstone and 
siltstone, black mudstone and felsic cobble conglomerate (McGoldrick et al. 2013, Squire 
et al. 2010). The late BFG is comprised of polymictic volcanic conglomerate with minor 
quartzo-feldspathic	 sandstone	 that	 is	 interpreted	 to	 disconformably	 overlie	 the	 early	
BFG (McGoldrick et al. 2013). However, additional work is needed along this contact, 
as it may also be interpreted as a major fault (McGoldrick et al. 2013)  The early BFG 
was dated by Squire et al. (2010) using detrital zircon geochronology at 2679 ± 7 Ma 
which is a similar date to that which Hand (1998) reported for an anomalous igneous 
age	for	the	BFG	of	2678	±	8	Ma	and	an	unpublished	age	from	“crystal	tuff”	of	2676	±	4	
Ma (TD919A, 132 m Claoue-long and Cambell and Hill unpublished data, reported in 

Figure A7.1 Summary	logs	from	three	locations	at	the	St	Ives	Goldfield	through	the	BFG	showing	the	Early	
and Late Black Flag Group subdivisions of McGoldrick et al. (2013) using information from Doutch (2008), 
McGoldrick (2007) and Timmermans (2010).
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Connors et al. 2005). Hand (1998) also reported depositional ages for the felsic volcanic 
and volcaniclastic facies of the BFG between 2666 ± 6 Ma and 2669 ± 9 Ma. McGoldrick 
et al. (2013), following the same methodology as Squire et al. (2010), dated a sample 
of volcaniclastic sandstone from the late Black Flag Group which resulted in a broad 
range of ages between 2700 and 2800 Ma with an interpreted single  population around 
2746±6Ma	(McGoldrick	et	al.	2013).	An	influx	of	older	material	sourced	from	outside	of	
the Kambalda Domain during sedimentation of the late BFG is thought to be the reason 
why the detrital zircon ages from the volcaniclastic sandstone were much older than 
that	of	the	oldest	local	stratigraphy	at	the	St	Ives	gold	field	(McGoldrick	et	al.	2013).	A	
simplified	 sequence	of	 stratigraphic	 logs	 is	 shown	 in	Fig.	A7.1,	 each	 log	 represents	a	
different	depo-centre	associated	with	gold	mineralisation.	

The lack of correlation between the Morgans Island Epiclastic and Newtown Felsic 
Formations of the BFG and the newer subdivisions by Squire et al. (2010) and McGoldrick 
et al. (2013) raises questions as to where, in relation to these formations the detrital zircon 
dating was conducted. Based on the description of the facies and stratigraphic positions 
of the two formations, the “late” BFG subdivision could be interpreted to apply to part of 
the Morgan’s Island Epiclastic Formation, with the “early” BFG subdivision overlapping 
both	formations,	but	further	analysis	is	needed	to	confirm	this.	Evidence	for	this	may	
be	derived	 from	the	geochemical	 signatures	of	 the	mafic	clasts	 in	conglomerate	units	
previously	 classified	 as	 part	 of	 the	Newtown	 Felsic	 formation.	 These	 clasts	 are	 very	
similar geochemically to the Devon Consols Basalt (Connors et al. 2005, Hand 1998), 
a characteristic that has been used to classify the Late BFG by Squire et al. (2010) and 
McGoldrick et al. (2013). The thickness of these lithofacies varies greatly but as Fig. 
A7.1 shows the lithofacies of the BFG can be correlated across regions. Additionally 
the abundance of individual lithofacies varies greatly from region to region, e.g. black 
mudstone represents < 1% and is found as thin < 8 cm beds within the Junction-Argo 
region whereas within the Argo-Lut region it is represented much higher abundance 
with thickness varying north to south from cm’s to 10’s of meters thick (Doutch 2008, 
McGoldrick et al. 2013). A summary of the lithofacies across the Lut, Argo-Junction and 
Bellerophon regions as well as other areas studied in detail within the BFG can be found 
in	Table	A7.2;	a	map	of	the	locations	in	the	St	Ives	gold	field	is	shown	in	Fig.	A7.2.	

7.2.3 Palaeoenvironment and Volcanic Evolution

The	mafic	volcanism	of	the	St	Ives	gold	field	has	been	interpreted	to	have	formed	in	a	
submarine	palaeoenvironmental	setting	(Doutch	2008,	Squire	et	al.	1998,	Verity	2010).	
This interpretation is based on the presence of pillow basalts, hyaloclastite breccia, 
peperite	and	hemi-pelagic	interflow	sediments.	A	schematic	volcanic	evolution	diagram	
is shown in Fig. A7.3. Large long lived structures such as the Boulder-Lefroy Fault Zone 
are interpreted to have formed the depo-centres such as grabens or half-grabens for thick 
accumulations	of	the	mafic	and	sedimentary	stratigraphy.	Later,	such	structures	would	
provide	ideal	conduits	for	hydrothermal	fluid	flow	(McGoldrick	et	al.	2013,	Blewett	et	
al. 2010b).
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Numerous studies have investigated and interpreted the features of the BFG facies 
on	site	specific	scales	(e.g.	Brauns	1991,	Doutch	2008,	McGoldrick	2007,	McGoldrick	et	al.	
2013, Timmermans 2010). In addition, terrane scale studies have been conducted which 
have formed an overarching interpretation of the BFG formation (Hand 1998, Krapez et 
al.	2000,	Krapež	et	al.	2008,	Krapež	and	Barley	2008,	Krapež	and	Hand	2008,	Squire	et	al.	
2006,	Squire	et	al.	2010).	As	Table	A7.2	shows,	the	numerous	site	specific	interpretations	
for the evolution of the BFG support a deep-water submarine palaeoenvironmental 
setting	 for	 deposition.	 However,	 near	 shore	 line	 palaeoenvironments	 also	 played	 a	
role in the reworking of clasts found within conglomerate layers with transportation 
mechanisms	such	as	mass	flow,	debris	flow	and	turbidity	currents	(Brauns	1991,	Hand	
1998,	Hand	et	al.	2002,	McGoldrick	et	al.	2013,	Squire	et	al.	2006,	Squire	et	al.	2010,	Krapež	
and Hand 2008). It has been noted that the turbidite facies in the region are dominated 
by	 voluminous	Bouma	 a-divisions	 (i.e.	massive	 to	 graded	&	parallel-stratified	 beds),	
missing	Bouma	c-and	d-divisions	(i.e.	ripple,	wavy,	convolute	to	upper	parallel-stratified	
beds)		and	contain	only	small	restricted	e-divisions	(i.e.	pelagic	stratified	silt	to	mudstone;	

Figure A7.2 Geological	map	of	the	St	Ives	Goldfield,	showing	gold	deposits,	and	sites	where	the	BFG	has	
been studied in some detail such as Bellerophon, Argo, Junction and Lut (McGoldrick et al., 2013).
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Table A7.2 A summary of the BFG lithofacies found in Kambalda, Kalgoorlie and Kanowna Belle (Brauns, 
1991,	 Doutch,	 2008,	 Figgis,	 2013,	 Filling,	 2014,	 Hand,	 1998,	 Krapež	 and	Hand,	 2008,	McGoldrick,	 2007,	
McGoldrick et al., 2013, Ong, 1994, Squire et al., 2010).
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Figure A7.3 Schematic	cartoon	diagrams	showing	the	interpreted	palaeoenvironmental	setting	and	volcanic	
evolution of the two cycles of pyroclastic volcanism that formed the early and late Black Flag Group units 
and	the	Merougil	–	Kurrawang	Groups	(Krapež	and	Hand,	2008,	McGoldrick	et	al.,	2013,	Squire	et	al.,	2010).	
(a) The regional evolution throughout the Kalgoorlie Terrane (after Squire et al., 2010, Doutch, 2008); (b) The 
local	evolution	in	the	Kambalda	Domain	at	the	St	Ives	Goldfield,	Argo-Junction	area	(after	McGoldrick	et	
al., 2013) .

Squire et al. 2006). The crystal-rich facies and absence of middle turbidite facies in the 
BFG in this area are interpreted by Hand et al. (2002) and Squire et al. (2010) to represent 
a submarine volcaniclastic apron deposit (Cas et al. 1981) that formed by either: (i) a less 
turbulent	traction	inhibited	hot	pyroclastic	flow	that	entered	the	ocean	(Trofimovs	et	al.	
2006) or (ii) debris around a subaerial volcano that had been rapidly reworked. It may 
also be possible that a submarine volcanoclastic apron formed as a result of rapid uplift 
due to widespread plutonism and doming as a result of mantle plume driven tectonics, 
which will be discussed in a later section. 

7.3 Stratigraphic hosts of gold mineralisation

Dolerite hosted gold deposits have produced the majority of the gold mined at the St 
Ives	gold	field	(Connors	et	al.	2005).	The	discovery	of	the	Athena	–	Hamlet	gold	deposits	
within the younger basaltic units sparked an increased interest and exploration activity 
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in the younger stratigraphy traditionally thought to be barren, including the Black Flag 
Group	which	until	around	2007	remained	largely	undifferentiated	and	largely	poorly	
understood	(Connors	et	al.	2005).	A	small	number	of	gold	prospects	have	been	identified	
within the Black Flag Group, such as the Bellerephon deposit and Lut prospect shown in 
Fig. A7.2. The Lut gold prospect found along strike to the north of the newly discovered 
Invincible gold deposit will be reviewed below.  

7.3.1 Lut gold prospect 

The Lut gold prospect is located ~6 km south of Kambalda Township on the western 
margin of Lake Lefroy. Tertiary lake sediments varying from <1m in the north to 20m in 
the south cover the Archean bedrock where the deposit is located. The deposit is hosted 
within the Archean Black Flag Group (BFG) which trends NNW and sits to the east of the 
younger	Archean	Merougil	Beds.	The	Lut	gold	prospect	is	marked	by	significant	gold	
anomalies over a 1.5 km strike length. Gold mineralisation is thought to be associated 
with an anomalous magnetite trend within the BFG sediments along its western margin 
(Munro 2002).

Exploration work began at the Lut gold prospect in 1999 with Reverse Circulation 
drilling. The area was targeted because of similar rock types to those found at the Carosue 
Dam and Wallaby gold deposits, historic workings along strike to the north of Lut along 
the lake edge, and rock chip samples from the lake edge with anomalous (+3 g/t) gold 
(Munro 2002). Several rounds of drilling between 1999 and 2001 were conducted over the 
Lut	prospect	aimed	at	understanding	and	defining	the	shallow	bedrock	gold	anomalies	
(Munro 2002). 

From the drilling, the stratigraphy of the Lut prospect was found to young to the 
west, strike NNW, dip steeply WSW and it could be divided into several lithological units 
(Doutch	2008,	Munro	2002).	The	lithological	units	identified	at	the	Lut	prospect	in	order	
of oldest to youngest are: BFG units including intermediate volcaniclastic (Andesitic) 
breccia,	 coherent	 volcanic/Intrusive	 andesite,	 fine	 sandstone,	 “spotted”	 turbidite;	
Merougil Formation units including conglomerate, sandstone; and a Proterozoic dolerite 
dyke	(Doutch	2008,	Munro	2002).	The	carbonate	spotted	turbidite	unit	which	is	host	to	
the majority of gold mineralisation found at the Lut prospect has been compared to the 
carbonate	spotted	turbidite	units	of	the	Victorian	goldfields,	a	favoured	host	for	orogenic	
gold (Squire 2008, Hayman et al. 2011). Early thin-section analysis by Rugless (2001) and 
reported	by	Munro	 (2002),	 found	 that	 the	 ‘spots’	of	 the	spotted	 turbidite	at	Lut	were	
actually cordierite or andalusite porphyroblasts which have been altered to carbonate/
quartz	and	biotite	±	pyrite.	A	high	geothermal	gradient	or	contact	metamorphism	was	
interpreted from the presence of the cordierite/andalusite porphyroblasts (Munro 2002). 
Munro (2002) proposed that the source of heat necessary for the contact metamorphism 
could be a granite intrusion ~1 km NE of Lut. A paragenetic sequence of alteration 
assemblages was also created using information from thin-sections and drill-hole 
observations and is summarised in Table A7.3. 

At the Lut prospect, a prominent foliation is oriented sub-parallel to the stratigraphy, 
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striking NNW and dipping steeply WSW (Doutch 2008, Munro 2002). The NNW striking 
Speedway fault zone is comprised of two structures in the Lut area, the Merougil and 
Morgan’s	Island	shears	(Doutch	2008,	Munro	2002).	These	shears	have	been	identified	
under lake cover using aeromagnetic datasets due to their characteristic magnetic 
“construction” or addition of magnetic minerals, namely magnetite ± pyrrhotite 
(Doutch 2008, Munro 2002). The Merougil shear occurs within the Merougil Sequence 
approximately 10m from the contact with the BFG and dips steeply WSW (Munro 2002). 
The Morgan’s Island shear also dips steeply WSW but occurs within the intermediate 
volcaniclastic rocks of the BFG and marks the eastern boundary of the Lut prospect 
(Munro	2002).	Gold	mineralisation	at	Lut	 is	 thought	 to	be	 significantly	 controlled	by	
these	two	large	structures,	both	showing	brittle	and	ductile	deformation	textures	(Doutch	
2008, Munro 2002). Mineralised vein sets are thought to refract between the boundaries 
of the interbedded siltstone-sandstone layers of the turbidite unit as observed from 
structural measurement on oriented diamond drill core and in outcrop (Munro 2002). 
Extensional vein sets are measured in oriented diamond drill core striking WNW, and 
dipping steeply SW (Munro 2002). Additionally a third major vein set strikes N-S, 
dipping steeply to the west (Munro 2002). While E-W striking vein sets were observed, 
the veins with higher gold mineralisation at the Lut prospect were interpreted to be the 
extensional WNW and shear NNW vein sets (Munro 2002).

7.4 Tectonic and Structural Evolution 

This section will review the tectonic and deposit scale structural processes associated 
with	the	formation	and	deformation	of	the	Yilgarn	Craton	and	its	orogenic	gold	deposits.	
Following	 this,	 a	 brief	 review	 of	 Archean	 volcanic-hosted-massive-sulfide	 (VHMS)	
deposits and the potential prospectivity of the BFG for such deposits will be examined. 
Lastly,	a	review	of	the	large	structures	located	in	the	St	Ives	gold	field,	particularly	those	
found on the western limb of the Kambalda anticline related to gold mineralisation and 
the	information	used	to	define	them	will	be	presented.

Table A7.3 A	paragenetic	sequence	from	oldest	(top)	to	youngest	(bottom)	of	alteration	assemblages	found	
the Lut prospect (Munro, 2002).
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7.4.1 Tectonic Setting and crustal scale events

It	 is	generally	agreed	that	 the	Yilgarn	Craton	formed	between	2.7	–	2.6	Ga.	However,	
there is still much contention over the processes that formed it. Competing models for its 
formation include: collision - subduction related accretionary tectonic processes, mantle 
plume and extensional tectonic processes and a process called sagduction. 

7.4.1.1 Arc-accretion – uniformitarian model

Myers (1990) and Barley et al. (1990a) suggested the amalgamation of separate 
tectonostratigraphic terranes, representing volcanic arcs to back-arc basins, was due 
to period of major plate tectonic movement during the Archean. As such, this model 
involves the collision and accretion of multiple older terranes, extensive volcanism, 
granite intrusions and metamorphism (Myers 1990, Wilde et al. 1996). The separate 
terranes	of	 the	Yilgarn	Craton	now	lie	 juxtaposed	across	 fault	boundaries	 interpreted	
from	aeromagnetic,	seismic	reflectance	profiles	and	mapping	(Barley	et	al.	1990a,	Chen	
et al. 2003, Gee et al. 1981, Myers 1992, Whitaker 2001). Updating work by Gee et al. 
(1981) aeromagnetic data has been used, in conjunction with U-Pb zircon geochronology 
to	sub-divide	the	Yilgarn	Craton	into	five	distinct	tectonostratigraphic	terranes	of	gneiss-
migmatite-granite and greenstone belts (Whitaker 2001, Myers 1992, Chen et al. 2003, 
Czarnota	et	al.	2010).	The	terranes	are:	the	South	West	and	Narryer	Terranes,	the	Youanmi	
Terrane,	and	the	Eastern	Goldfields	Superterrane	 (Cassidy	et	al.	2006,	Champion	and	
Cassidy 2007, Czarnota et al. 2010, Whitaker 2001, Myers 1992). Through the use of 
seismic transects, the boundaries of these geological terranes have been imaged down to 
the Moho at several locations across Western Australia (Reading et al. 2003). Both deep 
penetrating faults and crust-mantle transition zones have been interpreted from high-
velocity zones and gradational Moho characteristics to mark the boundaries between 
the	five	geological	terranes	and	used	to	argue	for	a	dominantly	accretionary,	rather	than	
widespread	diapirism	 (Weinberg	2001),	 controlled	 structural	 evolution	of	 the	Yilgarn	
Craton (Dentith et al. 2000, Reading et al. 2003, Swager et al. 1997). 

The	Eastern	Goldfields	Superterrane	has	been	similarly	divided	 into	geologically	
discrete	terranes	supported	by	seismic	profiles;	these	terranes	are	from	west	to	east:	the	
Kalgoorlie,	Gingalbie	and	Kurnalpi,	Burtville	and	Yamarna	terranes	(Barley	et	al.	2008,	
Cassidy et al. 2006, Czarnota et al. 2010, Pawley et al. 2012, Swager et al. 1997, Swager et 
al. 1992). The Kalgoorlie Terrane is bound by two east dipping faults, the Ida Fault in the 
west and the Mount Monger Fault in the east (Swager et al. 1997). The Ida Fault has been 
interpreted	from	seismic	reflector	images	to	dip	30°	E,	cut	the	basal	detachment	fault	at	
4-7km,	offset	the	upper	and	lower	crust	boundary	at	c.	10km	and	continue	to	a	depth	
of 25-30km (Swager et al. 1997). As the Ida Fault is relatively planar and undeformed 
and the rock sequences either side of it have contrasting metamorphic grades Swager et 
al. (1997) interpreted it to be a late, post peak metamorphism normal fault. The Mount 
Monger Fault is interpreted to be a steeply east dipping fault which curves into the basal 
detachment around 6-7.5km in depth (Swager et al. 1997). 

The Kalgoorlie Terrane is sub-divided into six domains separated by faults and 
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interpreted from volcaniclastic rocks to be similar to those produced in an arc-related 
terrane	comparable	to	the	modern	Philippines	Archipelago	(Kositcin	et	al.	2008,	Krapež	
and	Hand	2008).	Such	a	similarity	is	however	not	proof	of	such	a	setting.	Furthermore,	
there is growing evidence against an accretionary model and of the links to modern arc-
related	rocks	as	the	formation	process	for	the	Yilgarn	Craton,	these	arguments	will	be	
discussed in the next section. However, while the interpretation of the tectonic origin for 
the above mentioned terranes is still contentious (e.g. Hamilton 1998), their geographic 
grouping still provides a useful spatial reference for fault bounded groups of rocks 
with common geological features. In this way, the aforementioned terrane names and 
boundaries are used throughout this paper with acknowledgment of their limitations as 
discussed below. 

7.4.1.2 Mantle Plume model

Campbell et al. (1989) and more recently Barnes et al. (2012) have proposed that the 
tectonic	 framework	 of	 the	 Yilgarn	 Craton	was	 largely	 influenced	 by	 a	major	mantle	
plume event. In contrast to the arc-accretion model, a mantle plume model explains the 
early	mafic-ultramafic	volcanism	that	is	common	to	all	terranes	of	the	Eastern	Goldfields	
Superterrane (Barnes et al. 2012, Campbell et al. 1989). Additionally, this model explains 
the formation of the Mg-rich Archean komatiites that are often cited in debates about 
the thermal structure and composition of the Archean mantle due to the anomalously 
hot temperatures required for their formation (Campbell et al. 1989). Barnes et al. (2012) 
found that Archean basalts had unique geochemical contents, (e.g high Th siliceous and 
low Th basalts) compared to those of Phanerozoic age and as such may not have formed 
through processes analogous to those of the modern basalts, especially of arc-related 
origins. 

Across	 the	Eastern	Goldfields	 Superterrane,	 the	 lower	greenstone	 stratigraphy	 is	
thought	to	be	comprised	of	a	common	series	of	continental	flood	basalts	and	komatiites;	
as seen in the Kambalda region where the tholeiitic Lunnon Basalt is overlain by the 
Mg-rich Kambalda Komatiite (Campbell et al. 1989, Connors et al. 2005). These units 
both show a depletion of light rare earth elements (LREE) that indicates a lack of crustal 
contamination (Campbell et al. 1989). While a common depletion in LREE may indicate 
these units are related through fractionation of komatiites, the stratigraphic emplacement 
of the komatiites over the tholeiitic basalt makes this unlikely (Campbell et al. 1989). 
Campbell et al. (1989) also argues against a common mantle source for these units due 
to	 their	distinct	εNd	and	chondrite-normalised	Nd:Sm	ratios.	For	 reference,	 εNd	 is	a	
comparison of the 143Nd/144Nd in a sample against that of the bulk Earth (Campbell et 
al. 1989). 

The formation of the Archean Mg-rich komatiites requires a mantle source with 
anomalous temperatures around 1,875 °C, at 1 bar (Campbell et al. 1989). Whereas, at 
the same pressure, the tholeiitic basalts require a mantle source with a temperature of 
approximately 1,425 °C (Campbell et al. 1989). Comparatively, modern mid-ocean-ridge 
and hot-spot basalt form at 1,280°C and 1,530°C respectively, inferring that the modern 
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mantle is approximately 600°C cooler than that of the Archean (Campbell et al. 1989). 
However,	 this	 large	 temperature	 difference	 may	 in-fact	 indicate	 that	 the	 komatiites	
originated from anomalously hot zones of the mantle otherwise known as mantle plumes 
(Campbell et al. 1989). 

Through numerically modelling the start of a mantle plume, Campbell et al. (1989) 
found	that	mantle	plumes	cannot	rise	rapidly	and	displace	the	mantle	until	sufficient	
buoyancy is reached. This results in the formation a bulbous-spherical ‘head’ with a 
narrow ‘tail’ (Campbell et al. 1989). Through entrainment of the comparatively cooler 
surrounding mantle, the bulbous ‘head’ zone is thought to cool to temperatures suitable 
for the formation of the tholeiitic basalts (Barnes et al. 2012, Campbell et al. 1989). Whereas, 
the ‘tail’ remains close to the temperature of the source, i.e. temperatures suitable for the 
formation of the Mg-rich komatiites (Barnes et al. 2012, Campbell et al. 1989). 

Uplift of the continental crust will occur as the mantle plume rises, potentially 
causing plume-driven extension (Campbell et al. 1989). Barnes et al. (2012) interprets the 
stages	of	this	mantle	plume	model	for	the	formation	of	the	Yilgarn	Craton	as:	i)	a	large	
mantle	plume	ascends	beneath	the	Youanmi	Terrane;	ii)	at	the	base	of	the	lithosphere	the	
plume	flattens	and	causes	continental	rifting	at	the	suture	between	the	Youanmi	Terrane	
and	the	Eastern	Goldfields	Superterrane;	iii)	plume	‘head’	low-Th	tholeiitic	flood	basalts	
erupt in a large igneous province covering a much wider area than the komatiites; iv) 
plume ‘tail’ volcanism was focussed by the sloping margin of the lithosphere to the edge 
of	the	Youanmi	Terrane	to	the	area	known	as	the	Kalgoorlie	Terrane.	

Zones of anomalous ages that do not match the traditional arc-accretion model 
terrane subdivisions have been found by mapping Nd depleted-mantle model ages 
(Champion and Cassidy 2007, Czarnota et al. 2010). Nd depleted mantle ages were 
derived	from	Sm-Nd	point	data	samples	taken	from	granites	across	the	Yilgarn	Craton	
and are interpreted a proxy for continental crust age (Champion and Cassidy 2007, 
Czarnota	et	al.	 2010).	These	ages	are	better	explained	by	 the	extension	 interpreted	 to	
occur	around	the	edge	of	the	Youanmi	Terrane	around	the	Kalgoorlie,	possibly	centred	
on the Kurnalpi Terrane (Champion and Cassidy 2007, Czarnota et al. 2010), related to 
the rise of a large mantle plume (Barnes et al. 2012). Czarnota et al. (2010) proposes an 
alternative	 subdivision	 of	 the	Eastern	Goldfields	 Superterrane	 based	 on	 four	distinct	
time intervals of the greenstones and associated with granite magmatism.

7.4.1.3 Sagduction

Sagduction	is	the	process	of	up-doming	and	down-welling	as	a	result	of	a	hotter	Archean	
mantle,	a	hotter	crustal	geotherm	due	to	radiogenic	decay	of	high	U-Th-K	contents	in	
the	felsic	crust	and	density	inversion	(Franҫois	et	al.	2014).	Density	inversion,	is	caused	
by	denser	greenstone	stratigraphy,	including	flood	basalts	and	komatiites,	overlying	a	
less	dense	felsic	crust		(Franҫois	et	al.	2014).	The	denser	greenstone	belts	are	thought	to	
sink into the hot, weaker felsic crust creating the characteristic dome and basin features 
seen	across	many	Archean	cratons	(Franҫois	et	al.	2014,	Thébaud	and	Rey	2013).	As	such,	
sagduction has been interpreted to drive crustal scale deformation away from plate 
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margins	in	the	Archean	(Franҫois	et	al.	2014),	possibly	working	in	conjunction	with	a	
mantle plume (Rey et al. 2003). Rapid burial of sedimentary rocks and exhumation of 
granite domes as found from detrital zircon geochronology, petrology and numerical 
modelling at the Mount Edgar Dome in the East Granite-Greenstone Terrane has been 
suggested	 as	 evidence	 for	 sagduction	 (Franҫois	 et	 al.	 2014).	 Furthermore,	 numerical	
experiments have shown that an insulating greenstone cover around 10km thick 
combined	with	a	mantle	plume	head	at	60km	depth	is	a	very	efficient	way	of	producing	
the granite plutonism and up-doming that reaches its peak 40 my after the emplacement 
of the greenstone belts, a concept not adequately explained by a mantle plume model 
alone  (Rey et al. 2003).  

Thébaud and Rey (2013) argue that sagduction may have allowed the formation of 
gold deposits away from plate margins. Numerical models suggest that the horizontal 
temperature gradient between foundering greenstone belts and the underlying hot 
felsic crust could have been up to 26°C/Km (Thébaud and Rey 2013). The combination 
of enhanced radiogenic heat production in the continental crust and deep marine 
settings	 (or	 flooded	 continents)	 may	 have	 created	 shallow	 hydrothermal	 cells	 that	
facilitated	the	transportation	of	fluids	derived	from	the	devolatilised	of	greenstones	and	
granite crystallisation along pre-existing structures (Thébaud and Rey 2013). Hence, 
Thébaud and Rey (2013) argue that while modern orogenic and magmatic orebodies are 
associated and generally limited to plate margins, Archean sagduction processes caused 
widespread intra-plate crustal deformation; hence, Archean gold deposits could have 
formed in a considerably expanded area due to the formation of large structures away 
from plate margins and hydrothermal cells.  

7.4.2 Regional deformation events at the St Ives gold field

The	St	Ives	gold	field	is	located	in	the	Kambalda	Domain	of	the	Kalgoorlie	Terrane	and	
many of the gold deposits therein have been associated with the regional Boulder-Lefroy 
Fault	Zone	 (BLFZ)	east	of	 the	Goldfield	 (Blewett	et	 al.	 2010b,	Cox	and	Ruming	2004,	
Nguyen et al. 1998, Weinberg et al. 2005). The regional Zulieka and Boulder-Lefroy 
(Bardoc) fault zones bound the Kambalda Domain to the west and east respectively 
(Swager et al. 1997). The BLFZ, along with the Ida, Avoca and Bardoc Faults, is regionally 
unique as it has been interpreted from seismic work by Goleby et al. (1993) to cut the 
regional detachment surface where most faults either sole out or are truncated at the 
base of the greenstones or at the detachment itself. It has been suggested that during 
the	later	tectonic	events	associated	with	formation	of	the	Yilgarn	Craton,	large	volumes	
of	gold	rich	hydrothermal	fluids	passed	through	deeply	tapping	faults	such	as	the	Ida	
and BLFZ (Barley and Groves 1990, Myers 1995). Goleby (1993) suggested that the BLFZ 
tapped	deeply	sourced	gold-bearing	fluid,	or	even	several	volatile	(CO2)	Au-rich	fluids	
(e.g. Petersen et al. 2006), situated below the greenstone belts which then followed the 
‘master structures’ of the BLFZ and deposited the gold in second-order structures in its 
vicinity. 

The	St	Ives	gold	field	is	bound	by	two	regional	structures,	the	BLFZ	to	the	east	and	
the Speedway Fault Zone (SWFZ) to the west (Miller et al. 2010). At the St Ives gold 
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field	multiple	episodes	of	Archean	deformation	have	been	described	by	various	studies	
(Archibald	 1985,	 Swager	 1997,	Nguyen	 et	 al.	 1998,	Weinberg	 et	 al.	 2003,	 Blewett	 and	
Czarnota	2007,	Blewett	et	al.	2010a,	Blewett	et	al.	2010b,	Miller	et	al.	2010).	A	summary	of	
three of the most commonly referred to deformational frameworks for the St Ives gold 
field	are	shown	in	Table	A7.4.		The	most	recent	work	on	the	deformation	framework	at	
the	St	Ives	gold	field	was	by	Blewett	et	al.	(2010b)	based	on	work	by	Blewett	et	al.	(2010a),	
who suggested seven stages of deformation including extensional events previously not 
given	a	deformational	event	number	(Swager	1997).	The	five	main	deformation	events	as	
revised	by	Blewett	et	al.	(2010b)	will	be	briefly	reviewed	here:	

D1 (2710-2665 Ma) ENE-WSW extension was synchronous with the formation of 
the	Kambalda	Sequence	 (Blewett	et	 al.	 2010b).	 Stratigraphic	 thickness	 changes	 across	
NNW	trending	regional	structures	such	as	the	BLFZ	(Connors	2002,	Blewett	et	al.	2010b)	
and provenance and geochronological analysis on the previously undivided Black Flag 
Group (BFG) has suggested that these major faults are responsible for the major basin 
development	 (Blewett	et	al.	2010b,	McGoldrick	et	al.	2013).	The	axis	of	 the	Kambalda	
Anticline was interpreted to be elevated during the sedimentation of the BFG, creating 
several	depocentres	across	the	St	Ives	gold	field	(Blewett	et	al.	2010b,	McGoldrick	et	al.	
2013). A possible explanation for the uplift of the stratigraphy during the sedimentation 
of the BFG could be plutonic-diapiric up-doming caused by the intrusion of the Kambalda 
Granodiorite (2662 ± 4Ma, Table A7.1) possibly linked to the earlier ~2810 Ma rifting of 
the	Eastern	Goldfields	Superterrane	(Czarnota	et	al.	2010).

D2 (2665-2660 Ma) ENE-WSW contraction developed the regional N-NW trending 
Kambalda Anticline and reactivated many D1 extensional faults as D2 thrusts ramps 
(Miller et al. 2010). Examples of D1 faults reactivated during D2 are the BLFZ, Playa, 
Repulse and Foster (Miller et al. 2010). It is also possible that of some of these faults were 
partially	reactivated	by	the	intrusion	of	sills	and	plutons	inflating	part	of	the	region	and	
not others and possibly intruding along these structures as “dills” (dykes from sills) to 
higher parts of the stratigraphy (Cas 2014).

D3 (2660 – 2655 Ma) NE-SW extension during which enriched porphyries intruded 
along D1 and D2 structures and are interpreted to be related to the rifting associated 
with	sedimentation	of	the	Merougil	Basin	(Blewett	et	al.	2010b).	At	the	Santa	Ana	deposit,	
normal	 faulting	 is	observed	to	offset	 the	stratigraphy	and	earlier	reverse	 faults	 in	 the	
area	(Blewett	et	al.	2010b).

D4a (2655 – 2650 Ma) contraction tightened and shortened the Kambalda Anticline 
and	tilted	the	entire	stratigraphy	and	previous	faults	to	the	west	(Blewett	et	al.	2010b).	
Additionally during D4a, the D3 foliation of the Merougil Basin was interpreted to 
develop into a N-NW trending regional syncline coinciding with the inversion of the 
Merougil	Basin	(Blewett	et	al.	2010b).		

D4b (~2650 Ma) sinistral transpression marked the main gold mineralising event 
at	the	St	Ives	gold	field	and	was	associated	with	a	major	change	in	the	far	field	major	
principal stress causing pre-existing structures such as the BLFZ, SWFZ, and Playa 
faults	to	reactivate	as	sinistral	strike-slip	faults	(Blewett	et	al.	2010b,	Miller	et	al.	2010).	
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Gold mineralisation occurred in localised second order structures such as vein arrays, 
sinistral-reverse shear zones and thrust, caused by episodic rupture of segments on these 
main faults (Cox and Ruming 2004, Nguyen et al. 1998). The Republican and Tramways 
N-NW trending thrusts cross cut the folded stratigraphy and link with the BLFZ and 
SWFZ	sinistral	strike-slip	faults	and	as	such	are	interpreted	to	form	during	D4b	(Blewett	
et	al.	2010b).	At	the	Victory-Defiance	mine,	D4b	normal	faulting	and	local	extensional	
features	were	identified	and	associated	with	accommodation	faults	or	releasing	bends	
between	sinistral	strike-slip	faults	(Blewett	et	al.	2010b,	Miller	et	al.	2010).	However,	the	
gold mineralising event and alteration assemblages associated with it have been dated 
and a 20 My discordance with the associated dates of the structures that host it has been 
identified	and	as	such	further	work	is	required	to	resolve	this.	Two	examples	of	gold	
mineralisation	dates	 from	the	Victory-Defiance	mine	are	 from	Clark	et	al.	 (1989)	who	
dated the retrograde alteration using rutile giving an age of 2627 ± 7 Ma and a ~2631 Ma 
monazite age from Nguyen (1997). 

Table A7.4 Comparison	 of	 deformational	 frameworks	 for	 St	 Ives	 Goldfield	 with	 some	 suggested	 field	
observations	 for	 these	 events	 (Blewett	 et	 al.,	 2010b,	 Connors	 et	 al.,	 2002,	 Nguyen,	 1997,	 Ruming,	 2006,	
Swager, 1997, Miller et al., 2010, Jones, 2014, Jones et al., 2019).
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D5	(2647	–	2630	Ma)	dextral	transtension	was	another	period	of	change	in	the	far	field	
major principal stress direction which caused N-NE trending sub-vertical dextral strike-
slip	faults	to	offset	the	stratigraphy	(Miller	et	al.	2010,	Blewett	et	al.	2010b).	The	largest	
of	 the	 faults	associated	with	D5	 is	 the	Alpha	 Island	Fault,	which	dextrally	offsets	 the	
stratigraphy (Miller et al. 2010) including the BFG on the western limb of the Kambalda 
Anticline, and the Invincible deposit. Numerous deposits are found in proximity to the 
Alpha Island fault, including Invincible, Santa Ana, Bahama, Beta-Hunt and Redoubtable 
suggesting it is associated with a gold mineralising event (Connors et al. 2005). Elsewhere 
in	the	St	Ives	gold	field,	D5	structures	and	extension	veins	have	been	identified	as	hosts	to	
varying	degrees	of	gold	such	as	by	Ruming	(2006)	in	the	Revenge	and	Victory-Defiance	
areas. At the Santa Ana and Bahama deposits, granitoid intrusions cross cut the Alpha 
Island Fault implying these undated yet weakly mineralised intrusions intruded around 
or after 2630 Ma (Connors et al. 2005). Connors et al. (2005) suggested that the Alpha 
Island fault may in fact have formed during an earlier deformation event, possibly at a 
similar time to other intrusions in the area, at c. 2660 Ma. It is generally agreed that more 
work	is	needed	to	ascertain	the	potential	of	such	D5	structures	to	be	host	to	significant	
gold	mineralisation,	such	as	those	that	host	the	Mt	Charlotte	deposit,	in	the	St	Ives	gold	
field	(Blewett	et	al.	2010b,	Connors	et	al.	2005,	Miller	et	al.	2010).

7.4.3 Structures in the St Ives gold field

Major faults such as the BLFZ and the Playa fault have been thought to host or be related 
to	gold	mineralisation	at	the	Victory-Defiance,	Revenge	and	many	other	deposits	found	
on the eastern limb of the Kambalda anticline (Cox and Ruming 2004, McGoldrick et 
al. 2013, Squire et al. 2010). Gold mineralisation on the western limb is thought to be 
associated with other major faults such as the Speedway Fault Zone (SFZ) and faults 
found in the Argo-Junction area (Crawford 2011, Doutch 2008, Figgis 2013, Filling 2014, 
McGoldrick 2007, McGoldrick et al. 2013, Verity 2010). 

The	structural	architecture	of	the	St	Ives	gold	field	and	in	particular	the	Invincible	
area is dominated by the faults and large structural features listed in Table A7.5. The 
orientation and characteristics of these dominant faults has been interpreted from 
outcrop, drill core, magnetic, gravity data and a series of seismic lines (Connors et al. 
2005).	Between	1991	and	2007	a	series	of	seismic	reflectance	surveys	were	undertaken	
across	several	sections	at	the	St	Ives	gold	field.	House	et	al.	(1999)	presented	evidence	
for	the	deep	structural	architecture	of	the	St	Ives	gold	field	based	on	two	deep	seismic	
reflectance	 surveys	 conducted	by	 the	Australian	Geological	 Survey	Organisation	 and	
Western Mining Corporation (WMC); a line trending roughly NE at the southern end of 
the Merougil Basin labelled EGF02 and a line NNW across the Tramways-Republican 
area	labelled	EGF03.	Based	on	the	EGF02	seismic	reflectance	profile	shown	in	Fig.	A7.4,	
House et al. (1999) interpreted the position of the Speedway Fault Zone, Boulder-Lefroy 
and Zulieka amongst other faults, shown in Fig. A7.5. 

The interpretation by House et al. (1999) is consistent with interpretation of the 
BLFZ by Goleby (1993), from the  EGF01 seismic transect north of Kalgoorlie. North 
of Kalgoorlie, the BLFZ is thought to be a splay of the Bardoc Shear and gently dips 
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Table A7.5 Summary of the main structures in proximity to the Invincible Deposit located on the western 
limb of the Kambalda Anticline (Ahmed et al., 2013, Connors, 2002, Goleby, 1993, House, 1997, House et al., 
1999, Munro, 2002, Nguyen and Donaldson, 1995).

to 20-30° W but steepens towards the surface (Goleby 1993). Further seismic transects 
were	conducted	during	2001	-	2007,	over	the	St	Ives	gold	field	(Connors	2002,	Stolz	et	al.	
2004, Turner et al. 2007). The Victory line, whose location is shown in Fig. A7.4, was one 
of	the	more	recent	seismic	reflectance	profiles	and	has	been	interpreted	as	evidence	for	
a	granite-cored	dome	beneath	the	Victory-Defiance	mine	(Blewett	et	al.	2010b).	Using	
the existing structural paradigm of Goleby (1993) and House et al. (1999), the BLFZ was 
interpreted to dip west as seen in Fig. A7.6 (Connors 2002). However this interpretation 
has	 been	 subsequently	 revisited	 and	 based	 on	 more	 recent	 research	 (Blewett	 et	 al.	
2010b, Cox and Ruming 2004, Micklethwaite and Cox 2006, Miller et al. 2010, Stolz 2012, 
Stolz 2014, Weinberg et al. 2005) the BLFZ has been interpreted to dip east and to have 
formed during early extensional deformation, helping to create the sub-basin structural 
architecture	 for	 the	 BFG	 sedimentation	 (Blewett	 et	 al.	 2010b,	McGoldrick	 et	 al.	 2013,	
Squire	et	al.	2010).	A	revised	interpretation	of	the	Victory	seismic	profile	is	shown	in	Fig.	
A7.7. The revision of the Victory seismic line interpretation and the evidence for an east 
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Figure A7.4 Structural	map	of	the	St	Ives	Goldfield	highlighting	dominant	faults,	EGF02	and	the	Victory	
seismic lines are shown in red. (unpublished geological map from St Ives Gold Mine).
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Figure A7.5 Unmigrated	top	section	of	EGF02	seismic	reflectance	profile	with	 interpreted	fault	positions	
(modified	after	House	et	al.	1996).

Figure A7.6 Previous interpretation of the BLFZ position from the Victory seismic line as produced by St 
Ives Gold Mine Geologists and referred to by (Connors 2002). Blue lines are the previous interpretation of 
the BLFZ location and Orange is the interpreted position of the Playa Fault.

Figure A7.7 Current interpretation of the BLFZ position from the Victory seismic line as produced by St 
Ives Gold Mine Geologists. Blue lines are the previous interpretation of the BLFZ location and Orange is the 
interpreted position of the Playa Fault.
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dipping	BLFZ	suggests	that	the	gently	west	dipping,	highly	reflective,	surface	feature	
that House et al. (1999) interpreted to be the BLFZ needs to be reinterpreted. The seismic 
feature House et al. (1999) suggested to be the BLFZ, may actually be imaging a west 
dipping listric SWFZ, as envisaged by Connors (2002). It could thus be forming the early 
basin architecture of the BFG found on the western limb of the Kambalda Anticline and 
therefore	be	of	significance	to	gold	mineralisation	in	this	area	(McGoldrick	et	al.	2013,	
Cox	and	Ruming	2004).	A	cross-sectional	 interpretation	 through	 the	Victory-Defiance	
area is shown in Fig. A7.8. 

Figure A7.8 A	cross-sectional		of	the	structural	architecture	of	the	St	Ives	Goldfield	(modified	after	Blewett	et	
al.	2010b),	supported	by	recent	reinterpretation	of	the	Victory	seismic	profile	by	St	Ives	Gold	Mine	Geologists.

7.4.4 Metamorphic evolution

Throughout	 the	 Eastern	 Goldfields	 Terrane	 five	 metamorphic	 events	 have	 been	
recognised (Goscombe et al. 2009). These events are summarised by Goscombe et al. 
(2009)	and	Czarnota	et	al.	(2010)	in	Fig.	A7.9.	At	the	St	Ives	gold	field,	peak	metamorphism	
is associated with D4a (D2 in previous framework) around 2655 – 2650 Ma and produced 
a relatively uniform greenschist to lower amphibolite facies grade (Archibald 1985, 
Bavington 1979, Connors et al. 2005). The peak metamorphic P-T conditions were 470-
500°C, 2 – 3kb (Archibald 1985). Locally peak metamorphism can reach lower amphibolite 
facies e.g. around the intrusive bodies found at the Kambalda Dome (Wong 1986) and 
in the Cave Rocks area where this is shown by the presence of garnets (Bakker 2013, 
Doutch 2014). During D4b to D5, retrograde metamorphism is thought to have occurred 
together with ‘deposit-scale carbonation’ (Clark 1987) which also caused hydration and 
potassium metasomatism (Bader 1994).  

7.5 Archean Orogenic gold models

Several models have been proposed to explain the origins of Archean orogenic gold, some 
include explanations which utilise structures that penetrate deep into the crust tapping 
and	becoming	fluid	transfer	pathways	for	gold-bearing	hydrothermal	fluids	such	as	the	
BLFZ as suggested by Goleby (1993). Prior to the 2000’s up to eight models had been 



295

Literature Review: Gold forming processes in the St Ives gold field

proposed for Archean Orogenic gold deposits, and they are summarised in Table A7.6. 
More	recently	three	models	for	orogenic	gold	mineralisation	within	the	Yilgarn	Craton	
and	the	St	Ives	gold	field	have	been	proposed:	the	crustal	continuum	model	proposed	
by Groves (1993), golden aftershocks model proposed by Cox and Ruming (2004) and 
diagenetic arsenian pyrite model proposed by Large et al. (2009). A review of these three 
models follows. 

7.5.1 Crustal Continuum 

Through the comparison of numerous Archean structurally hosted lode gold deposits 
Groves (1993) proposed a shared genetic model for their origin. These deposits shared 
similarities such as: (i) a structural control on epigenetic Au anomalies and elevated trace 
elements such as Ag, As, W, Bi, Sb, Te, B and Pb; (ii) CO2, S, K, and LILE enriched alteration 
assemblages, that vary with metamorphic facies; (iii) a larger, yet subtler vertical alteration 
zoning	compared	with	that	of	lateral	zoning;	and	(iv)	a	low	salinity	fluid	composition	
of H2O-CO2-CH4 (Groves 1993). While these shared elements infer a common origin, 
individual deposits have been determined to have formed at metamorphic facies from 
granulite to sub-greenschist and depths between 5 to 20 km suggesting the processes 
that formed these deposits covers all metamorphic facies and crustal depths, spanning 
a	so	called	“crustal	continuum”	(Groves	1993).	An	extensive	hydrothermal	fluid	system	
is assumed to have interacted with or be of granitic origin in this model (Groves 1993). 
The	ore	fluids	from	this	extensive	system	were	focused	into	crustal-scale	faults	where	

Figure A7.9 Schematic	representation	of	the	metamorphic	evolution	of	the	Eastern	Yilgarn	Craton,	showing	
P, T, depth with time (Goscombe et al. 2009).
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they interacted with hot wall-rock creating metasomatic alteration assemblages similar 
to those of the regional metamorphic assemblages (Groves 1993). The similarity between 
metasomatic and metamorphic alteration assemblages throughout these deposits was 
interpreted by Groves (1993) to indicate gold mineralisation occurred during a regional 
metamorphic event. It was additionally found by Groves (1993) that the upper crustal 
areas of the large hydrothermal system have a component of seawater/meteoric water, 
which does not extend to the lower crustal areas. 

A key deposit for extending the crustal continuum model into the granulite facies 
was	 the	Griffin’s	Find	Deposit	 in	 the	Yilgarn	Craton,	Western	Australia.	However,	as	
Tomkins and Grundy (2009) have shown through petrographic and thermodynamic 
modelling work at this deposit, gold mineralisation occurred pre-peak metamorphism 
which they revised to 820 °C – 870 °C and >550 MPa. Additionally, Tomkins and Grundy 
(2009)	argue	that	partial	melting	caused	by	the	addition	of	hydrothermal	fluids	to	rocks	
between	600	°C	and	650	°C,	the	wet-granite	minimum,	would	inhibit	fluid	transmission	
and hence orogenic gold deposits are unlikely to form above this temperature range. 
As such, it has been suggested that the crustal continuum model be revised to the 
still applicable temperature range between 300 °C - 550 °C (Tomkins 2013) where it is 
particularly useful in helping to explain the spacing of world class gold deposits along 
the Boulder-Lefroy fault (Weinberg et al. 2004). A protracted history of gold mineralising 
events such as suggested by Weinberg et al. (2005) and Weinberg and van der Borgh 
(2008) also argues against the crustal continuum model. However, through review of 
gold	mineralising	event	geochronology	across	the	eastern	Yilgarn	craton	Vielreicher	et	
al. (2015) found that gold deposits formed within a restricted window of around 10 
My, from 2.64 Ma to 2.63 Ma. Gold mineralisation started in the Kurnalpi Terrane c. 
2.65 Ga then progressed to the Kalgoorlie terrane c. 2.64 to 2.63 Ga, depositing across 
a broad range of structural styles and metamorphic facies, and synchronous with the 
accretion	of	the	eastern	terranes	to	the	western	Yilgarn	proto-craton	after	peak	regional	
metamorphism (Vielreicher et al. 2015). The restricted window for gold mineralisation 
across such a broad range of crustal depths and P-T conditions for these deposits supports 
the continued validity of the crustal continuum model (Vielreicher et al. 2015).

Table A7.6 Summary of proposed models for Archaean Orogenic gold deposits (Burrows and Spooner 1987, 
Cameron 1988, Colvine 1989, Groves 1993, Hodgson et al. 1989, Jemielita et al. 1990, Kerrich and Cassidy 
1994, Kerrich and Wyman 1990, Rock et al. 1989, Spooner 1991).
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7.5.2 Fault-valves and Golden Aftershocks 

In the upper continental crust, above the base of the seismogenic zone, where rocks 
generally range from 300 °C – 450 °C, earthquake rupturing is the dominant mechanism 
of fault motion (Sibson 2001). During earthquake rupturing, structural permeability is 
increased	allowing	extensive	hydrothermal	fluid	flow	through	a	network	of	interlinked	
extensional fractures and shears (Sibson 2001, Micklethwaite 2007, Micklethwaite et al. 
2010). A fault-valve model was proposed by Sibson and Poulsen (1988) which describes 
the	 stages	 of	 hydrothermal	 fluid	 flow	 before,	 during	 and	 after	 earthquake	 events.	
During	 (i)	 prefailure,	 fluid	pressure	 builds	 to	 supra-lithostatic	 levels	 and	 extensional	
veins	open;	this	 is	followed	by	(ii)	seismogenic	fault	 failure,	which	occurs	when	fluid	
pressure exceeds the lithostatic load, causing an earthquake to nucleate a series of 
extensive	permeable	 fractures;	during	(iii)	postfailure	discharge,	drainage	of	 the	fluid	
occurs along the earthquake rupture zone and associated fractures (Sibson and Poulsen 
1988). An abrupt pressure drop in the newly opened fracture spaces causes gold and 
other minerals to precipitate due to phase separation (Sibson and Poulsen 1988, Sibson 
2001, Mikucki 1998). The precipitation of minerals causes (iv) self-sealing of the fractures 
which	in	turn	causes	fluid	pressure	and	shear	stress	to	increase	to	the	point	where	the	(v)	
cycle repeats (Sibson and Poulsen 1988, Cox et al. 1991). A repetition of the fault-valve 
cycle	requires	that	fluid	supply	is	sustained	at	a	sufficiently	high	rate	(Cox	et	al.	1991).	
Gold mineralisation is thought to occur gradually in this model, but will be strongest 
in	areas	that	have	had	large	fluid	fluxes	(Sibson	2001).	Activation	of	high-angle	reverse	
faults or reactivation of normal, strike-slip and reverse faults in suboptimal directions, 
as	indicated	by	the	presence	of	flat	extensional	veins,	requires	that	the	lithostatic	load	is	
exceeded	through	an	over-pressured	fluid	mechanism	(Sibson	and	Poulsen	1988).	The	
misaligned	nature	of	 these	 faults	 leads	 to	 their	ability	 to	store	greater	fluid	pressures	
prior to failure than optimally aligned faults (Sibson and Poulsen 1988). Hence, high-
angle	reverse	or	reactivated	faults	are	best	suited	to	act	as	fluid-activated	fault	values	
associated	with	high	fluid	fluxes	necessary	for	gold	mineralisation	(Sibson	and	Poulsen	
1988).

The	 majority	 of	 fluid	 flow	 during	 earthquakes	 is	 focussed	 into	 “master”	 or	
“backbone”	 fault-fracture	 networks,	where	 due	 to	 the	 high	 flow	 rate	 they	will	 have	
limited wall-rock interaction compared to the downstream or “dangling” portions of 
the	percolation	networks	(Cox	et	al.	2001).	At	low	permeable	seal	zones,	fluids	discharge	
from these dangling fault ends, into permeable rock packages or through grain-scale 
dilatancy paths (Cox et al. 2001) where wall rock sulphidation can occur causing gold 
precipitation (Mikucki 1998). An example of this has been interpreted at the St Ives gold 
field,	where	a	series	of	earthquake	events	are	thought	to	have	caused	strike-slip	–	oblique-
slip movement on the regional Boulder-Lefroy fault zone (BLFZ) and Playa shears (Cox 
and Ruming 2004). The movement on these shears arrested at the Victory contractional 
jog,	which	tapped	and	subsequently	dispersed	hydrothermal	fluids	into	the	surrounding	
rocks of initially low permeability (Cox and Ruming 2004). Episodic fault valve behaviour 
after each major slip event on these “backbone” structures caused a gradual increase in 
fluid	pressure	 in	surrounding	and	linked	second	order,	 low	displacement	faults	 (Cox	
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and	Ruming	2004).	This	fluid	overpressure	was	interpreted	to	expand	from	the	Victory	
jog	over	 time	 in	a	NW	 lobate	dispersion	pattern,	 as	modelled	by	positive	 changes	 in	
Coulomb	 stress	 transfer	 (Cox	 and	Ruming	 2004).	 The	 episodic	fluid	overpressure	 on	
the low displacement faults, which propagated laterally from the Victory jog, is thought 
to have nucleated “golden aftershocks” driving gradual gold mineralisation through 
their repeated reactivation (Cox and Ruming 2004). Other large gold deposits at the St 
Ives	gold	field,	such	as	the	Argo	and	Junction	mines	are	not	located	near	the	BLFZ,	and	
as such, arguments have also been made for a hybridised fault-value model which is 
dominantly	fluid	pressure	driven	(Crawford	2011).

7.5.3 Diagenetic arsenian pyrite 

Carbonaceous and pyrite-rich sedimentary rocks have been suggested to release gold 
rich	 hydrothermal	 fluids	 during	metamorphic	 events	 associated	 with	 compressional	
events and have been proposed to be the source of gold in orogenic gold deposits 
(Large et al. 2007, Large et al. 2009, Large et al. 2011, Tomkins 2010, Tomkins 2013). This 
model	assumes	that	(i)	fluid	is	generated	at	the	transition	to	amphibolite	facies	through	
metamorphic dehydration (Phillips and Powell 2010); that (ii) CO2-bearing	fluids	 are	
generated (Tomkins 2010); that (iii) reactions converting gold-enriched sedimentary pyrite 
to pyrrhotite occur, releasing gold from pyrite in the process (Thomas et al. 2011); and 
that (iv) environmental conditions within the rocks are conducive to gold transportation 
as HS- aqueous complexes (Mikucki 1998, Williams-Jones et al. 2009), through an excess 
of sulfur (Tomkins 2010) in pH neutral and reducing conditions (Phillips and Evans 
2004). Gregory et al. (2015) interpreted sedimentary pyrite (diagenetic or syngenetic) 
from	several	 sedimentary	basins,	 representing	differing	geological	 times,	 to	be	 either	
microcrystalline, small anhedral/euhedral, or framboidal in texture. During diagenesis 
of anoxic sediments, gold and other trace elements are thought to be adsorbed onto the 
pyrite (or precursor mineral) surface and then incorporated either via precipitation or 
co-precipitation mechanisms (Berner et al. 2013, Gregory et al. 2015). Co-precipitation is 
the process of carrying elements that are normally soluble under the given conditions out 
of solution as ‘contaminants’ with the precipitation of the pyrite, where are precipitation 
may involve ‘contamination’ with insoluble elements (Berner et al. 2013, Gregory et 
al.	2015,	Kolthoff	1931).	Moreover,	trace	element	analysis	of	sedimentary	pyrite,	using	
Laser Ablation-Inductively Coupled Plasma Mass Spectroscopy (LA-ICPMS) time 
resolved graphs or element maps, has shown early pyrite in orogenic gold deposits, 
to be enriched in gold and subsequently surrounded by metamorphic pyrite growth 
(Large et al. 2009, Morey et al. 2008). Gold trapped in such early pyrite is thought to be 
released during subsequent metamorphic events through its conversion to pyrrhotite, 
which	 unlike	 pyrite	 is	 unable	 to	 contain	 the	 gold	 in	 lattice	 distortions	 or	 vacancies	
(Cook and Chryssoulis 1990, Fleet and Mumim 1997, Gregory et al. 2015, Thomas et 
al. 2011). Hence, a revision of the model was made, whereby orogenic gold is sourced 
from	the	nearby	carbonaceous	sediments,	not	hydrothermal	fluids	from	metamorphic	
devolatilisation, deep mantle sources or voluminous magmas (Gregory et al. 2015, Large 
et al. 2011, Phillips and Powell 2010). 



299

Literature Review: Gold forming processes in the St Ives gold field

A deeply buried carbonaceous, gold enriched-pyrite bearing sedimentary source 
for	 fluid	 and	 gold	 rich	 hydrothermal	 fluids	 has	 been	 supported	 by	 analysis	 of	 C2H6 

volatiles	in	fluid	inclusions	(Gaboury	2013).	Through	thermal	degradation	reactions	in	
the presence of aqueous sulfur, C2H6 is interpreted to react with water to produce CO2 

and release gold to be transported by HS- complexes (Gaboury 2013, Mikucki 1998). 
However, as discussed by Gaboury (2013) this process only works in the presence of 
organic-rich sediments, where biogenic mechanisms produce the CH4/C2H6 found 
in	fluid	 inclusions,	which	 are	necessary	precursors	 for	 the	CO2-rich, H2O-poor	fluids	
associated with orogenic gold deposits. Abiotic mechanisms are unable to produce C2H6 
volatiles under hydrothermal conditions and therefore this evidence cannot be used as 
support for orogenic gold deposits potentially sourced from Archean sedimentary rocks 
(Gaboury 2013). 

The source of gold enrichment in pyrite in orogenic gold is still debated with evidence 
for and against diagenetic origins. Sulfur isotopic analysis of syngenetic and diagentic 
pyrite from the Sukhoi Log Deposit, Russia, has shown a compositional variation that 
supports	a	 seawater	fluid	acting	during	early	basin	development,	 causing	sulfidation	
and gold mineralisation (Chang et al. 2008). Conversely, sulfur isotope analysis by Xue 
et	 al.	 (2013)	on	pyrite	 samples	 from	orogenic	gold	deposits	 in	 the	Eastern	Goldfields	
Superterrane,	Yilgarn	Craton,	Western	Australia	and	the	Abitibi	greenstone	belt	of	the	
Superior Craton Canada argue against a sedimentary pyrite gold source. Pyrite samples 
from	the	Bellerephon	and	Victory	gold	deposits	and	a	shale	unit	at	the	St	Ives	gold	field,	
Western Australia were analysed by Xue et al. (2013). Ultraviolet photolysis reactions in 
a low oxygen atmosphere such as found in the Archean were responsible for producing 
mass-independent sulfur (MIF) from volcanic sulfur species which subsequently was 
incorporated	into	pyrite	on	the	ocean	floor	(Xue	et	al.	2013).	As	such	the	presence	of	MIF	
sulfur in pyrite has been interpreted as evidence for Archean diagenetic pyrite (Xue et 
al.	2013).	Only	pyrite	from	the	shale	unit	at	the	St	Ives	gold	field	was	found	to	have	MIF	
sulfur indicating it had a sedimentary origin; a lack of MIF sulfur in samples from the 
Bellerephon and Victory deposits indicates they are not likely to have a sedimentary 
origin (Xue et al. 2013). Xue et al. (2013) interpreted the source of gold in the sample from 
the	Bellerephon	and	Victory	deposits	at	the	St	Ives	gold	field	to	be	of	mantle	or	felsic	
magmatic origin, not metamorphic or meteoric. Advocating for a potentially mixed 
source,		Fairmaid	et	al.	(2011),	analysed	halogen	and	noble	gas	concentrations	in	fluid	
inclusions from the orogenic Ballarat East deposit. Fairmaid et al. (2011) found 84Kr/36Ar 
and 130Xe/36Ar	 enrichment	 in	 the	fluid	 inclusions	 and	 concluded	 the	dominant	 origin	
for	the	auriferous	hydrothermal	fluids	was	metamorphic	devolatolisation	of	lower	crust	
volcanic rocks. Furthermore analysis of 36Ar and I/Cl in the same study found signatures 
that	 indicated	 there	 had	 been	 interaction	 between	 seawater	 and	 sedimentary	 fluid.		
Based	on	the	mixed	geochemical	content	in	the	hydrothermal	fluids	analysed,	Fairmaid	
et al. (2011) found that sedimentary rocks were a necessary component to the origin of 
the gold and as such considered the study was consistent with Large et al. (2009).

Lastly the validity of this model has been questioned through reassessment of the 
Bendigo	 and	 Fosterville	 gold	 deposits	 in	 central	 Victoria	 (Scott	 et	 al.	 2009).	 Careful	
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petrographic analysis of pyrite samples from these deposits has revealed that pyrite 
previously interpreted by Wood and Large (2007) to indicate a syngenetic origin, actually 
grew in at least three stages with a core pyrite that was seen to overgrow the cleavage and 
therefore	was	more	likely	epigenetic	(Scott	et	al.	2009).	Widespread	pyrite	that	predated	
local axial planar cleavage also previously interpreted to be sedimentary pyrite, was 
found	at	Fosterville	 to	be	spatially	 related	 to	 laminated,	quartz-carbonate	shear	veins	
and	hence	more	likely	to	be	epigenetic	and	related	to	the	opening	of	these	veins	(Scott	
et al. 2009). Pyrite samples across the Ballarat East, Bendigo and Fosterville deposits 
were	 compared	 using	 Pb	 isotope	 analysis,	 with	 findings	 that	 the	 majority	 of	 pyrite	
shared a similar Pb-isotopic composition and a common formation time, although still 
constrained paragenetically and microstructurally in their own host rock deformation 
histories	 (Scott	 et	 al.	 2009).	 Pyrite	 that	 formed	during	 or	 after	 formation	 of	 the	 axial	
planar cleavage at Fosterville was determined to have a younger Pb-model age between 
430 – 400 Ma supporting existing interpretations of the formation and deformation 
events	across	the	Bendigo	Zone	(Scott	et	al.	2009).	Scott	et	al.	(2009)	argues	that	evidence	
from these deposits supports a pulsed series of orogenic gold mineralisation events, 
similar possibly to the golden aftershocks of Cox and Ruming (2004), rather than an 
origin related to sedimentary pyrite enriched in gold as argued by Large et al. (2009) and 
Large et al. (2011).

7.5.4 Deposit scale structural processes 

On a local scale, ore shoot geometry, style of vein formation and deformation give 
valuable insight into the controls on gold mineralisation at a deposit. Ore shoots are 
hypogene structures, typically veins, referred to as surfaces, channels or lodes which 
may occur as shear zones, fractures, fault zones or lithological boundaries that acted as 
conduits	for	auriferous	hydrothermal	fluids	Peters	(1993).	Not	all	parts	of	the	conduit	are	
equally enriched in metal; ore shoots are zones of these conduits that contain the greatest 
metal concentrations (Peters 1993). 

7.5.4.1 Ore shoot geometry controls 

A	number	of	different	mechanisms	have	been	proposed	 to	 control	 the	geometry	and	
location	of	ore	shoots,	such	as:	(i)	changes	in	the	attitude	(strike	or	dip)	of	host	structure	
may cause dilation; (ii) horse-tail or fault splays may cause enhanced permeability and 
focus	fluids;	(iii)	lithological	contacts	may	represent	sites	of	competency,	geochemical,	
thermal	or	porosity	 contrasts	and	may	 focus	fluids	along	contacts	or	 through	certain	
rocks; (v) two mineralised surfaces will create an ore shoot plunging at their intersection 
through increased localised fracture density and porosity; (v) district fabric or existing 
structures	may	reactivate,	after	a	build-up	of	fluid	pressure,	focussing	fluids;	(vi)	stacking	
may occur creating an ore shoot through multiple smaller shoots or veins, such as en-
echelon vein arrays or a repeating favourable host rock horizon (Peters 1993). 

Early structural architecture has also been suggested as a control on gold 
mineralisation,	and	recognised	at	the	St	Ives	gold	field	(McGoldrick	et	al.	2013);	elsewhere	
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it has also been suggested as a major control on the geometry of ore shoots (Squire et al. 
2008). At the orogenic Stawell mine, Victory basalt lobes found in the Magdala basalt, 
suggested to be fold mullions, were associated with the highest grade gold (Squire et 
al. 2008). However through careful stratigraphic, structural and geochemical analysis 
it was determined that these basalt lobes were actually relatively undeformed basalt 
flows	separated	by	<5m	thick	interflow	mudstone	units		(Squire	et	al.	2008).	Numerical	
modelling	 found	 that	 the	basalt	 lobes	 acted	 to	 focus	fluids,	with	 the	maximum	fluid	
flow	 occurring	 at	 their	 apex	 (Schaubs	 et	 al.	 2006).	 At	 Stawell,	 mudstone	 acted	 as	 a	
preferential host for gold mineralisation; with gold mineralisation limited where it thins 
or	where	basalt	lobes	were	not	present	to	focus	fluids	(Squire	et	al.	2008).	Additionally,	
the	paleotopography	of	the	basalt	was	thought	to	have	influenced	the	geometry	of	early	
formed, subsequently reactivated, structures which host the gold at Stawell (Squire et al. 
2008). Hence, it is argued that the primary volcanic architecture of the host stratigraphy 
can play an important role on ore shoot formation (Squire et al. 2008).

7.5.4.2 Vein formation and ore shoot geometry

An import factor for ore-shoot geometry and deposit scale controls on gold mineralisation 
is	the	style	of	vein	formed,	as	vein	types	vary	with	respect	to	the	primary	stress	fields	
and hence structural sites (Robert and Poulsen 2001). Robert and Poulsen (2001) created 
a	classification	of	veins	which	 included	 reference	 to	 their	 internal	 features,	 structural	
sites where they form and their geometry, as shown in Table A7.7. 

The	 plunge	 of	 fault-fill	 vein	 ore	 shoots	 can	 typically	 be	 related	 to	 geometric	
relationships of veins, host shears or vein networks (Robert and Poulsen 2001). At fault 
splays and shear zone intersections ore shoots are parallel to the intersection, which 
is perpendicular to the movement direction (Robert and Poulsen 2001). Repeated slip 
may create ore shoots perpendicular to movement direction at dilational jogs/bends or 
parallel to slip direction due to continued shear movement (Robert and Poulsen 2001). 
Ore	 shoots	 formed	 by	 deflection	 of	 shear	 zones	 across	 lithological	 contacts,	 will	 be	
parallel to the intersection between the shear zone and lithology contact (Robert and 
Poulsen 2001).

The plunge of extension vein ore shoots can be related to the intersection between 
fault-fill	 vein	 and	 the	 extension	 veins,	where	 the	 plunge	would	 form	 parallel	 to	 the	
intersection plane between the two (Robert and Poulsen 2001). Additionally, extensional 
veins	may	form	ore	shoots	when	restricted	in	specific	fold	layers	as	stacked	veins	in	fold	
hinges, following axial cleavage or axial planar orientations (Robert and Poulsen 2001) 
or as a combination of fault and fold bound (Tunks et al. 2004). 

The plunge of stockwork vein ore shoots can be controlled by the intersection 
between the dominant vein sets (Robert and Poulsen 2001). Where stockwork ore shoots 
are	restricted	to	a	specific	lithology,	the	intersection	between	the	stockwork	veins	and	
the enclosing unit create the plunge parallel to their intersection (Robert and Poulsen 
2001). Additionally, fault-bound blocks of  competent host rock may control pipe-like 
stockwork	ore	shoots,	such	as	at	Mt	Charlotte,	Kalgoorlie	(Robert	and	Poulsen	2001).
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7.5.4.3 Vein deformation

Distinguishing vein deformational processes from vein forming processes is necessary 
to understand the structural controls on gold mineralisation (Robert and Poulsen 2001). 
Subsequent	to	formation	of	a	vein,	it	may	undergo	different	styles	of	deformation	that	
may indicate key events in the formation of an ore shoot. Folded veins are commonly 
found in greenstone belts and their relationship to foliation, i.e. axial planar foliation 
or co-folded foliation, will help determine timing of structural events (Robert and 
Poulsen 2001). Where foliation is axial planar to the folded veins it may be inferred that 

Table A7.7 Classification	table	for	veins	formed	and	deformed	in	greenstone	belts	(modified	after	Robert	
and Poulsen 2001).
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the vein has a greater competency than the host rock and that it predates the foliation 
(Robert and Poulsen 2001). In a shear zone, the angle between the planar walls of a 
folded vein, foliation and elongation lineation in the foliation plane can determine if a 
vein was compatible or incompatible with the stress axis during shearing (Robert and 
Poulsen 2001). A vein may be considered compatible if it was formed in the orientation 
of maximum elongation and shortening that formed the axial planar foliation (Robert 
and Poulsen 2001). An example may be an extension vein indicated by the internal 
textures of the vein (Robert and Brown 1986), cross-cuts foliation at a high angle but 
is subsequently folded in the same orientation, suggesting the vein formed late during 
shortening deformation and that this deformation continued for a short period after its 
formation (Robert and Poulsen 2001). Where shear zone foliation is found to be axial 
planar	to	asymmetrically	folded	veins	a	significant	amount	of	deformation	is	inferred	to	
have occurred to the vein (Robert and Poulsen 2001). In this example, the original vein is 
expected to have formed either at an incompatible angle, predating foliation or at a low 
angle to the shear plane where a laminated internal texture may relate its morphology 
to	that	of	a	fault-fill	vein,	forming	during	shear	zone	development	(Robert	and	Poulsen	
2001). Subsequent or continued deformation is indicated in cases where foliation and 
veins	are	folded	together	(Robert	and	Poulsen	2001).	At	the	St	Ives	gold	field,	early	ore	
hosting	veins	are	identified	at	a	number	of	deposits	to	have	been	subsequently	deformed	
by later or continued events, e.g. stage 1 & 2 veins in the Argo area (Crawford 2011) and 
stage	1a,	1b	and	2	veins	in	the	Victory	area	(Ruming	2006)	shown	in	Table	A7.8.	 

 Vein-parallel extension may manifest as boudinaged veins with pinch and swell 
morphologies, isolated pods of vein boudins or the development of new extension veins 
perpendicular to existing veins (Robert and Poulsen 2001). The symmetry of boudins 
indicates the compatibility of the original vein to the elongation direction; i.e. asymmetric 
boudins indicate the original vein was oblique to the shear zone elongation direction 
and was subsequently rotated towards this plane; whereas symmetric boudins indicate 
the original vein was sub-parallel to this plane (Robert and Poulsen 2001). It has been 
demonstrated that in cases where the long axis of a boudins lies at high angle to the 
elongation lineation in the foliation plane, boudins formed as a result of continued shear 
zone deformation (Robert and Brown 1986, Robert and Poulsen 2001). If formed during 
subsequent	reactivation	of	the	shear	zone,	this	relationship	will	be	different	(Robert	and	
Poulsen 2001). 

Deformation	 of	 veins	 through	 shearing	 or	 folding	may	 influence	 the	 orientation	
of ore shoots (Robert and Poulsen 2001). In the case of mineralised veins overprinted 
by shear foliation, the ore shoot will generally plunge with the elongation lineation in 
the	foliation	plane,	such	that	previously	defined	ore	shoot	geometries	will	be	variably	
rotated towards this plane (Robert and Poulsen 2001). An example of this may be seen at 
the	Cave	Rocks	mine,	St	Ives	gold	field,	where	the	E80	lodes	are	rotated	into	the	plane	of	
the	cross-cutting	Donna	Shear	(Doutch	2014).	Where	mineralised	veins	are	overprinted	
by folding, ore shoots will generally trend with the plunge of the fold axis (Robert and 
Poulsen 2001). 
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7.6 Archean volcanic-hosted massive sulfide deposits (VHMS)

This	 section	will	 briefly	 address	 the	 possibility	 that	 the	 Black	 Flag	 Group	may	 host	
exhalative or VHMS deposits. The Black Flag Group, is interpreted to have largely formed 
in extensional basins with input from intermediate-felsic volcanic and plutonic sources 
in	 a	deep	marine	 setting,	 as	 shown	by	 the	presence	of	hemipelagic	mudstone	 (Hand	
1998). Nearby granite and felsic-porphyry intrusions have been dated at forming around 
the same time (Compston et al. 1986). These same characteristics were listed by Cas 
(1992) as key criteria for evaluating ancient volcanic successions for VHMS deposits and 
are also supported by a recent review of the geological and geochemical characteristics 
of	VHMS	mineralisation	in	the	Yilgarn	Craton	by	Hollis	et	al.	(2015).	Additionally,	in	the	
Kalgoorlie - Kambalda area, Barley et al. (1990b) cite elevated levels of Fe, Ni, Cu, Zn and 
Au found in sedimentary horizons as possible evidence for exhalative or hydrothermally 
altered VHMS deposits. 

It	 is	 generally	 thought	 that	VHMS	deposits	 form	on	 the	 sea-floor,	 in	 extensional	
related tectonic environments, similarly to modern ‘Black Smokers’ (Robb 2012). 
Although, some deposits have been recognised as forming through replacement and 
high temperature calc-silicate processes (Roache 2012, Galley et al. 2000).  During the 
formation	of	a	VHMS	deposit,	high-heat	flow	from	volcanic	sources	causes	hydrothermal	
fluids	 to	 upwell,	 convect	 and	 interact	 with	 the	 surrounding	wall	 rock	 and	 seawater	
(Guilbert and Park 2007, Robb 2012). Metals, such as Fe, Cu, Pb, Zn, Ba, Ag, and Au, are 
potentially leached from surrounding volcanic rocks or have magmatic origins, and are 
deposited	in	breccia	zones	and	mounds	on	the	sea-floor	(Chen	et	al.	2015,	Guilbert	and	
Park 2007, Robb 2012). An extensional tectonic environment associated with high heat 
flow	is	consistent	with	mantle	plume	models	 for	 the	 formation	of	 the	Yilgarn	Craton	
(Barnes et al. 2012, Campbell et al. 1989). Furthermore, Hollis et al. (2015) show the 
VHMS	deposits	of	the	Yilgarn	Craton	generally	young	to	the	west,	Fig.	A7.10,	following	
Nd-depleted mantle age trends, that have been interpreted as a proxy for the formation 
ages of continental crust (Champion and Cassidy 2007). This may suggest a link between 
the	formation	of	the	early	greenstone	stratigraphy	and	VHMS	deposits	of	the	Yilgarn	
Craton.

The	 small	 size	 of	 VHMS	 deposits	 and	 the	 long	 tectonic	 history	 of	 the	 Yilgarn	
Craton	 creates	 a	 difficult	 environment	 for	 their	 exploration	 and	 discovery	 (Roache	
2012). As mentioned above, prospectivity for such a deposit may be assessed through 
an understanding of the primary sedimentary and volcanic facies and potentially the 
age of their host rocks. Additionally, through comparison with Abitibi greenstone belt 
VHMS deposits, Hollis et al. (2015) proposes a set geochemical characteristics that may 
be	used	to	assess	prospectivity	for	VHMS	deposits	in	the	Yilgarn	Craton,	see	Table	A7.9.	
In	 particular,	 VHMS	mineralisation	 in	 the	 Eastern	Goldfields	 Superterrane	 has	 been	
suggested to be associated with areas of juvenile crust aged between c. 2700 and 2680 
Ma with dominantly bimodal associations and syn-volcanic intrusions enriched in high-
field-strength-elements	(HFSE,	Hollis	et	al.	2015).	Within	the	Archean	Abitibi	greenstone	
belt, prospective areas for VHMS deposits have been associated with depositional 
breaks	 (Thurston	 et	 al.	 2008);	 a	 feature	 that	 has	more	 recently	 been	 identified	 at	 the	
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Yilgarn	Craton,	Jaguar	VHMS	deposit	(Belford	et	al.	2015).	These	breaks	may	represent	
only brief gaps in deposition yet distinct geochemical boundaries (Belford et al. 2015). 
These depositional boundaries are termed sedimentary interface zones (SIZ) and can 
be characterised by high resolution geochronology, sedimentary or diagenetic features 
(e.g.	silicification),	angular	unconformities	and	geochemical	affinity	changes	(Belford	et	
al. 2015). At the Jaguar VHMS deposit, the footwall succession and mineralised package 
(MP)	were	 found	to	have	a	 tholeiitic	 to	 transitional	affinity,	whereas	 the	hangingwall	
succession	was	found	to	have	a	calc-alkaline	geochemical	affinity.	A	similar	geochemical	
transition	was	found	in	the	Argo	–	Lut	region	at	the	St	Ives	gold	field	by	Doutch	(2008)	
between the facies of the Black Flag Group and Merougil Sequence. Using geochemical 
composition as one indication of provenance, Doutch (2008) compared samples taken 
from	the	Kalgoorlie	Sequence	mafic	stratigraphy	to	sedimentary	samples	taken	from	the	
Black	Flag	Group	and	Merougil	Sequence.	Doutch	(2008)	found	that	polymictic	mafic	
breccia facies of the Black Flag Group had a similar Ti/Th ratio to that of the tholeiitic 
Paringa Basalt, volcaniclastic mudstone facies had a similar Ti/Th ratio to that of the 
transitional Speedway Andesite and the Merougil Sequence sediments had a similar Ti/Th 
ratio that of felsic porphyry intrusions in the area. Such distinct geochemical boundaries 

Figure A7.10 A	map	of	Nd-depleted	mantle	ages	across	the	Yilgarn	Craton,	Western	Australia	(Champion	
and Cassidy 2007, McCuaig et al. 2010, Czarnota et al. 2010a).
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may suggest the presence of one or more SIZ and prospective VHMS horizons in the 
Argo – Lut region. 

While	 only	 one	VHMS	deposit,	Nimbus	 (c.	 2700	Ma),	 has	 been	 identified	 in	 the	
Kalgoorlie Terrane, sulphide-rich sedimentary units around the same age as it, such 
as	the	Kapai	Slate	(c.	2692	Ma)	in	the	St	Ives	gold	field,	have	been	interpreted	to	have	
partially	formed	through	similar	sea-floor	exhalative	processes	(Bavington	1979,	Marsh	
1988). Pyrite nodules are interpreted to have formed in the Kapai Slate during diagenesis 
around	the	sediment-seawater	interface	through	a	process	of	diffusion	(Bavington	1979).	
Early Au, Ag, Te and As enrichment has been documented in pyrite-pyrrhotite nodules 
interpreted as diagenetic from several black shale units at the Golden Mile deposit, as 
well as in the Kapai Slate and Black Flag Group (Steadman et al. 2015). Investigating 
pyrite	nodules	in	the	Kapai	Slate	at	the	St	Ives	gold	field,	Gregory	et	al.	(2012)	found	that	
hydrothermal pyrite in magnetite altered zones proximal to gold mineralisation were 
characteristically low in Au and Ag, whereas pyrite nodules interpreted as diagenetic, 
distal to gold mineralisation were comparatively high in Au and Ag. Gregory et al. 
(2012) concluded that some of the earliest gold was sourced from the host lithologies 
and diagenetic pyrite. While the validity of a diagenetic pyrite model for the origin of 
orogenic	gold	has	been	questioned,	as	mentioned	above,	seafloor-exhalative	processes	
may have caused early base metal and gold enrichment in the Kapai Slate and possibly 
Black Flag Group sediments. Furthermore, at the Invincible gold deposit in the Argo 
–	Lut	region	of	St	Ives	gold	field,	copper	and	silver	anomalies	have	been	found	at	the	
base of the Black Flag Group mudstone facies, in contact with footwall sandstone facies, 
and associated with the Morgan’s Island Shear (Ahmed et al. 2013). Such anomalism, 
along with the possible presence of unconformities (Hand 1998) and geochemical 
boundaries (Doutch 2008) may suggest the presence of a SIZ, indicating the area may be 
prospective for VHMS mineralisation. However, this enrichment may have formed as a 
result of orogenic style hydrothermal mineralisation along the Morgan’s Island Shear. 
As such, further investigation into the volcano-sedimentary facies, along with detailed 
chronostratigraphic and geochemical work is needed to assess this interpretation and 

Yilgarn 
Craton West East

YILGARN CRATON VHMS DEPOSITS

Terrane, 
Domain 

and 
deposits

Deposit 
age (Ma)

*modified after (Hollis et al. 2015)

3000 2950 2900 2850 2800 2750 2700 2650

YOUANMI TERRANE
Murchison Domain

Gossan Hill
Scuddles

Amity
Hougoumont

Catalpa
Ethel

Xantho
Cambewarra

YOUANMI TERRANE
Southern Cross Domain

Just Desserts
Kundip

KALGOORLIE TERRANE 
Boorara Domain

Nimbus

KURNALPI TERRANE 
Murrin Domain

KURNALPI TERRANE 
Gindalbi Domain

Teutonic Bore
Jaguar

c

Table A7.9 Showing	younging	age	relationship	between	the	Yilgarn	Craton	Terranes	and	VHMS	deposits	
(modified	after	Hollis	et	al.	2015).
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prospectivity of the Black Flag Group for exhalative – VHMS style mineralisation.

7.7 Alteration assemblages & Geochemistry 
7.7.1 Hydrothermal wall-rock alteration

Wall-rock alteration ‘haloes’ or zonation of certain hydrothermal mineral assemblages 
(referred	to	as	alteration)	around	veins	has	been	documented	at	the	St	Ives	gold	field	
as an important part of gold mineralisation and even host to gold (Ruming 2006, 
Connors et al. 2005, Neumayr et al. 2003, Neumayr et al. 2004, Neumayr et al. 2006). 
These wall-rock alteration haloes are produced through physiochemical or metasomatic 
reactions	between	the	hydrothermal	fluid	and	surrounding	wall-rock	(Zhu	et	al.	2011).	
Characteristic alteration assemblage zonation such as observed in porphyry systems, (i.e. 
chlorite-epidote-actinolite-K-feldspar)	and	many	orogenic	gold	systems	as	identified	by	
Mueller and Groves (1991) and McCuaig and Kerrich (1998) can provide a useful indicator 
or guide during exploration as to the proximity to high grade ore shoots (Zhu et al. 2011, 
Phillips and Powell 2015). This section will discuss alteration zonation and metasomatic 
reaction	fronts,	 tracking	hydrothermal	fluid	pathways	through	their	 interactions	with	
wall-rock	and	fluid-mixing	gold	deposition	models.	

7.7.1.1 Alteration zonation and metasomatic reaction fronts

The	metasomatic	reactions	between	wall-rock	and	hydrothermal	fluids	can	be	complex	
and vary depending on pressure, temperature and composition of the host rock and 
hydrothermal	fluid	(Zhu	et	al.	2011,	McCuaig	and	Kerrich	1998).	As	such	these	reactions	
are	commonly	explained	in	simplified	chemical	equilibria	between	a	starting	mineral,	
in	the	presence	of	a	fluid	and	a	resultant	hydrothermal	mineral	(Zhu	et	al.	2011).	These	
equilibria reactions are grouped by their reactants into categories such as hydration, 
hydrolysis, redox, sulphidation, and carbonation reactions etc. (Zhu et al. 2011, McCuaig 
and Kerrich 1998). 

During such reactions a mass-transfer of elements may take place which creates the 
mineral phases in the wall-rock and vein (Oliver and Bons 2001). Mass-transfer can be 
classified	into	two	categories:	Open	Systems	or	Closed	System	(Oliver	and	Bons	2001).	
In a closed system the material or mass that creates the vein is sourced directly from 
the surrounding wall rock with no input from external sources, whereas in an open 
system the vein mass is partially or entirely externally derived (Oliver and Bons 2001). 
Closed systems are said to be non-ore forming due to the lack of input from external 
sources, however remobilisation of elements from previously open-systems may occur 
(Oliver	2015).	Mass-transfer	can	occur	through	a	process	of	diffusion,	dominant	in	closed	
systems or advection, dominant in open systems, along fractures or cracks through 
which	a	hydrothermal	fluid	passes	(Oliver	and	Bons	2001).	

When	a	reactive	fluid	is	held	in	a	fracture	for	sufficiently	long	periods,	a	process	of	
diffusive	mass	 transfer	between	 the	wall-rock	and	 incipient	vein	may	occur,	 creating	
a chemical gradient and reaction front spreading up to meters, typically millimetres 
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to centimetres,  from the crack (Oliver and Bons 2001). This process generally creates 
a	 smooth	 or	 gradational	 alteration	 effect	 possibly	 indicating	 either	 a	 progressive	
depletion/addition of key reactive elements through time and distance from the vein 
or alternatively sealing of the system through this process has gradually disconnected 
the reaction front from the source (Oliver and Bons 2001, McCuaig and Kerrich 1998). 
Advection	and	infiltration	of	fluids	along	micro-fractures	may	occur	between	areas	of	
contrasting, low to high, P-T conditions (Oliver and Bons 2001, McCuaig and Kerrich 
1998).	This	type	of	fluid	flow	will	cause	alteration	in	areas	where	there	is	a	disequilibrium	
between	the	surrounding	wall-rock	chemistry	and	that	of	the	hydrothermal	fluid	(Oliver	
and	Bons	2001).	Where	fluids	progressively	equilibrate	to	temperatures	gradients,	large	
mass-transfer or broadly altered zones may occur over long-distances and because of 
this substantial mineral precipitation is more likely to occur at arresting sites (Oliver and 
Bons 2001). 

Advection	 and	 diffusion	 both	 cause	 a	 generally	 uniform	 alteration	 assemblage	
parallel	to	fluid	conduits	and	a	progressive	(proximal	to	distal)	enveloping	or	zonation	
of	alteration	laterally	away	from	fluid	conduits	(McCuaig	and	Kerrich	1998).	At	the	St	
Ives	gold	field,	an	example	of	such	zonation	has	been	documented	in	the	Victory	area,	
where	a	i)	“bleached	zone”	was	identified	as	comprised	of	carbonate-quartz-albite-white	
mica ± pyrite progressing to an ii) “unbleached zone” comprised of chlorite-carbonate-
quartz-albite-biotite	±	hematite	±	magnetite	±	rutile	and	then	to	a	iii)	regional	alteration	
comprised	of	actinolite-epidote-chlorite-carbonate-albite	±	quartz	±	biotite	±	hematite	±	
magnetite ± ilmenite (Ruming 2006, McCuaig and Kerrich 1998).

7.7.1.2 Geochemistry,	fluid	pathways,	fluid	mixing	and	pathfinder	elements

At	the	St	Ives	gold	field,	lithogeochemistry	of	fresh	rock	was	routinely	analysed	from	
exploration drilling and archived pulp samples (Prendergast 2007). These samples 
were analysed by ICP-MS/OES for 36 elements after being processed using a four-acid 
digest (Prendergast 2007). The trace elements from these widespread samples, were 
used to geochemically characterise the stratigraphic and lithological units (Prendergast 
2007). Trace elements were used to classify the stratigraphy as they are considered less 
mobile during alteration and weathering processes (Prendergast 2007). It was found that 
binary-plots of elements such as Th-Sc, Th-Ti, Th-Cr and Th-Zr were able to distinguish 
between stratigraphic units (Prendergast 2007). High Th, low Ti, low Sc samples 
indicated more felsic composition, whereas high Ti, high Sc, low Th indicated a sample 
of	mafic-ultramafic	composition	and	high	Zr,	 low	Th	 identified	sedimentary	 samples	
geochemically overlapping with samples from felsic-intermediate volcanics, with high 
Zr but a broad range of Th levels (Prendergast 2007). Furthermore using trace-element 
and whole-rock geochemistry fractionation trends, shown by elongate trends in Fig. 
A7.11,	can	be	seen	in	the	mafic	–	felsic	volcanic	–	intrusive	stratigraphy	(Doutch	2008).

Rare earth element multielement data can also be used to discriminate between 
the	 stratigraphic	 units	 at	 the	 St	 Ives	 gold	 field	 (Doutch	 2008,	McGoldrick	 2007).	 Fig.	
A7.12	 shows	 different	 trends	 of	 chondrite	 normalised	 crustally	 contaminated	 units	
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compared to primitive Lunnon Basalt and their possible fractionation with progressively 
increasing MgO values (Doutch 2008). Rock type discrimination diagrams such as Total 
Alkali versus Silica (TAS, Le Bas et al. 1986) can be used to determine rock type however 
as	these	type	of	diagrams	are	based	on	more	mobile	elements	such	classification	must	
be done carefully (Doutch 2008). Additionally, provenance of sedimentary units can be 
interpreted through comparison of sandstone or clast multi-element composition with 

Figure 7.11 A) whole rock geochemistry discrimination diagram for tholeiitic – calc-alkaline rock showing 
possible fractionation trends in individual units, B) showing trace element bi-plot of Ti vs Th distinguishing 
the	mafic	stratigraphy	from	the	 felsic-intermediate	stratigraphy	on	possible	 fractionation	trends	 (Doutch	
2008).

Figure A7.12 (a) chondrite normalised REE plot or “spider-diagram” comparing fractionated Lunnon Basalt 
to Paringa Basalt and Andesites; (b) showing Paringa Basalt fractionation and subdivisions compared to the 
primitive Lunnon Basalt and Andesites in the Argo-Lut area (Doutch, 2008).
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that of underlying stratigraphic units such as demonstrated by McGoldrick (2007) and 
(Doutch 2008).

Multielement	 geochemistry,	 δ34S,	 δ13C,	 δ18O	 -	 isopic	 and	 fluid	 inclusion	 analysis	
coupled	with	field	and	diamond	core	observations	have	been	used	at	the	St	Ives	gold	
field	to	map	out	fluid	pathways	through	their	alteration	haloes	(Neumayr	et	al.	2006).	
Targetted	mapping	and	logging	of	zoned	sulphide-oxide	alteration	mineral	assemblages	
has	 been	 used	 to	 produce	 a	 redox	map	 across	 the	 goldfield	 (Horn	 et	 al.	 2008).	 Such	
maps used pyrrhotite to pyrrhotite-pyrite as indicators for a reduced redox state and 
magnetite to magnetite-pyrite as indicators for an oxidised redox state (Horn et al. 2008). 
Further	evidence	for	oxidised	fluid	pathways	has	been	indicated	by	negative	δ34S down 
to	-8.4‰,	and	for	reduced	fluid	pathways	by	slightly	negative	to	positive,	upto	+5.1‰	
δ34S	 (Neumayr	 et	 al.	 2008).	Additionally,	 lower	 than	 expected	 δ13C,	 δ18O trends have 
been interpreted as indicating a reduction of CO2 to CH4 at depth (Walshe et al. 2003). A 
correlation	with	high	grade	gold	mineralisation	has	been	identified	with	sites	of	greatest	
redox gradient, formed through the juxtaposition of these redox conditions (Horn et al. 
2008, Neumayr et al. 2003, Neumayr et al. 2006, Neumayr et al. 2008, Petersen et al. 2007). 
This	observation	has	led	to	the	formation	of	a	fluid-mixing	model,	reponsible	for	gold	
deposition	at	the	St	Ives	gold	field	(Walshe	et	al.	2003,	Neumayr	et	al.	2005).	Fig.	A7.13	
shows a schematic representation of this REDOX model. However, although it has been 
shown	that	significant	sulfur	isotopic	composition	changes	brought	about	through	fluid	
oxidation	can	be	a	particularly	effective	mechanism	for	gold	precipitation	(Palin	and	Xu	
2000),	this	model	does	not	take	into	account	the	timing	of	structural	events	(Blewett	et	
al. 2010b). Additionally work by Evans (2010) has shown that destruction of magnetite 
during carbonation reactions can produce oxidised mineral assemblages without the 
need	for	an	external	oxidised	fluid	and	fluid	mixing	process,	hence	a	fluid	mixing	model	
may not fully explain gold deposition.  

Figure A7.13 Schematic representation of the REDOX model for gold deposition (after Prendergast 2007, 
Walshe et al. 2003, Neumayr et al. 2005).
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The recognition of gold mineralisation at sites of juxtaposed redox alteration mineral 
assemblages has led to the development of several gold exploration tools based on 
mineral	identification.	At	the	East	Repulse	mine,	biotite	and		pyrite	were	associated	with	
gold mineralisation (Bath et al. 2011, Bath et al. 2013). Samples of biotite and apatite were 
selected from this area due to their sensitivity to hydrothermal conditions especially in 
regard to their halogen content (Bath et al. 2011, Bath et al. 2013). It was found that F 
content in biotite and apatite progressively decreased towards the mineralised core (Bath 
et al. 2013). Epidote and clinozoisite have also been demonstrated to have a variable 1550 
nm spectral absorption, as measured hyperspectrally (e.g. Analystical Spectral Devices), 
that	 correlates	 with	 previously	 demonstrated	 δ34S	 pyrite	 and	 δ13C carbonate values 
indicative of redox gradients (Roache et al. 2011). It has also been suggested that soil-
gas anomalies of CO2, O2, and especially CH4, previously associated with oxidation, are 
weathering products from mineralised rocks below or nearby such as found at the large 
Junction deposit and as such can be used to vector towards similar mineral deposits 
(Polito 1999, Polito et al. 2001). 

7.8 Discussion: Implications for the Invincible Gold Deposit
7.8.1 Local stratigraphy

The Invincible gold deposit, formerly known as the LT17 prospect, was discovered in 
February 2012 in the LD11485 stratigraphic exploration hole drilled north of the Alpha 
Island fault (Ahmed et al. 2013). The stratigraphy of the area was similar to that of the 
Lut prospect to the north as reported by Munro (2002) and Doutch (2008). The BFG 
in the Invincible area was comprised of interbedded volcaniclastic mudstone-siltstone, 
sandstone, polymictic conglomerate and an intermediate (andesitic) coherent volcanic 
unit with associated volcanic breccia (Ahmed et al. 2013, Doutch 2008, Figgis 2013). The 
Merougil Formation unconformably overlies the BFG to the west and is comprised of 
quartz-wacke,	 sandstone,	 and	 layers	 of	 polymictic	 conglomerate	 often	 less	 deformed	
than other units with primary cross-bedding recognisable in certain horizons (Ahmed 
et al. 2013, Bader 1994, Doutch 2008). However, there are gaps in the stratigraphic 
understanding of the deposit, namely:  

• What is the true nature of the intermediate volcanic units found to the east 
of the Invincible deposit? Are there thin lavas/sills, breccia and volcaniclastic 
sandstones extensively found across the area as predicted through geophysical 
interpretation (Figgis 2013) or are there areas where one facies is more dominant 
over	the	other	possibly	forming	a	lava	shield	edifice	(Doutch	2008)?	

• Are	there	internal	variations	in	the	mudstone	that	may	affect	mineralisation?	

• Are facies within the Merougil Formation and BFG sandstone - conglomerates 
laterally extensive? 

• Are these layers compositionally varied? 

• Can provenance be determined for these layers? 

• Do	variations	in	the	stratigraphy	affect	the	style	and	location	of	mineralisation?
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• Are	deformation	styles	different	between	the	different	lithologies?

7.8.2 Structural setting

Large structures, often seen with prominent magnetic features on geophysical images, 
have	long	been	identified	at	the	St	Ives	gold	field	(Connors	et	al.	2005).	The	original	LT17	
prospect itself was targeted due to a magnetic high signature near the Alpha Island Fault, 
known to host gold at the Redoubtable deposit (Connors et al. 2005). Previous work at 
the	Lut	prospect	identified	three	large	fault	breaks,	the	Merougil,	Morgan’s	Island	and	
Speedway shears which were grouped together as the Speedway Fault Zone through 
outcrop mapping and magnetic and gravity geophysical image interpretation (Munro 
2002, Doutch 2008, Connors et al. 2005). At Invincible, the Merougil Fault is thought to 
follow the hanging-wall Merougil – BFG contact, bounding the Invincible deposit to the 
west, and the Morgan’s Island Fault is thought to follow the footwall contact between 
the BFG mudstone-siltstone and the BFG Andesite bounding the deposit to the east 
(Ahmed	et	al.	2013).	However	very	little	previous	work	has	focussed	on	the	nature	and	
characteristics	of	these	faults	or	provide	strong	evidence	for	how	they	fit	into	the	regional	
structural architecture. Previous interpretations of historic seismic data may now not 
fit	with	 the	 current	 interpretations	 of	 the	 structural	 architecture	 and	may	need	 to	 be	
revisited to see if the old interpretations stand up or if a new interpretation is required. 

• Does new structural information and mapping support the previous 
interpretation for the locations of the Merougil and Morgan’s Island faults?

• Do	old	seismic	reflection	profiles	require	re-investigation	in	the	light	of	recent	
data?

• What	is	the	structural	setting	for	the	Invincible	deposit	and	the	Speedway	trend?

• Is the Alpha Island Fault an early fault that has been reactivated or a late fault?

• What are the timing relationships for the structural components found at 
Invincible and how do they relate to mineralisation?

• Are	 deformational	 features	 identified	 south	 of	 the	 Invincible	 deposit,	 along	
the	 Speedway	 trend	 identifiable	 at	 Invincible	 (Filling	 2014)?	 What	 are	 the	
implications if they are?

7.8.3 Alteration assemblages and veining

Two styles of mineralisation have previously been recognised at Invincible - shear hosted 
and extension vein hosted (Ahmed et al. 2013). Initial reports have interpreted the shear 
hosted gold mineralisation as entirely restricted to the BFG mudstone-siltstone units and 
the extension vein mineralisation as entirely restricted to the BFG Andesite or “BFA”, a 
site	specific	subdivision	of	the	BFG	recognised	as	the	footwall	unit	to	the	BFG	mudstone-
siltstone (Ahmed et al. 2013). Shear zone mineralisation was associated with hand-sample 
identification	of	albite-pyrite	±	carbonate	±	biotite	±	pyrrhotite	±	chlorite	±	mica	alteration	
assemblages and along strike at Invincible South may also include hematite (Ahmed et 
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al.	2013).	Visible	gold	was	noticed	in	quartz	veins,	sometimes	associated	with	biotite	or	
in	pyrite	±	biotite	±	chlorite	filled	micro-fractures	(Ahmed	et	al.	2013).	However,	while	
broad alteration mineralogy observations have been recorded, a paragenetic sequence of 
hydrothermal minerals has not been constructed, and so the true nature and correlation 
of these alteration assemblages with gold is not fully understood. Additionally, veining 
has	been	classified	into	six	groups	shown	in	Table	A7.9,	with	Class	A-D	located	in	the	
BFG mudstone and Class E-F within the BFA sandstone-conglomerate units (Ahmed et 
al. 2013). However, petrographic analysis of these veins and their mineral composition 
has	not	been	undertaken,	identification	of	open	or	closed	system	elements	has	not	been	
identified,	 nor	 have	 remobilisation	 processes	 been	 recognised.	 Therefore,	 a	 detailed	
analysis and description of the vein textures, mineral compositions and implications, is 
required to understand the formation and gold mineralisation processes that occurred 
at the Invincible deposit. 

Table A7.10. Summary	of	vein	type	classification	from	early	internal	St	Ives	Gold	Mine	reports	(Ahmed	et	
al. 2013).

• What vein textures are present (cf. Robert and Poulsen 2001)? 

• What types of veins are associated with mineralisation?

• What is the paragenetic sequence of minerals in these veins?

• Are they produced through closed or open system processes (Oliver and Bons 
2001)? 

• Is there evidence of deformation and recrystallisation?

• Is there evidence for remobilisation?

• Are the carbonate spots in the mudstone-silstone facies of the BFG, andalusite/
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cordierite (Munro 2002)? What are the implications and source of heat if they 
are?

7.8.4 Geochemistry

Lithogeochemistry	has	been	used	across	the	St	Ives	gold	field	to	classify	the	stratigraphy	
(Prendergast 2007). However it was only shown that BFG multielement samples 
overprinted felsic-intermediate samples (Prendergast 2007), more recent unpublished 
internal	 geochemical	 analysis	 has	 classified	 the	Merougil	 Formation,	BFG	mudstone-
siltstone	and	BFA	based	on	a	Li	versus	Cr	scatterplot	(Ahmed	et	al.	2013).	This	scatterplot	
shows a restricted Li and low Cr content for the BFA, a slightly elevated Li, low Cr 
content for the Merougil Formation and moderate to high Cr and Li content for the 
BFG mudstone-siltstone (Ahmed et al. 2013). Additionally it has been shown that due 
to the association of pyrite and albite with gold that sodium and sulfur are strongly 
correlated with gold along with tellurium (Ahmed et al. 2013). A negative correlation 
was also found between tungsten and gold (Ahmed et al. 2013). Polymetallic anomalies 
have	also	been	 identified	at	 the	 Invincible	deposit,	 thought	 to	be	associated	with	 the	
Morgan’s Island Fault (Ahmed et al. 2013) but further work has not been completed to 
fully	understand	their	formation	or	significance.	The	following	questions	arise:

• What hydrothermal events are recorded at the Invincible deposit? Is pyrite 
geochemistry able to help unravel these events?

• Is	there	evidence	for	fluid	mixing?

• What	is	the	fluid	composition	that	formed	the	Invincible	gold	deposit?

• Can	geochemistry	be	used	to	finger-print	the	Invincible	deposit	and	to	vector	
towards another similar deposit?

• What	is	the	significance	of	the	polymetallic,	high	silver	and	copper	anomalies	
found in close proximity to the Invincible deposit? How did they form? Did they 
form during the main mineralising events at Invincible or did they precede it?

7.9 Conclusions 

The	Invincible	deposit	represents	a	significant	new	discovery	for	the	St	Ives	gold	field	
and the opening of a new exploration corridor, previously thought to be unmineralised. 
A detailed understanding of the lithofacies at the deposit and its surrounding 
stratigraphic units will provide information about how the volcanic and sedimentary 
paleoenvironment	 evolved	 and	 its	 influence	 on	 the	 location	 of	 major	 gold	 deposits	
throughout	the	St	Ives	gold	field.	Understanding	this	deposit	in	relation	to	its	structural	
architecture and deformation history will provide much needed information about how 
the deposits located away from the BLFZ formed. Understanding the composition of the 
host rocks, the alteration assemblages and veins will provide information about the gold 
deposition processes and possibly where, if any this deposit may sit in regards to genetic 
orogenic gold models. Finally through these understandings of the Invincible deposit it 
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is	hoped	that	exploration	tools	will	be	developed	to	find	similar	deposits	at	the	St	Ives	
gold	field	and	possibly	within	Archean	greenstone	belts	in	general.	
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7.11 Appendix
7.11.1 Unpublished geochronological work within the St Ives Goldfield.

Table A*7.1 shows a continuation of the stratigraphy summarised in Table A7.1, but 
found	in	unpublished	WMC	reports	with	little	information	with	regards	to	their	sample	
location,	geological	information,	interpretation	or	significance.	These	ages	are	listed	here	
as a general reference only and must only be referred with due caution and explanation 
of their limited context. 
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