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Abstract

The Archean Cu-Zn Gossan Hill volcanic-hosted massive sulphide deposit s situated on
the notrtheast flank of the Warsiedar Fold Belt in the Yilgarn Craton, Western Australia.
The deposit is hosted within re-deposited rhyodacitic tuffaceous volcaniclastics of the
Golden Grove Formation and is ovetlain by rhyodacite-dacite lavas and intrusive domes
of the Scuddles Formation. The Gossan Hill deposit consists of two discrete subvertical
ore zones situated stratigraphically 150 m apart in the middle and upper Golden Grove
Formation. The stratigraphically lower Cu-rich ore zone (7.0 Mt @ 3.4% Cu) consists of
stratabound, podiform to discordant massive pyrite-chalcopyrite-pyrrhotite-magnetite. In
addition to massive sulphides, the lower ore zone also contams discordant to sheet-like
zones of massive magnetite-carbonate-chlorite-tale (~12 Mt). The upper Zn-Cu ore zone
(2.2 Mt @ 11.3% Zn, 0.3% Cu, 1.5 g/t Au and 102 g/t Ag) is mound-shaped with sheet-
like, stratabound, massive sphalerite-pyrite-chalcopyrite ovetlying discordant massive
pytite-pytrhotite-chalcopyrite-magnetite. A sulphide-rich vein stockwork connects the
upper and lower ore zones. Metal zonation grades from Cu-Fe (XAu) in the lower ore
zone to Zn-Cu-rich sulphides at the base of the upper ore zone. The upper ore zone

grades upwards and laterally from Zn-Cu to Zn-Ag-Au (FCu, +Pb)-rich sulphides.

Regional preservation of primary tuffaceous volcanic textures within the Golden Grove
Formation is attributed to an eatly syndepositional, quartz-chlorite alteration. Induration
and differential permeability/porosity reduction of the succession during the eatly
alteration likely promoted more-focussed pathways for successive hydrothermal fluids.
Subsequent hydrothermal alteration related to mineralisation at Gossan Hill has a limited
lateral extent, and forms a narrow Fe-chlorite-ankerite-siderite envelope to the massive
magnetite and sulphide of the lower ore zone, and an intense siliceous envelope
surrounding the stockwork and upper ore position. Pervasive calcite-muscovite alteration

is recognised in the hangingwall volcanics of the Senddles Formation.

The nature of deformation and metamorphism (greenschist facies: 454 = 4°C at 1 kbar
based on andalusite-chloritoid-quartz equilibrium) s uniform throughout the massive
magnetite, massive sulphide and host succession. Sediment-sulphide-magnetite
relationships at Gossan Hiil suggest the formation of magnetite and sulphide during
deposition of the upper Golden Grove Formation. Massive magnetite formed entirely by
sub-seafloor replacement processes as inferred from gradational upper and lower contacts
and mterdigitating volcaniclastics. Replacement occurted along permeable tuffaceous

strata outward from a discordant feeder. Massive magnetite was later veined, replaced



and cut by massive sulphide. The synchronous formation of both upper and lower
sulphide ore zones is indicated by the connecting sulphide stockwork. Both sulphide ore
zones formed by sub-seafloor replacement, although stratiform hydrothermal chert-
sulphide-sediment layers in, and adjacent to, the upper sulphide zone attest to some
exhalation of fluids onto the seafloor.

The thickest occurrence of massive magnetite, massive sulphide and stringer stockwork
spatially coincide and support a2 common feeder conduit during massive magnetite and
sulphide mineralisation. The asymmetry of hydrothermal alteration envelopes, massive
magnetite and massive and veins sulphide zones are consistent with synvoleanic structural
controls, with a2 growth structure occupied and obscured by a younger dacite dome from
the Scuddles Formation.

A systematic inctease in sulphide 6*S values (range of -4.0 to 7.8%o, average 2.1 £ 1.7%o)
stratigraphically upwatds through massive and vem sulphide is suggestive of progressive
mixing of upwelling ore fluids with entrained seawater. Homogeneous 8¥S values of
~1.5%0 in the lower ore zone have a consistent homogeneous rock sulphur source with

possible magmatic contributions.

The S’SOHZO values of ore fluids responsible for deposition of magnetite in massive
magnetite and disseminated magnetite in the sulphide zones range from 6%o to 13%eo.
This data is inconsistent with the direct input of Archean seawater, and favours

derivation of hydrothermal fluids by rock buffering of circulating fluids, or by direct

magmatic contribution.

Thermodynamic considerations suggest massive magnetite and sulphide formed from high
temperature (300° to 350°C), reduced (low f O,), slightly acidic hydrothermal fluids. H_S-
deficient fluids formed massive magnetite, whilst H,S-rich fluids formed massive
sulphides. Flud chemistry differences are attributed to magmatic sulphur contributions
during sulphide mineralisation. Precipitation of sub-seafloor sulphide in the lower ore
zone resulted from chemical entrapment by the interaction of upwelling H S-rich fluids
with pre-existing massive magnetite. It is suggested that shallow parental magma
chambers to the Scuddles Formation drove hydrothermal convection of seawater and may
have supplied volatiles 2nd H,S to the ascending hydrothermal fluids.

The Gossan Hill sulphide-magnetite deposit represents an evolving hydrothermal system
in an environment characterised by rapid volcaniclastic sedimentation and changing
structural and magmatic processes. An important influence on this hydrothermal system
was the creation and destruction of porosity and permeability in the host succession. The
hydrothermal system mmitiated as part of a regional seawater convection-alteration system
that led to VHMS mineralisation at Gossan Hill by (1) synsedimentary metasomatism and
progressive heating of convecting fhuds, (2) formation of massive magneute by host rock
replacement above a bured synvolcanic conduit, and (3) structural re-activaton and
tapping of deeper H,S-rich and metal-bearing fluids, leading to the sub-seafloor sulphide
replacement and local exhalation of hydrothermal fluids forming sulphide and chert.

Burial by proximal felsic volcanism led to preservadon of the deposic.
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Nomenclature and frequently used abbreviations

Grid references in this thesis refer to the Iocal mine grid used by MZC at Golden Grove. These co-ordinates
can be translated to Anstraltan Map Grid (AMG) co-ordinates using the base point of the Golden Grove Grid
at AMG 6,805,374 N, 492,404 E and 2 grid north of 308 degrees.

Mcgaquartz refers to quartz grains that have equant to elongate forms and sizes greater than ~0.02 mm.

Microcrystalline quartz refers to mosaics of equidimensional quartz grains that age less than ~0.02 mm in
size. These mosaics are characterised by patchy; undulatory extinction and pinpoint birefringence.

Abbteviations:

bx
chl
cm
@

P
DAC3

ds

FeO¥
footwall
Ga
GGF
hangingwall
host hotizon
Kbar
km

mas
Mg#t
mgt
mm

Mt
musc

P

po

Ppm

Py

qz

RL

RD2
SCF

si

slt

sp

s5E
VHMS
WFB

breceia

chlorite

centimettes

carhonate

chalcopyiite

Scuddles Formation Member 2 dacite
disseminared

total iron

strata below massive sulphide (GGE M1)
billion years

Golden Grove Formation

strata above massive sulphide (SCF)
strata containing massive sulphide (GGF M4-GGF M6)
Kilo bar {(=10*N/m?

kilometres

natrag

massive

(Mg+Fe)/Mg

magnetite

millimetres

million tonnes

muscovite

pervasive

pyethotite

parts per mitlion

pyite

quartz

reduced level

Scuddles Formation Member 2 thyedacite
Scuddles Formation

silicecus alteration

siltstone

sphalerite

sandstone

voicanic-hosted massive suiphide
Warriedar Fold Belt

micron

approximately



Chapter 1

Introduction

1.1 Preamble

This research thesis focuses on primary mineralisation of the Gossan Hill volcanic-hosted
massive sulphide (VHMS) deposit situated m the Archean Yilgarn Craton of Western
Australia. The Gossan Hill deposit 1s a Cu-Zn-rich VHMS consisting of weathered
oxidised mineralisation (5.3 Mt at 1.5% Cu and 2.2 Mt at 2.2 g/t Au and 86 g/t Ag),
which overlies primary Cu and Zn mineralisation (7 Mt at 3.4% Cu and 2.2 Mt at

11.3% Zn, 1.5 g/t Au and 102 g/t Ag) within a tuffaceous volcaniclastic host sequence.
Geographically, the Gossan Hill deposit (latitude 28°45” S, longitude 116°59’ E) is
approximately 500 km north-northeast of Perth and 140 km east of Geraldton, and is
located in the southern part of the Yalgoo-Singleton greenstone belt of the Murchison
granite-greenstone province (Fig. 1.1).

In the Yilgarn Craton, Cu-Zn-Pb mineralisation has two main occurrences as

(1) stratabound VHMS deposits, and {2} shear-hosted vein deposits (Watkins and
Hickman, 1990a). Despite the extensive geographic expanse of the Yilgarn Craton,
surprisingly few VHMS deposits are known when compared with the Canadian Archean.
To date, the Murchison Province is the largest base metal producer in the Yilgarn Craton
and hosts the two largest Australian Archean VHMS deposits, namely the Gossan Hill
and Scuddles deposits (Watkins and Hickman, 1990a; Barley, 1992). Elsewhere in the
Yilgarn Craton, known VHMS deposits include the Murrin Murrin, Teutonic Bore,
Yindarlgooda, Nimbus and Trlogy deposits (Batley, 1992). Exploration for VHMS
mineralisation in the Yilgarn Craton has been hindered by the concealment of bedrock by
alluvial sand plains and deep weathering profiles, often up to 100 m below the current
surface. At Gossan Hill, the discovery outcrop rose 60 m above the sand plains as a
magnetite gossan, first identified in 1971 (Pitt, 1990).

Elevated Au and abundant magnetite (estimated at 12 Mt) make Gossan Hill an atypical
example of an Australian polymetallic VHMS deposit (Large, 1992). Although such
features are unusual in Australian polymetallic VHMS deposits, similar attributes are
documented in many Canadian Archean deposits (e.g., Franklin ¢z «/, 1975; Robexts,
1975; Galley er af, 1995; Zaleski and Peterson, 1995) and these similarities are addressed
in the course of this thesis.
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Figure 1.1: (2} Location of the Gossan Hill VHMS deposit in the Yilgarn Craton, Western
Australia. (b} Subdivision of the Yilgarn Craton to four geological provinces (the Murchison,
Southern Cross and Eastern Goldfields Provinces), the Western Gneiss Terrane and the older
Nartryer Greiss Complex. The Golden Grove area, which hosts the Gossan Hill VHMS deposit,
is located in the south of the Murchison Province within the southern part of the Yalgoao-

Singleton greenstone belt {after Myers, 1990; Clifford, 1992},
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1.2 Exploration history and mining status

Gossan Hill has had a long exploration history since its discovery in 1971 (Pitt, 1990) and
the commencement of mining in 1998, Factors that have conttibuted to this history
mnclude changes in exploration philosophy, the remote location, difficultes in resource
evaluation, and economic viability due to changes in metal prices. A brief summary of the

exploration history at Gossan Hill 1s given below.

Anomalous gossan outcrop on Gossan Hill (Pitt, 1990} initiated a prospecting campaign
by Aztec Exploration to evaluate the Cu-Zn prospectivity of the area known as Golden
Grove. Amax Exploration Australia entered the joint venture with Aztec in 1972,
following the recognition of similarities between outcropping magnetite-rich gossan at
Gossan Hill to Cu-Zn volcanogenic mineralisation in Canada. Imitial drilling of Gossan
Hill was completed in 1972 and demonstrated a broad zone of podiform Cu-enriched
muneralisation (Pitt, 1990). The Electrolync Zinc Company of Australia joined the
venture in 1973, which led to the systematic diamond drll delineation testing of the
Gossan Hill prospect between 1973 and 1976. Early resource estimates of the Gossan
Hill deposit were 12.1 Mt at 3.4% Cu, however, the resource was considered uneconomic

at this dme (Clifford e 4/, 1990; Pitt, 1990).

The identification of Zn-nch sulphides overlying Cu-rich zones at Gossan Hill
significantly modified exploration programs in the arez. Zinc not only became an
exploration target, but the concept of multiple ‘favourable’ stratigraphic horizons as
potental hosts to Cu-Zn mineralisation was emphasised in subsequent exploration
programs (Mill, 1990; Mill e a/, 1990; Sheppy and Clifford, 1991; Sheppy & 4/, 1992).
Subsequent exploration focussed on more regional programs within the Golden Grove

area.

Esso Exploration and Production Australia Incorporated entered the joint venture in 1978
and conducted dulling programs both regionally and locally at Gossan Hill. In 1979, the
discovery of the Scuddles VFIMS deposit 4 ki north of Gossan Hill eventuated from the
culmination of anomalous geochemistry and geology, coincident with anomalous
aeromagnetics (Mill, 1990). Inital drill testing at Scuddles intersected sub-economic Cu-
rich sulphide. However, this was followed up by downhole EM, which 1dentified a
conductive target and resulted in an mtersection through the massive sphalerite of the
Scuddles deposit (Robinson and Belford, 1991; Boyd and Frankcombe, 1994). The pre-
mining Scuddles resoutce was estimated to be 21 Mt at 1.2% Cu, 0.6% Pb, 8.2% Zn, 1 g/t
Au, 67 g/t Ag (Dudley ef ai, 1984) and is presently mined via shaft and decline access.

Renegotiations of the Golden Grove joint venture in 1987 modified the interests of the
partners to 45% for Australian Consolidated Minerals (ACM) (formerly held by Amax),
35% for Esso, and 20% for Aztec, with operations carried out under the Murchison Zinc
Company (MZC). In 1991, Normandy (formetly Normandy Poseidon) through its
takeover of ACM, managed MZC and 1n 1995, Normandy also absorbed the equity of
Aztec. In 1997, MZC became a wholly owned subsidiary of Normandy after Normandy’s
absorption of the interest formerly held by Esso in the Golden Grove joint venture.
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Between 1994 and 1997, a feasibility program was completed at Gossan Fill by MZC.
This feasibility study aimed to assess the resource and economic viability of mining
Gossan Hill, and mvolved the development of an underground decline from which,
delineation drilling and metallurgical testing was carried out. Production at Gossan Hill
commenced in early 1998 using the on site processing and concentrating facilities
previously established for mining the Scuddles deposit.

1.3 Previous studies at Golden Grove

The Gossan Hill deposit, formerly cited in the literature as Golden Grove (Frater, 1983a;
1985a;b), was the focus of two major studies and 2 component of many other studies in
the area. Doctoral studies by Frater (1978) were based on eatly drilling results from
Gossan Hill and examined the petrology, mineralogy, structure and chemistry of the
deposit. The thrust of Frater’s study was the mineralogical and textural variation of
sulphide mineralogies and their response to deformation. Publications arising from
Frater’s (1978) wotk include Frater (1983a;b; 1985a;b) and Seccombe and Frater (1981).
Despite this comprehensive study, the stratigraphic framework of the area was unresolved
and consequently, the distribution and association of alteration and mineralisation within
the host rocks was not defined. The second major study (Clifford, 1992), focussed on the
volcanology of the area and resulted in the development of a consistent lithostratigraphic
framework. The work by Chifford (1992) permitted correlation of the volcanic host

sequence throughout the region and invoked a similar stratigraphic framework for massive

sulphides at both the Gossan Hill and Scuddles deposits.

Processes of laterisation near Gossan Hill were mvestigated by Smith ez 2/ (1980) and
Smith and Pedrix (1983). Investigations on wall rock alteration and geochemistry by
Ashley (1983; 1984), Ashley e a/. (1988) and Whitford and Ashley (1992) examined
alteration zonation patterns proximal to the Scuddles deposit, in order to identify primary
dispersion haloes for explotation targeting. Potter (1991) geochemically defined dacite
intrusions in the volcaniclastic footwall at Scuddles, whilst Ford (1992) reviewed the
metal zonation patterns at Scuddles. Everett (1990) provided descriptive and analytical
information on the nature, timing, mineralogy and geochemistry of the Au assoctated with
base metal mineralisation at Gossan Hill. This study builds upon these earlier

mvestigations.
1.4 Objectives of this study

The major objectives of this study at the Gossan Hill deposit were to:

(1) describe and characterise the geology and structural setting of the deposit;

(2) determine the lithostratigraphic context, geometry and distribution of massive
magnetite and massive sulphide;

(3) describe the textures, composition and zonation within the massive magnetite and
sulphide;

(4) delineate the distribution, type, timing and textural, mineralogical and geochemical

variation of alteration associated with massive magnetite and massive sulphide;
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(5) evaluate the timing and role of syngenetic zersus epigenetic minerahisation;

(6) geochemically constrain formational fluids responsible for massive magnetite and
massive sulphide;

(7) develop a genetic model for the formation of the Gossan Hill deposit and idenufy
useful criteria for the exploration of similar resources in the Golden Grove Domain

and elsewhere in the Yilgarn Craton.

1.5 Methodology

The objectives of this study were achieved by means of the following investigations:

(1) detailed logging (1:250) and sampling of diamond drll core at Gossan Hill (logging
examples and rock catalogue are given in Appendix Al.1 and A1.2 respectively);

(2) 1:250 scale underground mapping of the exploration decline and ground checking of
surface mapping completed by previous studies and MZC geologists;

(3) petrographic and textural studies on host rocks, massive magnetite and massive
sulphide using polished and doubly polished thin sections;

(4) microprobe analyses to determine the composition of minerals within massive
magnetite, massive sulphide and alteration;

(5) whole rock and trace element geochemistry of altered and least altered rocks;

(6) examination of metal zonation patterns in massive magnetite and massive sulphide
using routine drill core assays provided by MZC;

(7) measurement of stable isotope compositions of sulphides (sulphur isotopes),
carbonate (carbon and oxygen isotopes), magnetite (oxygen isotopes) and chlorite
(hydrogen and oxygen isotopes) within massive magnetite, massive sulphide and
hydrothermal alteration zones.

1.6 Thesis strategy

Chapter 2 reviews the regional geological setting of the Golden Grove area and its context
within the Murchison Province and is a summary of regional granitoid intrusion history,
structural setting, deformation, metamorphism and age constraints on the volcanic rocks.
Chapter 3 1s a crifical descriptive analysis of the stratigraphy at Gossan Hill, which gives
the stratigraphic framework and context of mineralisation. Structural and metamorphic
studies (Chapter 4) examine syn- and post-mineralising structure, proposing synvolcanic
structural control to the localisation of mineralisation at Gossan Hill. The metamorphic
mineralogy, its timing and peak temperature estimates are also given. Chapter 5 focuses
on the distribution, geometry and relative tming between wall rocks and massive sulphide
and massive magnetite at Gossan Hill. The textural and compositional variation of
minerals in massive magnetite and sulphide are given in Chapter 6. Chapters 7 and 8
address hydrothermal alteration including mineralogy, distribution, relative timing of
events and geochemical characteristics. Chapter 9 summarises metal zonation patterns,
whilst investigations in Chapters 10 and 11 deal with the stable 1sotope systematics of
sulphide (Chapter 10) and carbonate, magnetite and chlorite (Chapter 11). A genetic
model for the formation of the Gossan Hill deposit is given in Chapter 12 and the major

conclusions of this thesis are summarised in Chapter 13.
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Chapter 2

Regional geology

2.1 Inwroduction

The Gossan Hill and Scuddles VHMS deposits, and several other regional base metal
prospects such as Luisini, Cullens, Felix and Flying Hi are all located within the Warriedar
Fold Belt (WEB) (Baxter, 1982; Ashley ef 4/, 1988; Clifford, 1992). The WEB is part of
the Yalgoo-Singleton greenstone belt that is located in the southern area of the Murchison
Province (Fig. 2.1). This chapter presents a summary of the regional geology of the
Murchison Province, its context within the Yilgarn Craton, and the geological setting of
VHMS mineralisation within the WEFDB.

The Archean Yilgarn Craton consists of linear to arcuate greenstone belts within an
extensive terrane of intrusive granitoid and gneiss. Based upon lithostructural criteria, the
Yilgarn Craton is subdivided into three Provinces (Murchison, Southern Cross and Eastern
(Goldfields) and one terrane (Western Gneiss Terrane) (Gee ¢ a/, 1981) (Fig. 2.1a). The
Murchison Province shares many characteristics with the Southern Cross and Eastern
Goldfields Provinces and consequently, the evolution of each of these provinces reflect

the evolution of the Yilgarn Craton.

Based on conventional zitcon U-Pb dating, the evolution of the Yilgarn Craton took place
in three main stages, commencing with the development of a ~3.4 Ga stable granitic
nucleus, This was followed by two separate episodes of greenstone formation and
granttoid emplacement, both of which spanned the time interval between ~3.0 and ~2.6
Ga (Pidgeon and Wilde, 1990; Watkins and Hickman, 1990a; Myers, 1992; 1995; Nelson
et al., 1994). During this time, intense tectonic, voleanic, plutonic and metamorphic
activity formed the various tectonstratigraphic terranes of the Yilgarn Craton.
Greenstone-granitold formational episodes were characterised by the accretion of these
terranes at the margins of the stable craton, resulting in cratonisation of the diverse
crustal fragments that now form the Yilgarn Craton (Gee e o/, 1981; Myers, 1990; 1995).

2.2  The Murchison Province

The Murchison Province (Fig, 2.1) is bounded to the notth by the older Narryer Gneiss
Complex (>3.0 Ga, Myers, 1988; 1992). To the northeast, the Mutchison Province
greenstone-granitoid sequence is overlain by Proterozoic rocks of the Nabberu Basin
(Elas ef al., 1982). East of the Murchison Province lies the Southern Cross Province,
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Figure 2.1: (a) Subdivision of the Yilgarn Craton into the Muzchison Province, Southern Cross
Province, Eastern Galdfields Province and the Western Gneiss Terrane. (b) Geology of the
Murchison Province tlustrating the distribution of the major crustal componenss (after Watkins and
Hickman, 1990a; Myers, 1990)
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whilst to the south is the Western Gneiss Terrane (Fig 2.1a). These eastern and southern
boundaries of the Murchison Province are imprecisely located, but ate defined by the
differing tectonic trends within each province (Gee ef 2/, 1981).

The Murchison Province consists of six major crustal components that comprise two
greenstone sequences (~3.0 to 2.8 Ga) and four granitoid suites (2.92 to 2.62 Ga)
{Watkins and Hickman, 1990a) (Fig. 2.1b). The main components of the greenstone
sequences in the Murchison Province are mafic volcanics and intrusions. However, the
rarity of ultramafic rocks within the Murchison Province contrasts markedly with the
Eastern Goldfields Province where they abound (Giles, 1981; Gee ¢ 2/, 1981; Hallberg
and Giles, 1986; Basley and Groves, 1990).

Formal stratigraphic subdivision of the Murchison Province was first completed by de la
Hunty (1973) and Baxter (1974). Thus early stratigraphic scheme was modified during a
major geological campaign in the Murchison Province by the Western Australia Geological
Survey (Watkins and Hickman, 1990z2). Early stratigraphic subdivisions within the
Murchison Province identified an unconformity that separated two fundamentally
different greenstone sequences (e.g., Hallberg ez 4/, 1976; Frater, 1978; Baxter, 1982;
Lipple e al, 1983; Baxter and Lipple, 1985) (Fig. 2.2). Nonetheless, it was not untl the
wotk by Watkins and Hickman (1990a;b) that a province-wide stratigraphic framework for
the greenstone sequences in the Murchison Province was developed. This framework
proposed two distinct greenstone sequences; the Luke Creek Group and the Mount
Farmer Group, which form the Murchison Supergroup (Figs. 2.2 and 2.3).

The Luke Creek Group has 2 thickness of 10 km and consists of four laterally extenstve
formations. These are the Murroult Basalt and the Golconda, Gabanintha and Windaning
Fotmations (Fig. 2.3). The Luke Creek Group lithologies include tholeiitic Jow- and
high-Mg) basalt, banded iron-formation (BIF), komatiite, felsic volcanics and sedimentary
rocks (Fig. 2.3). Tholeiitic basalt in the Tuke Creek Group represents regionally extensive
lava plain volcanism (Myets, 1995; Watkins and Hickman, 1990a).

Unconformably overlying the Luke Creek Group 1s the Mount Farmer Group. The Mount
Farmer Group is up to 5 km thick, and consists of nine separate volcanic centres and one
epiclastic sedimentary basin, all of which have a local distubution (Myers, 1995; Watkins
and Hickman, 1990za). The main rock types in the Mount Farmer Group ate low- and
high-Mg tholetitic basalt, felsic volcanics and sedimentary rocks (Fig. 2.3).

The four granttoids suites within the Murchison Province ate (1) granodiorite-
monzogranite metamorphosed to pegmatite banded gneiss (~2.9 Ga), (2) recrystallised
monzogranite {~2.7 (a), and (3-4) two contemporaneous post-folding granitoids (~2.6
Ga) (Watkins ez 44, 1991). Pegmatite banded gneiss and recrystallised monzogranite
mtruded the base of the Murchison Supergroup (Luke Creek Group) as thick
subhorizontal tabular bodies (Watkins and Hickman, 19902). Post-folding granitoids
mtrude both the Luke Creek and Mount Farmer Groups. The timing of greenstone
formation, granitoid emplacement and regional deformational events are summarised in
Table 2.1 and Figure 2.4.
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Figure 2.2: Differing stratigraphic schemes used within the Murchison Province, Western:
Australia. There is general agreement of two greenstone sequences separated by an unconformity,
and of at least four seratigraphic components within both greenstone sequences. These
stratigraphic schemes illustrate the differing interpretations of thickness and contact relations
between the stratigraphy in the Murchison Province (Watkins and Hickman, 19904) to that of the
Woarriedar Fold Belt (Frater, 1978; Baxter, 1982; Clifford, 1992).
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depositon of the Luke Creek Group, (b) intrusion of granitoid, {¢) depositon of the Mount Farmer Group
and intrusion of monzogranite sheers, (d) upsright folding and regional metamorphism (D3}, and (¢) shear
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Table 2.1: Precambrian geological history of the Murdhison Provine (from Watkins and

Hidkman, 19903).
Event Age Details
1 3.0Ga Deposition of the Luke Creek Group on inferred basement
Note: VHMS mineralisation formed during this event
2 292 Ga Intsusion of monzogranite and granodiodte
D1: development of major recumbent folds and thrusts in the Luke Creek
3 Group; deformation of granitoid sheets and subsequent development of
pegmatite banded gneiss
Note: events (2) and (3) could be contemporaneons
4 2.8 Ga Deposition of the Mount Farmer Group unconformably on the Luke Creek

Group and pegmatite banded gneiss

Intrusion of voluminous monzogranite as thick sheets into the base of the
5 2.69-2.68 Ga  Murchison Supergroup; development of amphibolite facies conract
meramorphic avreoles around monzogranite

6 D2: right east-west trending upright folding of granitoids and greenstones
D3: tight and isoclinal north, northwest to northeast trending folds,
uptight folding of granitoids and greenstones

Note: D3 more intensely developed than D2

Regional metamorphism of granitoids and greenstones, mainly in
greenschist facies

8 2.68-2.64 Ga

Intrusion of post-folding granitoid plutons into greenstone belts, mainly

2.64-2.62
9 62Ga along contacts between greenstone belts and eatier granitoids

D4: development of northwest to northeast trending steeply inclined shear

10 zones and faules
Note: shear zones were probably initizred duting late D3
11 2.42 Ga Intrusion of the west to south trending mafic dyke suite
12 D5: development of east to southeast trending shear zones and faules

Note: D5 confined to the northwest part of the Murchison Province

Watkins and Hickman (1990a) propose two main cycles in the crustal evolution of the
Murchison Province. Each cycle consists of (1) deposition and volcanism in an
extensional sialic setting followed by, (2) the intrusion of large volume regional lacoliths
of monzogranite and granodiorite at relatively shallow crustal levels, and

(3) compressional deformation events (Fig. 2.4).
2.3 Regional intrusions

Granitoids form over 85% of the current exposure in the Murchison Province and reflect
three phases of granitoid magmatism (Table 2.1). Geochemical and isotopic studies
indicate that each of these granitoids was derived from partial melting of crustal rocks
(Watkins and Hickman, 1990a; Watkins e 44, 1991). The source of pegmatite banded
gneiss and recrystallised monzogranite was derived from a uniform mafic crustal source,
whilst post-folding granitoids were derived from siliceous crustal material (Watkins e o/,
1991; Clifford, 1992).

Within the Murchison Province, the arcuate outcrop patterns of greenstone belts against
granitoids has two interpretations, both of which infer strong tectonic and structural
control. Eatlier interpretations have favoured diapiric emplacement of granitoid
batholiths (e.g., Gee ¢ 4/, 1981; Baxter and Lipple, 1985) whilst more recent work favours
dome-and-basin fold interference structures (Myers and Watkins, 1985; Myers, 1995).
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2.3.1 Pegmatite banded gneiss

Pegmatite banded gneiss forms a northeast trending belt in the west of the Murchison
Province and elsewhere occurs as enclaves and rafts within recrystallised monzogranite
(Fig. 2.1b). Pegmatite banded gneiss does not occur adjacent to the WEFB (Fig. 2.1b).
The intrusive contacts between pegmatite banded gneiss and recrystallised monzogranite,
together with common xenoliths of gneiss within later recrystallised monzogranite
(Section 2.3.2) indicate that the gneiss formed earlier than the monzogranite (Watkins
and Tyler, 1985).

Pegmatite banded gneiss consists of quartz, oligoclase, microcline and biotite. Gneissic
layering within this granitoid is defined by variation in biotite contents and subparallel
pegmatite bands (several cm thick) interlayered with compositionally banded, medium
gramed monzogranite and granodionte (<10 cm thick) (Watkins and Hickman, 1990b).
The injection of pegmatite to banded monzogranite 2nd granodiorite was synchronous
with D1 deformation (Watkins and Hickman, 1990b).

U-Pb zircon dates of ~2.9 Ga mean that pegmatite banded gneiss is the earliest
recognised granitoid within the Murchison Province (Watkins and Hickman, 1990a;
Wiedenbeck and Watkins, 1993). Comparatively, Rb-Sr whole rock and mineral
isochrons yield ages of ~2.6 Ga (Arriens, 1971; de Laeter ¢f 2/, 1981). These younger
Rb-Sr ages however, represent post-metamorphic cooling contemporaneous with post-
folding granitoid intrusion (Watkins and Hickman, 1990a; Watkins er 2/, 1991).

2.3.2 Recrystallised monzogranite

Recrystallised monzogranite occurs in most regions between the greenstone sequences
(Fig. 2.1b} and was emplaced as thick (several km) subhorizontal tabular sheets of a
regional extent (Watkins and Hickman, 1990a; Clifford, 1992). Large rafts of greenstone
within the recrystallised monzogranite indicate that the monzogranite intrudes the base
of greenstone sequences (Myers and Watkins, 1985). The contacts berween recrystallised
monzogranite and greenstone sequences are complex, high strain zones up to 1 km wide
(Watkins and Hickman, 1990a;b). Ubiquitous granoblastic and lepidoblastic textures
within monzogranite are the result of recrystallisation during regional metamerphism
(Watkins and Hickman, 1990b). Near the WEB, recrystallised monzogranite is strongly
foliated and has greenschist facies metamorphism (Watkins and Hickman, 1990a;
Chfford, 1992).

U-Pb zircon dating from recrystallised monzogranite yield ages of 2.68 Ga to 2.7 Ga
(Wiedenbeck and Watkins, 1993; Mueller ¢ a, 1996). Rb-Sr isochron ages however,
range from 2.55 to 2.71 Ga and have a mean age of 2.61 Ga {de Laeter ¢ 2/, 1981). As
with Rb-Sr ages in pegmatite banded gneiss, these younger Rb-5r ages reflect post-
metamorphic cooling (Watkins et 2/, 1987; Watkins and Hickman, 1990a;b).

2.3.3 Post-folding granitoids

Post-folding granitoids have subcitcular discordant outcrop patterns that truncate
stratigraphic units and earlier tectonic features associated with folding. However, most
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shear zones and faults cross cut these granitoids and the contact between the granitoids
and greenstone sequences are sharp, commonly with contact hornfels aureoles of less
than 100 m wide (Clifford, 1992). The mtrusion of post-folding granitoids occurred syn-
to post-peak regional metamorphism (Watkins and Hickman, 19902; Watkins ef a/,
1991).

Compositionally, post-folding granitoids vary from monzogranite to syenogranite with a
mineral assemblage of quartz, orthoclase, plagioclase and biotite (Watkins and Hickman,
1990a). Based upon petrography and geochemistry, these granitoids are divided into two
contemporaneous suites; Suite [ and I (Watkins and Hickman, 1990a;b). Suite I
granitoids vary from tonalite, granodiorite, monzogranite to trondgjemite, all of which
occur 1 the northeast of the Murchison Province. Suite IT granitoids are quartz-rich
monzogranite and syenogranite that occur in the southwest of the Murchison Province

(Watkins ef al, 1991).

Suite I and II post-folding granitoids have contemporanecus U-Pb zircon ages of ~2.68
Ga (Wiedenbeck and Watkins, 1993). Rb-Sr isochrons yield ages from 2.51 to 2.6 Ga
(Watkins and Hickman, 1990a), giving a slightly younger age than the U-Pb zircon dates.
Wang ¢t al. (1993) conclude that Rb-Sr 1sochton ages from post-folding granitoids are
indistinguishable from regional post metamorphic cooling, which occurred at ~2.6 Ga.

2.3.4 Mafic intrusions

Mafic mtrusions in the Murchison Province consist of concordant to subconcordant
gabbro and dolerite sills and dykes (Frater, 1978; Watkins and Hickman, 1990a;b;
Clifford, 1992). Multiple phases of these mafic mtrusions are synvolcanic to mafc
volcanism during the evolution of the WFB (Hallberg and Wilson, 1983). Some mafic
intrusions however, post-date post-folding granitoid emplacement.

Late stage cross cutting dolenite and gabbro sills and dykes are the main mafic mtrusion
type within the WFB (Frater, 1978; Clifford, 1992). These intrusions are up to 120 m
wide, lack a regional penetrative fabric and are metamorphosed to greenschist facies
(Clifford, 1992). Their intrusion is interpreted to be prior to or synchronous with peak
metamorphism, possibly associated with contemporaneous faulting. Howevet, Rb-Sr
isochrons on these mafic dykes, vield ages ~2.42 Ga indicating that they are eatly
Proterozoic in age (Watkins and Hickman, 1990a).

2.4 Structure of the Murchison Province

Five deformational events are recognised wathin the Mutchison Province (Table 2.1) and
are summoarised in Figure 2.4. The first four of these events (D1 to D4) are ubiquitous
throughout the Murchison Province. The last deformation event (D5) is only identified
in the northwest of the Murchison Province (Watkins and Hickman, 1990a) and is not
discussed further.

The earliest deformational event (D1) is characterised by recumbent folding and
thrusting without significant penetrative cleavage development. However, gneissic
layering within pegmatite banded gneiss and weak layer parallel foliation in some areas of
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the Luke Creek Group formed during D1 (Baxter, 1982; Watkins and Hickman, 1990a).
The time interval separating D1 and D2, corresponds to the deposition of the Mount
Farmer Group (Table 2.1) and is considered to have been substantial (Watkins and
Hickman, 1990a). D2 deformation generated east-west trending folds with subvertical
axial surfaces and subhonzontal fold axes within granitoids and the Murtchison
Supergroup (Myets and Watkins, 1985; Watkins and Hickman, 1990a;b; Chfford, 1992).
An east-west directed compressional event (D3) occurred soon after D2, This event
tormed northwest to northeast trending, upright 1sochnal folds (D3) (Watkins and
Hickman, 19902). Continued compression during and after D3 followed, with the
development of brittle-ductile shear during D4. The penetrative fabric resultant from D3
1s strongly developed in north-south fold lmbs (Clifford, 1992). The D2 structures were
refolded during D3, forming dome and basin fold interference structures (Myers and
Watkins, 1985).

The WFB 1s characterised by narrow heterogeneous deformational zones of high strain.
These zones separate less deformed areas that have a consistent stratigraphic framework
(Frater, 1978; Baxter, 1982; Clifford, 1992). Folds characterstic of the two regional
folding events (D2 and D3) are identified throughout the WFB (Frater, 1978; Archibald,
1990; Clifford, 1992). However, penetrative deformation associated with D2 in the
WFB has 2 limited distribution, as do D2 mesoscopic folds (Archibald, 1990; Clifford,
1992). The regional schistosity within the WFB is a north-south directed fabric, which
was developed during D3 (Frater, 1978; Ashley, 1983; Clifford, 1992). Notably, the D1
deformational event interpreted by Watkins and Hickman (1990a) remains contentious
within the WFB (Frater, 1978; Archibald, 1990; Clifford, 1992).

2.5 Regional metamorphism

Prograde regional metamorphism in the Murchison Province overprints all Archean
thermal intrusive and deformational events (Watkins and Ahmat, 1988). Metamorphic
facies throughout the Murchison Province range from prehnite-pumpellyite to granulite
(Watkins and Ahmat, 1988). Nonetheless, the majority of rocks have greenschist to
lower amphibolite facies, with amphibolite facies (hornblende-biotite-garnet) generally
restricted to the margins of granitoid intrusions. Peak metamorphism occurred less than
2.64 (Ga, as indicated by late stage faults with greenschist facies assemblages that
truncate post folding granitoids Myers, 1995).

Within the WFB, metamorphism is predominantly greenschist facies. Greenschist facies
is defined by a chlorite, albite and quartz (Tbiotite, tremolite, actinolite, epidote,
clinozoisite) assemblage in mafic lithologies, and by a quartz, albite, white mica and
chlorite (Ibiotite) assemblage in felsic volcanics and volcano-sedimentary rocks (Watkins
and Ahmat, 1988; Chfford, 1992),

2.6 The Warriedar Fold Belt

The term Warriedar Fold Belt (WFB) was first used by Baxter (1982) to describe an area
of supracrustal rocks within the Murchison Province that 1s bounded by the Mongers
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Fault to the east and by granitoids elsewhere (Fig. 2.5a). Stratigraphic and structural
Interpretations consistently recognise two volcanic-sedimentaty successions within the
WFEB (Frater, 1978; Gee e 4/, 1981; Baxter, 1982; Watkins and Hickman, 1990a;
Clifford, 1992) (Fig. 2.2). Despite this consistency, the regional stratigraphic framework
of the Murchison Province (Watkins and Hickman, 1990z} differs markedly from that of
the WFB (e.g., Frater, 1978; Ashley e 4/, 1988; Clifford, 1992} (Fig. 2.2). The regional
stratigraphic framework of Watkins and Hickman (1990a) relates the relative
superposition of greenstone belts within the Murchison Province. However, despite
good geochronological control on granitoid magmatism, similar geochronological data for
the greenstone sequences in the Murchison Province is lacking (Pidgeon and Wilde, 1990;
Clifford, 1992). Therefore, a definitive terrane-wide stratigraphic correlation between
greenstone sequences cannot be made. Moreover, the potential of thrust stacking within
the Murchison Province, as exemplified in the Archean Superior Province of Canada
(e.g., Thurston and Chivers, 1990; Ayres and Corfu, 1991) must also be considered.

The stratgraphic framework devised by Clifford (1992) for the WEB, addresses these
issues by means of a tectonic evaluation criteria. Clifford (1992) subdivides the WFB
mto five tectonostratigraphic domains, using techniques similar to those employed by
Ludden and Hubert (1986) and Card (1990). This methodology results in the most
comprehensive stratigraphic framework of the WFB to date.

2.6.1 Tectonostratigraphic Domains of the WFB

Within the WFB, five major faults representing structural discontinuities separate
untelated tectonostratigraphic domains (Clifford, 1992). These faults are the Mongers,
Mougooderra, Pincer, Windaning and Rothsay Faults (Fig. 2.5a). From north to south the
WEB tectonostratigraphic domains ate the Gnows Nest, Golden Grove, Chulaar,
Windaning and Fields Find Domains (Fig. 2.52). Each of these domains is buefly

described below:
Gnows Nest Domain

The Gnows Nest Domain is located in the northern WFB (Fig. 2.52). Domain bounding
faults are the Mougoodetra {east), Pincer (south) and Windaning (southwest) Faults, with
recrystallised monzogranite mntruding the succession to the northwest (Fig. 2.5a). The
Gnows Nest Domain lies on the western limb of a north trending I3 synchine, which
overprints an earlier F2 anticline. Bedding within this domain is subvertical and eastward
younging, Stratigraphic components within the Gnows Nest Domain are up to 2 km
thick and consist dominantly of tholeiitic (low- and high-Mg) basalt with minor banded
iron formation (BIF) and felsic to mafic aremtes (Fig. 2.5b). All of these lithofacies lie
withun the Golconda Formation of the Luke Creek Group (Watkins and Hickman,
19904).

Golden Grove Domain

The Golden Grove Domain hosts the Gossan Hill and Scuddles VHMS deposits and lies
along the northeast flank of the WFB (Fig. 2.5a). The Mougooderra Fault (west),
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recrystallised monzogranite (east) and post-folding granitoids (north and south) bound
this domain. The dominant megascopic structural feature of this domain is a north
trending, subvertically plunging F3 anticline. The majority of the Golden Grove Domain
1s located on the western limb of this antcline and has westward younging and steeply
dipping strata. Clifford (1992) defines the stratigraphy of the Golden Grove Domain as
having three groups; the Gossan Hill, Thundelarra and Minjar Groups (Fig, 2.5b}, all of
which occur within the Gabanintha Formation (Watkins and Hickman, 1990a). These
stratigraphic components are further discussed in Section 2.7.

Chulaar Domain

The Chulaar Domain has a northerly trend and forms the central part of the WFB (Fig,
2.5a). It is bounded by the Mougooderra (east), Windaning (west) and Pincer (north)
Faults. A post-folding granitoid truncates this domain to the south. The dominant
megascopic structures of the Chulaar Domain are a north to northwest-trending F3
anticline and syncline. Two distinct lithofacies are present within the Chulaar Domain
and have an estimated thickness of 1.8 k. To the south of this domain, basalt and
dolerite sills abound with subordinated ultramafic, BIF and sedimentary rocks. To the
north of the Chulaar Domain, the main lithologies are quartz sandstone to conglomerate
and breccia (Fig. 2.5b), all of which fine upwards to volcanogenic sandstone and black
shale (Clifford, 1992). The contact between these two lithotypes is an unconformity
(Clifford, 1992). Watkins and Hickman (19902) classify this strata within the Gabanintha
and Windaning Formations (Fig. 2.2).

Windaning Domain

The Windaning Domain forms the western margin of the WFB and is bounded by the
Windaning Fault (east), the Rothsay Fault (southwest), and elsewhere by recrystallised
monzogranite (Fig. 2.5a2). The dominant structures of this domain are tight, north to
northeast trending upright F3 synclines and anticlines. Two distinct Iithofacies occur
within the Windaning Domain, and ate separated by an inferred fault or unconformity
(Clifford, 1992). Lithologies within this domain include mafic voleamcs and a thick
succession of interbedded felsic volcanogenic sedimentary xocks (Fig. 2.5b), with minor
BIF and high-Mg tholeiitic basalt (Clifford, 1992). Strata within the Windanmng Domain
lie within the Gabanintha and Windaning Formations of Watkins and Hickman (1990a).

Fields Find Domain

The Fields Find Domain 1s located on the southeast flank of the WFB (Fig 2.52). Itis
bounded by intrusive contacts against post-folding granitoids (south and northwest) and
by recrystallised monzogranite (northeast). The Mongers and Mougooderra Faults form
the east and west domain boundaries respectively. The main structure within the Fields
Find Domain is 2 megascopic west-trending subvertical F2 anticline (Fig, 2.5a).
Mesoscopic upright F3 folds indicate that this domain lies on the westemn Jimb of a F3
anticline. Lithofacies within the Fields Find Domain consist of mafic intrusives, which
are oveslain by a thick pile of tholeiitic (low- and high-Mg) basalt (Fig, 2.5b) as well as
minor BIF and litharenite. Watkins and Hickman (1990a) interpreted these rocks to lie
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within the Windaning Formation (Luke Creek Group) and the Singleton Basalt (Mount
Farmer Group) (Fig. 2.3).

2.7 Stratigraphy of the Golden Grove Domain

The stratigraphy of the Golden Grove Domain was formally defined by Clifford (1992),
and 1s Hllustrated in Figures 2.6 and 2.7. This stratigraphy cousists of three conformable
stratigraphic groups; (1) the Gossan Hill Group, (2) the Thundelarra Group, and (3) the
Minjar Group. The following stratigraphic desctiptions are summarised from Clifford
(1992).

2.7.1 Gossan Hill Group

The Gossan Hill Group is a sequence of felsic volcaniclastic and coherent volcanic rocks
that has an average thickness of 3 km. This sequence les within the Gabanintha
Formation and represents the lowest preserved stratigraphic component of the Golden
Grove Domain (Fig. 2.6). VHMS mineralisation is located in the central parts of the
Gossan Hill Group. The strata within the Gossan Hill Group has 2 north-south strike
extent of 28 km (Fig. 2.7). The Gossan Hill Group has five formations. From base to
top these are the (1) Shadow Well, (2) Gossan Valley, (3) Golden Grove, (4) Scuddles,
and (5) Cattle Well Formations (Fig. 2.6). The disttibution of each of these formations is
summarised in Figure 2.6 and illustrated mn Figure 2.7.

Shadow Well Formation

The Shadow Well Formation is the lowest stratigraphic formaton of the Gossan Hill
Group and has an estimated thickness varying from 150 to 1100 m. This formation
strikes northwest (Fig. 2.7) and has intrusive contacts against recrystallised monzogranite
(northeast) and conformable contacts with the overlying Gossan Valley Formation
(southwest). A post-folding granitoid also intrudes the Shadow Well Formation to the
south (Fig. 2.7). The lithology of the Shadow Well Formation consists of poorly sorted
quartz-feldspathic sandstone.

Gossan Valley Formation

The Gossan Valley Formation occurs in the eastern part of the Golden Grove Domain,
has 2 northwest trend (Fig. 2.7) and ranges in thickness from 170 to 920 m. This
formation has conformable upper and lower contacts to the Golden Grove and Shadow
Well Formations respectively. Post-folding granitoid intrusions truncate this formation to
the southeast. The Gossan Valley Formation consists of matrix and clast supported
polymict sandstone and breccia, with minor felsic and mafic volcanic facies. This
formation 1s divided into four members based on facies associations (Harris ez 2/, 1982;
Dudley e 4/, 1984; Ashley e 4/, 1988; Clifford, 1992) and detailed descriptions are given
m Clifford (1992).

Golden Grove Formation

The Golden Grove Formation (GGF) hosts VHMS mineralisation (Fig. 2.6), has a
northwest trend (Fig. 2.7) and a thickness that varies between 75 to 800 m. This

Chapter 20 Regional geology

18



19

STRATIGRAPHY OF THE
GOLDEN GROVE DOMAIN

STRATIGRAPHYOFTHE
MURCHISON PROVINCE ¢

MINJAR GROUP
>3700 smetres

I
Upper '
- Sedimentary I
3 Succession i "5
W W W Ve S
% y Minjas CE
e ppcr Grou
& Mafic ? 3 gE
“ | Succession | Thundclarm 23
Group i .
(5]
Z a8
& Gassan Hill Group % (]
= et
g \ =
=) Lower Mafic y
= Succession \
i}
v
v =
" 3 .
i o g
1 L1z
1! =
Vi ==
W ==
n |
w| Zg
w| B8
w3

\‘\

\%“;
N,

S

<
<
<

|

|
|

|
|

Ty
\i)%”H“l‘IJI‘

|

|

<
<
<

||

il

1]

CATTLE WELL FORMATION
{900-1430 merres)
polymiet sandstone, minor basalt

SCUDDLES FORMATION
{730-990 metres)

dacite voleanics, minor thyodacire
valcanics and scdimenaty rocks

Scuddles, Gossan Hill {upper ore zonc)
Felix, Flving Hi

GOLDEN GROVE
FORMATION

(73-800 merres) rhyolie to andesite
tuffaceous seditents, minor
sedimenrary and felsic voleanic tocks

AN and massive sulphide (black elipses)

Gassan
Hill
{lower ore zonc)

GOSSAN VALLEY FORMATION
(170-920 merres)

polymict sandstonc and breecia,
minor felsic and mafic voleanies

SHADOW WELL FORMATION
{156-1100 mores)
quare-feldsparhic sandstone with
1 granitic/gnuissic source

Reerysallised monzogranite

Figure 2.6: Stratigraphy of the Golden Grove Domain (after Clifford, 1992) and its relation to the
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indicated (black elipses) and occurs within the Golden Grove Formation of the Gossan Hill Group.
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formation has conformable lower contacts against the Gossan Valley Formation (east),
and passive to interactive, discordant to conformable contacts with volcanics of the
Scuddles Formation (west). Volcanics of the Scuddles Formation commonly cross cut
the contact of the GGF, intruding underlying sedimentary rocks from above or
transgressing the contact as dykes feeding volcanic flows and intrusive-extrusive domes
from below. Post-folding granitoids intrude and truncate the GGF in the southeast (Fig.
2.7).

The GGF stratigraphic subdivision 1s equivalent to the Mmeralised Horizon of Frater
(1978) and Ashley e a/ (1988) and the Mineralised Succession of Mill e a/ (1990).
Lithologies within the GGF consist of resedimented juventle tuffaceous debris of
thyolite to andesite composition, as well as minor sedimentary rocks and volcanic rocks
varying from andesite to rhyodacite. Economically significant chemical horizons in the
GGF include massive sulphide and massive magnetite (Section 2.10), and hydrothermal
alteration associated with these honizons is widespread. The GGF is divided into six

members, which are the focus of Chapter 3.
Scuddles Formation

The Scuddles Formation (SCF) varies in thickness from 730 to 990 m and forms a
northwest trending belt in the central part of the Golden Grove Domain (Fig. 2.7). The
SCF is bounded by conformable contacts against the overlying Cattle Well Formation and
conformable to transgressive contacts with the underlying GGE The lithology of the
SCF is dominated by dacite volcanic facies with minor rhyodacite volcanics and
sedimentary rocks. The SCF consists of four members, which are described in Chapter 3.

Cattle Well Formation

The Cattle Well Formation has northwest trending outcrop within the Golden Grove
Domain (Fig. 2.7) and varies in thickness from 900 to 1450 m. It is bounded to the
northeast by conformable contacts to the underlymng SCF and to the southwest by the
overlying Thundelarra Group. Lithologies in the Cattle Well Formation vary from poortly
to moderately sorted polymict sandstone and breccia, with minor coherent basalt.

2.7.2 Thundelarra Group

In the Golden Grove Domain, the Thundelarra Group was first defined by Baxter (1982)
and occurs within the Gabanintha Formation of Watkins and Hickman (19902) (Fig 2.3).
Its thickness is estimated to vary between 2.3 and 2.8 km. The Thundelatra Group is
bounded by the Mougooderra Fault (west), the Gossan Hill Group (northeast) and the
ovetlying Minjat Group (south and southwest) (Fig. 2.7). Recrystallised monzogranite
intrudes the Thundelarra Group to the southeast. The Thundelarra Group is a mafic
succession that is dominated by tholeiitic (low- to high-Mg) basalt and concordant
synvolcanic sills with minor ultramafic rocks and interflow sedimentary rocks (Watkins
and Hickman, 1990z; Clifford, 1992). Interflow mafic litharenite sedimentary rocks and
minor BIF and epiclastics led Chfford (1992) to imply a deep subaqueous setting for the
Thundelarra Group.
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2.7.3 Minjar Group

The Minjar Group is bounded by the Mougooderra Fault (west) and the Gnows Nest
{northwest) and Chulaar (west) Domains. This group also has intrusive contacts with
post-folding granitoids to the south (Fig. 2.7). The maximum preserved thickness of this
group 1s 3.7 km and it 1s conformable to the underlying Thundelarra Group. The lower
parts of the Minjar Group are dominated by a thick succession of epiclastic and BIF

rocks with an overlying mafic to ultramafic sequence.

In the classification of Watkins and Hickman (1990a), the Minjar Group in the Golden
Grove Domain spans the Windaning Group (Luke Creek Group) and the Singleton Basalt
(Mount Farmer Group), which are sepatated by an unconformity. Work by Clifford
(1992) however, indicates limited disruption and interdigitation of these rocks within the
Mougooderra Fault in the Golden Grove Domain. Clifford (1992) argues that there is a
lack of evidence to infer an unconformity between these lithologles and instead suggest
these facies are either related or juxtaposed as fault blocks.

2.7.4 Depositional setting of the Golden Grove Domain

‘The lithofacies within the Golden Grove Domain are interpreted to form a coherent
stratigraphic succession that was deposited within a deep subagueous environment
(Clhifford, 1992). The subaqueous mass-flow style of sedimentation and the effusive
styles of proximal volcanism support this inference. The depositional environment of
the Golden Grove Domain is summarised below from the work of Clifford (1992).

The subdivision of the Gossan Hill Group into five formations represents five distinct
phases of basinal development. The Shadow Well Formation at the base of the Gossan
Hill Group records the influx of granitic and gneissic sediments into the basin. The
Gossan Valley Formanion represents an abrupt change in sediment source to mixed
provenance reworked andesitic volcanic debris, emplaced »s mass-flow sedimentation.
The GGF records ongoing mixed provenance litharenite sedimentation that was
periodically interrupted by large volume influx and rapid mass flow emplacement of
juvenile rhyodacitic pyroclastic debris. This interpretation of the GGF contrasts with
eatlier interpretations by Frater (1978) and Ashley ef 2/ (1988) and is reviewed in Chapter
3. Minor proximal volcanuism during deposition of the GGF is reflected by sparse
thyodacite to andesite volcanics. The SCF represents 2 major pulse of effusive felsic
volcanism and produced laterally extensive composite flows and domes with
interdigitating autoclastic facies. The cessation of volcanism is marked by the upper
contact of the SCE, with the Cattle Well Formation sedimentary sequence representing 2

return to mass-flow sedimentation.

Effusive basaltic volcanism of the Thundelarra Group supercedes sedimentation of the
Gossan Hill Group. This volcanism reflects rapid eruption of large volumes of basaltic
magma within a deep subaquecus environment, as indicated by interflow sediments and
hyaloclastite. Ovetlying the Thundelarra Group, epiclastic sedimentary facies of the
Minjar Group are interpreted to represent ongoing background sedimentation in a deep

subaqueous environment (7.¢., significant mudstone facies within the Minjar Group).
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Tholelitic (low- and high-Mg) basalt in the upper parts of the Minjar Group indicate
epiclastic deposition giving way to basaltic volcanism.

2.7.3 Association of the Golden Grove Domain to other domains in the WFB

The main contrast between the Golden Grove Domain and other tectonostratigraphic
domains in the WEB is the absence of lithofacies equivalent to the Gossan Hill Group
(Clifford, 1992). Similarly, the Golden Grove Domain does not contain mafic lithofacies
equivalent to the Upper Sedimentary Succession, which abound in the adjacent Chulaar
Domain. Additonally, the lithologies in the Golden Grove Domain are dominated by
felsic to andesitic volcaniclastic and volcanic rocks with subordinate mafic volcanics,
whilst the WFB 1s dominated by mafic volcanic successions with subordinate epiclastics
(ef Figs. 2.5b and 2.7). Despite these differences, Clifford (1992) proposed a correlation
between the mafic-dominated Thundelarra Group within the Golden Grove Domain and
the mafic successions elsewhere in the WEB (the Lower and Upper Mafic Successions)
(Figs. 2.3 and 2.5). As a consequence, the Gossan Hill Group, which underlies the
Thundelarra Group, could reflect an additional lithostratigraphic component that is only
exposed in the Golden Grove Domain. However, geochronological data is currently
lacking to substantiate this conclusion.

2.8 Age dating

The time span of greenstone belt formation within the Murchison Province is pootly
constrained and a range of dating techniques yield a range of ages. Zircon U-Pb
investigations for the Yilgarn Craton indicate at least two distinct episodes of felsic
volcantsm at ~3.0 and ~2.7 Ga. Each of these episodes spans an interval of ~79 Ma
(Pidgeon ef al, 1988; Pidgeon and Wilde, 1990). Within the WFB, U-Pb zircon dating on
the Gabanintha Formation give crystallisation ages varying from 2.93 Ga to 3.01 Ga
(Pidgeon and Wilde, 1990). Sm-Nd isochron ages from the Yalgoo-Singleton greenstone
belt also yield 2.98 Ga and 2.82 Ga ages (Fletcher ez 4/, 1994), all of which are broadly
consistent and considered to reflect the broad formational age of the Luke Creek Group
at ~3.0 Ga (Watkins and Hickman, 1990a).

Within the Golden Grove Domain, a U-Pb zircon date of 2.94 Ga was obtained from the
Gossan Valley Formation (Member 3) (Pidgeon and Wilde, 1990; Wang ef 4., 1998) and
dates of 2.96 Ga and 2.95 Ga from the SCF Member 1} (Pidgeon ef af, 1994; Wang er
al., 1998). These dates are inferred to represent a maximum age difference of ~10 Ma
between the Gossan Valley and the Scuddles Formations, which correspond to 550 m of
sedimentary facies (Pidgeon e 4/, 1994; Clifford, 1992). This estimate of depositional
time 1s consistent with high sedimentation rates (50 to 300 m per Ma) in modern
extensional marginal basins (Carey and Sigurdsson, 1984; Clifford, 1992).

Recent U-Pb zircon dating by Wang ¢ «/ (1996; 1998) identify stratigraphic correlation
problems within the Murchison Supergroup, previously highlighted by Clifford (1992).
The U-Pb zircon dating within the Yalgoo-Singleton greenstone belt yield dates of 2.95
Ga for the Gabanintha Formation and 2.8 Ga for the Windaning Formation (Wang ¢ 4/,
1996; 1998). Additionally, dates from the nearby Meekatharra-Wydgee greenstone belt
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yield ages of 2.7 and 2.8 Ga for the Windaning and Gabanintha Formations respectively
(Wang ef al., 1996). This work is in agreement with geochronology by Schiotte and
Campbell (1996) and Wiedenbeck and Watkins (1993), whose results indicate that parts
of the Mount Farmer Group are as young as 2.7 Ga.

Age dating of greenstone sequences within the Murchison Province is therefore broadly
consistent with the relative timing of greenstone formation as proposed by Watkins and
Hickman (19902). The range in ages however, suggests that the relative timing of
volcanic episodes is not well constrained and that stratigraphic correlation problems exist.
Nonetheless, age determinations from greenstone sequences in the Murchison Province
indicate that these volcanic episodes were broadly contemporaneous with granitoid
plutonism (Wiedenbeck and Watkins, 1993; Wang ef 4/, 1996).

2.8.1 VHMS Pb-model ages

Galena, syngenetic with VHMS mineralisation at the Gossan Hill and Scuddles deposits
(Frater, 1978; 1983a; Ashley, 1983; Ashley e o/, 1988; Clifford, 1992), yield mean Pb-
model ages of ~3.0 Ga, ranging from 3.05 Ga (Scuddles and Gossan Hill) to 2.97 Ga
(Yerecion 2 base metal prospect) (Browning ef a/, 1987). These Pb-model ages are older
than U-Pb zircon ages obtained for the Gabanintha Formation (Section 2.8). Vaasjoki
(1984) obtained a Pb-model age from wall rock samples at Scuddles and Gossan Hill of
~2.73 Ga. This age of mineralisation 1s too young and is similar to U-Pb zircon dates for
the younger ovetlying Mount Farmer Group (Section 2.8). Therefore, Pb model ages for
syngenetic VHMS mineralisation at Gossan Hill and Scuddles yield dates that are both too
old and too young. However, these ages demonstrate a ~3.0 to ~2.8 Ga age for
volcanism and mineralisation (Vaasjoki, 1984; Pidgeon and Wilde, 1990).

2.9 Tectonic setting

Watkins and Hickman (1990a;b) proposed that the Murchison Province began its tectonic
history as a single large-scale, extensional, ensialic basin in an intra-plate setting. This
mnterpretation is based on (1) the inferred siliceous to mafic granulite natute of basement
rocks, and {(2) the layered stratigraphy of the Luke Creek Group. Nonetheless, contention
still remains on the origin and tectonic significance of volcanic rocks in Archean
supracrustal sequences and whether the Archean had unique tectonism (Watkins and
Hickman, 1990a) ot tectonic regimes comparable to modem analogues (Gee e a/, 1981;
Hallberg and Giles, 1986; Clifford, 1992; Myers, 1995). Barley and Groves (1990) and
Barley ef 4/ (1992) suggest a range of tectonic settings within the evolution of individual
terranes of the Yilgarn Craton based upon the heterogeneous distribution of Archean

mineral deposits.

Evolutional models of granite-greenstone terranes depend crtcally on the nature of the
basement and the tectonic regime in operation. Both of these parameters are pootly
understood in the Murchison Province. As the basement rocks of the Murchison
Supergroup are not exposed, two types of basement have been inferred; (1) 2 simatic
“oceanic” type, and (2) a sialic “continental” type (e.g, Archibald ef 2/, 1981; Gee ¢ 4/,
1981; Groves and Batt, 1984; Watkins and Hickman, 1990a; Shackleton, 1995).
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Geophysical evidence, combined with hthological, geochemical 2and isotopic evidence
from overlying stratigraphic sequences, led Watkins and Hickman {19902) to infer 2
heterogeneous, layered basement assemblage consisting of mafic and siliceous granulite,
with a significant garnet amphibolite and tonalite component. This conclusion is in
agreement with other authors on Archean geology in Western Australia (e.g., Archibald e
al., 1981; Gee ¢ al., 1981; Hallberg and Giles, 1986).

The preservation of Archean greenstone sequences requires that they be erupted on to
buoyant silialic crust, which prevents their destruction by subduction (Nisbet and Fowler,
1983; Watkins and Hickman, 1990b). Tectonic models involving development of
greenstone as oceanic crust are therefore excluded. Volcanological and geochemical
evidence within the WFB support early rifting in response to extensional tectonic
processes (Watkins and Hickman, 1990a; Clifford, 1992) (Fig. 2.4a). The abundance of
deep submarine facies and mafic rocks in the WFB favours an oceanic arc setting with
derivation from a continental source due to the lack of ophiolttic rocks within the WIFB.
Clifford (1992) interprets the WEB to have evolved as a rifting island-arc with a
significant continental component. This tectonic setting is therefore comparable to
modern tectonic island-arc rift or back-arc settings that contain VHMS mineralisation
(e.g., the Tertiaty Hokuroko Basin, Japan in Cathles ef 4/, 1983; the Manus Basin, Papua
New Guinea in Bmns and Scott, 1993).

2.10 The Scuddles and Gossan Hill VHIMS deposits

The Gossan Hill and Scuddles deposits are the largest VHMS deposits in the Yilgarn
Craton (Watkins and Hickman, 1990a). They occur within the Golden Grove Domarn
and are hosted by the GGF of the Gossan Hill Group (Figs. 2.6 and 2.7). The Golden
Grove Formation consists of a layered voleaniclastic sequence with minor volcanic rocks.
At Scuddles, VHMS mineralisation occurs in the uppermost part of the Golden Grove
Formation near the contact with the overlying Scuddles Formation volcanics (Fig. 2.8).
This stratigraphic location corresponds to the site of VHMS mineralisation at Gossan Hill
and Scuddles, as well as a number of uneconomic base metal prospects along strike within
the GGF (g, Felix and Flying Hi). The occurrence of these deposits along a single sirata
suppozts the concept of a favourable stratigraphic interval for mineralisation {e.g.,
Franklin ez «/, 1981) in the Golden Grove Domain. However, VHMS mineralisation at
Gossan Hill spans a greater stratigraphic interval than mineralisation at Scuddles and
occurs within the central to the uppermost parts of the GGF (Figs. 2.6 and 2.8).

The local geology and proximity {<4 km)} of the Gossan Hill and Scuddles deposits is
iltustrated in Figure 2.8. Swratigraphy trends northwest and dips steeply to the west. A
series of north to northeast trending D4 faults dissect the Archean geology, with faults
having small strike-slip displacements. Dolerite intrusions in this atea are common and
have similar orientations to late D4 faults. In the east, recrystallised monzogranite
mntrudes the base of the Shadow Well Formation to within 400 m of VHMS
mineralisation at the Gossan Hill and Scuddles deposits (Fig, 2.8).

VHMS mineralisation 1n the Golden Grove Domain is characteristically Zn- and Cu-rich,
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having low Pb and barite contents, and Cu-rich stringer stockwork developed below the

Zn-rich massive sulphides. The morphology of the Scuddles and Gossan Hill deposits
differs. Scuddles is a relatively stratiform sheet-like deposit that has a discordant

underlying Cu-rich stockwork. Gossan Hill varies from a sheet-like deposit in its upper

stratigraphic parts, to a large discordant stockwork zone 1n its lower parts. Gossan Hill

also contrasts to the Scuddles deposit due to the occurrence of podiform massive

magnetite bodies associated with discordant Cu-rich mineralisation at Gossan Hill
(Chapter 5).

211 Summary

The Murchison Province contains four episodes of granitoid emplacement and two
episodes of greenstope formation. These greenstone episodes formed the Murchison
Supergroup that consists of the older Luke Creek Group (~3.0 Ga), which 1s
unconformably overlain by the younger Mount Farmer Group (~2.8 Ga). VHMS
mineralisation is correlated to the Luke Creek Group.

Four granitoid suites intrude the Murchison Province. From oldest to youngest these
are (1) granodiorite-monzogranite metamorphosed to pegmatite banded gnetss (~2.9
Ga), which mtruded the base of the Luke Creek Group, (2} recrystallised
monzogranite (~2.7 Ga), which also intruded the base of the Luke Creck Group, and
(3-4) two contemporaneous post-folding granitoids (~2.6 Ga) that truncate all
stratigraphy and fold structures.

Four phases of deformation are identified with recumbent folds and thrusts of D1
predating deposition of the Mount Farmer Group and intrusion of recrystallised
monzogranite. The major structural features of the Murchison Province are however
tight east-west folds (D2) and tight north to northwest folds (D3). The main
penetrative fabric (S3) formed during the north to northwest D3 folding event. Shear
zones (northwest to northeast) were developed during D4.

Prograde metamorphism in the Murchison province ranges from prehnite-pumpellyite
to granulite facies, however rocks in the Warriedar Fold Belt have greenschist to lower
amphibolite facies.

The Warriedar Fold Belt is an arcuate greenstone sequence in the central part of the
Murchison Province. This greenstone belt contains five tectonostratigraphic domains,
with economic base metal mineralisation located within the Golden Grove Domain,
on the northeast flank of the WFB.

The Golden Grove Domain is a coherent succession of felsic to mafic volcaniclastic
and volcanic rocks deposited in a deep subaqueous environment. This domain has a
layered stratigraphy with a strike extent of 28 km.,
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Chapter 3

Stratigraphy

3.1 Introduction

The Golden Grove Formation (GGEF) 1s pact of the Gossan Hill Group volcano-
sedimentary succession and forms a layered sequence of felsic volcaniclastics that
underlies and hosts massive sulphide mineralisation at Gossan Hill. Coherent volcanic
rocks are absent from the GGF near Gossan Hill, but the main rock type of the overlying
Scuddles Formation (SCF). The SCF consists of massive volcanic lavas, intrusions and
related breccia facies, with minor volcaniclastics. Both the GGF and the SCF have a

steep west to subvertical dip and a northwest strike.

It is difficult to describe the stratigraphy of the GGF at Gossan Hill without some
precutsory introduction to the alteration systematics of these rocks, as all rocks within
the GGF are altered. As a result of alteration, primary mineralogies are not preserved
and the rocks consist almost entirely of alteration assemblages, excepting velcanic
quartz. Consequently, mineralogy is not a diagnostic criteria for the subdivision of strata.
The stratigraphic classification of the GGF in this thesis 1s based on three main
characteristics. These are (1) the proportions of volcanic quartz, (2) preserved volcanic
textures, and (3) physical attributes including bedding and grading. The most impoxrtant
criteria used for lithologic and stratigraphic orientation, is the abundance, morphology,
distribution and size of volcanic quartz. In the GG volcanic quartz is the most
chemically resistant and stable phase against the effects of alteration, having diagnostic
attributes for each stratigraphic subdivision. Presetved volcanic textures also yield much
information about the original lithology and lithofacies. Howevert, textural preservation

1s variable and limited within intense alteration near mineralisation.
3.1.1 The implementation of a stratigraphic framework

Early workets in the Golden Grove Domain encountered many difficulties in resolving a
consistent stratigraphy (e.g., Table 3.1). These difficuldes arose from the massive
homogeneous appearance of strata within the Gossan Hill Group and resulted in
conflicting interpretations of rock type and otigin. For example, the stratigraphic
subdivisions of Frater (1978) and Ashley (1983) were divided between a pyroclastic
origin and a mixed pyroclastic-epiclastic origin respectively. In an attempt to resolve the
stratigraphic context of sulphide~-magnetite mineralisation at Gossan Hill, Frater (1978)
and Ashley ¢/ a/ (1988) each developed a subdivision termed the “Mineralised Horizon”
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Table 3.1: Correlation and nomendature of previous stratigraphic subdivisions devised by workers in
the Golden Grove Domain. Abbreviated terms used by previous workers refer to (1) the interpreted
relative stratigraphic position to mineralisation; U = upper, W = hangingwall, L = lower, FW =
footwall, (2) hthological features; F = feldspathic Q = quartz, X = aystal, C = cherty, (3) fades
interpretation; T = wiff, AF = ashflow cydes, and (4) stratigraphic units; MH = mineralised hotizon.

Frater (1978; Frater Clifford Hazsris ez al, Ashley eral, Clifford (1992);
1983a) {1978) 1987) (1982) (1988) this study
Scuddles
Cycle 3 Formation
felsdpathic volcomdite Unit 12 UFAF UFAF Member 4
Unit 11 UFAT Member 3
Cycle 2 Unit 10 UQAF UQAF Member 2
Dadite sill and UQXT Unit 9 UAFV Member 1
Golden Grove
Formation
HWC Cycle 5 Unit 8 MH (upper) UMHT and MH Member 6
upper MH Cycle 5 Unit 7 MH (middle) T MAF Member 5
lower MH MH Unit 6 MH (lower) LAF(Q Member 4
lower MH MH Unit 5 transition LAF Member 3
MH Unit 4 Mernber 2
FWLT Cycle 4 Unit 3 FLT/LAF Member 1
Gossan Valley
Cycle 1 Formation
LCT Cycle 1-3 Unit 2 LAF(Q Member 4
LOQXT Cycle 1 Unit 1 LAFQ Meraber 3
basal tuff Cycle 1 LAF Member 2
basal tuff Cycle 1 Member 1

(Table 3.1), which was based on the assumption that all the mineralisation at Gossan Hill
occurred contemporaneously. The “Mineralised Horizon” encompassed all mineralised
rocks to a single stratigraphic unit due to difficulties in differentiating between sirmilar
altered volcaniclastic lithologies.

The implementation of facies analysis by Clifford (1992) proved to be highly successful
in the Golden Grove Domain and resulted in the development of a consistent
stratigraphic division. Based upon critical examination of volcanic textures and primary
facies characteristics, Clifford (1992) divided the Gossan Hill Group into five formations
(Fig. 3.1). In Clifford’s (1992) scheme, the Gossan Hill Group represents a coherent
volcano-sedimentary succession that consists of coherent facies, taffaceous
volcaniclastics and epiclastic sediments. This definition means that mineralisation at
Gossan Hill is hosted by tuffaceocus and epiclastic strata and that stratigraphic separation

exists between Cu- and Zn-rich mineralisation.
3.1.2 Aims

This chapter examines the stratigraphy proximal to mineralisation at the Gossan Hill
deposit, from Gossan Valley Formation Member 4 in the footwall to SCF Member 2 in
the hangingwall (Fig, 3.2). The stratigraphic investigations of this thesis test and
complement the regional stratigraphic studies of Clifford (1992). This study uses facies
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e e, mud fcGPCB MEMBER THICKNESS FACIES ASSOCIATION

CATTLE WELL FORMATION
FACIES ASSOCIATIONS

900 - 1450 m 1(b), 2(a)
1. Epiclastic facies

(a) Quartz Arenite Facies: Poorly sorted, quartzo-feldspathic, fine to coarse sandstone, minor interbedded pelite. Broding
gneissic /granitic source terrain. Facies lensoidal when interbedded with other epiclastic or voleanic facies. Distribution limited:
Shadow Well and Gossan Valley Formation Member 1.

SCUDDLES FORMATION

(b) Mixed Provenance Litharenite Facies: Moderate to poorly sorted, polymict-lithic, fine sandstone to cobble breccias; the
breccias being subordinate. Scuzce area dominated by eroding andesitic volcanics, with subordinate plutonic, dacitic, basaltic and
ultramafic volcanic sources. Bedded centimetres to 15 metres, partial Bouma sequences and scoured bases, The facies is lensoidal
when intexdigjtating with volcanic facies. Stratgraphic distribution: upper four formations of the Gossan Hill Group.

s a:n:AAnA\ Membet 4 510 - 700 m l{b}r 2(C), 2((1)

> 3700 m

(c) Tuffaceous Volcaniclastic Facies Association: Poorly sorted breccias composed of resedimented juvenile magmatic and
phreatomagmatic wifaceous debds. Massive to bedded, depositional units centimetces to 9 metres massive to cxudely graded
(A2A3 Bonma sequences), and scourxed bases. Individual facies aze laterally continuous on a scale of kilometres. Strarigraphic
distdbution: Gelden Grove Formation

MINJAR GROUP

Member 3 0-60m 1(b), 2(¢), 3(a), 3(b), 3()

2. Volcanic facies

(a) Coherent Basalt Facies: Thin laterally discontinuous, aphydc, amygdaloidal, coherent basalt flows and some associated
synvolcanic intrusives. Stratigraphic distribution: Gossan Valley and Catle Well Formations

Member 2 0-330m 1), 2(c), 2(d), 3(a), 3(b), 3(c)

(b) Andesite Facies Association: Three related facies are defined, the Cohezent Andesite, Massive Andesite Breccia and
Stratified Andesite Breccia Facies. All facies are weakly porphyritic, amygdaloidal, laterally discontinuous and together form a
genetically related facies group. Stratigraphic distribution: Golden Grove Foonation Member 2.

— Member1 0-40m 1(b), 2(c), 3(a), 3(c)
GOLDEN GROVE FORMATION

Member 6 0-180m 1{b), 1(0), 3(a), 3(b), 3()
Member 5 0-120m 1(c)

{c) Dacite Facies Association: Three facies, the Coherent Dacite, Massive Dacite Breccia and Stratified Dacite Sandstone and
Breccia Facies, are defined within this facies associaion. Six distinct eruptives have been identified {(Dacite 1-6). These vary from
aphyric to quartz-feldspar porphyritic and are locally amygdaloidal. Stratigraphic distribution: Golden Grove Formation Membes
2, Scuddles Formation Members 1-4.

Member 4 75-140m 1), 1(9), 3(), 3(b), 3(c)

(d) Rhyodacite Facies Association: Three facies, the Coherent Rhyodacite, Massive Rhyodacite Breccia and Stratified
Rhyodacite Breccia Facies, are defined within this facies association. Theee distinct exptives have been identfied Rhyodacite 1-3).
All are quartz-feldspar porphyritic and locally amygdaloidal. Stratigraphic distribution: Golden Grove Formation Member 2,
Scuddles Foemation Member 2 and 4.

Member 3 0-100m 1(c)
Member 2 0-90m 1(b), 2(b), 2(d)

(e) Rhyolite Facies Association: Three facies, the Coherent Rhyolite, Massive Rhyolite Breccia and Stratified Pebbly Rhyolite
Sandstone Facies, are defined within this facies association. The association includes a single eruptive, which is quartz-feldspar
™~ porphyritic and restricted in stratigraphic distdbution to Gossan Valley Formation Member 3.

THUNDELARRA GROUP
2300 - 2800 m

Member 1 0-170m 1)

3, Chemical sediment facies

~ GOSSAN VALLEY FORMATION
(a) Chert Facies: Fine grained silica, commeonly with finely disseminated cazbonate, sulphide and oxide impurities, defining
delicate laminations, Geometry of the facies is thin (<5 metres) lensoidal occurrences of limited (<200 metres) lateral continuity. Member 4 50 - 660 m 1), 2(2)
Isolated occurrences known, but most abundant as a lateral equivalent of, or in the hangingwall to significant Massive Sulphide
Facies occurrences. Most stratigraphically widespread chemical sedimentary facies: Golden Grove and lower Scuddles Formation
(b) Massive Oxide Facies: The facies has two end-member varieties. Varety 1- coarse-grained (1-2 millimetres) subhedral S Member 3 30-205m 2{e)
magnetite, beds of <2 centimetres interbedded with Chert Facies. Vadety 2 - fine-grained (<0.01 millimetres) magnetite, massive o
stratiform lenses of <10 metres thickness and <80 wmetzes lateral continnity overying epipenetic magnetite stockwork, footwall to =] E —
significant massive sulphide facies. Stratigraphic distribution: Golden Grove and lower Scuddles Formation {var. 1) and Golden o py Member 2 0-190m 2{c)
Grove Formation Member 4 (vac 2) j S
— O
]
(<) Massive Sulphide facies: Prmary and recrystallised Fe, Zn, Co, Pb sulphides. Geometry varies from thin {<2 centimetres) a 2
lensoidal occurrences interbedded with chert and massive magpetite, through to stratiform massive sulphide lenses <40 centimetres % £ Member 1 90 - 380 m 14a), (1), 2(a)
thick, with lateral dimensions of <400 metres. Major occurtences exhibit zoned metal distributions and underdying well developed A
epigenetic stockwork. Stratigraphic distribution: Gelden Grove Formation Members 4 and 6 and Scuddles Formation Member 3. o
o SHADOW WELL FORMATION
> 670 m 1)
=
N 7 MURCHISON MONZOGRANITE

Figure 3.1: Stratigraphy of the Golden Grove Domain and the stratigraphic subdivision and nomenclature devised by Clifford (1992) for the Gossan Hill Group.

Chapter 3: Stratigraphy




grain size 31

roeor B %] Scuddles Formation Member 2 (SCF M2)
ror \ Dacite (DAC3): Massive feldspar, quartz-phyrc extrusive-inttusive lava and associated
S pat, q pay:

rorig 3 L breccia facies. Inwrudes GGF M4 to GGF M6 and rhyodacite (RD2) and sills parallel to the
. @LEQS |\ GGF M4GGF M5 contact {thickness 0 to 330 metres).

o \
PAGSIST o N o o e
r r \_‘\.‘ -
forl s L Rhyodacite (RD2): Massive quartz, feldspar-phyric lava and associated breccia facies. Large
L 5 to 8 mm fractured and embayed quarte phenocrysts are distinctive. Upper parts may be
£ e \‘\% amygdaloidal. Lower and upper rhyodacite breccia facies are poorly sorted and clast
S supporred. Clasts include rhycdacite, bedded volcaniclastics and rare massive sulphide
B (thickness 0 to 330 metres).

Golden Grove Formaton Member 6 (GGF M6)

Thinly to thickly bedded siltstone, sandstone and polymict pebble breceia. Some sandstone
and pebble breceia are mffaceons. Normal grading, scoured basal contacts, syndepositional
fauiting and mantling are common. Lower part js interbedded with GGF M3 (thickness 0 to
180 metres).

Golden Grove Formation Member 5 (GGF M5)
Massive, clast supported, lithic-rich sandstone and granule to pebble breccia with minor
volcanic quartz (<2%). Lithics include <4 mm, pumiceous and formerly glassy clasts
including tube and vesicular pumice, bubble wall fragments and shards {thickness 0 to 120
metres).

Golden Grove Formation Member 4 (GGF M4)

Quartz-rich, clast supported bedded sandstone, siltstone and granule to pebble breccia.
Voleanic quartz forms 5 to 13%, forming up to 2 millimetre sized angular quartz fragments
and eahedral grains. Formerly pumiceous-glassy lithics include relict tube pumice, vesicular
glassy clasts and shards and pumicecus shreds (thickness 50 to 140 metres).

e e e e e e & e e s E— — e e o o — —— — = = = e

,/ Golden Grove Formation Members 2 and 3 (GGF M2 and GGF M3)
Bedded siltstone, sandstone and pebble brecela, some of which are tuffaceous (thickness 0 to

Golden Grove Formation Member 1 (GGF M1)

Massive, clast supported, poorly sorted pumicecus granule to pebble breceia interbedded
with sandstone. A monomict lithic population of tube pumice with fragments up to 100
mm, but generally less than 20 mm. Blocky and angular volcanic quaree grains generally
form less than 2% modal, but rarely up to 15%. Thinly bedded zones have normal and
reverse grading and common scoured basal contacts (thickness 100 to 170 metes).

Gossan Valley Formation Member 4 (GVF M4)

Massive quartz-rich sandstone 1o clast supported, polymict conglomerate-breccia. Quartz is
less than 3 mm in size and forms up to 8% medal (thickness 50 to 660 metes).

.' .-'.', ..'--

Figure 3.2: Facies variagon of the stratigraphy proximal to the Gossan Hill deposit, from Gossan Valley
Formation Member 4 to Scuddles Formation Member 2. The Golden Grove Formadon is a thick
sequence of felsic volcaniclastics that are overlain and intruded by coherent felsic volcanics of the
Scuddles Formation. Stratigraphic subdivision and nomenclatre are from Clifford (1992) (refer Fig 3.1).
Golden Grove Formation Members 4 and 6 host Cu- and Zn-rich massive sulphide at Gossan Hill
respecively.
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analysis techniques similar to those described in McPhie ef 4/ (1993) and implements the
stratigraphic nomenclature devised by Clifford (1992).

Lithological, facies and textural variations at Gossan Hill are address constraints on the
(1) volcano-sedimentary depositional processes, (2) environment of deposition,

(3) longevity of the hydrothermal-mineralising system, and (4) mechanisms by which
VHMS mineralisation was preserved. Investigations in this chapter are therefore focused
on the GGF due to its footwall, host and 1in part, hangingwall association to massive
sulphide at Gossan Hill. Each of the six stratigraphic members of the GGF (Fig. 3.2) are
discussed in detail with critical examination of their facies and textural varation. As
mineralisation spans a stratigraphic interval within the GGF, these investigations also
address depositional hiatus that may have provided time windows for the accumulation
of sulphide mineralisation. Furthermore, the stratigraphy at Gossan Hill highlights a
genetic link between preservation of volcanic textures and alteration (Chapter 7).

3.2 'The Gossan Valley Formation

The Gossan Valley Formation {(GVF) undetltes the GGF and has four members that
consist of mixed provenance litharenite, coherent basalt, thyodacite, dacite and quartz
arenite facies (Fig. 3.1; Clifford, 1992). The GVF Member 4 1s the uppermost
stratigraphic subdivision of the GVF and is the only Member investigated here due to its

exposure underground.
3.2.1 Member 4 (GVF M4)

GVF M4 1s a sequence of interbedded normally graded breccia, conglomerate and
sandstone, with beds up to 1 m thick. Breccia and conglomerate are typically polymict,
pootly sorted and clast supported, with subrounded to subangular quartz-phyric lithic
clasts (Fig 3.3a) that are silicified or chlomte altered. Volcanic quartz in conglomerate
and breccia form phenocrysts within lithic clasts and scattered grains i the matrix.
Matrix quartz is typically less than 3 rmm i size and forms between 3 to 10% modal.

Pumiceous clasts were not observed within breccia and conglomerate.

Massive sandstone within GVF M4 consist of euhedral to subrounded, fractured and
embayed volcanic quartz grains (<10% modal) m a fine-grained muscovite, quartz and
chlorite altered matmx (Fig. 3.3b). In these sandstones, volcanic quartz is commonly
recrystallised to megaquariz. GVFEF M4 sandstone commonly has a muscovite-quartz and
chlonite-muscovite-quartz alteration banding (Fig. 3.3b), which obscures primary bedding
but may itself reflect relict bedding. Nonetheless, the modal abundance and size of
quartz between the chlonte-muscovite-quartz and muscovite-quattz alteration bands

does not vaty.

The upper stratigraphic contact between GVF M4 and the Golden Grove Formation
(Member 1) is interbedded over a thickness of 10 m (Fig. 3.4) or is faulted. Breccia beds
within the interbedded contact zone are poorly sorted, polymict and clast supported, with
beds up to 4 m consisting dominantly of GVF M4 sandstone clasts. These sandstone
clasts are up to 1 m in size, angular to subangular with jigsaw fit textures and contain
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Figure 3.3

(2)

©

{d)
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GVF M4: pootly sorted, clast supported conglomerate with broad normal grading. Clasts
are rousnded to subrounded and consist of white siliceous and green chilosite altered
quartz-phyric clasts in a fine-grained, quartz-rich matrx (5,223 E, 18,858 N, Pump Access
Cuddy 190 level).

GVF M4: massive sandstone containing abundant rounded quartz grains in a fine-grained
matrix. Alteration banding in this sandstone consists of alternating light grey muscaovite-
quartz bands and green chlodte-muscovite-quartz bands. Although bedding is not evident
in this sandstone, alteration banding may reflect bedding. Minor disseminated pytite is
present in the sandstone as are narrow pydte veins that parallel cleavage. Scale in cm
(sample 970046). Note: sample location details are given in Appendix A1.2.

Contact between GVF M4 and GGF M1. Coarse-grained sandstone and pebble breccia
interbedded with coarse-grained breccia, The contact between pebble breccia (right) and
oveslying coarse-grained breccia (left) is undulose and scoured (daslied line). The
overlying coarse-grained breccia contains clasts up to 0.5 m that are quartz-rich and have
muscovite-chlorite alteration banding similar to sandstone in (b). The differential
orientation of this banding supports banding as an eatly alteration of the sandstone in the
undetlying GVE. Breccia beds are clast supported and poorly sorted. Location of this
sample is indicated in Figure 3.4. Width of rock bolt plates is approximately 40 cm
(Cuddy #13,5,1542 E, 18,283.6 N).

Thinly bedded sandstone of GGF M1, Sandstone beds vary from 0.1 to 1 cm thickness.
Sandstone beds are pumiceous-rich (white flecks) in a fine-grained quaztz-chlorite altered,
quartz and shard-rich matrix. Bed contacts vary from planar to undulose. The light grey
bands are shard-rich siltstone beds. Scale in em {sample 97UG05).

Bedded pebble breccia, sandstone and siltstone from the base of GGF M1. Pebble
breccia beds have normal to reverse grading, are clast supported and contain pumiceous
lithics in a fine-grained quartz-rich matrix. Basal contacts ave sharp and planar. Siltstone
(Slt) and sandstone (Sst) beds are fine-grained, shard-dch beds. Seale in cm (sample
97U047),

Photomicrograph of sandstone within GGF M1. The sandstone consists entirely of
preserved shard texrmures that are replaced by quartz. Shards have cuspate to rod-like
shapes and some are bubble wall junctions with relict vesicle structures (arrow). The
interstitial matrix o the altered shards is chlorite that contains minor disseminated pyrite
(Py) (sample 97U013).
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Figure 3.4: Plan view of underground mapping of Cuddy 13 and 14. The contact between GVF M4 and
GGF M1 is unconformable, but broadly conformable to strike. GVE M4 is a massive quartz-bearing
sandstone that has muscovite-quartz and chlorite-muscovite-quartz alteration banding subparallel to
bedding. GGF M1 consists of massive, pootly sorted, intetbedded pebble and cobble brecca with
tuffaceous pebble brecciz units at the base. Cobble breccia beds contain Jarge, less than 1 m clasts of
banded guartz-rich sandstone. These dasts have a similar lithology to underlying massive banded quartz
sandstone in GVF M4. Thinly to medium bedded sandstone to pebble breccias of the averlying GGF
M1 contain abundant volcanic quartz and altered pumiceous lithics. Decline indicated by dashed lines.
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variably oriented muscovite-quartz and chlorite-muscovite-quartz alteration banding (Fig.
3.3¢), identical to underlying sandstone. Due to the matching lithology between these
clasts and underlying strata, sandstone clasts were likely detived from undetlying GVF
M4 sandstone, with alteration banding reflecting alteration prior to incorporation. The
lower contact of GVF M4 is not exposed.

3.3 The Golden Grove Formation

The Golden Grove Formation (GGF) is a sequence of bedded, felsic, tuffaceous
volcaniclastics and epiclastic sediments. The GGF has six stratigraphic members
(Members 1 to 6 inclusive; Fig. 3.2) that are subdivided based on lithofacies
characteristics including size and abundance of lithics and volcanic quartz, as well as bed
thickness. The lithofacies of each member of the GGF ate discussed in the following

sections.
3.3.1 Member 1 (GGF M1)

Within the Golden Grove Domain, GGF M1 has a strike continuance in excess of 15 km
and 2 thickness of less than 170 m (Clifford, 1992). At Gossan Hill, the thickness of

GGF M1 averages 120 m, although its lower stratigraphic contact is not well constrained
by drilling. The upper contact of GGF M1 is conformable and sharp or interbedded with
the tuffaceous units of GGF M3 and GGF M4 or epiclastics of GGF M2 (Section 3.3.2).

Formal stratigraphic nomenclature classifies GGF M1 as the stratified, rhyodacite, lithic
breccia facies (Clifford, 1992). GGF M1 is a sequence of tuffaceous volcaniclastics,
which form the footwall to Cu-rich mineralisation at Gossan Hill. GGF M1 consists of
bedded, pumiceous-nich pebble breccia (>4 mm), granule breccia (2 to 4 mm) and
sandstone (<2 to 0.1 mm). Occurrences of cobble breccia, with lithics up to 30 cm in
size ate observed, but rare. At Gossan Hill, GGF M1 is subdivided to two lithofacies
based on grain size and bedding, These two facies form an interbedded sequence of

(1) thinly bedded sandstone and pebble breccia facies, and (2} thickly bedded lithic-rich
pebble breccia facies. The thinly bedded sandstone sequence dominantly occurs in the
basal parts of GGF M1, whilst massive pebble breccia facies abound in its upper parts.

Each of these facies are described below.
Thinly bedded sandstone facies

Fine- to coarse-grained sandstone form the basal 20 to 30 m of GGF M1. Sandstone
may be laminated (<2 mm), thinly bedded (<10 cm) (Fig. 3.3d) to medium bedded (<30
cm) with conformable, rhythmic, planar beds or locally undulose and scoured contacts.
Narrow (10 to 50 cm) pebble breccta beds are interbedded within thts sandstone
sequence (Fig. 3.3¢). Sandstone commonly has normal grading and rare cross bedding,
Reverse grading may also occur in coarse-gramed sandstone and pebble breccia, and
syndepositional faults are common on a metre to millimetre scale. The basal contacts of
pebble breccta beds against bedded sandstone ate commonly undulose and scoured, to
convolute and disconformable, indicating locally erosional contacts. These erosional

contacts are often associated with syndepositional faulting (e.g., Fig 3.5a at 2 m) and
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unconformable stratigraphic contacts caused by scoured and erosional basal bed contacts, associated with syndepositional fanlting,
GGF M1 is intruded by late stage dacite, dolente and rhyolite intrusions. GGF M1 consists of interbedded lithic-nch tffaceous

pebble breccia and sandstone.
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Figure 3.5: Underground mapping of Cuddy 4. (2} and (b) are maps of the north and south walls of Cuddy 4 respectively with a facies
log given along the wall in (b), and () is a plan projection. Apparent changes i the dip of strata are the result of locally
unconformable stratigraphic contacts caused by scoured and erosional basat bed contacts, associated with syndepositional fanlting,

GGF M1 is intruded by late stage dacite, dolente and rhyolite intsusions. GGF M1 consists of interbedded lithic-rich mffaceous
pebble breceia and sandstone.
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reflect locally undulose, partly eroded surfaces, mantled by ovetlying thinly bedded
sandstone. The combined effect of these erosional sutfaces and syndepositional faulting
results in an apparent overturning of strata as exemplified in Figure 3.5. Nonetheless,
consistent west facing (Fig. 3.5) mean that the east dips of beds result from the mantling
of erosional contacts. These scoured, erosional contacts likely reflect the development

of local channels duning deposition of this sandstone and breccia sequence.

Thinly bedded sandstone facies in GGF M1 consist of volcanic quartz and angular to
subrounded pumiceous lithics or shards. Quartz abundances range from 2 to 15% modal
with quartz having blocky to angular morphologies and a grain size of less than 1 mm.
The changes m the modal abundance, morphology and size of volcanic quartz are sharp
and define bedding. Generally, volcanic quartz grains have reaction margins to micron-
sized microcrystalline quartz overgrowths along grain boundanes and fractures.

Embayment and undulose extinction of quartz is also common.

Lithic clasts in sandstone are completely altered to quartz and chlorite mosaics. Where
preserved, clasts are quartz altered and have morphologies that vary from rounded,
angular, and blocky to tabular, often with cuspate or curviplanar margins. Some lithic
clasts contain quartz phenocrysts less than 1 mm in size. Preserved volcanic textures
within clasts are principally tube striation structures and less commonly vesicle
structures. The morphology and size of these clasts varies between beds and coarser-
grained sandstone and pebble breccia beds are lithic-rich, clast supported with a closed
framework. Comparatively, fine-grained sandstone and the finer fractions of coarse
sandstone and pebble breccia contain preserved shard and rod textures and bubble wall
fragments (Fig. 3.3f). Fine-grained sandstone are matrix supported and consist of
formerly glassy, shard-rich material.

Although coarse-grained sandstone and pebble breccia are lithic-tich with 2 closed
framework, relict pore spaces are indicated by the rare occurrence of vugs. Figure 3.6a
Hlustrates an angular 3 mm cavity structure in coatse-grained, lithic-rich sandstone,
infilled by subhedral to euhedral carbonate and quartz. These cavity structures are
interpreted to represent original pore spaces in the sandstone that were infilled by

secondary minerals after emplacement.
Pebble breccia facies

Pebble breccia facies are the main rock type in the upper 100 m of GGF M1 and are
interbedded with up to 10 m thick sequences of fine-grained sandstone. Pebble breccia
facies are thinly to thickly bedded (>1 m) and have broad normal grading, The
distribution, size and morphology of volcanic quartz varies berween and within pebble
breccia beds. The proporton of volcanic quartz vaties from 2 to 7% modal and its grain
shape is distinctly bimodal between blocky euhedral to angular quartz (Fig. 3.6b). Blocky
euhedral quartz forms up to 5% modal and consist of grains between 0.2 to 1.4 mm in
size. BEuhedral quartz have reaction textures that include less than 0.05 mm quartz
overgrowths (optically continuous), embayment, grain fracture often with jigsaw fit
textures, recrystallisation of quartz to microcrystalline quartz along and outward from
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Photomicrograph of 2 vug within coarse-grained, lithic-rich sandstone of GGF M1, The
vug is symmetric and subrounded. A rim of subhedral megaquartz forms the outermost
pazt of the cavity, which is in flled by euhedral quartz and subhedral carbonate. This vug
represents the in fill of primary porosity in the pebble breccia by secondary quartz and
carbonate minerals (sample 97U047).

Photomictograph of a quartz-rich sandstone from the base of GGF M1, Voleanic quartz
grains are evhedral to angular grains. Some euhedral quartz grains are fractured whilst
some angular grains have carviplanar grain margins (arrow). Both eubedral and angular
quartz have narrow quartz overgrowth rims around their grain margins. The matrix to
this sandstone is a closely packed array of aftered pumiceous lithic clasts and shards that
are altered to quartz and chlorite (sample 769088).

Photomicrograph of a vesicular pumiceous lithic clast within a pebble breccia of GGF
Mi. The pumiceous lithic clast consists entirely of microcrystalline quartz and has well-
preserved volcanic textures. These textures include vesicle walls, with vesicles in filled by
chlorte ox quartz (sample 97U078).

Contact between 2 fine-grained and coarse-grained sandstone of GGF M2, The fine-
grained sandstone is intensely quartz altered (chert) and the coarse-grained sandstone is a
quartz- and pumiceous-tich sandstone (Sst). Scale in cm (sample 769018).

Bedded sandstone and siltstone typical of the basal parts of GGF Md. Sandstone (Sst) is
quartz-tich and contains euhedral to angular vitric quartz crystals scattered in a fine-
grained shard-rich matrx. Sttstone (Slf) has a conformable contact with sandstone and is
shard-rich but lacks volcanic quartz. Both the siltstone and sandstone have strong
pervasive chlorite aiteration. Scale bar in cm (sample 769095).

Bedded pebble breccia and sandstone typical of the upper parts of GGF M4. The pebble
breccia is moderately sorted, clast supported with the lithic clast population consiséing
entirely of quartz altered pumice. Within the silicified pumiceous lithic clasts (white
clasts), tube striations are visible, as are their irregular clast masgins. The contact between
the pumiceous pebble breccia and tuffaceous sandstone (atrow) is conformable. Scale in
cm {sample 760308).

Photomicrograph of a quartz-rich sandstone within GGF M#4. Volcanic quartz varies
from euhedral to angular grains, the later which have cuspate margins and /n stz jigsaw £t
textures (arrow). The matnx of this sample is chlotite (sample 760357).

Photomicrograph of quartz-rich sandstone typical of the upper parts of GGF M4. Quartz
grains have angular grain shapes with cuspate to curviplanar grain margins. The matrix of
this sandstone consists of smaller quartz crystal fragments in a fine-grained quartz-altered

shard-rich meshwork {sample 762085).
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fractures and undulose extinction. Comparatively, angular volcanic quartz grains have a
smaller grain size variation (<1 mmj} and 2 modal abundance in any given bed of up to
3%. Curviplanar to cuspate grain margins are a distinctive characteristic of angular
quartz (e.g., Fig, 3.6b). Reaction textures of angular quartz include less than 0.1 mm
quartz overgrowths, corroded irregular grain margins, embayment, undulose extinction

and common recrystallisation to microcrystalline quartz mosaics.

The clast supported framework of pebble breccia beds in GGF M1 is denoted by
abundant pumiceous lithic clasts, which form in excess of 90% of this facies (Fig 3.7a).
These lithic clasts consist entirely of interlocking mosaics of megaquartz,
microcrystalline quartz and chlonte (Fig. 3.7b). Lithic clasts altered to chlonte rarely
contain volcanic textures, however, quartz altered clasts commonly have good textural
preservation. Preserved volcanic textures include clast morphology, vesicle structures
(Fig. 3.6c) and tube striation textures, the later which 1s characterised by delicate sub-
parallel stmations that impart a fibrous texture (Figs. 3.7b and 3.7¢). Within pebble
breccia, pumiceous lithics vary in size from 8 to 300 mm in size, howeves, the majority of
Lithic clasts are generally less than 2 mm and indicate generally good sorting. Pumiceous
lithic clasts have blocky to tabular morphologies with no evidence of flattening or
weldimg (Fig. 3.7b) and a random omentation is denoted by the vanable orientations of
tube structures. Pumiceous lithics are commonly quartz-phytic and spherulitic textures

are rare.

It is not possible to modally quantify the proportion of matrix in pebble breccia facies
due to alteration. The fine-grained matrix (<0.1 mm) of the pebble breccia facies
consists of formerly glassy fragments that lack evidence of flattening or welding, These
fine-grained fractions include vesicular pumice shreds, tube pumice shreds, cuspate
vesicle junctions, bubble wall shards, curviplanar to arcuate shards and rod-like shards.
Thus fine-grained tuffaceous matrix is closely packed and consists of ash- and sand-sized
formerly glassy detritus that also contains minor angular quartz grains.

Interpretation

GGF M1 consists of two facies; a sandstone and pebble breccia facies. Thinly bedded
sandstone form a fine-grained, strongly stratified basal section to GGF M1 and is rich in
angular quartz and formerly glassy sand and ash. The upper parts of GGF M1 are
dominated by pebble breccia facies but contain abundant interbedded sandstone. Pebble
brecciza facies are clast supported with a closed framework and contain abundant formerly
glassy tube pumice and vesicular lithic clasts; both of which may be quartz-phyric. The
matrix of the pebble breccia beds consist of angular volcanic quartz fragments and sand-
to ash-sized glassy shard detritus.

It is now well established that pumice and shards form during the explosive disruption of
vesiculating magma (Cas and Wright, 1988; McPhie ¢ 4/, 1993). As facies within GGF
M1 consist of tube pumice, shards and volcanic quartz, their derivation is from an
explosive pyroclastic felsic source. Well-preserved pumiceous lithics and shard-rich
matrix material of GGF M1 are indicative of juvenile tuffaccous debts that experienced
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little internal reworking (e.g., Hetken and Wohletz, 1991). Shattered quartz crystals are
common in pyroclastic debris and have angular shapes with curviplanar margins (Fisher,
1984; Gimeno, 1994). Angular quartz crystals in breccia and sandstone of GGF Mi
share these charactenstics and were likely generated from the explosive eruption of a
quartz-phyric magma source. This volcanic source lies outside of the current exposure
within the Golden Grove Domain (Clifford, 1992). The absence of welded textures and
gas pipe structures within GGF M1 indicate a cold state of emplacement. Addidonally,
cuspate to curviplanar margins of many lithic clasts and quartz grains, could have
resulted from the quenching of initially hot fragments. A consistent pumiceous clast

population also indicates a relatively homogeneous provenance for GGF M1.

The interbedded breccia and sandstone tuffaceous debris forming GGF M1 was likely
transported by mass flow processes and emplaced by deposition from water saturated,
high density turbidity currents. The dominance of normal grading in GGF M1 indicates
the mfluence of gravity sorting mechanisms and therefore pumiceous debris was likely
water saturated. Turbidity current deposits can extend over tens of kilometres (McPhie ez
al., 1993) and is consistent with the 15 km strike continuance of GGF M1. Additionally,
strongly stratified sandstone facies may result from the suspension settling of fine-grained
debms, particulatly shards, thrown into suspension duting transport (Fisher, 1965; Lowe,
1982; Fisher, 1984; McPhie ¢ 4/, 1993).

3.3.2 Members 2 (GGF M2) and 3 (GGF M3)

GGF M2 and M3 represent a quiescent period of ambient sedimentation associated with
minor volcanmism (Clifford, 1992). GGF M2 consists of mixed provenance litharenite
facies and andesite facies, whilst GGF M3 consists entirely of tuffaceous volcaniclastic
facies (Clifford, 1992) (Fig. 3.1). At Gossan Hill, GGF M2 consists of intensely
silicified, thinly bedded sandstone to siltstone (Fig. 3.6d) and polymict pebble breccia.
GGF M3 consists of thinly to medium bedded, pumiceous and quartz-bearing sandstone

and pebble breccia. In both members, normal grading 1s common.

At Gossan Hill, GGF M2 and GGF M3 are Jaterally discontinuous and are either absent
or form a narrow interbedded zone (Fig 3.8). The maximum thickness of GGF M2 and
GGF M3 at Gossan Hill 15 22 m, which occurs directly below Cu-magnetite
mineralisation and adjacent to a DAC3 dacite intrusion (Fig. 3.8). In the south and north
of Gossan Hill, GGF M2 and M3 atre absent and GGF M1 is conformably ovetlain or
mterbedded with GGF M4 (Fig. 3.8). The distribution of facies within GGF M2 and
GGF M3 at Gossan Hill, likely reflects the local paleo seafloor topography during
deposition, with theit thickest development corresponding to local seafloor depressions,
and their absence to topographically elevated areas.

3.3.3 Member 4 (GGF M4)

The thickness of GGF M4 vartes from 75 to 140 m over a strike in excess of 24 km
(Chfford, 1992). At Gossan Hill, the maximum thickness of GGF M4 reaches 100 m in

the vicinity of massive sulphide and massive magnetite. To the south and north of
Gossan Hill, GGF M4 thins to less than 30 m (<18,250 N and >18,700 N). The lower
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contact between GGF M1 and GGF M4 is faulted, intruded or locally conformable and
interbedded. GGF M2 and M3, where present, have a sharp conformable contact with
GGF M4 (Fig. 3.8). The upper contact of GGF M4 with GGF M5 is sharp and
conformable and defined by the changes in quartz abundance and bedding.

GGF M4 1s defined as the stratified, rhyolite, pumice-lithic breccia facies (Clifford,
1992). The dominant rock types within GGF M4 are bedded siltstone to sandstone in its
basal parts (Fig, 3.6¢), and bedded sandstone to granule or pebble lithic-rich breccias in
its upper parts (Fig. 3.6f). The lower siltstone to sandstone volcaniclastic sequence is
quartz-tich and thinly (<2 mm) to thickly bedded (<1 m). Comparatively the upper
sandstone to breccia sequence is more thickly bedded (<5 m). Throughout GGF M4,
bed contacts vary from planar to locally undulose and scoured.

Volcanic quartz is a diagnostic characteristic of GGF M4 and has grain size of less than
2 mm and commonly forms up to 10% modal, but can form up to 15% in ctystal-tich
sandstone. Within intense chlonte alteration, quartz is the only prmary grain preserved
and changes in its modal abundance indicate bedding (e.g., Fig 3.6e). Based on its grain
shape, quartz has two populations that are blocky to euhedral quartz (Fig. 3.6g) and
angular to subangular quartz that have curviplanar grain margins (Fig, 3.6h). Blocky to
euhedral volcanic quartz has grains that are generally larger than angular quartz (<2 mm)
and form up to 5% modal. These quartz grains are commonly embayed (Fig. 3.7d) or
fractured, with 7# sifx fracture textures denoted by jigsaw fit (Fig. 3.6g) and optically
continuous quartz overgrowths. Quartz overgrowths around embayed grains indicate that
these quartz overgrowths formed after embayment (Fig. 3.7d). Deformation of blocky
quartz is charactetised by undulose extinction, cleavage wrapping and quartz-chlorite
pressure shadows. Angular quartz textures also include fractured grains, jigsaw fit
textures, quartz overgrowths, fractures, undulose extinction and embayment textures.

Lithic clasts in bedded sandstone and breccia of GGF M4 are quartz-phyric, pumiceous
clasts that have preserved tube strations (Fig. 3.7¢). These lithic clasts consist of
megaquartz and microcrystalline quartz, and are unflattened tabular to blocky clasts up to
4 mm in size, but generally less than 2 mm. Within intense chlorite alteration, primary
volcanic textures are poorly preserved and the morphology of pumiceous lithic clasts is
obscured. Where preserved however, pumiceous clasts have randomly oriented tube
striations. Quartz phenocrysts within pumiceous clasts are euhedral and up to 2 mm in
size. Rate subangular to subrounded clasts consisting entirely of megaquartz likely

represent formerly dense glassy lithic clasts.

Finer-grained clast fractions (<0.6 mm) within siltstone, sandstone and breccia inchude
vesicular fragments, bubble wall and cuspate fragments, rod-like shards and smaller
pumnice shreds (Fig. 3.7f). Spherulitic textures within GGF M4 are rare (Fig, 3.7g). These
fine-grained lithic-rich fractions form siltstone and sandstone beds and the matrix to
coarser-grained sandstone and breccia. In zones of good textural preservation, this
matrix consists entirely of megaquartz and microcrystalline quartz, but is pootly
preserved within chlonte alteration. These fine-grained fractions in siltstone, sandstone
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and pebble to granule breccia were formetly glassy arrays of sand- and ash-sized shards,
pumice shreds and bubble wall fragments, which are moderately to well sorted.

Polymict breccia facies

Polymict breccia facies within GGF M4 has a rare occurrence and is only identified in the
underground workings. In this Jocality, polymict breccia facies forms two narrow {up to
2 m wide), discontinuous boudinaged lenses (Fig. 3.9). Both lenses lie adjacent to the
lower stratigraphic contact of GGF M4 and are either enclosed by massive pyrite or are
conformable to quartz-rich sandstone (Fig. 3.9). The polymict breccia facies is coarse
grained, pootly sorted and clast supported. Lithic clasts are angular to subrounded and
less than 30 cm. Clast types include massive pyrite, chert and most commonly silicified,
bedded sandstone and siltstone. Massive pynite clasts are less than 20 cm in size and
consist of fine-grained pyrite. The matrix of these breccias is a dark grey-green, fine-
grained intensely silicified sandstone. Cleavage wraps around these more competent
breccia lenses and there is no evidence to support structural emplacement of the

breccias.
Interpretation

GGF M4 is a sequence of bedded, quartz-rich sandstone to granule breccia with minor
pebble breccia. This sequence consists of angular and euhedral volcanic quartz,
pumiceous clasts, bubble wall junctions and shards derived from a relatively
homogeneous juvenile pyroclastic source. Normally graded, thinly bedded strata indicate
deposition by suspension settling and density sorting or from high density tu:c'bidity
currents with limited reworking. Moreover, the abundance of quartz in some beds (up to
15% modal) 1s suggestive of crystal enrichment epiclastic processes. The generally fine-
grained nature of GGF M4 reflects a high propottion of fine-grained, well-sorted ash-
and sand-sized shard and pumiceous shreds. GGF M4 is interpreted by Clifford (1992) to
contain interbeds of mixed provenance litharenite facies, which represents background
sedimentation. The rare intertbeds of polymict pebble breccia facies within the GGF M4
sequence therefore represent breaks in the depositional continuity of GGF M4.

The polymuict breccia facies has a clast supported, poorly sorted framework with a
lensoidal occurrence and these are characteristics of talus breccia formed by local
shimping. Similar breccia facies, which also contain massive sulphide clasts, were
observed overlying mineralisation at the Scuddles deposit. The deposition of talus
breccia facies occurs within many VHMS deposits and indicates seafloot talus
accumnulation (e.g., Eldndge e 4/, 1983; Kuroda, 1983 ). At Gossan Hill, the massive
sulphide and altered sandstone clasts in polymict breccia, of GGF M4, were likely
derived from underlying strata, indicating the formation of minor pyrite-tich sulphide
prior to formation of these breccias. Moreover, the occurrence of polymict breccia facies
within massive pysdite (Fig. 3.9) also indicates massive sulphide formation after breccia
formation. The close proximity of polymict breccia facies to the GGF M4-M1
stratigraphic contact means that some sulphide deposition within GGF M4 had
commenced by the onset of GGF M4 deposition. At Gossan Hill, polymict breccia
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Figure 3.9: Underground mapping (wall map}) of the lower stratigraphic contact between massive
pumiceous-rich pebble breccia (GGF M1) and quartz-rich sandstone of GGF M4, The contact is
intruded by = late stage rhyolite and offset by a late bdttde fault (F1). Two polymict, poorly sorted,
clast supported lenses of breccia occur. One is intruded by the rhyolite intrusion, but is conformable
to massive quartz-rich sandstone, The second breccia lens forms a narrow zone (<1 m}) that is
enclosed within massive pyrite. These breccia lenses are discontinuous podiform beds that contain
lithic clasts of massive pyrite and intensely silicified sandstone and siltstone in a sandstone mazrix.
Dip and dip direction of faults, cleavage and stratigraphic contacts are also given.
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within GGF M4 imndicates at least one seafloor site associated with pyrite-rich
mineralisation during the deposition of GGF M4.

3.3.4 Member 5 (GGF M5)

Regionally, GGF M5 is up to 120 m thick and has a sttike continuance in excess of 26.5
km (Clifford, 1992). At Gossan Hill, GGF M5 varies in thickness from less than 10 m in
the south of Gossan Hill, to 50 m adjacent to a dacite intrusion (Fig. 3.10), where it

undeslies and overlies the thickest development of Zn-rich and Cu-rich massive sulphide

mineralisadon respectively.

GGF M5 1s termed the massive rhyolite pumice breccia facies by Clifford (1992) and 15 a
sequence of dark grey, massive sandstone to granule breccia with minor volcanic quartz
(<1%) and infrequent visible lithic clasts, This member is typified by its massive and
relatively homogeneous appearance, having minor variation in quartz or lithic clast
constituents (Fig. 3.11a). Grading and bedding indicators are rare within GGF M5, but
may be masked by the strong ubiquitous quartz-chlorite alteration. Rare thin interbeds
(<20 cm thick) of coarse-grained pumiceous breccia occur within GGF M5. The basal
contact of GGF Mb5 is sharp and conformable to GGF M4 (Fig. 3.10). The upper
contact of GGF M5 1s conformable and mterbedded. This upper contact is denoted by
the first appearance of thinly bedded sandstone, siltstone and pebble breccia
characteristic of GGF M6. The DAC3 dacite of the SCF M2 (refer Fig, 3.2) intrudes the
GGF M5 and has sharp, planar, fine-grained and weakly chilled contacts. These DAC3
intrusions form sills and dykes and the former commeonly parallel stratigraphic contacts
of GGF M5 (eg., Figs. 3.12a and 3.12b).

Volcanic quartz in GGF M5 forms less than 1% modal and has angular to subhedral
shapes. Angular quartz (<0.3 mm) 1s generally smaller than subhedral quartz, which
ranges up to 0.8 mm in size. Angular quartz has curviplanar grain margins commonly
with optcally continuous 0.05 mm microcrystalline quartz overgrowths. In subhedtal
quattz, grain fracture 2nd embayment are common, as are quartz overgrowths (up to

0.2 mm), which contour embayed grains. Undulose extinction in both quartz populations
is uncommon. Therefore, angular and subhedral quartz populations have similar histories
to quartz in GGF M4 (Section 3.3.3), with embayment pre-dating quartz overgrowth.

Lithic clasts in GGF M5 consist of altered tube pumice, shards and fine-grained
pumiceous shreds (Figs. 3.11b and 3.11¢). These lithic clasts are generally less than 1
mm in size, but range up to 4 mm with larger clasts scattered through the fine-grained
shard-rich matrix. Pumiceous clasts have blocky to tabular shapes and commonly contain
well-preserved tube striations (Fig 3.11Db), particularly where altered to quartz. Vesicle
structures of up to 0.2 mm in size are preserved in some lithics and indicate the
occurrence of vesicular pumice in addition to tube pumice. In these examples, quartz
replaced vesicle walls are filled by quartz-chlorite. Other relict glassy textures include
small (<0.6 mm) cuspate pumiceous shreds, rod-like shards and bubble wall junctions
(Fig. 3.11¢). Some sandstone within GGF M5 consist of greater than 70% sand- to ash-

sized shard-rich fractions. In zones of strong alteration, purniceous lithic clasts and relict
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Figure 3.11

(a)

Massive sandstone typical of GGF M5. This sandstone contains rare visible volcanic

. quartz and scattered, silicified pumiceous lithic clasts (white flecks up to 2 mm) within a

)

massive homogeneous matrix that has little internal variation, Scale in em (sample

760389).

) <
Photomicrograph of granule breccia within GGF M5. This breccia consists of meshwork
of pumiceous lithic clasts in a fine-grained shard- and pumiceous shred-rich matrix. Tube

" striations are well preserved in some clasts, however, the clasts margins are pootly |

©

()

preserved. Some pumiceous clasts {arrows} consist of a number of pieces, which probably
formed a larges pumiceous lithic clast. Lithic clasts vaty in size and shape and also include
highly angular vesicular clasts. The pumice and vesicular clasts now consist of
microcrystalline quartz and the matrix is quartz-chlotite altered (sample 769286).

Photomicrograph of sandstone within GFF M5. This sandstone consists of quartz-
replaced pumice shreds and 'shards. Shard textures include cuspate to rod-like shard and’
vesicle junctions (sample 97U066). .

Thinly bedded sandstone within GGF M6. Sandstone beds are less than 1 cm thick and
have planar conformable contacts. Syndepositional faulting and mantling occurts within
this sample (arrow) The grey to white colour of sandstone beds is the result of
differential pervasive quartz and chlonte alteration. Scale in cm (sample 762094).

- Pebble breccia wlr.lun the upper bedded sequence of GGF MG. This pebble breccia has

broad normal grading and an undulatory upper contact to sandstone. The pebble breccia
varies from matrix to clast supported and contains angular to subrounded clasts of chert
and siliceous bedded sandstone and siltstone. The brown clast (atrow) contzins finely

- disseminated sphalerite. Pyrite is also disseminated through the breccia matrix. Scale in

®

£

cm (sample 760364).

Photomicrograph of (e}. Lithic clasts within the pebble breccia bed are quartz-altered
thinly bedded to laminated sandstone and siltstone. The brown clast in (€) (arrow)
contains micton-sized disseminated sphalerite in microctystalline quartz. The matrix of
this sample is strongly chlorite and quartz altered and contains smaller clasts and rare
quartz grains.

Example of a clast within a pebble breccia bed within GGF M6. This clast 1s subrounded
and has well-preserved relict glassy textures. The matrix is intensely silicified (sample
760435).

Tuffaceous sandstone bed from thinly bedded strata within GGF M6. Volcanic textures,
including tube pumice and shards aré modetately pteserved by quartz and chlorite
alteration. Volcanic quartz grains are scattered through the sandstone and have rounded
to angular shapes (sample 760293).
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shards often form “ghosts” and lack preserved voleanic textures.
Interpretation

Volcanic textures mdicate GGF M5 is a massive pumiceous and shard-rich sandstone to
granule breccia. The closely packed, moderately sorted artay of pumiceous lithic clasts
and formerly glassy shard detritus indicate 2 relatively open framework. As all the
consttuents of GGF M5 are tuffaceous in origin, GGF M5 had an explosive felsic
volcanic source, but lacks the abundant quartz observed in other tuffaceous members of
the GGF. Texturally unmodified pumiceous and shard debris within GGF M5 have little
evidence of reworking and no evidence of diagenetic compaction, flattening or welding,
Therefore, a cold state of emplacement is interpreted from the absence of welded and
steam disrupted textures. The massive nature of GGF M35 is consistent with a rapid
deposition by mass flow processes. Notably, Clifford (1992} also proposed the possibility
that deposition of GGF M5 could have taken place by the transformation of a gas-
supposted pyroclastic flow into a water supported flow.

3.3.5 Member 6 (GGF M6)
GGF M6 consists of five distinct facies (refer Fig. 3.1; Clifford, 1992). These are the

(1) mixed provenance litharenmite facies, (2) tuffaceous volcaniclastic facies, (3) cherr
facies, (4) massive oxide facles, and (5) massive sulphide facies. The later two facies
form the VHMS mineralisation at Gossan Hill. Due to contention between their

exhalative or replacement origin, these chemical facies are described and discussed in

Chapter 5. However, intense alteration associated with this mineralisation within GGF
M6 at Gossan Hill hunders lithological studies.

The contact between GGF M6 and GGF M5 is conformable and interbedded over a
width of up to 53 m. This interbedded conrtact consists of thinly bedded sandstone,
siltstone and breccia (GGF M6) forming narrow (<1 m) intervals between massive
tuffaceous beds of GGF M5 (up to 10 m thick). Within this mterbedded contact, the
width of tuffaceous interbeds (GGF M?5) decrease away from the basal contact, from
10 m thick beds at the base to beds less than 1 m in the upper parts. Overlying this
interbedded contact is 2 medium to thinly bedded sequence of siltstone, sandstone and
pebble breccia. The upper contact of GGF M6 is locally unconformable against RID2
rhyodacite of SCF M2 (Section 3.4.1).

GGF M6 consists principally of mixed provenance litharenite facies that has 2 lensoidal
distribution within the Golden Grove Domain (Clifford, 1992). The thickness of GGF
M6 can vary by 10’s of metres, whilst its lateral continuity varies on a scale of kilometres
(Clifford, 1992). At Gossan Hill, GGF M6 is laterally continuous over the 2 km strike
length of the study area, except where 1t is intruded by DAC3 dacite of SCF M2
(~18,300 N to 18,400 N). In the south of Gossan Hill (18,000 N), GGF M6 has a
thickness of less than 10 m, which gradually thickens to the north. This increased
thickness 13 accompanied by 2 thickening of the interbedded basal contact zone between
GGF M6 and GGF M5. The true thickness of GGF M6 in the north 1s difficult to
estmate, due to the occurrence of massive sulphides within it. GGF M6 is however,
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thickest adjacent to the DAC3 dacite mntrusion, where it contains massive sulphide and is
estimated to be 100 m thick. North of the DAC3 dacite intrusion (>18,700 N), GGF
M6 1s approximately 30 m thick.

Sandstone and siltstone

Intense ubiquitous alteration of sandstone and silistone within GGF M6 has tesulted in
poor textural preservation of these hithologies. Nonetheless, this alteration generally
preserves their stratification (Fig. 3.11d). Sandstone and siltstone in GGF MG are thinly
to thythmically bedded (from 1 to 20 mm) and rately contain relict quartz grains or lithic
clasts. Due to their thinly bedded nature, these units are inferred to have been fine-
gramed sandstone and siltstone and presently consist entirely of microcrystalline quartz,
megaquartz, chlonte and carbonate. Bedding contacts between sandstone and siltstone
are planar and conformable and common syndepositional faulting and bed mantling is
observed (Fig. 3.11d).

Breceia

Breccia beds within GGF M6 are interbedded with sandstone and siltstone and vary from
granule breccia to cobble breccia (lithics up to 10 cm in size). Breccia beds generally
have normal grading, from a clast supported, closed framework base to a relatively open
framework, granule breccia or sandstone top. Basal breccia contacts are typically scoured
and undulose. Sorting within breccia beds is poor in cobble breccia to moderate in
granule breccia and clast morphologies vary from subrounded to angular (Fig. 3.11¢).
Lithic clasts have a polymict population and consist predominantly of fine-grained thinly
bedded siltstone to sandstone clasts and intensely silicithied chert clasts (Fig, 3.11f). Less
common lithic clasts include tuffaceous clasts of altered dense glass (Fig. 3.11g), altered
tube and vesicular purniceous clasts and feldspar-phyric clasts. Within GGF M6 breccia,
all lithic clasts are intensely quartz and/or chlorite altered. The matrix to breccia beds 1s
generally fine-grained and strongly chlotite-quartz altered, but may contain rare volcanic

quartz.
Tuffaceous strata

Intense quartz-chlorite alteration of bedded siltstone, sandstone and pebble breccia
within GGF M6, obscure primary lithofacies. Gramule to pebble breccia beds and
sandstone often have relict tuffaceous volcanic textures, which support a glassy precursor
to these beds (Fig. 3.11h). As such, it is possible that fine-grained sandstone and
siltstone had glassy precursors and were sand- to ash-sized tuffaceous beds. The
ubiquitous intense alteration has transformed these lithologies to quartz-chlorite
alteration mosaics and destroyed primary volcanic textures. Textural and alteraton
investigations in this thesis indicate that GGF M6 consisted of a larger component of
formerly glassy tuffaceous material than previously recognised by Clifford (1992).

Intespretation

Bedded fine-grained sandstone, siltstone and breccia of GGF M6 form the mixed

provenance litharenite facies and are interpreted to represent background sedimentation
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(Clifford, 1992). The polymict nature of breccia and sandstone indicate derivation from
multiple sources. Notably, mudstone facies are absent from GGF M6, indicating that
although deposition of this GGF M6 succession represents background sedimentation,
significant quiescent periods did not occur.

The interbedded lower contact of sandstone, siltstone and pebble breccia (GGF M6)
with massive tuffaceous sandstone (GGF M5), likely represents a transitional change in
the sediment source and depositional style. During this transitional period, intermittent
pulses of high density tuffaceous turbidite sedimentation (GGF M5) interrupted ongoing
low volume sedimentation (GGF MG6). The pulses of tuffaceous sedimentation are
separated by periods of background sedimentation during which ttme sequences of
bedded sandstone, siltstone and breccia formed by the settlement from suspension of
fine-grained tuffaceous material and by low volume turbidite sedimentation. Common
tuffaceous constituents within GGF M6 siltstone, sandstone and breccia are expected
due to the concurrent deposidon of tuffacecus and epiclastic facies. Away from the
lower contact of GGF M6, the tuffaceous interbeds (GGF Mb5) thin. The thinning of
these tuffaceous beds reflects the decreasing influx volume of tuffaceous detritus, with
sedimentation giving way to epiclastic sedimentation. The upper patts of GGF M6 are a
bedded sequence of siltstone, sandstone and polymict breccia and reflect the termination
of large volume tuffaceous sedimentation. Normal grading of sandstone and breccia

within GGF M6 indicate the influence of gravity sorting mechanisms.

Within GGF M6, the lithology of lithic clasts in breccia is similar to enclosing sandstone
and siltstone lithologies. The intense quartz-chlorite alteration of these sandstone and
siltstone beds matches the alteration of siltstone and sandstone lithic clasts within
breccia beds. The matrix of these breccia beds in GGF M6 is less mtensely altered that
sandstone and siltstone clasts within them. It is likely that alteration (mainly
silicification) of these sandstone and siltstone lithic clasts within breccia of GGF M6
occurred prior to their incorporation. The lithological similarity of these clasts to
siltstonie and sandstone lithologies within GGF M6 supports their local derivation. Thss
local detivation may have resulted from slumping and erosion of undetlying strata.

3.3.6 GGF M6: The M1 Marker

Distinctive bedded chert-chlorite units are identified at both Gossan Hill and Scuddles
and consist of thinly bedded quartz and chlorite-catbonate. These chert-chlosite units
were first identified at Scuddles and termed the M1 Marker (Ashley ef 4/, 1988). At
Gossan Hill, the M1 Marker occurs both within and overlying massive sulphide in GGF
M6 and is an important stratigraphic correlation tool in identifying the stratigraphic time
equivalent to massive sulphide formation. Although volumetrically insignificant, the M1
Marker represents the only marker unit in the GGF and is intetpreted to have formed
from hydrothermal fluids responsible for sulphide mineralisation (Ashley, 1983; Clifford,
1992). This section reviews the hthological variation of the M1 Marker at both Gossan
Hill and Scuddles, whilst its hydrothermal origin is investigated in Chapter 8.

At Scuddles, the M1 Marker is thythmically bedded, having alternating green chlorite-
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Figure 3.13
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E\ample of the M1 Marker at the Scuddles depos1t within GGF M6. Rhythrmcally
bedded chett and chlorite-rich beds. Chlorite beds contain finely disseminated magnetite
and minor pyrite. Discontinuous carbonate veins cut chert and chlorite beds. Scale in cm

“(sample SCDO07). -

Photomicrographk of (a). Chert beds (chett) consist of microcrystailine guartz mosaics and
contain disseminated carbonate and minor pyrite. The chilotite bed (Chl) is strongly
chlorte-carbonate altered and contains magnetite. '

! .

Example of the M1 Marker at the Gossan Hill deposit within GGF M6. Thinly bedded
chert (chert) and chlorite-tich beds overly a disrupted chert-chlorite breccia bed (Bx). The
chett bands contain discontinuous white carbonate veins, Disseminated pyrite occurs
within the chlorite altered beds and in the breccia. Scale bar in cm (sample 760490),

Photomicrograph of (c). The chert band (chert) consisis Of; microctystalline quartz
mosaics, which are strongly veined by fine-grained anhedtal carbonate (Co). Lithic-rich
beds are intensely chlorite (Chl) and carbonate altered.

Photomicrograph of M1 Marker chert and cacbonate beds at Gossan Hill. These chert
and carbonate beds are finely laminated with # pyrite-rich band in a carbonate bed (sample
7620064).

. M1 Marker chert-lithic breccia bed at Gossan Hill. Chert clasts have ir sifw jigsaw fit

textures and are cut by discontinuous carbonate veins. Chert fragments have angular
shapes and are enclosed by a chlorite-carbonate-rich matrix that contains disseminated
pyrite. Scale in ¢m (sample 760489).

Massive quartz and feldspar-phyric thyodacite (RD2) from SCF M2. Quartz phenocrysts
are large rounded grains that ate fractured and up to 5 mm in size. Feldspars ate
muscovite altered. This sample contains angular clasts of grcy chert (chert} within massive
rhyodaclte Scale in em {sample 760254).

Contact between massive quartz and feldspar-phytic thyodacite (RD?2) and
sandstone/breccia of GGF M6. The basal contact of the rhyodacite has a 10 cm thick
hreccia zone that grades in to massive rhyodactte (arrow). This breccia contact contains
clasts of sandstone within a quartz, feldspar-phyric matrx (~4929 E, 18,748 N, 10,179
RL, from drill hole GG141 at ~201m).
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carbonate-rich beds and milky-white to translucent quartz beds (Fig. 3.13a). Chlorite

beds within the M1 Marker at Scuddles consist entirely of chlorite and catbonate, with
abundant disseminated euhedral magnetite and sulphide (Fig. 3.13b). No relict voleanic
textures are preserved in these chlodte beds, which themselves represent intensely
chlorite-carbonate altered siltstone beds. Quartz beds are up to 2 cm thick and consist of
mnterlocking microcrystalline quartz mosaics (Fig. 3.13b). Quartz beds typically contain
minor sulphide.

At Gossan Hill, similar M1 Marker units are identified (Fig. 3.13c). These units occur
throughout the upper thinly bedded sandstone, siltstone and breccia sequence of GGF
M6. Chert beds are thinly interbedded with fine-grained green chlorite-carbonate altered
and quartz-chlorite altered siltstone-sandstone (Figs. 3.13c and 3.13d). Chert beds vary
from 1 mm to 6 cm thickness and are translucent and planar beds that consist of
microcrystalline quartz and carbonate (Fig. 3.13d). At Gossan Hill, these chert beds are
commonly discontinuous and lensoidal, having sharp conformable bases and irregular
upper contacts. Delicately lamimated, less than 10 lim wide cartbonate laminae paraliel
bedding within the chert-chlorite M1 Marker units at Gossan Hill (Figs. 3.13d and 3.13e),
suggestive of carbonate deposition duting M1 Marker formation. Altered lithic-rich beds
within the M1 Marker are thinly bedded siltstone, sandstone to poorly sorted, clast
supported pebble breccia that contain translucent chert clasts (Figs. 3.13¢ and 3.131).
These breccia beds have undulose scoured bases and conformable upper contacts and
contain chert clasts that range up to 4 cm in size. Chert clasts within breccia beds have
an identical lithology to the M1 Marker chert bands, often with angular shapes and jigsaw
fit texrures (Fig. 3.13f).

Significant differences between the M1 Marker at the Gossan Hill and Scuddles deposits
occur. At Gossan Hill, chert-chlonte units of the M1 Marker occur throughout the upper
bedded sequence of GGF M6, whilst at Scuddles, the M1 Marker predominantly overlies
massive sulphides. In addition, the M1 Marker at Scuddles has a greater proportion of
magnetite and sulphide than equivalent units at Gossan Hill. The presence of carbonate
laminae and chert breccia beds at Gossan Hill were not observed in the M1 Marker from
Scuddles. Nonetheless, chert beds of the M1 Marker are distinct from the quartz altered
siltstone-sandstone within GGF M6.

Discussion

Interbedded chert-chlonte units of the M1 Marker reflect a mixed hydrothermal-
epiclastic source. Chert beds represent hydrothermally precipitated quartz, whilst the
chlotite and quartz altered beds represent hydrothermally altered epiclastics. Sirnilar
chert-lithic units associated with VHMS mineralisation are reported from the Kuroko
deposits (Kalogeropoulos and Scott, 1983; 1989) and the Noranda deposits (Peter and
Goodfellow, 1996). The textural similarity and occutrence of the M1 Marker at both the
Gossan Hill and Scuddles deposits support a common origin for these units, as well as a
similar timing for their formation during the deposition of GGF M6. However, the
occurrence of multiple chert-chlorite units within GGF M6 at Gossan Hill indicates
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concurrent deposition of these units with deposition of the upper bedded sequence of
GGF M6.

Precipitation of hydrothermal chert requires low sedimentation rates (Kalogeropoulos
and Scott, 1983). Therefore, multiple chert-lithic units throughout an epiclastic
sequence, such as GGF M6, indicate multiple sedimentation time breaks during which
time, hydrothermal activity formed the M1 Marker cherts. The interbedded sandstone,
siltstone and pebble breccia with M1 Marker chert beds indicate their alternating and
synchronous formation. Pebble breccia beds that contain M1 Marker chert lithic clasts
likely formed from local slumping and disruption of underlying chert beds. As 2 result,
sedimentation depositing GGF M6 must have operated in conjunction with quiescent
periods of hydrothermal activity that formed these cherts.

34 Scuddles Formation

The Scuddles Formation (SCF) overlies the GGF and consists of massive felsic volcanics
rocks and assoclated autoclastic facies of a dacite to rhyodacite composition. The SCF
has four members (Fig. 3.1), but only Member 2 (SCF M2} is considered in this thesis as it
forms the hangingwall to mineralisation at Gossan Hill. SCF M1 only occurs at the
Scuddles deposit and detailed facies descriptions of SCF M1, M3 and M4 are given in
Chifford (1992). SCF M2 consists of two rock types; rthyodacite (RD2) and dacite
(DAC3), both of which have associated breccia facies (Fig, 3.2).

3.4.1 SCF M2: thyodacite (RD2)

Rhyodacite (RD2) is 2 grey, quartz, feldspar-phyric massive rock with distinctive large
quartz phenocrysts (Fig. 3.13g). The upper contact of RD2 is sharp against a rhyodacite
breccia facies (Section 3.4.2) or massive dacite (DAC3) of SCF M2. RD2 overlies GGF
M6 and massive sulphides (Fig. 3.14). At Gossan Hill, RD2 commonly has a narrow
zone (<3 m thick) of poorly sorted, clast supported polymict breccia at 1ts base,
indicating a scoured basal contact. Breccia along this contact contains lithic clasts

(<10 cm in size) of siltstone, sandstone (Fig. 3.13h) and massive sulphide (Fig. 3.15a)
within a quartz, feldspar-phyric matrix. Some of these clasts have soft sediment
deformation textures indicating RD2 emplacement prior to their lithification.

Despite its locally unconformable lower contact, RD2 is broadly conformable against the
underlying GGF at Gossan Hill. The continuity of the RD2 is mterrupted between
18,300 N t018,500 N, by an mtrusion of DAC3 dacite. South of 18,300 N, RD2 varies
from 50 m (17,700 N) to 100 m (18,300 N} thick, whilst north of 18,500 N it is less than
30 m thick. This thickness change from 100 to 30 m occurs across the DAC3 intrusion,
with RD2 thickest against its southern margin (18,300 N). On the southern side of
DAC3, RD2 1s amygdaloidal and has an ovetlymg breccia facies (Fig. 3.14). To the north
and south of the mineralised area at Gossan Hill, RD2 is also intruded by a number of
smaller DAC3 bodies, however they do not disrupt the continuity of RID2.

Within RIDZ, large quartz phenocrysts (2 to 8§ mm in size} form up to 4% modal and are
rounded, embayed and contain curviplanar fractures. A second smaller quartz phenocryst
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Figure 3.15
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Polymict breccia at the base of thyodacite (RDD2). This breccia is poorly sorted, clast
supported and contains a massive sphalerite clast as well as sandstone and rhyodacite
clasts. The matrix to this breccia is a quartz, feldspar-rich chyodacite (RD2) matix. Scale
bar in cm (4,784.6 E, 18,230.7 N, 10,061.1 RL, deill hole G96/184 at 89 m).

Photomicrograph of a quartz ((Qz) and feldspar (Fd)-phyric massive thyodacite (RD2).
Quartz phenoctysts ate fractured and have quartz overgrowth dims. Peldspar phenocrysts
are aitered to inteﬂocking patches of muscovite and the groundmass is a fine-grained
mterlocking quattz- feldspar mosaic that has pervasive muscovite alteration (sample
760487,

Massive feldspar, quartz-phyric dacite (DAC3) from SCF M2, Feldspar within these
dacites are strongly chlorite-carbonate altered and form patches up to 1 cm in size. The
mattix is fine-grained and strongly carbonate-muscovite altered. Scale in cm (sample
760207).

Photomicrograph of (¢} showing small rounded quartz phenoctysts'in a fine-grained
pervasively carbonate-muscovite altered matrix. Feldspar phenocrysts (Fd) are intensely
carbonate-chlorite-muscovite altered.

Dacite hyaloclastite (0AC3) breccia facies from SCF M2, The clasts and matrix are
teldspar, quartz-phyrc. Clasts have curviplanar margins and figsaw fit textures (4,784 E,
18,180 N, 10,180 RL, drll hole GG171 at ~201 m).

v

Late stage feldspar-porphyntic dacite intrusion. Scale in cm (sample 769076).

Photomicrograph of late dacite intrusion in (f) showing large plagioclase phenoctysts in a
fine-grained feldspathic matrix., ‘

A steep thyolite dyke (RHY) with flow banded margins is cut by a late stage dolerite
(DOL). This dolerite has irregular marging: The wall rock 15 bedded sandstone and
pebbie breccia of GGF M1, Rock bolts are apprommately 40 cm loag (5,163 E, 18.437.5
N, 250 level).






population (up to 3% modal) also occurs within RD2 and is less than 1 mm in size. Both
of these quartz phenocryst populations have quartz overgrowths and rate recrystallisation
to megaquartz. All feldspar phenocrysts within RD2 near Gossan Hill are altered to
chlonte, catbonate and muscovite, but frequently retain their ogiginal tabular
morphologies (Fig 3.15b). The groundmass of RD2 is also intensely altered to
muscovite, quartz, catbonate and chlotite, and has a strongly developed cleavage (Fig.
3.15b). Amygdules in RD2 are up to 5 mm and have rounded shapes, filled by catbonate,
quartz and lesser chlorite. The distribution of amygdules throughout the RD2 is erratic,

but tends to occut in its uppermost parts.
3.4.2 SCF M2: rhyodacite breccia facies

Rhyodacite breccia facies occurs within and ovetlying massive rhyodacite and is
characterised by quartz, feldspar-phyric rhyodacite clasts in a quartz, feldspat-rich matrix.
These breccias vary from monormict to polymict and have 2 discontinuous and lensoidal
occurrence and are best developed to the south of the DAC3 intrusion between 18,050 N
and 18,300 N (Fig. 3.14). This occurrence is coincident with the thickest development
of RD2 and massive sulphide. Monomict thyodacite breccia units are clast supported
with a closed framework and vary from less than 5 m up to 15 m thick (Figs. 3.14 and
3.16). These breccia units have angular to subangular clasts up to 20 ¢m in size with

commonly jigsaw fit textures.

Polymict rhyodacite breccia is rare, containing clasts of silicified sandstone, siltstone,
massive pyrite and quartz-rich tuffaceous breccia and sandstone clasts in addition to
thyodacite clasts. This polymict thyodacite breccia 1s poorly sorted, lacks grading and has
angular to subrounded clasts up to 10 cm in size in a closed framework. The groundmass
is quartz, feldspatr-phyric. Sandstone and siltstone clasts form less than 10 to 15% of the
polymict rhyodacite breccia, some of which have soft sediment deformation textures.

The matrix of polymict rhyodacite breccia contains up to 5% disseminated pyrite.
3.4.3 Rhyodacite facies intetrpretation

Rhyodacite breccia factes predominantly overlies RD2 forming an upper breccia facies.
The angular, jigsaw fit textures in this breccia facies support its occutrence as an upper
breccia facies of the underlying massive coherent rhyodacite. The lower contact of RD2
1s weakly discordant and erosional, with a basal breccia that represents the incorporation
of underlying lithified and unlithified sediment of GGF M6 to basal parts of the flow
Polymict breccia occurs within and at the base of RD2 and represents the intercalation of
underlying sediment to the rhyodacite lava during its emplacement. These observations
suppott an extrusive otigin for RD2. Although RD2 has a weakly discordant lower
contact, it is broadly conformable to the undertying GGF.  Clifford (1992) interpreted
thyodacite to have formed from high rates of effusive rhyodacite volcanism that
produced sheet flows with kilometre-scale lateral extents. At Gossan Hill, the lateral
continuity of RD2 is only interrupted where it 1s intruded by DAC3 dacite

The thickest development of the thyodacite breccia facies occurs adjacent to the

southern margin of the DAC3 mntrusion. Polymict rhyodacite breccia facies in this
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locality indicate incorporation of debus from the underlying or adjacent sediment strata,
including massive sulphides. Massive sulphide clasts in polymict thyodacite breccia
facies were derived from the erosion of underlying massive sulphides duting rhyodacite
emplacement, indicating massive sulphides were at or near the seafloor during RD2
emplacement. The extrusion of RD2 at Gossan Hill, resulted in the butial of the GGF
and massive sulphides.

3.4.4 SCF M2: dacite (DAC3)

At Gossan Hill, DAC3 dacite represents the uppermost part of SCF M2. DAC3 dacite is
a massive grey, feldspar, quartz-phyric unit (Fig. 3.15¢) with sharp, intrusive and
discordant to conformable contacts to underlying RD2 and rhyodacite breccia facies and
the GGF (Fig. 3.16). At Gossan Hill, the DAC3 intrusion is oblique to bedding in the
GGF and has sharp, chilled margins with local contact metamorphism of adjacent
sediments. Rarely, the margins of the DAC3 intrusion are flow banded (over <10 cm) or
contain clasts of sediment. In the central minetalised area of Gossan Hill (18,300 N to
18,750 N), DAC3 forms a V’ shaped intrusion that disrupts the contnuity of the GGF
and RD2 from north to south (Fig, 3.16). This V’ shaped DAC3 intrusion is narrow

(<5 m) in lower membets of the GGF and up to 350 m wide in the upper GGF M6 and
RD?2 (Fig. 3.16b).

Quartz phenocrtysts in DAC3 are rounded to euhedral, are less than 1 mm in size (Fig.
3.15d) and form less than 2% modal. These phenocrysts commonly have embayed
margins and are recrystallised to megaquartz. Feldspar phenocrysts are altered to mosaics
of carbonate, muscovite and chlorite (Fig. 3.15d) and rarely have relict feldspar cores.
Despite intense alteration, feldspar phenocrysts commonly retain their primary tabular
morphology and form up to 30% modal, ranging in size from less than 300 Um to 4 mm.
These altered feldspars phenocrysts have a strong alignment parallel to S3 cleavage with
wrapping of cleavage or grain rotation indicated by pressure shadows. Large (up to

10 mm) subrounded patches of chlorite occur in DAC3 and contain relict cores of
twinned plagioclase. These chlorite altered patches reflect feldspar glomeroaggregates
that are altered to chlorite, carbonate and muscovite. The matrix of DAC3 1s a fine-

grained, relatvely homogeneous muscovite altered quartz-feldspar mosaic.
3.4.5 SCF M2: dacite breccia facies

The dacite breccia facies are massive, monomict, poorly sorted and clast supported.
Dacite breccia clasts and matrix are feldspar, quartz-phyric containing quartz phenoctysts
less than 1 mom in size (Fig. 3.15¢). Clasts range in size up 20 ¢m, have angular to
subangular shapes with jigsaw fit textures and sharp curviplanar clast margins. Both clast
and matrix of the dacite breccia facies are strongly altered to muscovite, catbonate and
chlorite. Rare exotic lithic clasts of bedded silicified sandstone are also observed.

Dacite breccia facies overlies or occurs within DAC3, having sharp to gradational
contacts with massive DAC3 dacite. The true thickness of breccia overlying DAC3 is
dafficult to estimate because of limited drlling The main occurrence of dacite breccia is

south of 18,200 N where it has a discontinnous and lensoidal occurrence.
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3.4.6 Dacite facies interpretation

The occurrence of mtercalated and overlying monomict breccia facies to massive DAC3,
indicates that DAC3 was an extrusive lava. Curviplanar clasts with jigsaw fit textures are
typical of hyaloclastite deposits related to lava extrusion in a subaqueous environment
(Cas and Wright, 1988). Nonetheless, the geometry of DAC3 at Gossan Hill 1s consistent
with 2 dome-like body that ovetlies its discordant V’-shaped volcanic feeder. Therefore
DAC3 and related breccia facies at Gossan Hill formed as an intrusive-extrusive lava
dome. As indicated by intrusive contacts, DAC3 dacite post-dates deposition of the
GGF, massive sulphide, massive magnetite and the extrusion of RD2 rhyodacite.

Facies variations 2nd thickness changes are observed in the GGF (M2 to M6 inclusive)
and RD2 across this DAC3 intrusion. The DAC3 feeder structure is interpreted to
occupy the site of pre-existing synvolcanic structure. Smaller lensoidal DAC3 intrusions
occur north and south of mineralised area at Gossan Hill and have similar stratigraphic
and facies assoctations. Regionally, Clifford (1992) recognises multiple sites of dome-like
dacite intrusions within SCF M2, all of which have limited lateral extent. The
occurrence of DACS3 as sills within GGF M5 (Section 3.3.4) reflect synvolcanic dacite

INtrusion.
3.5 Intrusions

Three late stage intrusions are identified at Gossan Hill. These intrusions post date
deposition of the GGF and SCF and in order of intrusion are (1) porphyritic dacite
dykes, (2) dolerite dykes and sills, and (3) rhyolite dykes. These intrusions are discussed

below.
3.5.1 Dacite porphyries

Dark grey feldspar-porphyntic dacites intrude the GGF and SCF and have a minor
occurrence at Gossan Hill. These dacite intrusions ate narrow (<8 m thick), steep sided
dykes that have sharp chilled margins (<30 cm thick). Dacite intrusions are plagioclase
porphyritic (Fig. 3.15f) and contain minor quartz. Plagioclase phenocrysts (Fig. 3.15¢) are
euhedral and form up to 30% modal with a grain size of less than 1.5 mm. These
phenocrysts commonly have reacted grain margins with minor carbonate and muscovite
alteration. Quattz phenocrysts are small (<800 Wm), weakly embayed and form less than
2% modal. The matrix of porphyntic dacite is a fine-grained (<50 Um) plagioclase-

quartz mosaic.
3.5.2 Dolerite

Three phases of dolerite intrusion are identified at Gossan Hill and each phase differs in
timing and structural odentation (Section 4.5). The two eatliest phases of dolerite ate
widespread and have similar associations, except where earlier coarse-grained dolerite
(<2 mm grain size) intrudes fine-prained dolerite (<0.3 mm grain size). The earliest
coarse-grained dolerites are flat lymng sills that are up to 50 m thick (Fig. 3.11a). These
are intruded by fine-grained dolerte, which form paralle! sided, narrow (<6 m thick)
dykes that cut strata obliquely. Comparatively, late stage dolerite intrusions have a minor
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occurrence at Gossan Hill and cuts both earlier coarse- and fine-grained dolerite as well
as rhyolite intrustons (Section 3.5.3) (Fig. 3.15h).

Dolerite intrusions have fine-grained, chilled intrusive margins that are generally less than
30 ¢m wide. The margins of dolerite intrusions vary from sharp and planar to undulose
and irregular or faulted. Rare clasts of wall rock, up to 20 cm in size, occur within
dolerite along its margin. All dolerites have a similar mineralogy of clinopyroxene and
plagioclase. Carbonate and chlorite alteration is strong and pervasive within the earlier

dolerites, which also contain scattered epidote, clinozoisite, spinel and magnetite.
3.5.3 Rhyolite

Rhyolite intrusions are narrow (<5 m) fine-grained, aphyric to weakly feldspar, quartz-
phyric patallel sided dykes. These rhyolites intrude the GGF at Gossan Hill, but are
themselves intruded by Phase 3 dolerite (Fig. 3.15h). Rhyolite dykes are steeply dipping
and paralle] the dip of the GGI (Section 4.8). These dykes have sharp and planar to
locally irregular contacts, often with fine-gratned flow banded margins (Fig. 3.15h).

In GGF M1, rafts (<3 m) and fragments (<30 cm) of wall rock are common within
thyolite dykes and the long axis of wall rock fragments parallel the dyke margin. Based
upon the lithology and jigsaw-fit textures between the wall rock and the incorporated
rafts and fragments within rhyolite, these clasts were derived from the adjacent strata.
Stratigraphic disruption by rhyolite dykes is minor.

3.6 Geometry and distribution of the GGF

Stratigraphic members of the GGF and SCF form a laterally extensive layered
stratigraphy with a strike continuance in excess of 25 km. The facies architecture at the
Gossan Hill deposit has many similanittes to the regional architecture proposed by
Clifford (1992). The regional continuance of the GGF is disrupted by cross cutting
mtrusions of the SCF and displacement along late brittle faults. Additionally, GGF M2,
GGF M3 and SCF M1 have a lensoidal and discontinuous occurrence. In view of these
constraints, proposed transport and depositonal processes for volcaniclastic and
epiclastic facies of the GGF, must account for large volume transport of detritus, and
include depositional processes capable of producing a laterally continuous, layered
stratigraphic succession.

3.7 Deposition of the Golden Grove Formation

The depositional processes for the GGF are assessed in the following sections by
comparison and contrast of physical artributes within the different members of this
formation (e.g., crystal enrichment, grading, bedding and lithic morphology and
abundance). In addition, the context of mineralisation within the GGF is also examined
to evaluate the stratigraphic iming of mineralisation and the depositional environment

associated with its formation.
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3.7.1 Mechanisms of emplacement

The volcano-sedimentary environment for deposition of the Gossan Hill Group is a deep,
subaqueous setting (Clifford, 1992). Within the GGF, 2 subagueocus depositional
environment is suppotted by the abundant sedimentary characteristics of the sequence,
including stratification and grading. Normal grading within this strata indicates the
influence of gravitational depositional processes and consequently, uffaceous debris
must have been water saturated. The absence of welded textures and gas pipe structures
throughout the sequence also indicates a cold state of emplacement. As mudstone facies
do not occur within the GGF, this succession was deposited by successive sedimentation

events, which lacked sigmficant quiescent periods for mudstone accumulation.

Transpott and deposition of the GGF took place by mass flows (Clifford, 1992). Mass
flow processes can account for the transfer of large volumes of material from their source
to their depositional sites (Cas and Wright, 1988; McPhie ef 2/, 1993), which is a critcal
aspect in view of the 28 km strike continuance of the GGE Mass flow transport
processes proposed for the Golden Grove Domain involve large volume and laterally
extensive depositional events. Flux and supply of detritus to these mass flows would also

require a large volume source area.

Each stratigraphic member within the GGF has distinct lithological characteristics such
as bedding, grain size, volcanic quartz and clast-mateix abundances. These differences
not only reflect differences in the source, but also variations in the processes by which
they were deposited. GGF M1, M3, M4 and M5 predominately consist of tuffaceous
material, whilst GGF M2 and M6 have a mixed epiclastic source with lesser tuffaceous
material. GGF M1 is a tuffaceous sequence dominated by pumiceous lithic clasts and
quartz. GGE M1 vares from bedded to massive breccia and sandstone, and has normal
grading, reverse grading, slump folding, conformable and unconformable contacts,
crystal-rich sandstone and shard-rich sandstone. Within the GGF M1 sequence, the
transition from a bedded basal sequence to a mote massive top, represents a change in
sediment flux and depositional style. GGF M4 is 2 fine-grained bedded tuffaceous quartz
crystal-rich sequence. The abundance of angular quartz and shard fragments within GGF
M4 reflects a quartz-porphyrtic pyroclastic soutce. Volcanic quartz enrichment of up to
15% modal within some beds indicates crystal entichment resultant from transportation
and depositional processes. GGF M5 differs from these above mentioned tuffaceous
members as it 1s massive, with rate bedding and consists dominantly of moderately sotted
shard and pumiceous detritus with minor quartz. Due to the absence of bedding and
grading within GGF M5, its deposition likely represents a rapid large volume event.

Volcanic quartz is an mmpozrtant mapping tool within the GGF due to its resistance to
alteration. Volcanic quartz throughout the GGF generally have minor embayment
textures, however, some quartz-rich beds of GGF M4 have strong quartz embayment
(g, Fig. 3.7d). Where observed, quartz embayment has microcrystailine quartz
overgrowths. The history of quartz within the GGF appears to reflect strong embayment
prior to the effects of alteration that caused overgrowths. Nonetheless, embayment and
resorption textures may also be associated with alteration as observed by Allen (1988) at
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Benambra.

Factors affecting crystal concentrations are (1) the degree of magma crystallinity,

(2) physical fractionation and sorting processes associated with pyroclastic eruption and
transportation processes, and (3) epiclastic reworking resulting in localised enrichment of
crystals (Cas and Wright, 1988). The abundance of euhedral and angular quartz grains in
GGF M4 and to a lesser extent GGF M1, indicates quartz liberation and fracture during
explosive volcanism. Normal grading and crystal enrichment of quartz in some beds
within GGF M4 likely mdicative of epiclastic reworking during transport.

As epiclastic processes commonly introduce exotic lithic components, tuffaceous
members of the GGF (M1, M3, M4 and M5) have not undergone substantial epiclastic
reworking due to their homogeneous pumiceous lithic clast population. Tuffaceous
pebble breccia beds throughout these members also have moderately sorted pumicecus
fragments in a fine-grained matrix. The matrix to these pumiceous lithic clasts is a closely
packed tuffaceous matrix that consisted of shards and pumice shreds. Pumiceous lithic
clasts vary from tabular to blocky and angular, some of which have evidence of zn sitx
fracture. The brittle nature of cold glass could result in size refinement during
transportation due to fragmentation resulting from cohesion and grain interacton.

In view of these constraints, the deposition of tuffaceous strata within the GGF 1s likely
to have resulted from successive water-supported voleaniclastic mass flows. Turbulent,
high density mega-turbidites, which lead to laterally extensive deposits (McPhie e 44,
1993), are consistent with observations made in the GGF at Gossan Hill. A multiple
felsic source for tuffaceous matertals is indicated by differences in the quartz and lithie

clast constituents between the tuffaceous members.

By contrast, GGF M2 and M6 are bedded epiclastic sequences of siltstone, sandstone
and breccia with a multiple provenance. Clifford (1992) interprets these members to
represent background sedimentation from low volume turbidite mass flows. As
exemplified by the interbedded GGF M5-M6 contact, the deposition of epiclastic strata
was mterrupted by pulses of tuffaceous mass flows. The proportion of wffaceous
material within epiclastic strata is commonly masked by intense, texturally destructive
alteration. Nomnetheless, based on alteration textures, this study suggests that these
members contain 2 significant proportion of tuffaceous material. GGF M2 represents
small volume epiclastic-tuffaceous deposits, which mark a time break between two
separate episodes of tuffaceous sedimentation (ie., GGF M1 and M4). Within GGF M,
breccia beds contain clasts with similar lithologies and alteration to undetlying strata,
mdicating their local derivation by shamping and erosion. The role of water settling,
particularly suspended ash and shards from tuffaceous mass flows, may have 2
contributed to the tuffaceous components of these thinly bedded sequences.

3.7.2 A quesdon of hiatus: When and how many?

A hiatus s a break or interruption m the continuity of a stratigraphic sequence where the
interval separating stratigraphic depositional events is not necessarily quantified (Bates

and Jackson, 1987). The occurrence of hiatus is relevant to seafloor ore forming
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processes as quiescent periods are required for the accumulation of seafloor sulphides
(Morton ¢ 2/, 1991; Kerr and Gibson, 1993). In the GGF sedimentation breaks are
denoted by lithofacies changes, but as each of the members of the GGF represent
successive depositional episodes, they do not necessarily indicate hiatus. At Gossan Hill,
sedimentation hiatus is indicated by (1) lenses of sulphide-bearing breccia near the base
of GGF M4, and (2) mulople hydrothermal chert-lithic units within the upper parts of
GGF M6. In the first case, sulphide-bearing breccia within GGF M4 indicate a
quiescence petiod associated with sulphide deposition prior to the erosion of sulphides
and altered strata that formed these breccias. In the second case, hydrothermal chert
beds associated with massive sulphide deposition, formed between the low volume
pulses of sedimentation, which separate them in GGF M6. From these occurrences,
periods of massive sulphide deposition can be ascribed to hiatus at the onset of GGF M4
deposition and as multiple sedimentation hiatus during GGF M6.

3.7.3 Devitrification state of the tmffaceous strata

Natural glass is chemically unstable (Marshall, 1961; Friedman and Long, 1984). This
chemical instability accommodates two dominant processes; devitrification and
alteration. Devitrification or the transition of glass to crystalline matter, involves the
development of spherulites, micropotkilitic quartz and quartz-alkali feldspar
intergrowths. The mechanisms and products of these devitrification processes are not
well understood (Lofgren, 1971ab). In felsic rocks at the Benambra VHMS deposit,
devitrification Is interpreted to mvolve the recrystallisation of glass into fibrous and
massive quartzo-feldspathic aggregates (Allen, 1988). Expermmental studies on glassy
thyolite (Lofgren, 1971b) define the rate of devitrification in glass to vary according to
temperature. Glass which 1s cooler (<300°C) takes longer to devitrify than glass which is
hot (>300°C) (Lofgren, 1971b}. Allen (1988) used this conclusion to imply that glass at
relatively lower temperatures is likely to hydrate and alter rather than devitdfy, due to the
longer residence time necessary for the latter.

The deep subaqueous depositional setting of the GGF would have been conducive to the
hydration and alteration of glass, assuming that tuffaceous detritus was glassy at the time
of emplacement. In order to review the devitrification state of the GGF, three boundary
conditions for the tuffaceous strata at Gossan Hill are recognised. These are (1) the
erupted tuffaceous material was glassy, (2) tuffaceous material was cold at emplacement,
and (3) tuffaceous material now consists entirely of quartz and chlorite. The
preservation of volcanic textures within the GGF is strongly correlated to the degree of

quartz alteration, with rare preservation in chlorite alteration.

Tuffaceous volcaniclasacs of GGF M1, M4, M5, and some beds within GGF M6, consist
of altered rube pumice, vesicular pumice, putnice shreds and glass shards. In these
members, preserved textural evidence of devirrification occurs as quartz-replaced
spherulites, mictolites and interlocking rod textures after quartzo-feldspathic mosaics.
The rarity of these devitrification textures suggests minox devitrification of glass
occurred. The timing of this devitrification was prior to, during or after deposition of
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tuffaceous strata in the GGE The limited occutrence of altered devitrification textures
reflects either the dominantly glassy state of the tuffaceous matter after emplacement or
poox textural preservation of devitrification textures by alteration minerals. The former
is favoured due to generally good preservation of glassy voleanic textures throughout
tuffacecus strata of the GGE

In the GGF at Gossan Hill, alteration of tuffaceous material has resulted in a pervasive
to domainal quartz-chlorite alteration. Clifford (1992) interprets domainal quartz-chlorite
alteration textures within GGF M1 to reflect differential devitrification states that
resulted in later domainal alteration. However, poor textural preservation within chlorite
alteration makes this interpretation equivocal. It 1s entirely possible that domainal
alteration textures may also teflect different hydration states or diagenetic alteration of
glassy constituents within the tuffaceous strara.

Although chlorite altered domains have a weak flattening parallel to cleavage due to
competency contrasts during deformation (Chapter 4), volcanic textures throughout
tuffaceous strata of the GGF lack flattening and compaction texmures. These glassy
volcanic textures in the GGF contrast markedly with diagenetically flattened and
compacted putnice textures in the footwall of the Rosebery deposit (McPhie and Allen,
1992). In order to prevent diagenetic compaction processes, tuffaceous strata in the
GGF must have been indurated prior to lithification. Induration of the GGF could have
occurred by devitrification, diagenetic alteration and/or hydrothermal alteration

pIOC@SSCS.
3.7.4 Diagenetic alteration

The alteration of glass involves the hydration of glass to form alteraton products such as
clay or zeolite (Walton, 1975; Dimroth and Lichtblau, 1979; Hodder ez a/, 1990,
Capaccioni and Coniglio, 1995). Diagenetic alteration products are comtmonly derived
directly from the volcanic glass and are not necessarily associated with changes in texture
{Quantin ef 4/, 1988). Furthermore, clay and zeolite are common diagenetic alteration
products of pumiceous and glassy strata hosting VHHMS mineralisation (Tijima, 1974).
Within felsic volcaniclastics of the Kuroko district, the alteration of glass to zeolite or
clay is associated with diagenetic compaction. However differential alteration of glass to
zeolites (¢.g., saponite) within these volcaniclastics, is largely controlled by temperature
(Utada, 1991). Diagenetic alteration can result in the induration of the glassy precursor,
simultaneously preserving prmary volcanic textures. Therefore, domainal quartz-chlorite
alteration textures within the GGF at Gossan hill could reflect different diagenetic

alteration products of volcanic glass.
3.7.5 Textural preservation: Diagenetic or hydrothermal alteration?

It is not possible to quantify the degree of devitrificaton or the extent and development
of diagenetic alteration that occurred in the GGF at Gossan Hill. Irrespectively, the
GGF has widespread textural preservation of rffaceous components. Complete
devitrification of volcanic glass results in textural destruction (Marshall, 1961; McPhie e
al., 1993) and therefore considered unlikely to have occurred in the GGE Diagenetic
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alteration and partial devitrification of glass instead, can preserve primary volcanic
textures (Lofgren, 1971a; Quantn ¢ 4/, 1988).

Considering the Archean age of the GGF and its proximity to massive sulphide
mineralisation at Gossan Hill, textural preservation of this succession is remarkable.
Nonetheless, complete textural destruction occurs within mineralisation and intense
hydrothermal alteration. Moreover, Chifford (1992) identifted this textural preservation
within the GGF and alteration to quartz-chlorite to be a regional phenomenon.
Therefore, any mechanism proposed for textural preservation of tuffaceous strata at
Gossan Hill must invoke a regionally extensive mechanism. Based upon the absence of
compaction textures within the GGF, textural preservation and induration must have
occurred rapidly and soon after or during emplacement. The processes associated with

textural preservation of the GGF relate to its alteration and are investigated in Chapter 7.
3.7.6 Porosity and permeability

The initial permeability and porosity of pumiceous breccia and sandstone of the GGF
was very high, as indicated by abundant tube and vesicular pumice and the clast
supported framework of breccia lithologies. By contrast, shard-rich sandstone and
siltstone, consisting of closely packed arrays of shards and pumiceous shreds, may have
had variably high to low permeability and porosity contrasts depending on the physical
properties of discrete beds. Contrasts between primary permeability and porosity
properties within strata of the GGF were likely factors controlling migrating
hydrothermal fluids. The presence of carbonate-quartz filled cavities in breccia (¢.g., Fig.
3.6a) indicates primary pore space and intra-clast porosity, which would have also
contributed to an initially high porosity and permeability of the glassy GGF

volcaniclastic succession.
3.8 Summary

o The GGF is a laterally extensive (> 28 km), layered volcano-sedimentary succession
that hosts massive sulphide mineralisation at Gossan Hill. This formation 1s divided
mto six members (GGF M1 to M6), which consist of tuffaceous voleaniclastics and

lesser mixed provenance, tuffaceous-bearing epiclastics.

¢ The SCF overlies the GGF and forms the hangingwall to massive sulphide
mineralisation. The lower parts of the SCF consist of an extrusive rhyodacite lava
(RD2) overlain by an intrusive-extrusive dacite lava dome (DAC3). Both of these
lavas have associated autoclastic breccia facies. DAC3 dacite intrudes the GGF and
RD?2 thyodacite and overlies its volcanic feeder.

e Tuffaceous volcaniclastics of the GGF (GGF M1, M3, M4 and M5) vary from
massive breccia {pebble to granule) to bedded breccia, sandstone and siltstone.
These units are generally characterised by well-preserved tube pumice, vesicular
pumice, pumiceous shreds and shards and volcanic quartz. Voleanic quattz is
distinctive within each tuffaceous member of the GGF due to charactedstic

variations in size, abundance and morphology.
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Deposition of the taffaceous strata mn the GGF occurred by successive large volume
subaqueous high density turbidite mass flows. Tuffaceous volcaniclastics were
emplaced cold and consisted of moderately to well sorted, relatively homogeneous
pumiceous lithic clast populations and fine-grained sand and ash. Mass flow

transport resulted in minor modification of juvenile tuffaceous matetial.

Epiclastic-tuffaceous strata within the GGF (M2 and M6) have 2 polymict lithic clast
population indicating multiple sources. These bedded epiclastic-tuffacecus sequences
represent subaqueous, low volume turbidites and suspensicn settling deposits, typical
of background sedimentation. Textural evidence supports a greater tuffaceous
component to these members than previously identified.

The GGF is altered to quartz and chlorite, but alteration has resulted in generally
good textural preservation. The absence of diagenetic compaction textures indicates

the sequence was indurated soon after emplacement.

Stratigraphic thickness variations (on a scale of metres) occur within GGF M2, M3
and M6. Thickest development of this strata coincides with the location massive
suiphide-magnetite mineralisation, with a changes m thickness across the discordant
SCF M2 DAC3 dacite volcanic feeder siructure.

The occurrence of massive sulphide-beating breccia in GGF M4 and hydrothermal
chert beds within the M1 Marker of GGF M6 represent sedimentation hiatus and
paleoseafloor sites of hydrothermal activity. Chert in the M1 Marker at Gossan Hill
indicates multiple seafloor positions during accumulaton of GGF M6.

Synvolcanic structural control is indicated by changes in thickness of the GGF (M2,
M3 and MG6) across the DAC3 volcanic feeder. This dacite intruded the site of a
former synvolcanic structure (growth fault), the later which influenced thickness
variation in lithofacies of the GGF.
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Chapter 4

Structure and metamorphism

4.1 Introduction

Previous interpretations of the structural and metamorphic history for the Golden Grove
Domain differ amongst authors (Frater 1978; 1983a;b; Ashley, 1983; Archibald, 1990,
Watkins and Hickman, 1990a; Clifford, 1992). Watkins and Hickman (1990a) compiled
a regional structural framework for the Murchison Province and identified four main
phases of deformation affecting the Golden Grove Domain. Table 4.1 summarises the
salient regional structural features identified by previous workers. A comparison of these
structural studies highlights the inconsistencies of previous interpretations between the
number, style and timing of recognised deformational events that affected the Golden

Grove Domain, particulatly near the sites of mineralisation at Gossan Hill and Scuddles.

Initial structural investigations at Gossan Hill (Frater, 1978; 1983a;b) failed to recognise
the importance of faulting, Subsequent work, which resolved lithological and facies
associations of the volcanic succession (Clifford, 1992), indicated that the Golden Grove
Domain was more structurally distupted than previously identified and that many
inferred syndepositional facies thickness variations resulted from fault related structural

modifications of a layered stratigraphic package.
4.2  Aims

The structural investigations of this study used newly available underground exposutes at
Gossan Hill to reassess structural deformation and metamorphism. Assessment of the
structural history was confined to the Gossan Hill area and compatisons, where possible,
were made to other structural features and studies of the Golden Grove Domain. A
major objective of this study was to identify primary structural controls on Ithe ithofacies
and massive sulphide at the Gossan Hill deposit, as well as the effects of superimposed

structural modifications.
4.3  Synvolcanic structures

‘The recognition of synvolcanic structures is a prime objective in the exploration for
VHMS deposits. Synvolcanic structures provide the focus for large volumes of
mineralising-hydrothermal fhuds on their ascent to the seafloor and also represent
prumary litho-stratigraphic controls., as well as conduits for successive volcanic activity

(Setterfield ¢f 4/, 1995). Synvolcanic structures are reported from both modern and

Chapter 4: Structure and metamorphism



wsiydrotireiour puE smIonng H mdsyn

Table 4.1: Summary of structural interpretation by previous workers in the Golden Grove Domain. Watkins and Hidman (19902) proposed a regional structural frameworl for the
Murchison Provinee and identified five deformational events. The D5 deformation only affeats the Minjar Range Domain and is not induded in this summary. Structural elements
identified in other studies by Frater (1978}, Archibald (1990} and Clifford (1992) are presented in the mntext of the structural framework of Watkins and Hidkman (1990a).

Regional Pramework
Watkins and Hickman (1990a)

D1: horizontal structures

D2: east-west folds
north-south compression

D3: north-south folds
east-west compression

D4: shear zones & faults

cast-west COIHPIQSS.{OH
Faulting and shearing with north-trends:

Summary Recumbent folding and thrusting Tight, upright cast-west folds Tight to isoclinal north-south folds )
considered late D3
Timing* 292 Ga 2.69-2.68 Ga 2.69-2.68 Ga 2.69-2.62 Ga
Watking and bedding parallel foliatlon in imbs of weakly developed &obscured by D3 sub-vertical and anastomosing fabrics; S-C
Hickman (1990a} Fabsle wgioml soclinal F1 fokis and D4 intense penctrative fabile parallelto F3axal planc fabrics nearshearzones
N-NNE anxd NE-NW {aulls and shear zones,
Taulting horto ntad musting NR NR generally with dexiral movement
D2 fold modificationand N-NE to N-NW tght to
long waveiengthiso clinal to recumbent upright folds, vertical axial planes and isoclnal fokls withvertical axialplares : -
Folding folds (Luke Creek Group) hortzontal fold axcs {comman in BIF) DOMINANT STRUCTURE OF THE F3folds attenuated inD4 shearzones and folds
MURCHISON PROVINCE
. strong foliation (200-2209), moderale greenschist
Archibald (1990) Fabrle nearbedding pasallel schistosity NR metamorphism and flattening of clasts NA
shearzones parailel to axial F3 lold surface with
Faulting NR NR desdrl strlke slip minorfaults post-dating 53 schistosity
mesoscopk folds, shaBowto steepwhich
Folding NR eariylolding conlibute to Jocal thickering: F 142 interference NR
folds not kdentified
[ ced, F3 axial planar
Frater (1978) Fabric NR NR lose spa stﬂg];;gj:pgglg P crerulation cleavage
NE-E faulls (060-08(F) steeply dipping andsouth N-NE steep faults with east block south{dextral
Faulting NR NAR block east [sinistral) movement displacement
. —no
Folding NAR vdal plane: 132 /;f\‘:,sw phunging 40° axial plane: 1800B0PW plunging 529N NR
weak east-west cleavage Inthe stecply dipping, I3 axial planarstrong schistosity
Clifford (1692} Fabrle NAR Thundelama Group inall groups and intrusives NR
) ) northand east trending conjugate faults with
Faulting NR NR 8 mmn:: rf‘al F‘_‘:ﬂS mh;ﬂ‘ﬁ[;?f e;:j:::;and dexiral and siristral displacement and intense
olerile: pre- to syn 1} quartz veining
equivocal mesosco pic folds whichmay .
Folding  also be interpreled as soft sediment NR mesosco pic tight, uprght stceply phnging NW NR

deflormation

trending folds

* soutces are Watking and Hickman (19904) and Pidgeon and Wiide (1990), N/R structural element not recognised
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ancient settings, where they are associated with active volcanism during perdods of
extension (Kappel and Franklin, 1989; Ben-Avraham and Zoback, 1992). Synvolcanic
controls to the localisation and distribution of massive sulphide and alteration are
reported from the Thalanga (Hill, 1996) and Hellyer (Downs, 1993) VHMS deposits. A
key criterion to the identification of such structures is the recognition of abrupt facies
changes or rapid thickness vamations caused by contemporaneous volcano-sedimentary
processes and faulting (Setterfield ez a/, 1995; Berry and Keele, 1997). As a result of
continued volcanism, structural activity and overprinting by successive deformational
and metamorphic processes, the recognition of synvolcanic structures is largely
equivocal, with the sites of these structures commonly occupied by later volcanic
intrusions (Setterfield e 4, 1995).

A potential synvolcanic structure was identified at Gossan Hill based on a number of
geological constraints. Such constraints include stratigraphic thickness variations, the
localisation and asymmetry of alteration, massive sulphide and massive magnetite
adjacent to the mferred structure, and a facies change due to the intrusion of a large
dacite body along the structure. These features ate discussed below.

4.3.1 Geological constraints

‘The Golden Grove Domain consists of a layered, north-south striking strata with a lateral
continuation of 28 km. Small scale (mm to m) syndepositional normal faults are
commonly observed throughout the strata and indicate structural activity during
sedimentation. Larger scale syndepositional structures are also evident from facies
analysis. At Gossan Hill, the strike continuity of the Golden Grove Formation (GGF) 15
interrupted by a dacite dome (DAC3; Clifford 1992) cognate with the overlying Scuddles
Formation. This DAC3 dacite discordantly intrudes GGF M4 to GGF M6 and the
hangingwall thyodacite (RD2), forming a V’ shaped wedge (Fig 4.1). This intrusion is
narrowest in GGF M4 (<2 m) and widest in GGF M6 and RD2 (>100 m) proximal to its
inferred extrusion site (Fig. 4.1). The thickness of GGF M6 changes across this DAC3
dacite and is thickest on its southern side. Rhyodacite breccia facies overlying rhyodacite
(RD2) is only obsetved on the southern side of the DAC3 dacite mtrusion (Chapter 3).
Rhyodacite breccia facies, which contains lithic clasts of rhyodacite and less commonly
bedded seditnent and massive sulphide, represents talus breccia formed duting rhyodacite
extrusion (Chapter 3).

The distribution of chemical facies and alteration adjacent to the dacite intrusive also
supports the potential location of a synvolcanic structure. The thickest development of
massive magnetite, massive sulphide, sulphide veins and intense wall rock alteration is
located on the southern margin of the DACS3 dacite intrusion. The asymmetry of these
chemical facies adjacent to DAC3 dacite is illustrated in Figure 4.1, with the thickness of
massive sulphide, massive magnetite and the alteration intensity decreasing with distance
away from DACS3 to the south. A sulphide sttinger-silicification zone is also developed
GGF M5 adjacent to the dacite, connecting the Zn- and Cu-rich sulphide zones.
Underlying the thickest development of massive sphalerite 1s 2 massive pyrite zone
coincident with the southern margin of DAC3 in GGF M6. Archibald (1990) attributed
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the thickening of the Zn-rich massive sulphides in GGF M6 to folding associated with
late brittle favlting. However, although some rotation of bedding is observed (Secton
4.4), the thickening of GGF M6 could be partially attributed to shortening associated
with dacite emplacement. On the northern side of the DAC3 dacite intrusion, sulphides
are weakly developed in GGF M4 and GGF M6 as stringer veins, with massive sulphide

absent.

These observations support the interpretation that DAC3 dacite represents the former
site of a synvolcanic structure. The south side (down thrown block) was mineralised and
the north side (up thrown block) was altered and weakly mineralised. It 1s proposed that
the DAC3 dacite, which intrudes the host sequence and hangingwall rhyodacite, was
extruded on to the seafloor along a growth structure. The absence of sulphides within
the dacite indicates that this volcanism post-dates mineralisation. Moreover, the wedge
shape of the dacite intrusion demonstrates that the original growth structure was
subvertical in dip, with a noxth-south strike onentation.

Computer modelling of lithological boundary surfaces by MZC geologists using
VULCAN software enabled the geometry and thickness variations of the stratigraphic
units to be examined. Changes in the slope of the lithological contact for GGF M4-M1
and GGF M6-RD2 between the northern and southern sides of the DAC3 intruston are
observed (Fig, 4.2). A change in slope of the GGF M4-M1 lithological contact suggests
potential rotation on the synvolcanic structure after deposition of GGF M1, but before
GGF M4 deposition. Limited thickness variations in GGF M4 and GGF M5 indicate
that minor reactivation, if any, occurred on the synvolcanic structure during the
deposition of these units. The thickness variation in GGF MG likely reflects structural
activity at a time coincident with GGF M6 deposition and mineralisation. Smaller dacite
intrusions north of the main intrusion (19,300 N, Fig. 4.2) may also represent
synvolcamc structures. Thickness variations across these smaller dacites are not
identified due to pootly constrained stratigraphic information in these areas, however,
minor mineralisation and alteration adjacent to these sites support the inference that

smaller dacite bodies may have also intruded pre-existing synvolcanic structures.
4.3.2 Synvolcanic structures at the Scuddles deposit

Evidence for synvolcanic fault structures are present at Scuddles and, due to its close
proximity to Gossan Hill, is a comparable analogue. Review of geological modelling of
the Scuddles deposit, generated using VULCAN software by MZC geologists, indicate
that Scuddles has a similar lithological-structural framework to Gossan Hill. Figure 4.3 is
a long section projection of stratigraphic and mineralised sutfaces at the Scuddles
deposit. A dacite intrusion (DAC3, Clifford, 1992) cuts across the layered stratigraphy at
the southern end of the Scuddles deposit, intruding the Golden Grove Formation and the
hangingwall DAC1 dacite. The thickest development and highest grades of massive
sulphide abut this DAC3 dacite mntrusion. Limited drilling on the southern side of the
DAC3 dacite, indicates weak sulphide vemning,

The orientaton of the DAC3 dacite intrusions between the Scuddles and Gossan Hill

Chapter 4: Structure and metamorphism









76
deposits are similar (.f Figs. 4.2 and 4.3). No inference can be made on stratigraphic
thickness changes at Scuddles from this modelling due to the limited data on the southern
side of the DAC3 dacite intrusion. Facies work by Clifford (1992) however, identified 2
potential lateral thickness change in GGF M6 at the Scuddles deposit. In addition,
Clifford (1992) also identified a fracture system with a steep 80° north pitch and inferred
this structure to influence the thickness of massive sulphide and GGF M6. This DAC3
intrusion at Scuddles is interpreted to have similar structural and facies associations to
that identified at Gossan Hill, and used a syndepositional structure, after the formation
of massive sulphides, to its site of extrusion. Smaller, antithetic and synthetic DAC3
dacite bodies cut massive sulphide at the Intermediate Zone (22,350 N) and the North
End (22,600 N) respectively, and are coincident with zones of increased thickness of
meassive sulphide (Fig. 4.3). These smaller dacite intrusions probably also used

synvolcanic minerahsing structures.
4.3.3 Gossan Hill and Scuddles: a structural model

Frater (1978) and Ashley er 4/ (1988) proposed structural models where sulphide
mineralisation was localised by basin bounding fault structures. However, Clifford
(1992) argued that such models were inconsistent with the observed lateral continuity of
the layered stratigraphic package in the Golden Grove Domain, since the same basins
that controlled the formation of muneralisation would have also controlled the
localisation of the stratigraphic units. Clifford (1992) proposed a mechanism where
syndepositional differential subsidence occurred in response to active growth structures.
This mechanism would tesult in small scale topographic lows due to subsidence, rather
than large scale scarp faults, thereby causing localised thickness variations consistent
with the layered regional stratigraphy. Further observations in this thesis, including the
presence of small-scale thickness vartations and localised breccia due to local

topographic depressions, also support Clifford’s (1992) model.

The Gossan Hill and Scuddles deposits have similar relationships between stratigraphy,
massive sulphide and structure. Based on these relationships, the DAC3 dacite bodies at
both deposits are inferred to occupy synvolcanic strucrural sites. Although the
orientation of the DAC3 dacites is similar, the orentation of massive sulphide zones,
which abut the DAC3 dacite intrusions, differ. Massive sulphides and magnetite at
Gossan Hill are thickest in the north adjacent to the dacite and lens out to the south (Fig.
4.1). At Scuddles, massive sulphide abut the dacite in the south, thinning and lensing out
to the north (Fig. 4.3). A simple normal fault or graben model can not explain the
different orientation of these mineralised zones. The structural model proposed to
resolve these differences iIs a rotatonal block model as illustrated in Figure 4.4. A non-
horizontal extensional regime, which induces rotational movement along synvolcanic
growth structures, would generate local structural lows in opposing directions. Sulphide
mineralisation forming in these structural lows explain the opposing trends of the
mineralised zones between the Scuddles and Gossan Hill deposits. The rotational
movement and resultant offset along these growth structures was small (10° m), due to
the small scale thickness changes observed in GGF M6 and rhyodacite (RD2) across the
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(a) small-scale subsidence (10% m) caused by
South synvolcanic fault movement North

Gossan Hill Scuddles

seafloor

GGF Mo

- massive sulphide The similar orientation of the DAC3 dacite
P intrusions at Gossan Hill and Scuddies
indicate similar orientations of syavolcanic

growth structures. These structures focused
ore fluids.

® South

anticlockwise (up-thrown)

rotation direction

growth
structutes

Gossan Fill (=3 km apart)

{down-thrown)

Scuddles
(down-thrown)

focussed
fluid flow

North

Figure 4.4: (a) Projected nosth-south schematic section through Gossan Hill and Scuddles. Massive
sulphide at Scuddles is thickest in the south and lenses out to the north, whilst massive sulphide and
magnetite at Gossan Hill are thickest in the aorth and lens out to the south. The dacite intrusions {DAC3S)
of the Scuddles Formation (SCF M2), are interpreted to represent the sites of subparallel synvoleanic
structures along which mineralising fluids were focused. To explain the differences in the orientation of
massive sulphides between Scuddles and Gossan Hill, as well as the similar otientation of the synvolcanic
structures, a rotational block model (b) is proposed. (b) The rotational movement on synvolcanic structures
results in locally developed structural lows, whete the ewo deposits ave sited. Rotational movement zlong
these synivolcanic structuzes created local stroctural lows in which sulphide mineralisation was deposited,
causing the opposing directions of the two deposits.
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DACS3 mtrusion at Gossan Hill. This rotational model is further supported by the change
m the slope of the GGF M4-M1 surface across the DAC3 dacite intrusion (Fig 4.2).

44  Bedding

Bedding at Gossan Hill strikes northwest to north-northwest, faces west and is
subvertical to steeply west dipping (Fig. 4.5a). These trends are consistent throughout
the entire Golden Gtove Domain (Watkins and Hickman, 1990a; Clifford, 1992). Local
variations in the strike and dip of bedding are interpreted to be the result of sedimentary
structures including; cross bedding, slumping, syndepositional faulting and erosional
contacts with mantled bedding. Irregularities in the strike and dip of bedding result
principally from undulatory erosional surfaces and their mantling by overlying
depositional units (c.f Section 3.3.1). Syn-sedimentary slump folds are observed in GGF
M1 (Fig. 4.6a) and are exposed at surface (18,450 N, 5,180 E). Cleavage cleatly post-
dates these intraformational folds, intersecting the bedding at an oblique angle.
Intraformational slump folds reflect local instability of the sandstone and pebble breccia
during deposition. Quartz-muscovite-chlorite alteration banding in GVF M4 is also
subparallel to bedding (Fig. 4.5b), is cut by cleavage and likely reflects bedding in the

sandstone.

Archibald (1990) mterpreted a major second generation (F2) synformal fold at C zone
{~18,400 N, Fig. 4.1) on the basis of form sutfaces and vergence, as well as F1 folds in
surface exposures of GGF M1. The results of this study illustrate that bedding is not
folded with consistent upward facing in normal and reverse graded sediments that
negates a folded stratigraphy (Fig, 4.5a). Archibald’s (1990) F1 folds are interpreted here
to be slump folds. Some local rotation of bedding 1s, however, noted in GGF M6
adjacent to massive sulphide and the hangingwall DAC3 intrusion.

4.5 Dolerite intrusions

Dolerite dykes and sills are volumetrically msignificant in the Gossan Hill mineralised
zone. These dykes are less than 5 m wide, steeply dipping and discordant with chilled
intrusive contacts. Margins may be undulose or sheared, but are generally planar,
continuous and intrusive. Three phases of dolerite intrusion were identified in
underground exposure. The earliest phase dips between 60° to 83° northeast-southwest
and strkes 130° to 180° (Fig 4.5¢). A weakly developed spaced cleavage is developed in
the muscovite-altered chill margins aad is an indication of intrusion prior to penetrative
deformation. The second phase of dolerite dykes intrudes the first phase and 1s fine-
grained with well-developed chilled margins. Limited measurements on this dolerite dyke
indicate a dip of 60° to 80° northeast to southeast and strike of 020° to 162° (Fig. 4.5¢).
A weakly developed cleavage through this dolerite is also an indication of mntrusion prior

to penetrative deformation.

The third dolerite intrusive phase postdates the first and second phases, as well as the
thyolite intrusions. This third dolexite phase has highly irregular contacts dipping
between 55° to 80° south to southeast, striking mainly at 020° (Fig. 4.5d). Thickness of
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{b) alreration banding in GVF M4

v
Y

(d) late doledre intrusions

(f) quartz veins

(=) pyrite-chalcopyrite~-chlozite veins on the 250 level

(h) sulphide-rich stringer on the 300 level

Figure 4.5: Equal area stereonet projections of {2) poles to bedding (GVF M4 and GGF M1 to M6
inclusive), (b) poles to quartz-muscovite-chlozite alteration banding in GVF M4, (<) poles to easly dolerite
intrasions, (d) poles to late dolexite intrusions, (¢) poles to thyolite intrusions, (£) poles to early quartz veins
in intensely silicified GGF M4 indicating two conjugate vein orientations and (g-h) poles to sulphide veins
in mineralisation of GGF M4, GGF M5 and GGF M6 from the 250 and 300 level respectively.
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Shump folding (arzows) of a sandstone bed within a sequence of thinly bedded sandstone
and pebble breccia of GGF M1. Intensely sificified sandstone beds have white siliceous
haloes along the bed margins (Cuddy #4, 5,185 E, 18,677 N).

Planar continrzous southeast fault in silicified breccia and sandstone of GGF M1. The
banded antitaxial fault vein is filled by quarte, carbonate, chlorite and wall rock fragments.
Adjacent quartz-carbonate veins paralle] the fault plane and are discontinuous. Rock bolts
are 40 cm Jong (Cuddy #7, 5,184 E, 18,543 N).

Quattz-chlorite striations on 4 southeast fault surface. The fault is in 2 pebble breceia of
GGF M1. Quartz-chlorite striations have two otientations, both of which indicate reverse
movement. The first reverse movement is steeper at 75° and the second at 50° (Cuddy
#6, 5,185 E, 18,604 E).

Sharp intrusive contact between a late stage rhyolite intrusion and massive breccia of
GGF Ml1. The thyolite has pervasive muscovite alteration and contains a spaced cleavage.
Cleavage is also strongly developed in GGF M1 breccia adjacent to this thyolite intrusion.
A small discontiuous southeast fault offsets the rhyolite margin and has a dextral sense
of displacement. Quartz, catbonate and chlorite in fill the fault vein. Rock boles are 40
cm long (300 level, 5,075 E, 18,235 N).

Southeast otiented, carbonate-quartz filled antitaxial fault zone in massive dolerite. A halo
of chlotite-muscovite alteration envelops the fault zone. Cleavage, which is well
developed in the alteration halo arcund the fault, is wrapped into the fault and indicates
reverse movement (Cuddy #3, 5,194 E, 18,716 N).

Sheared contact between massive quartz altered breccia and sandstone of GGF M1 and
magnetite-pyrite-chlotite altered units of GGI M4. This contact has an intense cledvage
within chlotite altered GGF M4. Sulphide veins in GGF M4 are subparallel the direction
of shearing. Discontinuous quartz-carbonate veins occur in GGF M1 adjacent to the fault
and reflect brittle deformation in the silicified breccia. Rock bolts are 40 cm long (300
level, 5,027 I, 18,243 N). :






the late stage dolerite varies between 0.1 to 3 m. The absence of a cleavage in this
dolerite supports a late stage intrusion, possibly analogous to the Proterozoic dolerites
observed elsewhere in the Warriedar Fold Belt (Watkins and Hickman, 1990a).

Flat lying dolerites at Gossan Hill are interpreted from drill hole data to be less than 50 m
thick and occur close to surface in the south of Gossan Hill where they occur at the base
of weathering. The timing and orentation of these flat Iying dolentes is not constrained,
but may have a similar timing to the first and/or second phase of dolerite intrusions due
to cleavage within chilled margins.

4.6  Rhyolite intrusions

Rhyolites intrude all members of the GGF but are intruded by late stage dolerite (Section
4.5). Rhyolite intrusions are subparallel to bedding and form narrow, steeply dipping to
subvertical dykes with margins ranging from sharp and planar to locally sheared and
veined. These dykes are frequently 1 to 5 m wide, but range down to less than 30 cm.
Rhyolites strike 130° to 185°, dipping between 65° and 90° southwest to northeast and
often have flow banded margins (<20 ¢m wide) (Fig. 4.5¢). Cleavage is pootly developed
within these rhyolite intrusions but where present, is spaced and weakly developed in the

muscovite altered, flow banded margins.
4.7  Faults

All faults observed at Gossan Hill are late brittle structures with small displacements
(generally less than 2 m). Two main movement directions are identified from quartz-
chlorite-carbonate striztions on fault surfaces. These movements are reverse and dextral
wrench, with the wrench displacement commonly overprinting earlier reverse
displacement. Faults are subdivided below into four groups according to the orientation

of fault surfaces, namely; southeast, east, north and southwest.
471  Southeast faulis

The southeast fault orientations are the most common faults recorded underground. All
stratigraphic units including GGF M1, M4, M5, GVF M4, dolerite and rhyolite intrusions,
and magnetite-copper mineralisation host these southeast strking faults. In many cases,
these faults define the contact between two units (e.g, GGF M1 and dolerite) and are less
than 20 cm wide with banded antitaxial vein and wall rock fragment infill (Fig. 4.6b).
Fault veins are muscovite-chlorite or chlorite-quartz-catbonate-pyrite with muscovite
altered sheared rock fragments. Wall rocks to the faults are locally sheared indicating
strong brittle deformation adjacent to the fault. Southeast striking faults dip steeply and
are subparallel to both bedding and cleavage (Fig. 4.7a), although most faults generally
have a shallower dip than bedding (/. Figs. 4.5a and 4.72). Chlorite shear zones parallel
to bedding occur as narrow zones between more competent beds and are included as part
of the southeast fault group. Movement on fault planes, as indicated by strations (Figs.
4.6¢c and 4.7b) and offset strata (Fig. 4.6d), is commonly reverse (with minor dextral or
sinistral components) and may be overprinted by wrench and/or and reverse movements

(Fig. 4.7c). The most common orderng of fault movement, indicated from overprintng
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(c) southeast faults, overprinting striations
(m) reverse, (¢} dextral
N

(f) east faults striations
() reverse, (») dip slip
N

{g} north-scuth faults
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(b) southeast fault striations
(#) reverse, (=) dip slip, ) dextral
N

{d) east faults

n=3

{e) east faults, kinematic indicators of second
reactivations (+) dextral

(w) reverse, (o) dip slip

Figure 4.7: Equal area stereonet projections of (a} poles to all southeast faults measured, (b) striations on
southeast faults, (€) overprintng striations on southeast faults, (d) poles to all measured east faults, {e)
striations on east faults, (f) overprinting swiation movement indicators on east favlts (g) poles to all
measured north-south faults and (h) stations on north-scuth faults.
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striations, is eatlier reverse followed by dextral wrench. Cleavage and bedding drag is
observed in these faults indicating cleavage formation prior to or synchronous with fault
movements. Cleavage drag (Fig. 4.6e) record reverse and dextral fault movements that

post-date cleavage formation.

A southeast strking 1.5 m shear zone (Fig, 4.6f) offsets the contact between GGF M1
and M4 on the 300 level. This fault zone marks the contact between the unmineralised
GGF M1 footwall and magnetite-Cu mineralisation. GGF M1 is intensely quartz altered
and GGF M4 1s intensely chlorite-catbonate-pyrite altered. Adjacent to this faulted
contact, the orientation of sulphide-carbonate vems m GGF M4 parallels the direction of
shearing. Extensional quartz vemns are developed adjacent to this structure across the
direction of shear and consist of chalcopyrite-pyrite-quartz extensional veins (Fig 4.8a).
Quartz veins occur on the eastern side of the fault in GGF M1. Kinematic indicators
recorded two deformation events; (1) an early dip slip event, and (2) a later dextral
weench. The magnitude of displacement is not known, but geological constraints from
drilling mdicate 1t is a few metres.

A zone of brttle deformation at the stratigraphic contact between the GGF M1 and
GVF M4 1s illustrated in Figure 4.9. The contact plane 1s marked by a southeast striking
fault, although north-south, east and southwest faults also occur in this locality, as well as
abundant veins with similar orientations to the faults. The main fault group present is the
southeast strking fault group. The area represents a zone of brittle faulting in competent
GVF M4 units, which offset the GGF M1-GVF M4 contact by an estumated 50 m (Fig
4.9).

Rhyolite intrusions commonly have southeast-sonthwest striking faulted contacts. In
some cases, shearing parallel to the faults is parallel to the muscovite-altered rhyolite flow
banded margins and is denoted by a locally intense foliaton. The offset of rhyolite
margins indicates reverse displacement, generally less than 1 m. Carbonate-quartz veins
parallel to the fault are also offset and indicate that reverse movement post-dates fault
and vein propagation.

Within massive pyrite-magnetite in GGF M4 a southeast fault has a 122° strike, dipping
55° to 75° north. This fault is up to 1 m wide, with a quattz-carbonate-chlorite-wall rock
and magnetite-pyrite-pyrrhotite filled antitaxial vein and a sheeted planar fault trace (Fig
4.8b). Strong adjacent zones of shearing are present in the chlotite-magnetite-sulphide
altered host. Cleavage drag into the fault indicates movement after/or synchronous with
cleavage formation, with both chlorite-quartz striations and cleavage drag indicating
reverse movement. Overpuntng striations associated with a later wrench movement are
developed upon earlier striations associated with reverse movement. This fault has
strong cleavage in the adjacent intensely chlorinsed wall rock and offsets the magnerite-
pytite zones (af. Fig 4.1).

4.7.2 East faults

East strking faults ate observed within GGF M1, M4, M5 and massive pyrite and
dolerite intrusions. These faults have planar fault traces and ate less than 40 cm wide
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Faulted contact between massive pyrite-magnetite-chlorite and tuffaceous breccia in GGF
M1 footwall. Subhodzontal extensional chalcopyrite-rich veins penetrate from the
sulphide zone into the silicified footwall zone. These veins are extensional veins
associated with a southeast adjacent fault and the local remobilisation of sulphides into
fractures (300 level, 5,034 E, 18,248 N). ’

Planar southeast fault and sheared zone within intense chlorite alteration of sandstone in

- GGF M4. The fault has a 50 cm quértz-carbonate vein and contains sheared chlomtic

altered wall rock. Both reverse and dextral movement striations were observed along this
fault. Rock bolts are 40 cm long (300level, 4,974 E, 18,490 E).

Undulose, discontinuous white quartz veins in an intensely silicified GGF M4 siltstone.
These quartz veins form subparailel sets of veins that are truncated against 2 larger pyrite-
chalcopyzite-chlorite stringer vein. Rock bolts are 40 cm long (250 level, 5,103 E, 18,457
N .

Pyrite-chalcopyzte-chlotite stringer veins hosted by intensely silicified sandstone of GGF
M4. The stringer veins form a regular pattern of wide continuous veins, with abundant
small (<10 mm) pyrte-chalcopynite-chlorite veins in the wall rock. Eatly quartz veins (top
left) are narrow, undulose and discontinuous, but have similar otientations to some of the
pytite-chalcopyiite-chlorite veins. Rock bolts are 40 cm long (250 level, 5,103 E, 18,465
N, «f. Fig. 3.8). ' '

Subparallel adjacent pyrite-chlorite veins inan mtensely chlosdte aitered bedded sandstone
of GGF M4. The pytite-chlorite veins are subparallel to bedding and cleavage (250 level,
5,109 E, 18,440 N).









with banded quartz, catbonate, chlorite and wall rocks fragment infill. The dips of east
striking faults vary between 40° south to subvertical (Fig. 4.7d) and have at least two
movements. Kmematic indicators on fault planes predominantly record dip slip
movement and less commonly reverse movement (Fig. 4.7¢). Overprinting striations,
where present, indicate a dextral reactivation sense to east faults that had earlier dip ship
movement (Fig. 4.7f). Small-scale (<1 m) dextral displacement is also confirmed by the
offset of dolente margins. East ortented faults rarely have cleavage drag and movement

is interpreted to be small (Jess than a few metres).
4.7.3  North-south faults

Notth-south strking faults (Fig. 4.7¢g) cut across all stratigraphic units from GVF M4 to
GGF MG, as well as dolerite and rhyolite intrusions, and have simular orlentations to the
early dolerite intrusions. North-south faults often form the contact between intrusive
phases and the host rock. These faults have planar, sheeted fault planes with antitaxial,
banded vein fill. Fault veins ate between 0.2 to 20 cm wide and consist of quartz,
carbonate, chlotite and wall rock, with minor pyrite and muscovite. Some faults have
muscovite-chlorite halos forming up to 20 cm zones that envelop the fault. Alteration
halos can form strongly foliated envelopes, with foliation parallel to the fault plane.
Kinematic indicators record reverse and dip slip fault fibres, with the most common fault
movement being pure reverse (Fig. 4.7h). Cleavage drag is observed at some north-south
faults that have reverse kinematic mdicators. Indicators of secondary fault reactivation
are rare and indicate secondary dextral wrench movement along fault planes that have
earlier reverse kinematic indicators (Fig, 4.10a). Associated quartz-carbonate veins form
sheeted flat lymg veins (Section 4.8). The timing of north-south faults is similar to that
of the southeast faults, with the faults pre- to syn-cleavage formation and last movement
on the fault planes post-dating cleavage development.

4.7.4 Southwest faults

Southwest striking faults occur within GGF M1, GVF M4 and dolerite intrusions. These
faults have planar traces, dips that vary from between 46° southeast to subvertical (Fig.
4.10b) and are the least abundant fault type recorded. Southwest faults are zones
between 1.5 to 20 cm wide, with banded and antitaxial fault veins of quartz, carbonate,
muscovite, wall rock and minor pyrite. Kinematic fault movement indicators recogmised
include normal dip slip and reverse movements (Fig. 4.10¢). At least two fault
movements are indicated, but the timing relation between these movements could not be
established due to the absence of overprinting kinematic fibres. Associated veins are
filled with quartz, carbonate and chlorite, with banded, discontinuous or sigmoidal vein
forms.

4.8 Veins

Vein groups were divided into six types on the basis of orientation. The eatliest veins
identified at Gossan Hill are quartz veins (Section 4.8.1) that are cut by sulphide-rich
stringer veins (Section 4.8.2). In addition, four groups of quartz, carbonate, chlorite

veins associated with late brittle deformation are identifted. These four vein groups are
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(#) north-south fanlts, overpdnting second {b) southwest faults
striations (¥) dextral

n=5
(c) southwest faults, all ].finemaﬁc indicators (@ southeast veins
{n) reverse, (o} dip slip
N N
n=18
(&) east-west veins (f) north-south veins
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n =10
() southwest veins {b) cleavage (S3)

Figure 4.10: Equal area stereonet projections of {a) overprinting striations on north-south faults, (b) poles
to southwest faults (¢} all striation movement indicators on southwest faults (d-g) poles to late brittle
guartz-carbonate-chlorite veins with, (d) poles to southeast veins, {¢) poles to east-west veins, (f) poles to
nozth-south veins, (g) poles to southwest veins and (g) poles to 83 cleavage planes.
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characterised by southeast, east-west, north-south, and southwest vein orientations,

which are identical to the orientation of faults previously discussed.
4.8.1 Pre-mineralising quartz veins

Quartz veins exposed underground on the 250 level are hosted by intensely silicified
GGF M4 volcaniclastics within a sulphide stringer zone. The exposure of these quartz
veins is limited to a 60 m wide zone underlying massive pyrite-magnetite mineralisation,
and are not identified elsewhere. Quartz veins range in thickness from 1 to 4 cm and
vary from sheeted, continuous to undulose and discontinuous veins that are infilled by
white quartz (Fig. 4.8c). Some quartz veins host minor chlorite, chalcopyrite and pyrite.
Two conjugate quartz vein ordentations are recognised (Figs. 4.5f and 4.11). These two
vein sets form arrays of subparallel or stepped veins with a southeast {139° to 189°) or
southwest (195° to 247°) strike and dips of 25° to 63° southwest and 40° to 65°
southeast respectively. The quartz veins reflect brittle deformation of the wall rock,
indicating that GGF M4 was competent at the time of quartz vein formation. Quartz
veins are absent from adjacent zones of chlorite alteraton within GGF M4 (Fig. 4.11).

Quartz veins ate truncated and transected by sulphide stringer veins (Figs. 4.8¢c and 4.11).
This mdicates that quartz veins formed pror to the sulphide veins and preceded massive
sulphide formation within GGF M4. Early quartz veins therefore, represent pre-

mineralising veins that formed during a period of north-south extension.
4.8.2 Sulphide veins

Sulphide stringer veins overly and uaderlie massive sulphide in GGF M4, M5 and M6.
These stringer veins are generally pyrite-rich and have variable continuity, width,
otentation and host associations. Silicified wall rock fragments may be found within
some sulphide veins, indicating antitaxial vein formation. In some occutrences, sulphide
veins can have strong fracture control, forming consistently otientated subparalle] vein
sets (Figs. 4.8d and 4.11). However, the otientation of sulphide veins varies between
zones of mineralisation and alteration. This section reviews the orientation of sulphide
veins and examines potential structural control to these mineralising conduits. The
occurrence and distrbution of sulphide veins is further evaluated in Chapter 5.

Sulphide veins on the 250 level consist of pyte, chalcopyrite and chlorite and have
some similar vemn orlentations to the early quartz veins {¢f Figs. 4.5g and 4.5f), whilst
some veins parallel bedding (/. Figs. 4.5g and 4.52). Sulphide veins on the 300 level
have stronger bedding control than veins from the 250 level, with veins mostly parallel to
bedding (Figs. 4.5h and 4.8¢). The orientation of sulphide veins from the 250 and 300
level indicates that sulphide veins had strong control from pre-existing fractures in the
host rock, represented by early white quartz veins, as well as lithological control by
bedding planes. The absence of early quartz vein trends from sulphide vein onentations
on the 300 level reflects stronger bedding control to sulphide veins. The limited
distribution of early quartz veins within GGF M4 also indicates their limited influence

during sulphide vein formation.
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Figure 4.11: Underground wall mapping from the 250 level. Pervasive intense quartz altered sandstone-siltstone of GGF M4 host early quartz veins, as well as
sulphide veins. Eaily quartz veins form subparallel, sheeted to discontinucus veins, Sulphide veins cut across early quartz vein, with some sulphide veins paralleling
the early quartz veins. At 44 metres a conformable alteration boundary from quartz to intense chlorite alteration oceurs. This contact marks the transition of sulphide
veins to bedding-parallel orientations and the absence of eatly quartz veins from intense chiorite alteration. Vertical scale = horizontal scale.
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4.8.3 Southeast veins

Southeast striking veins are the most abundant vemns occurring within GVF M4, GGF
M1, GGF M4 and dolerite mtrusions. Southeast veins are less than 3 cm wide, syntaxal
to antitaxial veins filled with white quartz-carbonate or catbonate-quartz-chlorite-pynite.
The vem style is typically planar and sheeted, frequently with stepped subparalle] veins.
The dip of this vein group vaties from shallow (<20°) to subvertical (Fig. 4.10d).
Southeast veins parallel and are spatially assoctated with the southeast fault group, where
these veins formed as extensional veins, commonly having extensional fibre fill.

Quartz-carbonate veins parallel and cut across the contact margins of the early dolerite
mtrusions, indicating post-dolerite vein formation. Dextral offset of these veins at the
margins of doletite indicates that movement on southeast faults occurred after vein
formation. Similar observations are made in southeast veins adjacent to the rhyolite
intrusions, with veins having reverse offset and crenulation due to cleavage (Section 4.9).
Alteration halos enveloping southeast veins mclude quartz, muscovite-quattz and chlorite
halos that penetrate up to 40 cm into the wall rock (Fig. 4.122). Southeast veins also
parallel the alteration banding in GVF M4 (Fig. 4.12b). The onentation of the southeast
veins is generally shallower than bedding and subparallel cleavage and the onentation of
thyolite intrusions. Veins may be offset by movement on southeast faults and displaced

or crenulated by the penetrative cleavage.

4.8.4 East-west veins

East-west strking veins occur within GVEF M4, GGF M1, GGF M4 and doletite and
thyolite mtrusions. Vein contain quartz-carbonate fill and are up to 4 cm wide. Vems are
generally planar and continuous, but may also be sigmoidal or stepped. East-west veins
vary from shallow (10° to 30°) to steeply dipping veins (40° to 60°) (Fig. 4.10¢). Steeper
east-west veins have cleavage related deformaton, mclhuding ctenulation and
displacement in the plane of cleavage (refer Section 4.9.1). East-west veins cut across
the southeast fault (Fig. 4.12¢) and north-south fault groups, and are commonly offset by
reverse displacement on these faunits. Vein formation was most likely synchronous to

these fault groups.
4.8.5 North-south veins

North-south striking veins are less than 10 cm wide and have banded quartz-carbonate or
carbonate-chlorite vein fill. They occur in GGF M1 and GVF M4 as well as dolerite and
rhyolite intrusions. The style of vein is sheeted to discontinnous and sigimoidal. The dip
of north-south veins varies from shallow (10°) to subvertical (Fig. 4.10f). Notrth-south
veins parallel the orientation of dolerite intrusions and north-south faults, but cut across
some southeast faults. Where associated with southeast faults, veins form flat lying
stepped, subparaliel extension veins. Chlorite and muscovite-quartz halos less than

10 cm wide commonly envelop these veins. Reverse offset of north-south veins across
southeast fauits is consistent with reverse striation movement indicators (<30 cm) on
southeast faults. The reverse offset of north-south veins indicates vein formation

synchronous to, or earlier than, fault formaton.
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A planar carbonate-quartz-pytite southeast vein within sandstone of GGF M1, The vein
has an asymmetric, 3 cm quartz alteration halo. Minor undulations in the planar trace of
the vein are the effect of a high angle anastomosing cleavage in the wall rock and vein
(250 level, 5,120 E, 18,436 N).

A continuous, planar carbonate-chlotite vein that has a well-developed quartz-muscovite
alteration halo. The halo forms a narrow envelope atound the vein. This southeast
oriented vein occurs in GVF M4 sandstone and parallels quartz-mmuscovite-chlorite
alteration banding within the sandstone (Cuddy #13, 5,176 E, 18,320 N).

Southeast fault within quartz-chlorite altered thinly bedded sandstone and breccia of GGI
M1. The fault trace is planar and the fault vemn is carbonate-quartz. Subhonizontal,
discontinuous east-west quartz filled tension veins are associated with the fault and cut
across the fault plane. Rock bolts are 40 cm long (360 level, 5,102 E, 18,248 N).

Stepped planar quartz-carbonate filled southwest vein in massive sandstone of GGF MSI
(300 level, 4,993 E, 18,242 N).

Pervasive intense quartz alteration of a pumiceous pebble breccia from GGF M1. Relict

-Tithic clasts have variable chlotite or quartz alteration, and the pebble breccia contains a
. spaced anastomosing cleavage that wraps lithic fragments. Chlosite altered lithic clasts

host a continuous cleavage-and have weak flattening paralle] to the plane of cleavage (250
level, 5,140 E, 18,438 N).

Thinly bedded fine-grained sandstone from GGF M1. Beds have differential intense
quartz-chlotite or chlorite alteration cortesponding to alternating light and dark grey bands
respectively. The chlorite-altered beds contain a well-developed, closely spaced
penettative cleavage. In more competent quartz-altered beds cleavage is absent ora
wealdy developed, spaced cleavage is present. The angle between cleavage and bedding is

“oblique (Pump Access Cuddy 190 level, 5,217 E, 18,866 N).






4.8.6 Southwest veins

Southwest stnking veins occur in GVF M4, GGF M1, GGF M4, GGF M5, and massive
pyrite-magnetite-pyrite-chalcopyrite . The dip of southwest veins varies from shallow
(10°) to subvertical (Fig. 4.10g). These veins have quartz-carbonate-pyrite-chalcopyrite
fill with rare euhedral tourmaline (<500 [im in size). Southwest veins are less than 15 cm
wide and have banded to fibrous extensional vein fill. Southwest veins vary from planar,
sheeted veins to narrow, discontinuous veins and some form stepped veins adjacent to
southeast faults (e.z., Fig. 4.12d). These veins are also crenulated by cleavage and offset
by late fanlt movement.

49  Cleavage

Previous workers at Gossan Hill (Frater, 1978; Ashley 1988; Watkins and Hickman,
1990a) identified a spaced S2 cleavage that formed a bedding parallel fabrc. The results
of this study agree with those of Clifford (1992) and Potter (1991), and did not identify
S2 fabric, but a single anastomosing S3 cleavage. The S3 penetrative cleavage at Gossan
Hill strikes northwest to north-northwest and is oblique to and anticlockwise of bedding,
with a steep 75° west to subvertical dip (Fig. 4.10h). This S3 cleavage has a consistent
otlentation parallel to the subvertical axial surface of the megascopic antichne, with the
Golden Grove Domain located on its western limb.

At Gossan Hill, the cleavage intensity varies amongst volcano-sedimentary lithofacies
and alteration types. In intensely silictfied pebble brecaia (e.g., GGF M1), the cleavage 1s
anastomosing, undulose and spaced (Fig. 4.12¢), with chlorite altered lithic clasts having
a weak flattening m the plane of cleavage. Within the chlorite-quartz altered fine-
grained, thinly bedded sediments, cleavage forms a spaced, continuous cleavage
preferentially developed in chlorite altered beds (Fig. 4.12f). Intensely chlorite altered
volcaniclastics have a closely spaced cleavage that imparts a schistosity. The hangingwall
thyodacite (RD2) and daate (DAC3) units show a well-developed cleavage, defined by
the alignment of muscovite and elongation of chlotite-carbonate altered feldspass.
Cleavage is also weakly developed in rhyolite and dolerite intrusions, indicating cleavage
formation post-dates emplacement of these intrusions.

The angle between bedding and cleavage is oblique and usually less than 20°. In
mntensely chlorite altered wall rocks, the angle between bedding and cleavage is less than
10°, reflectng ductile deformation and the possible rotation of bedding with respect to
cleavage. Examples of such cases are bedding parallel sulphide veins that also parallel
cleavage (Figs. 4.13a and 4.8e). Some intensely quartz altered rocks do not have a
penetrative cleavage and where sulphide veins are hosted by intensely quartz altered wall
rock, preferendal development of cleavage within the sulphide-chlorite vein is observed.
{n addition, massive sulphide and stringer veins have a spaced penetrative cleavage
indicating that mineralisation pre-dated cleavage.

The contact between massive quartz sandstone and massive pyrite-chlorite in GGF M4
has local remobilisation of pyrite along cleavage planes, which cause local irregularities in

this contact (Fig. 4.13b). Within massive magnetite, cracking patterns in magnetite are
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Figure 4.13

Adjacent subparallel pyrite-chlorite-chalcapyrite stringer veins, A strongly developed
cleavage is present in the intensely chlosite altered GGF M4 host. The orientation of the
sulphide veins parallels bedding in GGF M4 and the onentation of the penetrative
cleavage. Rock bolts are 40 cm long (250 level, 5,103 I, 18,887 N).

Confact between quartz-chlorite altered massive quattz sandstone of GGF M4 and
massive pyrite-chalcopyrite. The contact is sharp and planar, but locally trregular due to
temobilisation of pyrite and chalcopyrite along cleavage planes (250 level, 5,109 E, 18,440
N).

Discoatinuous, undulose small extensional fractures in massive magnetite (Mgt). These
fractuzes are perpendicular to cleavage and ate filled by fibrous tale (sample 97U069).

As for (c) under crossed nicols

Deformation of apatite {Ap) in 2 sulphide, chlorite altered sandstone of GGF M4. Apatite
crystals have chlorite-sulphide pressure shadows and cleavage parallel slip planes (atrow).
Cleavage parallel slip displaces the tatgin of the apatite grain in a sinistral sense (sample
971I058).

As for (¢) under ctossed nicols

Cleavage wraps around a recrystallised and fractured pytite grain (Py). The cleavage is
well-developed in the fine-grained chlorite matrix. The pytite grain has chlorite and
sulphide (chalcopyrite-pyrite) filled pressure shadows. ‘The occurrence of chalcopyrite in
these pressure shadows indicates the local remobilisation of chalcopyrite during
deforthation (sample 970025).

As for {g) under plane polazised light
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perpendicular to cleavage and are mfilled by talc extensional fibres that patallel cleavage
(Figs. 4.13¢ and 4.13d). Volcanic quartz, siliceous nodules and pytite grains have
cleavage wrapping around them, resulting in augen textures with pressure shadows.
Displacement or slip parallel to cleavage planes is observed in areas with strong to
intense cleavage development (Figs. 4.13e and 4.13f). Pressure shadows around voicanic
quartz, coatse-grained pymte (Figs. 4.13g and 4.13h) and apatite grains on oriented
samples indicate reverse or dextral senses of rotation. In such cases, the cleavage wraps
around the more competent grains and demonstrates a post-mineralising cleavage.
Pressure shadows have variable mineralogies with fine- and coarse-grained fibrous arrays
of quartz, carbonate and chlogte, with less common chalcopyrite and pyrthotite (Figs.
4.13g and 4.13h). Rounded zones of massive magnetite in massive pyrite have cleavage
wrapping (Fig. 4.14a). It is therefore concluded that the remobilisation of sulphides,
including pyrite, chalcopyrite and pyrrhotite occurred during cleavage formation, but that
magnetite behaved more competently and preferentially underwent bnttle deformation.

491 Folded veins

Stringer sulphide-carbonate-chlorite veins and late stage quartz-catbonate-chlorite veins
often have locally crenulated, disrupted and folded textures. As previously discussed
(Section 4.8), sulphide veins are associated with the formation of massive sulphides,
whilst the quartz-carbonate-chlorite veins formed during brittle deformation after
mineralisation. The crenulation, disruption and folding of both vein types is the result of
deformation induced during penetrative cleavage development and substantiates the
formation of these vein prior to regional penetrative deformation. In general, veins that
are folded at Gossan Hill are veins that have a high angle between the vein orientation
and the plane of cleavage (Fig. 4.15). Veins subparallel to cleavage and bedding are not
folded, but commonly have necking and boudinage deformation structures (Section
4.10.2, Fig. 4.15).

Folded sulphide veins occur within mtensely chlorite or chlorite-quartz altered hithofacies.
Fold morphologies are tight and upright, with 2 wavelength less than 30 cm (Fig. 4. 14b).
The fold hinges are subhonzonl and cleavage is convergent and axial planar. Stacked,
parallel, subhorizontal sulphide veins have similar folding within adjacent veins (Fig.
4.14c).

Folded, late stage quartz-carbonate-chlorite veins are frequently disrupted or crenulated
by the cleavage, having fracture and offset parallel to cleavage (Figs. 4.14d and 4.14e)
that reflect superimposed brittde deformation. Micro-quartz-carbonate veins are also
folded with quartz having undulose extinction (Fig. 4.14e). Folded quartz-carbonate-
chlorite veins commonly have open, uptight fold forms and small wavelengths (<5 cm),
with cleavage axial planar (Fig. 4. 14f). This folding is attributed to shortening in
response to cleavage development. Intensely silicified and competent units of GGF M1
have veins that are more disrupted by buittle deformation than by ductle folding.
Therefore, competency differences of the host rocks and the angle between the vein and
cleavage (Fig. 4.15) are the major controls of folded vein morphologies.
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A zone of massive magnetite (Mgt} within massive pyrite-chalcopyrite-clilotite (Py-Cpy).”
The cleavage is well- developed in the massive sulphide and wraps around the more
competent massive magnetite zone (250 level, 5,108 E, 18,493 N).

Folded pytite-pyrrhotite-carbonate vein in intensely chlorite-quartz altered sandstone of
GGF Mb. The folds are upright and have a wavelength of 10 ¢m, with smaller folds (less
than 3 ¢or) oo the limbs. The cleavage is axial planar to the subhotizontal sulphide vein,
The folding in the vein reflects ductile deformation parailel to the plane of cleavage,
within a chlorite-rich rock (300 level, 4,974 E, 18,244 N),

Stacked folded pyrite-pyrrhotite-carbonate veins from intensely chiotite-quartz altered
sandstone of GGF M5. The pyrite-rich veins are subparailel, flat lying veins that are
folded by an axdal planar cleavage as explained in {b). In this case the subparallel pyrite-
pytthotite-carbonate veins have similar folding in each of the veins, which substantiate
cleavage-related deformation. The veins have artenuation and pinch and swell, which is
associated with minor displacement along the plane of cleavage (300 level, 4,973 E, 18,245
N).

A miecro-quartz vein cuts across a fine-grained, intensely quartz altered formetly glassy and
shard rich, quartz-bearing sandstone of GGIE M5 (sample 970U007).

As for (d) under crossed nicols highlighting the undulose extinction pattern and fracture
of quartz within the folded microvein. A small fault, delineated by ﬁ.ne-giamed muscovite,
shears one limb of the microvein.

A planar, sheeted carbonate-quartz southeast oriented vein with in an intensely quartz
altered, pebble breccia of GGF M. Smail-scale irregularities in the vein trace include
small displacements {<1 cm)}, crenulation and weak folding, These deformational features
are axial planar to folding and parallel cleavage (250 level, 5,146.E, 18,438 N).

Carbonate-quartz boudins along the contact between massive quattz-bearing sandstone of
GGF M4 and a rhyolite intrusion. Shearing parallel to this contact also patallels the
boudinage structures of the carbonate-quartz vein, The boudins are asymmetzic, but the
direction of movement on the shear zones is not clear. Note also the crenulated -
carbonate-quartz vein in the massive sandstone (eft), with crenulation parallel to shearing

along the contact margin (250 level, 5,110 E, 18,437 N).
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Figure 4.15: Schematic illustration of the deformation of sulphide-rich stringer veins and late
brittle quartz-carbonate veins at Gossan Hill. (a) Illustration of the different orientations of veins
ptior to D3 deformation, with veins sub-parallel, perpendicular or oblique to bedding. (b) The D3
regional penetrative deformation is an east-west compression event defined by Warkins and
Hickman (19902). This event results crenulation, distuption and folding of veins that are
perpendiculat, or at a high angle to bedding, Veins that are obligue to bedding may have weak
disruption or folding. Veins that are subparailel to bedding, are also subparallel to cleavage and do
not have folded vein forms but may however, have strong cleavage or boudinage structures.
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4.9.2 Boudinage structures

Boudinage structures are observed int carbonate-quartz veins and are common within
sulphide veins. Boudinage of carbonate-quartz veins at the margin of a rhyolite intrusion
(Fig. 4.14g) are associated with shearing parallel to the rhyolite margin and reverse
movement along this margin. Massive sulphide veins within intensely chlorite altered
wall rock commonly show necking and boudinage (Fig. 4.16a). In these examples,
cleavage is intensely developed in adjacent chlorite wall rock, and wraps around the more
competent sulphide zones. These boudins reflect competency differences between
chlorite- and sulphide-rich assemblages and coincide with zones of strong cleavage. In
sulphide-carbonate-rich veins, necking of veins is a common feature (Fig, 4.16b). These
veins are hosted by a chlorite matrix and form locally discontinuous veins that parallel
cleavage and commonly have extensional fractures perpendicular to cleavage that are
mnfilled by carbonate, chlorite or talc.

410 Metamorphism

The Golden Grove Domain has a prograde metamorphic assemblage typical of the biotite
zone of the greenschist facies (Ashley ¢ o/, 1988; Clifford, 1992). At Gossan Hill, the
metamorphic assemblage of the GGF consists of quartz, chlorite, muscovite, carbonate,
rutile and lmenite, which is consistent with this interpretation. Near and within
chemical facies at Gossan Hill, metamorphic minerals also include minor chloritoid, talc,
andalusite, epidote, actinolite, sulphide and magnetite. Each of the members of the
GGF have different metamorphic minerals and mineral abundances, as mdicated in Table
4.2. In contrast to the regional metamorphic assemblage as defined by Clifford (1992)
and Watkins and Hickman (19902), biotite has not been observed within the GGF or
dacite and rhyodacite of the Scuddles Formation overlying the Gossan Hill deposit.
Metamorphic minerals at the Gossan Hill deposit are discussed below.

4.10.1 Chlorite

Chlorite 15 an abundant mineral in the host rocks at Gossan Hill. It forms the matrix in
sulphide-rich zones where it represents an mtense hydrothermal alteration of
volcaniclastic precursors. The distribution and composition of chlorite are addressed in
Chapter 7. In strongly cleaved zones, chlorite 1s fine-grained (<50 jim} and delineates an
anastornosing to intense planar cleavage (Fig. 4.16¢). Cleavage delineated by chlorite
commonly wraps around more competent grams. Chlorite in pressure shadows is best
developed around large pyzite grains (Fig. 4.16d) and is fibrous or forms subhedral coarse-
grained (<300 Um) interleaved mosaics. Within massive sulphide and sulphide veins,
chlorite 1s commonly coarse-grained (>100 [im) interstitial to sulphide grains and consists

of fibrous to decussate chlorite that overprints the S3 cleavage.
4.10.2 Muscovite

All fine-grained (<50 \m) white mica is referred to as muscovite and no attempt has been
made to differentiate between muscovite and paragonite. Muscovite occurs in the matrix

throughout the Golden Grove and Scuddles Formations, but is most abundant in the
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Boudinaged adjacent pyrite-chalcopyrite veins in massive sulphide from GGF M4,
Between adjacent sulphide veins are zones of intense chlorite altered wall rock, that ate
strongly cleaved. The boudinaged sulphide veins have extensional fractures across the
cleavage, which are filled by chlorite and quartz. The necking of these sulphide veins also
parallel the direction of cleavage. Rock bolts are 40 cm long (250 level, 5,107 E, 18,489
N).

Intensely chlorite aitered sandstone in GGF M4 containing abundant, discontinuous
pydte-pyrrhotite-carbonate-magnetite veins. The veins paralel cleavage and have well-
developed necking structures and extensional fractures perpendlcular to cleavage (250
level, 5,075 E, 18,492 N).

Photomicrograph of a stretched pyrite-pyrthotite-carbonate-magnetite vein from (b). The
sulphide-carbonate vein is hosted by fine-grained chlorite that contains disseminated rutile
and ilmenite. The ven is parallel to cleavage, as defined by alignment of chlorite.
Subpatallel sets of undulose fractures perpendicular to cleavage ate extensional fractutes
that are in filled by quartz (sample 970049),

Coarse-grained chlorite pressure shadow around large, euhedral pyrite grains (Py) within a
fine-grained chlorite matrix (sample 762040).

Pervasive, fine-grained muscovite 2ltesation of massive dacite. Fine-grained, pootly
formed muscovite and carbonate occurs through the matrix of this dacite and defines the
S3 cleavage. The alteration of feldspar phenocrysts (Fd) is an intense carbonate-
muscovite-chlorite alteration (sample 769074).

Fractured magnetite grains (Mgtj from massive magnetite in GGF M4, Fractures axe
planar to undulatory and filled by fibrous tale (sample769060).

Decussate textures of talc within chalcopyrite-pyrite (opaques) and chlorite (sample
769152).

Disseminated grains of ilmenite and rutile within a fine-grained chlotite matrix (Chi)
(sample 769264).
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Table 4.2: Stratgraphic distdbution and relative 2bundance of metamorphic minerals at Gossan Hill
Minor minerals form less than 5% modal.

Stratigraphy major minerals minor minerals

Scuddles Formation Member 2
daate (DAC3) muscovite, carbonate, dhlorite epidote, chloritoid
thyodadte (RD2) muscovire, arbonate, dhlozite epidote

Golden Grove Formation

: quartz, chlorite, carbonate, ilmenite, rutile, andalusite,

GGF M6 . . .. . ..
sulphides, magnetite chlontoid, musaovite, talg, actinokite

GGF M5 chlomte, quartz, musmvite, carbonate

GGF M4 dilotte, quartz, carbonate, dmenite, rutile, chlortoid,
sulphides, magnente, talc musoovite, actinolite, andalusite

GGF M1 quartz, chlordte muswvite, ilmenite, rutile

Gossan Valley Formation

GVF M4 muscovite, quartz, chlotite ilmenite, rutile

Late intrusions

dadte porphyry albite muscvirte, chlorte, arbonate

dolerite dhlorite, epidote, sphene dinozoisite

rhyolite muscovite

latter (Table 4.2). Within Members of the Golden Grove Formation, muscovite is
generally minor and occurs as disseminated grains in a quattz-chlorite alteration.
Muscovite commonly forms small (<20 [im) acicular grains whose alignment delineate
the penetrative cleavage. The rhyodacite and dacite units of the Scuddles Formation
have abundant muscovite (>20%), which are fine-grained (<50 [lm) and also define
cleavage by alignment (Fig. 4.16e). In the massive dacite (IDAC3), relict feldspar
mozrphologies are delineated by coarse-grained muscovite (>100 [lm), carbonate and
chlorite. Fibrous muscovite is also common within massive sulphides, where it forms

grains less than 200 Um that cut across the cleavage.
4.10.3 Talc

Talc is abundant m magnetite-rich zones (up to 40%) and 1s less abundant in massive
sulphide. In massive magnetite, the magnetite grains are strongly fractured having
subparallel sets of undulatory, discontinuous, extensional fractures that are commonly
infilled by aligned, fine-grained fibrous talc parallel to cleavage. In these extensional
sites, talc fibres range from planar to curviplanar (Fig. 4.16f) and record heterogeneous

extension.

In massive sulphide, talc forms fine-grained (<100 Wm), fibrous grains in association with
muscovite, which may be aligned and delineate cleavage. Talc also forms coarse-grained
(up to 350 pm), radiating, decussate mosaics in massive sulphide and stringer veins and
sulphide-chlorite alteration. Coarse-grained talc infills interstrices between sulphide grains
and aggregates (Fig. 4.16g) or occurs adjacent to sulphides within chlorite. Decussate

talc cut across the S3 penetrative cleavage.
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4.10.4 Carbonate

Carbonate ranges in composition from calcite, ankerite to siderite and has 2 widespread
distribution throughout the Scuddles Formation (calcite) and massive magnetite and
sulphide (ankerite to siderite). The occutrence, distribution composition of carbonate
alteration is discussed i Chapter 7. Undulose extinction and deformation textures exist
in some carbonate grains, however euhedral grains (up to 1 mm) that lie across a chiorite
defined cleavage, indicate widespread recrystallisation of carbonate during

metamorphism.
4.10.5 Epidote and clinozoisite

Subhedral to euhedral epidote grains, less than 0.2 mm in size, are dispersed through late
dolerite intrusions and the hangingwall DAC3 dacite. Some dolerite intrusions have
strong epidote alteration, with epidote forming up to 15% modal. Massive dacite
contains minor epidote (<2%) within intensely muscovite-carbonate-chlorite altered
feldspars. Minor clinozoisite was also identified within altered feldspar. Rare epidote
(<1% modal) was identified in massive sphalerite, occurning as rounded, scattered,
subhedral grains less than 20 Um in size.

4.10.6 Sphene

Sphene has a minor occurrence in the Scuddles Formation DAC3 dacite (<1%) and in
epidote altered dolerite intrusions (<5%). Sphene occurs as scattered grains less than
200 im m size,

4.10.7 Ilmenite-rutile

Ilmenite and rutile abundances range from minor (<3%) to accessory (<1%) and occur as
disseminated grains throughout the Golden Grove Formation. Their textural forms vary
from acicular, lath-shaped to blebby-shaped grains (Fig. 4.16h) that are poorly formed,
skeletal or spongy. Ilmenite and rudle grains ate commonly small (<100 Lim in size), but
can form aggregates up to 300 lm. Ilmenite and rutile are most abundant in intense
chlonite alteration, but and also interstitial to magnetite and sulphide within massive
magnetite and sulphide. Ilmemite and rutile grains may be aligned parallel to cleavage or
form grains that lie across the cleavage.

4.10.8 Chloritoid

Chloritoid is a minor mineral (<5%) and 1s present within GGF M4, GGF M6 and DAC3
dacite. In GGF M4 and GGF M6, chlositoid occurs within intense chlorite (Tsulphide)
alteration. Chloritoid forms isolated euhedsal grains or mterpenetrating, radiating to
mterlocking ‘bow tie’ (Bearley, 1988) aggregates (Figs. 4.17a and 4.17b). Chloritoid grain
sizes rarely exceed 2 mm and chloritoid may be aligned parallel to cleavage or occur as
dispersed grains thar lie across cleavage (Fig. 4.17¢). Ewidence of brittle deformation in
chloritoid includes grain dislocation structures, foliated crystals and crystals with chlorte
(Epyrrhotite) replaced ragged margins. Radiating aggregates of chloritoid in chlorite
often have magnetite and pyrrhotite rims that infill cleavage and fracture spaces within
the chloritoid grains. The resulting texture is a ‘psendo-dendritic’ array of irregular

Chapter 4 Structure and metamaorphism

100



Figure 4.17
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‘Bow tie’ morphologies characteristic of chlotitoid within an intensely chlorite and pyrite
(Py) altered rock at Gossan Hill. The chlorite matrix is fine-grained, and both this matrix
and the chloritoid grains contain small scattered grains of ilmenite and rutle (disseminated
opaques) (sample 762040).

As for (a) under crossed polatised light. This view also Eighlights the well-formed chlosite
pressure shadows around pysite (Py) (sample 762040)

Variably oriented chloritoid grains in massive dacite. The chlotitoid grains cut the
cleavage, which is deftned by pervasive muscovite alteration in the dacite groundmass.
Chloritoid grains also cross the boundaries between chiorite-altered feldspars (Fd) and
alteted mattix (sample 760214),

Chloritoid with i:uyrrhotite and magnetite replacement along its cleavage planes. A fine-
grained chlorite matrix hosts the chlortoid. The pyrrhotite and magnetite replacement
imparts a ‘dendritic’ appearance to the chlositoid grain (sample 762040).

Tatense chlotite alteration of a sandstone from GGF M4, The chlosite groundmass of this
rock contains latge, scattered, blocky and segmented andakusite porphyroblasts. Scale in
cm (sample 760466)

Andalusite porphyroblast within a fine-grained chlorite matrix, Fine-grained ilmenite and
tutile sieve the chlonte matrix and andalusite grain. This porphyroblast consists of
adjacent blocky segments, which is consistent with the two glide planes of andalusite. The
central parts of the andalusite porphyroblast are intergrown with chloritoid and quartz
{sample 762040).

As for (f) under crossed nicols highlighting the mtergrowth of quartz-chlodte with \
andalusite in the central parts of the andalusite porphyroblast and internal zonation within
some of the Blocky segments.

As for (f) and (g) under reflected light. Magnetite, pytite, pyrrhotite rim each of the
blocky segments of the andalusite porphyroblast.”
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pyrthotite-magnetite grains in chloritoid, whexe the ‘dendritic’ appearance is inherited
from the onginal orlentation of chloritoid grains (Fig. 4.17d). Chlomtoid also occurs in
pressure shadows around large blocky grains of pytite or andalusite. Chloritoid and
andalusite intergrowths (Fig. 4.17d) indicate the similar timing of these minerals.

4.10.9 Andalusite

Large, well-formed, prismatic, variably altered laths of andalusite are present within the
mntense chlonte alteration assoctated with masstve sulphide at Gossan Hill (Fig, 4.17¢).
Andalusite Is restricted in occurrence to GGF M4 and GGF M6 and in some beds forms
up to 30% modal. Andalusite has a patchy dispersed occurtrence below and adjacent to
massive pytite whete it is commonly associated with chloritoid, pyrrhotite and magnetite.
Andalusite forms euhedral, isolated tabular laths that have straight extinction 2nd a grain
size of up to 4 mm. Laths have variable orientations within the cleaved groundmass and
generally lie across the cleavage. Rarely, andalusite grains are aligned parallel to cleavage
with poorly defined chlorite-chloritoid pressure shadows around these grains,

Andalusite laths generally consist of blocky to tabular, jigsaw-fit pieces, each which may
have internal symmetric zonation (Figs. 4.17f and 4.17g). Irregular, pyrrhotite-sphalerite-
magnetite-pyrite rims (Fig. 4.17h) enclose the andalusite laths, including the blocky
pieces of which they are comprised. These sulphide-magnetite rims can be up to 2 mm
wide. Blocky equant fragments and sulphide-magnetite tims retain the original tabular
morphology of the andalusite porphyroblasts, with sulphide-magnetite rims separated
from andalusite by 2 micron-sized nm of chlorite.

4.10.1¢ Actinolite

Rare actinolite (<1%) was observed m massive sulphide and sulphide-chlorite alteration
of GGF M4 and GGF M6. Actinolite grains are up to 500 [im in length and have bladed,

acicudar forms.
4.10.11 Discussion

The metamorphic mineral assemblage has its greatest mineralogical vagation in members
of the GGF that host the massive sulphide and magnetite. Chlorite, muscovite and talc
consist of fine- (<100 Wm) and coarse-grained phases. In these cases, the finer-grained
minerals define the penetrative cleavage by their alignment and likely formed during the
penetrative deformation. In the case of talc, which commonly infills fractures in
tagnetite, curviplanar fibrous grains delineate inhomogeneous stress during the
penetrative deformation. However, decussate, coarse-grained chlorite, muscovite and
talc cut across the cleavage and formed after penetrative deformation, which indicates
peak metamorphism post-dated penetrative deformation.

The association of ilmenite and rutile to the cleavage indicates that its formation pre-
and post-dated penetrative deformation. Ilmenite and rutile gramns that cut cleavage
indicate that some of these grains may be metamorphic in origin. Similarly, the presence
of deformed and altered chlontoid, in addition to pristine chloritoid reflects at least two
phases of chloritoid formation, namely pre- and post-penetrative deformation. The
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occurrence of chloritoid is commonly correlated with regionally metamotphosed rocks
(Ribbe, 1982; Deer ¢f 44, 1992), but and is also reported to occur within hydrotherimal
alteration related to massive sulphide mineralisation (Franklin e 2/, 1975; Morton and
Nebel, 1984). In the later occurrence, chloritoid is 2 metamorphic mineral whose
occurrence correlates specifically to the original high Al and Fe contents of host rock. At
the Mattabl massive sulphide deposit, andalusite and chloritoid occur in footwall
alteration and are metamorphic products of an earlier hydrothermal clay alteraton
(Franklin ef 4/, 1975; Morton and Franklin, 1987). Moreover, studies of the formation
and stability of chloritoid, indicate its formation has a strong dependence on the bulk
composition of the original host rock (LaTour, 1980). Chloritoid will form in units
whose bulk compositions are (1) comparatively high in A1,0,, (2) low in Na,O, K,0O and
Ca0, and (3) have high FeO/(FeO+MgO) ratios. At Gossan Hill the occurrence of
chloritoid-andalusite within intense Fe-rich chlotite alteration (Chapter 7) is consistent

with its metamorphic origin in units containing high Al and Fe.

Andalusite is 2 metamorphic orthosilicate mineral that forms at moderate to low
temperatutes, typically within contact metamorphic aureoles of igneous intrusions (Deer
et al, 1992; Mange and Maurer, 1992). Deformation in andalusite is common via gliding
parallel to the (001) and the (100) cleavage directions (Deer e¢f a4, 1992; Ribbe, 1982).
Andalusite at Gossan Hill has a blocky segmentation consistent with this style of
deformation, with optically continuous extinction angles between adjacent blocky
segments. The extinction zonation observed in blocky andalusite segments is not caused
by major compositional vagiation (¢f Appendix A2.1), but may reflect thermal in sitar
modification during metamorphism.

At Gossan Hill, intergrowths between andalusite, chloritoid and quartz, all of which have
sulphide-magnetite rims, are interpreted to reflect the metamorphic reaction of Fe-rich

chlorite to form andalusite. For example:
2 quartz + 5 Fe-chlozitoid + amesite = daphnite + 4 Mg-chloritoid + 2 andalusite + H,O

The equilibration between sulphide and magnetite may have also been constrained by
metamorphic reactions during andalusite formation. For example:

5 pyrite + 4 daphnite = 4 andalusite + 5 magnetite + 8 quartz + 10 pyrrhotte +16 H,O

The reaction of Fe-rich silicate assemblages to andalusite and sulphide-magnetite may be
responsible for the blocky crystal disaggregation and the sulphide-magnetite rims formed
around the blocky andalusite segments.

Textural relationships indicate that andalusite formed during peak metamorphism,
synchronous to the formation of chloritoid and quartz. Andalusite has reacted grain
boundaries to chlorite and replacement of chlorite by sulphide-magnetite. The formation
of andalusite during peak metamorphism occurred after penetrative deformation, as
inferred from the rarity of pressure shadows and cleavage related deformation in
andalusite. The restricted occurrence of andalusite (Zchloritoid) to specific beds within
GGF M4 and GGF M6, reflect the specific Fe-rich composition of these beds due to
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mtense Fe-rich chlonte hydrothermal alteration of formerly glassy, pumiceous
volcaniclastics.

4.10.12 Timing of peak metamorphism

Coarse-grained chlorite, muscovite and talc decussate textures overptint the S3 regional
penetrative cleavage and support the recrystallisation of these minerals after the
formation of S3. Equilibsium textures between chloritoid, andalusite and quartz support
the synchronous formation of these minerals and cut across S3 cleavage. The blocky
segmentation of andalusite grains is attributed to metamorphic reactions of chlotite
forming andalusite, chloritoid, quartz, magnedte and sulphides along preferred
deformation planes within andalusite. These textural associations indicate that peak
metamorphism post-dated the regional penetrative cleavage. This conclusion is
consistent with the timing of regional metamorphism proposed by Watkins and Hickman
(1990a).

4.10.13 Temperature indicator minerals

The temperature of peak metamorphism for a chlonte-chloritoid-andalusite-quartz-rutle
minera] assemblage was calculated using the THERMOCALC program (Vetsion 2.4) of
Powell and Holland (1990), assuming H,O saturated conditions. Activity data for
chloritoid and chlotite were calculated using microprobe analysis listed in Appendix A2.2.
These calculations suggest that peak metamorphic temperatures reached 452+4°C at 1
kbar, consistent with the greenschist facies mineral assemblage observed at Gossan Hill.
As this metamorphic mineral assemblage does not constrain pressure the pressure is
assumed to be relatively low (<1 kbar) with a pressure sensitivity of 20°C/kbar.
Recalculated temperatures using different Fe-chlorite determined for chlorite at Gossan
Hill yield negligible changes in the metamorphic temperature estimate.

4.11 Summary of deformation and metamorphism at Gossan Hill

Gossan Hill has undergone multiple phases of deformation that include early pre- to syn-
mineralising and post-mineralising events, the later which include penetrative
deformation and metamorphism. The attributes and characteristics of these events ate

summarised below.

e A synvolcanic growth fault controlling and localising mineralisation at Gossan Hill is
inferred from changes in the thickness of GGF M6 and thyodacite breccia facies, as
well as the asymmetry of massive and stringer vemns and intense alteration. A DAC3
dacite intrusion of the hangingwall Scuddles Formation occupies the site of this
synvolcanic structure. Rotational block movement along this synvolcanic structure is
inferred from a change in the slope of the GGF M4-M1 lithological surface and
opposing trends of the massive sulphide zones between the Gossan Hill and Scuddles
deposits. Comparable stratigraphic and structural frameworks between the Gossan
Hill and Scuddles deposits reflect similar structural controls to the distribution of
Lithofacies, mineralisation and alteration.

* Early silictfication of GGF M4 is inferred from the presence of pre-mineralising
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quartz veins formed by brittle deformation of this strata prior to massive sulphide
deposition. Sulphide stringer veins overprint eatly quartz veins, with quartz vein
formation attributed to early deformation in north-south extension regime.

Sulphide veins formed along pre-existing fractures (eatly quartz veins) and bedding
plane conduits. The orientation of sulphide veins was largely controlled by bedding
as observed by thewr comnmon bedding-parallel orientations. Deformation of these
veins has involved some rotation to bedding and cleavage parallel orientations due to
ductile chlorite host rocks.

No evidence of D1 or D2 is observed at Gossan Fill.

Intrusion of late stage dolerite occurred along a north-south orientations. Late stage
rhyolite intrusions have a north-south or northwest-southeast orentation.
Emplacement of these intrusions likely occurred along pre-existing fractures and
faults developed during D3 and D4 deformation.

A period of brttle deformation pre-dating or synchronous with the regional (D3)
deformational event is indicated. Four groups of faults and veins are identified to
have formed during this stage and ate oriented southeast-northwest, east-west, north-
south, southwest-northeast. Faults have similar characteristics, including associated
veins and displacement directions. In general, the observed displacement on all faults
post-dates vein formation and the most common movement directions are reverse
overprinted by dextral wrench. Refraction of some faults to bedding parallel
directions is also observed. North-south and southeast veins paralle] faults with the
same otientation, and are mterpreted as coeval. East-west and southwest veins
generally form shallow to subhorizontal veins adjacent to faults, with flat lying
extensional veins reflecting strong vertical extensional associated with this phase of
faulting. The best preserved evidence of deformanon prior to D3 (and S3) are the
subhorizontal, quartz-catbonate veins that are disrupted, crenulated or folded by S3.
It is possible that the dolerites may have intruded north-south faults and that the
thyolites intruded the southeast faults. This requites these structures to pre-date the
regional D3 deformation.

The regional penetrative deformation (D3) is associated with mesoscopic, northwest-
southeast folding and an axial planar cleavage that forms the dominant fabric at
(Gossan Hill. Penetrative deformation 1s mterpreted to result during regional east-
west compzession (Watkins and Hickmman, 1990a). At Gossan Hill, cleavage tesults
in a closely spaced and planar to anastomosing fabric. The patterns of cleavage
development, and its effect on altered and mineralised zones, reflect both brittle and
ductile deformation, dependant on the alteration style and lithofacies type. Chlorite
zones have ductile deformation with boudinage and necking structures and folded
veins. Brittle structures include extensional fractures, generally in sulphide-magnetite
zones, disrupted veins and displacement in the plane of cleavage. Where veins are

disrupted or folded, cleavage is an axial planar fabric,

Continuved east-west compression (D4) resulted in activanon and re-activating of
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fault planes, which have a reverse and dextral wrench sense of movement
respectively. The D4 deformation is considered to be associated with brittle faulting
and veining with widespread re-activation of pre-existing D3 structures.

¢ A metamorphic mineral assemblage of chlorite, muscovite, talc, carbonate, epidote,
ilmenite, rutile, chloritoid and andalusite overprints S3 and represents peak
metamorphism after penetrative deformation. The peak metamorphic temperature 1s
estimated to be 45244°C at 1 kbar, which is consistent with greenschist facies
metamorphism.

4.12 Regional considerations and exploration ramifications

The geology of the Gossan Hill-Scuddles area is given 1 Figure 2.8. Mesoscopic faults
include the Racecourse, Cullens, Lussint and Flying Hi fault zones, which have a north-
south trend. This set of laterally continuous parallel fractures 1s regionally extensive

(/- Fig. 2.7) and defined by geophysical lineaments and stratgraphy offsets. Forizontal
displacement along faults range from less than 100 m up to 750 m, as in the case of the
Racecourse Fault (Fig. 2.8). Offset along these faults 1s consistently dextral. These
structures are late brittle features that have the same orientation to the porth-south fault
set identified at Gossan Hill. North-south fault development is considered to have
occurred priot to the regional D3 deformation event, with the dextral movement on these
regional faults associated with D4 deformation, offsetting strata, the granite margin and
the Minjar Range Group (Fig. 2.7).

Regionally, dolerite intrusions parallel the north-south faults. Strong fracture control to
the dolerite intrusion event is evident from these patterns with the dolerites most likely
utihising north-south fault systems. East-west faults are also a common feature in the
regional geology. These structures have dextral offset and are intetpreted to be offset by

north-south structures during late stage movement.

In exploration terms, all of the above mentioned structures are late buttle structures and
unrelated to sites of mineralisation. The orientation of synvolcanic structures controlling
mineralisation at Gossan Hill and Scuddles is determined by the orientation of the dacite
intrusions that occupy the synvolcanic fracture sites. DAC3 dacite intrusions have a
north-south omdentation similar to the late brittle structures, which makes their
identification difficult. However, the recognition of sites where the Scuddles Formation
cuts across the Golden Grove Formation 1s one criterion by which these synvolcanic

structures could be identified.
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Chapter 5

Sulphide and magnetite mineralisation

5.1 Introductiion

At Gossan Hill, massive sulphide and massive magnetite are hosted within a thick sequence
of bedded felsic tuffaceous volcaniclastics of the Golden Grove Formation (GGF). Facies
investigations indicate that massive sulphides have an upper and a lower stratigraphic
association, and these two zones are separated by up to 150 m of voleaniclastics. The
upper and lower massive sulphide zones occur within GGF M6 and GGF M4 respectively.
Sulphides within GGF M4 are Cu-rich, whilst sulphides in GGF M6 are Zn-Cu-rich. In
addition to massive bodies, sulphides occurs in numerous veins that are Fe-, Cu- or Zn-
rich. A Cu-Fe-rich stringer zone connects the upper and lower massive sulphide zones. In
total, sulphides occur through an estimated stratigraphic thickness of 250 m. Massive
magnetite 1s also present, but only occurs m the lower stratigraphic association of GGF

M4, where it is adjacent to massive sulphide and stringer veins.

The stratigraphic separation of massive sulphide zones, as observed at Gossan Hill, is not
uncommon in VHMS deposits. For example, East Thalanga in the Mount Wiadsor
Volcanic Belt, Queensland, has two ore positions that appear to have formed from the
same mineralising system (Hill, 1996). The Balcooma deposit, northern Queensland, is
another example of multiple ore lenses, with each lens having a different stratigraphic
occurrence and a Zn-Cu or Cu-rich sulphide assemblage (Huston, 1988). However, in
contrast to Thalanga, the Balcooma deposit was formed from separate mineralising systems
(Huston, 1988). Many Canadian Archean VHMS deposits ate also chatacterised by at least
two or more, stratigraphically separate ot ‘stacked’ sulphide lenses (Sangster, 1972; Barrett
et al., 1992). These deposits include Mobrum (Barrett ¢f &/, 1992), Ansil and Cotbet
(Knuckey and Watkins, 1982; Barrett ef a/, 1993; Galley ez a/, 1995), Millenbach (Kuuckey
et al., 1982; Kalogeropoulos and Scott, 1989; Kerr and Gibson, 1993) and Mattabi (Franklin
et al,, 1975; Morton ez al, 1991). VIHMS deposits may also consist of multiple sulphide
lenses that lack substantial stratigraphic separation (e.g., Rosebery, Huston, 1988; Lees ¢ a/,
1990; Large, 1992, and Que River, Large ¢ 4/, 1989).

Frater (1978) interpreted the mutual occurrence of sulphide and magnetite at Gossan Hill
as the result of multiple {(at least twc) periods of sulphide formation, with the co-
deposition of magnetite during the early phases of sulphide formation. Conversely,
Chifford (1992) interpreted Gossan Hill to have formed from a single, long-lived
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deposition of magnetite during the early phases of sulphide formation. Conversely,
Clifford (1992) mterpreted Gossan Hill to have formed from a single, long-lived
hydrothermal system. These contrasting interpretations at Gossan Hill highlight the
complexity of this deposit and set the scene for this chapter, which aims to:

¢ defne the geometry and distribution of massive sulphide, massive magnetite and
stringer veins with respect to the volcaniclastic succession and synvolcanic struc-
tures;

e establish the relative timing between the upper and lower massive sulphide zones,
stringer veins and massive magnetite;

® constrain the relative duration of sulphide and magnetite formation at Gossan Hill,
and assess its development as a single or multi-phase hydrothermal system;

e assess the significance of massive magnetite at Gossan Hill;

* examine evidence for exhalation versus replacement at Gossan Hill;

® compare and contrast observations at Gossan Hill with the nearby Scuddles deposit.
5.2  Ore types

Three main ore types occut at Gossan Hill, % massive sphalerite, massive pyrite and
massive magnetite. The term massive sulphide in this thesis is reserved for abundances
greatet than 50 wt.% (i.e., massive sphalerite has >50 wt.% sphalerite). Massive
sphalerite only occurs in GGF M6, whilst massive pyrite occurs m both GGF M6 and
GGF M4. Massive magnetite (>50 wt.% magnetite) only occurs in the lower ore zone in
GGF M4.

At Gossan Hill, a deep weathering profile extends from surface to depths of up to 100 m.
This weathenng has resulted in gossanous massive sulphide and massive magnetite and
caused chalcophile element dispersion in the pisolitic laterite near the surface (Smith and
Ped1ix, 1983). Two supergene enrichment zones occur in the gossanous outcrop of the
ptrimary ore. These are an Au-oxide zone overlying massive pyrite-sphalerite in GGF M6
and a Cu-supergene zone overlying massive pyrite-chalcopyrite-magnetite in GGF M4.
Although the weathered sulphide zones are an important resource (Table 5.1), this study

1s focussed on the primary ore.

The hypogene and supergene muneralogy of massive sulphide and massive magnetite is
given in Table 5.2, with tonnage and grade data listed in Table 5.1. Unoxidised massive
sulphide generally consists of sphalerite, pyrite, chalcopyrite and pyrrhotte, with massive
magnetite consisting mainly of magnetite. Gangue minerals are chlornte and quartz in
massive sulphide, and chlorite and carbonate in massive magnetite. MZC geologists have
quantified the volume of massive magnetite at 5.56 million cubic mettes with an average
specific gravity of 4.3 (S. Johansen, pers. comm.). Therefore massive magnetite (i.e., >50
wt.% magnetite) at Gossan Hill forms an estimated 12 Mt.

5.3 Terminology

Underground access to the central and northern parts of the Gossan Hill deposit (18,240
N to 18,780 N) was developed during the recently completed feasibility study. As part of
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Table 5.1: Results from the 1994-1997 feasibility study which upgraded the estimated resourae of
Gossan Hill to 7.0 Mt. @ 3.4% Cu and 2.2 Mt. @ 11.3% Zn with 1.5 g/t Au and 102 g/t Ag for the
primary mineralised zones and 5.3 Mt. @ 1.5% Cu and 2.0 Mt. @ 2.2 g/t Au and 86 g/t Ag for the
oxide-supergene mineralised zones. Tonnage and grades are from the 1997 Normandy

shareholders report.

Tonnes (Mt} Zn (%) Cu (Vo) Pb (%) Ag(g/tY) Au(g/d

Zn {indicated) 1.2 10.3 0.3 1 89 1.5
Zn (inferred) 1.03 12,5 0.3 1.2 117 1.4
Cu (indicated) 5.23 0.3 3.5 - 13 0.4
Cu (inferred) 1.8 0.3 3.3 - 19 0.4
Cu-supesgene 527 - 1.5 - - -

Au-oxide 2.01 - - - 86 22

Table 5.2: Mineralogy of massive sphaledte, massive pyrite and massive magnetite listing the major, rminor,
aceess o1y, gengue and supergene minerals. The supergene minerals ocour in the weathered upper 100
metres overlying the primaty mineral zones and are compiled from Frater (1978).

Major Minor Accessory Gangue Supergene
alena, magnetite . .
grena, gn quartz, chlorite, Imarcasite,
arsenopyrite, ) .
. . R K . cathonate, pymhotite, pyrite,

massive sphalesite, pyrite,  tetraheddre- electrum, native . .

halerite hotite tennantit silver, cassiterite musevits, talg goethire,

P Py = : rutile, ilmenite,  chalcodte, Fe-
dhalwpyrte, idote oxides, elecrum
bismuthinite P ’ ’

dlorite, quartz, marcasite,
) arbonate, apatite, chalecoate,
. prrte, . . . .
massive T magnetite, i talg, muscovite, malachite, cuprite
. chalopyrte, . sphalerite . )
pyrite hotite marcaslte chlontoid, wmvellite, Fe-
PY andalusite, oxides, goethite,
imenite, nitile pyrchotite
e hotit arbonate, tale,
Tite, e, . ,
massive . Py Py . chlorite, quartz, maghemire,
. magnetite chaleopyrite, . .
magnetite . musgovite, hematite
marcasite ] . ’
ilmenite, ruzile

this feasibility study, drilling was undertaken by MZC on 40-m-spaced, east-west
sections. However, due to time constraints, underground exposure and diamond drill
results of the 1994-1997 feasibility study were only reviewed in the last year of this
study. As a result, much of the work presented in this study was completed on the earlier
generations of drilling from the surface. Due to the strong deviation of these surface drill
holes, interpretations were carried out on a serdes of transform sections orented 30° east
of mine grid north. Where possible, these sections were reverted to east-west sections
and integrated with recent drll results. As the recent feasibility study did not extend to
the southern reaches of Gossan Hill (e, 17,770 N to 18,220 N), drill sections in these
ateas are presented as transform sections. The recent exploration has highlighted
significant differences to the geometry of the Gossan Hill deposit from that described by
Frater (1978), Ashley ez 2/ (1988) and Clifford (1992).
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In order to distinguish between the different areas of mineralisation at Gossan Hill, the
terminology of ‘lens’ and ‘panel’” was used by MZC geologists to differentate massive
sulphides in GGF M4 from massive sulphides in GGF M6 respectively {e.g., Scott, 1991).
This mine-based terminology is not implemented here due to its potential genetic
connotations. In place, all occurrences of massive sulphide and massive magnetite are
ubiquitously referred to as ‘zones’. Additionally, the upper Zn-rich stratigraphic
association was previously cited as the ‘hangingwall chert’ and the lower Cu-rich
stratigraphic association as the ‘mamn mineralised zone’ (Frater, 1978; Ashley, 1983;
Ashley ez al, 1988; Whitford and Ashley, 1992). Both of these terminologies have also
been abandoned.

5.4 Mineralisation in GGF M6: The upper stratigraphic association

GGF M6 contains massive sphalerite, massive pyrite and sulphide veins, all of which
occur within the upper bedded sandstone to pebble breccia sequence (Section 3.3.5, Fig.
5.1). However, sulphide veins also occur in the lower thickly bedded parts of GGF Mo6.
In GGF M6, massive sulphides are laterally continuous over the 630 m between 17,700
N to 18,330 N. Flat lying dolerite sills in the southern and central areas of the depostt,
interrupt the continuity of massive sulphide. The southern-most occurrence of massive
sulphide is referred to as ‘A’ zone and the central area as ‘C’ zone (18,200 N to ~18,330
N) (Fig. 5.1). Sulphides terminate in the south at 17,650 N, where a thinly developed
stringer vein zone I1s intruded by DAC3 dacite (Fig. 5.1). From the south at A zone to the
notth at C zone, a gradual thickening of massive sulphide and veins is observed. At C
zone, massive sulphides abut a DAC3 dacite intrusion (Fig. 5.1). North of this DAC3
dacite, mineralisation was weakly developed in GGF MG, and consists predominantly of
sulphide veins with minor massive sulphide; this zone is discontinuous northwards and is
referred to as ‘D’ zone (Fig- 5.1). The geometry and assoctation of massive suiphide and
sulphide veins within GGF M6 are discussed in the following sections.

5.4.1 Geometry and distribution

Massive sphalerite is laterally continuous between 17,700 N and 18,330 N, whilst
massive pytite is best developed at C zone between 18,220 N and 18,330 N. Massive
pyrite at C zone underhes massive sphalerite. Narrow zones of massive pyrte (<5 m
intervals) occur south of C zone within massive sphalerite, but are discontinuous and
lensoidal. The massive sphaletite is conformable to bedding (~310°) with a steep west to
subvertical dip, however, massive pynte at C zone cuts across bedding,

In the south at A zone, massive sphalerite thins to less than 5 m and has an underlying 5
to 10 m wide stringer zone (Fig. 5.2). Mineralisation at A zone does not outcrop, with
massive sulphides having a down dip extent m excess of 200 m. Dolerite intrudes the
GGF and massive sulphide, but does not significantly offset the strata or massive
sulplude (Fig. 5.2). At A zone, massive sphalerite is conformable to bedded sandstone
and pebble breccia in GGF M6, whilst strnger veins are stratabound. The southward
thinning of massive sphalesite and sulphide veins toward A zone is coincident with the
southward thinning of GGF M6 (Chapter 3).
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Between A and C zone, massive sphalerite is broadly conformable to GGF M6, but the
width of massive sulphide and stringer zone varies. Narrower zones of massive
sphalenite are enclosed by thicker developments of veining, and conversely, wider
massive sphalerite zones have narrow adjacent zones of veins. Between A and C zone,
massive sulphides are Zn-rich in the uppermost parts and increasingly pysite-
chalcopyrite-rich in lower parts toward C zone. The geometry of massive sulphide
between A and C zone is complicated by late dolerite and porphyritic dacite intrusions, as

well as minor displacement along brttle faults.

C zone represents the thickest development of massive sulphides with up to 45 m of
massive sphalerite overlying up to 60 m of massive pyrite. C zone also has overlying and
underlying sulphide-rich stringer veins (Fig. 5.3a). The geometry of C zone is
stratabound with a subvertical dip. Massive sulphide is not conmnuous from C zone
across the DAC3 dacite to the northern D zone. D zone consists of weakly developed,
discontinuous, stratabound stringer sulphides, with minor massive sulphides less than 6 m

thick (Fig. 5.3b).
5.4.2 Upper contacts

Massive sphalerite is commonly overlain by conformable, silicified, sulphide-veined,
bedded strata or by massive rhyodacite breccia facies (Fig. 5.4). At C zone, massive
sphalerite has sharp, discordant contacts against DAC3 dacite, which itself has fine-
grained chilled margins. Where ovetlain by polymict rhyodacite breccia, the upper
contact of massive sphalerite 1s sharp and locally undulose, due to erosional basal
contacts of the breccia. The rhyodacite breccia occupies a narrow zone (up to 5> mj, that
locally contains sulphide clasts (Fig. 5.4b) and disseminated sulphides in the breccia
matrix. This sulphide clast-bearing thyodacite breccia forms an erosional basal breccia to
unmineralised massive rhyodacite (RD2) (Fig. 5.4b).

In other places, massive sulphide has sharp to gradational, conformable to
disconformable and erosional, upper contacts to unmineralised, silicified, bedded
sandstone-siltstone and pebble breccia (Fig, 5.4d). These upper contacts between
massive sphalerite and unmineralised sandstone-breccia vary from sharp or gradational
(<10 cm wide), and have tens of metres of unmineralised, bedded strata overlying
massive sphalerite (2.g., Fig. 5.4d). M1 Marker chert-lithic horizons commonly occur in
these overlying bedded sequences and in some places are themselves veined by pyrite.
Elsewhere, massive sulphides have gradational contacts (<2 m) to pyrte-sphalerite
veined bedded sandstone and siltstone (Fig. 5.4a), or are faulted (Fig: 5.4¢c). At C zone,
the upper contact of massive sphalerite is gradational to a sulphide-veined (sphalerite-
pyrite veins) sandstone-siltstone and pebble breccia sequence. Within these gradatonal
veined contacts, the mtensity and abundance of stringer veins decreases away from
massive sulphides towards unmineralised bedded sediments. In the north at D zone,
sulphide veins occur in bedded sandstone-siltstone, which are interbedded with
unmineralised pebble breccia (Fig 5.4€). The upper contact of the stringer veins at D
zone is sharp and conformable (Fig. 5.4e).

Chapter 5: Sulphide and magnetite mineralisaton
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Figure 5.4: Simplified geaphic logs of drill holes through the upper contact of massive sulphide at Gossan Hill from south to north. {2) GG090 (transform section 17,729 N) south
of A zone, (b) GG132x (transform section 17,766 N) at A zone, (¢) GG118 (transform section 18,141 N), (d) GG165 at C zone and (e) GGO045 at D zone. Vertical distances down
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In summary, narrow intervals of thinly bedded sandstone-siltstone and pebble breccia
generally overly massive sphaletite. Oveslying sediments may be veined by sulphides and
represent gradational upper contacts, or be conformable and free of sulphide veins. In
the south at A zone, massive sphalerite is generally overlain by polymict rhyodacite

breccia facies that contains massive sulphide clasts.
5.4.3 Lower contacts

The lower contact between massive sulphide and veined wall rock is gradational to sharp.
At A zone, massive sulphide has a 10 mm wide sharp contact with intensely silicified
bedded wall rock that contains sulphide veins. The basal contact of stringer veins in this
location 1s gradational over 5 m to unmuneralised bedded strata. The basal contact of
this stringer zone has decreasing intensity and vein widths away from massive sphalerite,
In the south of Gossan Hill, the width of the underlying stringer vein zone approximates
the width of GGF M6 and is conformable to the lower contact of GGF M6 and GGF
M5 (Fig. 5.4a). Northwards from A zone, the lower contact of massive sphalerite to
underlying veined wall rock is sharp, and bedded sandstone and siltstone (¢.g., Fig. 5.4b)
host sulphide veins. In all occurrences, the intensity of veining decreases away from

massive sulphide and represents gradational lower massive sulphide contacts.

Stringer veins are weakly developed in GGF M5, and the stringer zone is increasingly
discordant northwards towards C zone. At C zone, the lower contact from massive
sphalerite to massive pyrite 1s gradational, varying from (.2 to 5 m in width and involves
increasing pyrite, pyrthotite and/or magnetite with depth (Fig. 5.52). This gradational
contact 1s not only characterised by a mineralogical change, but also by the occurrence of
sphalerite vemns in massive pyrte (eg., Fig. 5.5a at 330 m). Near the lower massive

sphalerite contact, there are narrow sphalerite-rich zones (<2 m) (Fig. 5.5b at 315 m).

The lower contact of massive pyrite against the stringer zone is also gradational, except
where faulted. (Gradational contacts of massive pytte vary from centumettes to metres in
thickness (Fig 5.52), and contain abundant relict wall rock, particulatly where pyrite-rich
veins coalesce to form semi-massive pyrite. In underground exposure, the lower contact
of stringer mineralisation is gradational over a distance of decimetres (Appendix A3.1a
and A3.1b). The size and Intensity of stringer veins decteases away from massive pyrite,
and the stringer zone is discordant across the lower contact of GGF M6 (Appendix A3.1a
and A3.1b).

In summary, the lower contact of massive sphalerite grades to either massive pyrite at C
zone or to a zone containing sulphide veins. The intensity of stringer veins generally
decreases away from the massive sulphide. At C zone, massive sphalerite has gradational
lower contacts to massive pyrite, which grades into a stringer vein zone. Stringer
mineralisaton 1s stratabound to semu-conformable within GGF M6 in the south, but is
increasingly discordant to GGF M6 towards C zone. The distribution of the stringer
zone is further evaluated in Section 5.4.6.
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Figure 5.5: Simplified graphic logs through massive sphalerite, massive pyrite and stringer veining in the
upper ore zone (GGF M6) at C zone from duill holes (8) GG171 and (b) GG165. Massive sphalerite
overlies massive pyrite and has gradational lower contacts. Massive pyrite interdigitates with sulphide-rich
stringer veins. Massive pyrite and sphalerite contain intervals of unmineralised bedded sandstone and
pebble brecciz that may have breccia textures due to sulphide replacement of the silicified wall rock. Both
driil holes GG165 and GG171 have pynite-pyrrhotite-magnetite in their lower parts and sphalerite-pyrite in
their upper parts. Distance down hole is in metres. Arrows indicate facing in graded beds, Abbreviations
used are ds = disseminated, chl = chlorite alteration, cp = chalcopyrite, mgt = magnetite, po = pyrrhotite,
Py = pytite, gz = quartz, slt = siltstone, si = quartz alteration, sp = sphalerite, sst = sandstone,
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Orange, fine-grained massive sphalerite containing finely disseminated pyrite. Minor
quartz and chlorite occur interstitial to sphalerite and pyrite. The sample is from the
uppet patts of C zone. Scale in cm (sample 762091).

Dark red, coarse-grained, annealed sphalerite. Pyrite and galena oceur interstitial to
sphalerite. The gangue is quartz. The sample has a crode banding and 15 from the
south of Gossan Hill at A zone. Scale in cm (sample 760222).

Massive fine-grained pyrite underlying massive sphalerite from the 300 level. Massive
pytite is weakly banded, and contains abundant disseminated pyrrhotite and
magnetite. The gangue is chlorite. Weakly developed fractures in massive pytite are
filled with pyrthotite, chlorite and guartz. Scale in cm (sample 97U052).

Coalescing subhedral and irregular shaped pytite aggregates forming massive coarse-
grained pydte in chlotite. Fine-grained magnetite and pyrrhotite in #ll fracrured pyrite
aggregates. Underground exposure on the 300 level. Scale in em (sample 97UG53),

Grey, intensely sificified wall rock in GGF M6 cut by narrow, milimetre-wide planaz,
discontinuous pytite-chlorite and chlotite veins. Pyrite-chlorite veins cut chlosite

- veins. Subparallel chlosite bands in the silicified wall rock delineate relict bedding in

the altered sandstone. A ‘psendo’ breccia texture is supertmposed on the wall rock by
the sulphide-chlotite veins. Scale is in cm (4,814 E, 18,259 N, 10,179 RL, GG96/182
at 110.3 metres).

Sulphide- and cathonate-rich veins cutting massive, intensely silicified sandstone in
GGF M6. Stringer veins form a stockwork with pyrite-tich veins cutting the
carbonate-rich veins. The pyrite veins have irregular thickness and are discontinous.
Catbonate-rich veins are narrower and more continuous. Underground exposure on
the 300 level (4,896 E, 18,254 N, 10,050 RL).

Irregular sphalesite-nich vein grading to a pytite-tich vein in GGF MG at C zone. The
sphalerite-rich vein contains sphalerite, pyrite and quartz and has bleached silicified
halos in the adjacent wall rock. Chlositetsulphide micro-veins produce an apparent
breccia texture to the precursor sandstone, and these veins also have grey, bleached
millimetre-wide haloes caused by silicification. Scale in cm (4,815 E, 18,260 N,

10,180 RL, G96/182 at 111.2 metres).

In situ brecciation of a thinly bedded sandstone-siltstone interval in GGF Mé.

- Banding in the wall tock ‘pseudo clasts’ are subparallel bands of differing chlodte-

quartz alteration. Some pseudo clasts are chert due to intense silicification. The

margins of all psendo clasts, particularly adjacent to the chloritetpyrite veins, have
millimetre-sized quartz haloes. Seale in em (4,813 B, 18,261 N, 10,170 RL, G96/182
at 101.0 metres).
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53.4.4 Massive sphalerite

Massive sphalerite consists mainly of sphalerite, with vatiable proportions of pynte,
galena, quartz and chlorite (Fig. 5.6a). In the south of Gossan Hill, massive sphalerite
contains scattered pyrite grains and can have irregular narrow intervals of tmassive pyrite.
The semi-continuous stratiform occurrence of massive sphalerite is due to lensing and
interdigitation of massive sphalerite with sphalerite-rich stringer veins. Magnetite occurs
as rare disseminations within massive sphalerite south of C zone. At C zone, both
magnetite and pyrrhotite are common, particularly where there is abundant pyrite in
massive sphalerite. Massive sphalerite can be fine- or coarse-gramed (>200 pm), with
galena typically occurring in coatse-grained sphalerite (Fig. 5.6b). The colour of
sphalerite is varable, from lighter, honey-coloured sphalerite in the upper parts of
massive sphalerite, to darker, red or brown sphalenite in the lower or coarse-grained parts
of massive sphalerite. Both fine- and coarse-grained sphalerite are intermixed in massive
sphalerite, with sphalerite adjacent to DAC3 dacite generally coarse-grained and
annealed. Banded massive sphalerite is rare but does occur near the contact of massive
sphalerite with DAC3 dacite. This banding consists of mullimetre to centimetre wide
sphalenite-rich and pyrite-rich bands parallel to the contact.

5.4.5 Massive pyrite

Massive pyrite occuts as narrow intervals within massive sphalenite. For example,
massive pyzite at A zone occurs as a narrow, 2 m wide laver within massive sphaletite and
also as 2 1 m zone underlying massive sphalerite (Fig. 5.4b at 350 m). The latter
occutrence is probably a pyrite-rich vein because it has sharp contacts with silicified wall
rock, and it contains wall rock clasts. Massive pyrite generally consists of fine-gramed
(<0.5 mm) pyrite with interstitial quartz-chlonte gangue. At C zone, massive pyrite
consists of closely packed euhedral to subhedral pysite that is fine- (<0.5 mm)} to coarse-
grained (<5 mm) (Figs. 5.6c and 5.6d respectively). Massive pyrite commonly contains
abundant interstitial chalcopytrite, pyrrhotite and magnetite.

5.4.6 Stringer veins

Stringer veins overlie, underlie and interdigitate with massive sulphides in GGF M6.
Commonly, the contacts between massive sulphide and stringer mineralisation are
gradational, but are locally sharp and conformable. Stringer veins are absent from
adjacent or overlying hangingwall lavas of Scuddles Formation. Stringer veins are
however, intensely developed in sediments adjacent to massive sulphide, generally with a
decreasing mtensity (both in abundance and width) away from the massive sulphide.
Sulphide stringer veins are less intensely developed at A zone where they form a semu-
conformable zone within GGF M6 (Section 5.4.3). At C zone, stringer veins are
intensely developed, forming a stockwork that cuts across stratigraphy, as llustrated in
Appendices A3.12 and A3.1b.

Stringer veins are hosted by quartz and/or chlorite altered, bedded sandstone-siltstone
and pebble breccia of GGF M6. The veins generally have sharp margins against intensely
silicified or quartz-chlorite altered wall rock. Veins are typically sulphide-rich with either
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pyrite or sphalerite as the major sulphide, and vein mineralogy is given in Section 5.9.
The width of the veins can be less than 1 mm or as wide as 5 m (Appendix A3.1b).
Laterally continuous sulphide veins tend to be planar and either paralle]l or weakly
discordant to bedding (Appendices A3.1a and A3.1b, Section 4.8.2). Veins that cut
across bedding at a high angle may also be planar, but are generally discontinuous, and
pinch and swell. Both planar and discontinuous veins form anastomosing stockwork
zones below and within wall rock in massive sulphide. Figure 5.6e illustrates millimetre
wide, pyrite-rich veins that are planar, discontinuous and randomly oriented through an
intensely siicified wall rock of GGF M6. In this example, sulphide vems have
superimposed a breccia texture on the siliceous wall rock. A larger-scale example of
similar vein-wall rock textures is given in Figure 5.6f. Silicification of the host rock
extends several millimetres either side of the sulphide veins, bleachung the rock (Fig.
5.6g). Furthermore, sulphide-rich veins cut fine, less than 1 mm wide veins of chlorite
(Fig. 5.6g). The interconnected array of sulphide and chlorite veins result i a ‘pseudo’
brecciaton texture of a thinly bedded sandstone-siltstone host rock (Fig. 5.6h). Within
the “pseudo’ breccia clasts, banding, relict after bedding, often has different orientations
and jigsaw fit textures (Figs. 5.0h and 5.7a), indicating that sulphide and chlorite veiming
caused local rotation and disruption of the host rock. Chlorite and sulphide veins
represent fractures and indicate strong fracturing of the rock prior to or during vein
formation. Fracture processes resulted mn local disruption of the host and the
development of 7z sitn breccia textures. To accommodate such a brittle deformation as
inferred from these widespread fractures, the rock must have been indurated prior to
fracturing,

Many sulphide veins are parallel to bedding in GGF M6 (Chapter 4). The larger sulphide
veins tend to parallel bedding and occur between beds of sandstone and pebble breccia.
In these examples, the vein walls are shatp to gradational, with the latter having
disseminated sulphides in adjacent beds or smaller, millimette-sized, radiating sulphide
veins penetrating the adjacent wall rock (Fig. 5.7¢). Similar trends are also observed in
narrower sulphide veins (<20 mm) that parallel bedding in sandstone-siltstone intervals
(Figs. 5.7b and 5.7d). These veins have sharp or gradational (<1 mm) margins, pinch and
swell, and there is disseminated sulphide 1n the wall rock. The abundance of bedding
parallel veins in the stringer zone indicates that bedding planes acted as planes of

weakness during vein formation.

At the Scuddles deposit, stringer mineralisation underlies massive sphalerite and massive
pyrite. The sulphide veins differ from their counterparts at Gossan Hill, with the pyrite-
chalcopymte-rich stockwork in GGF M6 at Scuddles lacking evidence of bedding control
{Fig. 5.7¢). The Scuddles stunger veins are hosted by intensely quartz-chlonite altered
wall rock of GGF M6, and appear to be entitely fracture controlled.

5.4.7 Indicators of relict wall rock

Within strnger zones, relict, altered, wall rock fragments are common. The increasing

mtensity of stringer veining towards massive sulphide is associated with a decrease in the
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Sphalesite-tich veins in intensely silicifted wall rock. Sphaledte veins form centimetre
to millimetre-sized networks, which result in a pseudo breccia texture. Ir situ
disaggregation textures are observed, with minor clast rotation inferred from changes
in the orientation of the banding (after bedding) in the silicified clasts, Scale in ¢m
(4,823 B, 18,264 N, 10,183 RT, G96/182 at 122.7 metres).

Sphalerite-rich veining in a bedded sequence of sandstone and siltstone of GGF M6.
The bedded interval is intensely silicified and sphalerite veins are both discordant and
parallel to bedding. Discordant veins form centimetre-wide irregular veins that have
relict wall rock clasts within the vein. Conformable vetas are narrower, millimetre-
wide veins that are continGious and have sharp to gradational vein margins {photo
provided courtesy of Bruce Gemmell). -

Larges conformable pytite-tich vein in thinly bedded, quartz-chlozite altered
sandstone and siltstone of GGF M6, The vein has conformable sharp margins to
adjacent sediment. Radiatng, discordant, centimetre- to millimette-wide pyrite-rich
veins occur in the adjacent wall rock, and are discontinuous away from the main
conformable pytite-rich vein (4,894 E, 18,239 N, 10,050 RL, Cuddy 25x on the 300
level).

Sub-patallel pysite-carbonate stringer veins in bedded sandstone and granule breccia
of GGFE M6, near its contact to GGF M5. Veins are conformable to bedding and are
planar. These continuous veins have sharp margins to the chlorite-quartz-altered wall
rock. Narrow millimetre-sized, discontinious and discordant pytite-cathonate-rich
veins emanate outwatd from the wider conformable veins (4,971 E, 18, 244N, 10,050
RL, 300 level access drve).

Stringer veining underlying massive sulphide at the Scuddles deposit. Pyrite- ~
chalcopyrite stringet veins occur in pervasive intense quartz-chlorite altered
sandstone of GGF M6. The anastomosing pytite-chalcopyrite veins form a
stockwork and show no preferred orientation to bedding. The crenulation textures
and small-scale folding in many of these veins s axial planar to the penetrative
cleavage. Rock bolts are 40 em long (underground exposure on the 470 level).

A metre-sized zone of intensely silicified, thinly bedded sandstone occurs within
massive pyrite. The contact between massive pyrite and the sandstone clast are sharp
to gradational. Within the silicified clast, pynte veining is conformable to bedding,
but these veins are discontinuous and planar (4,929 E, 18,244 N, 10,050 R1,
underground exposure on the 300 Jevel access drive).
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size and abundance of visible relict wall rock fragments. At Gossan Hill, it is not
uncommon for fragments of grey, unmineralised, intensely quartz altered rock to occur
within both massive pyrite and massive sphalerite (Figs. 5.4c, 5.7f and Appendices A3.1a
and A3.1b). These clasts of relict wall rock occur throughout massive sulphide and vary
in size up to 2 m, but are generally less than 5 cm with subrounded to subangular forms
and sharp margins. Some wall rock clasts have banding, possibly telict of bedding, whilst
others consist of massive chert with no relict textures due to intense silicification. The
two possible origins for wall rock clasts are (1) relict wall rock due to replacement and
veining, or (2) clasts incorporated in massive sulphide during reworking, There is hete
evidence to support reworked massive sulphides, due to the existence of gradational oze
contacts, and the absence of sedimentary or breccia textures within massive sulphides.
These observations suppott a replacement and veining otigin for the chert clasts.

Unmineralised beds or bedded intervals of sandstone-siltstone and pebble breccia occur
throughout the massive sulphides and contain minor disseminated sulphide or sulphide
veins. Unmineralised beds can form single beds (from <0.1 to 50 cm), bedded intervals
(<4 m wide) (Fig. 5.4d) or massive grey chert. The contacts between massive sulphide
and unmineralised beds vary from sharp to gradational (<10 crm). Tt is likely that some of
these intervals are large wall rock fragments, as observed mn Figure 5.7f, but they could
also represent urunineralised, bedded intervals in the massive sulphide. At C zone,
discrete horizons of sandstone and pebble breccia occur within massive sphalerite (Figs.
5.5a and 5.5b), and include clast supported pebble breccia with only minor disseminated
sulphide. The unmineralised, more finely grained bedded sequences in massive sulphides
locally host minor disserninated pyrite.

5.4.8 Porosity and permeability controls of the wall rock

The contacts between massive sulphide and unmineralised pebble breccia or bedded
sandstone mtervals are commonly gradational. These gradational contacts are up o 10
cm wide, with decreasing sulphide contents away from the massive sulphide. An example
of a gradatonal replacement contact between massive sphalerite and 2 pebble breccia is
given in Figure 5.8a. In this pebble breccia, massive sulphide forms the matrix to
unmineralised, silicified clasts, and the clast margins have contacts varying from
gradational (millimetres wide) to sharp agamst the massive sulphide. By contrast, some
pebble breccia units in massive sulphide contain only minor disseminated sulphide (pyrite
and sphalerite) in the matrix. Similatly, beds of sandstone within massive sphalerite may
contain minor disseminated sulphide (Fig. 5.8b), whilst neatby sandstone is strongly
vemed by sulphides.

The difference in the abundance and occurrence of sulphides within and between bedded
breccia and sandstone-siltstone beds and intervals, probably results from primary
permeability contrasts in the volcaniclastic sequence. Permeabality control on the
distribution of sulphides on a bed-scale could be induced by etther (1) a primary
permeability (lithological), or (2) permeability modified by hydrothermal alteration (7.e.,
different permeability for quartz and chlorite altered rocks). Similarly, the distdbudon of
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Gradational contact between massive sphalerite and a pebble breccia in GGF M6 at
C zone. Sphalerite and lesser pyrite form the matrix to silicified clasts in the pebble
breccia. The pebble breceia is polymict having silicified lithic clasts {(cream) and
chlosite-quartz altered lithic clasts {gzey). Scale in inches (sample 762093).

Diffuse pyrite vein in a granule breccia bed within bedded sandstone-breccia of GGT
M6. Pyrite occurs as disseminations through the chlodte-quartz altered graaule
breccia, whilst in adjacent quartz-chlorite altered sandstone, pyrite forms planar
discontinnous narrow veins. Scale in em (4,820 E, 18,265 N, 10,067 RL, GG96/184
at 42.5 m). : ‘

Massive magnetite (dark grey) has sharp conformable contacts with chlordte-tale
altered sandstone-siltstone in GGF M4. The bedded sandstone intervals contain
disseminated magnetite. Magnetite is also veined by diffuse pytite-pyrthotite veins
and carbonate-quartz veins (~ 5,051 E, 18,640 N, 10,113 RL, GG162 between 311 to
315 m). ‘

Sharp contact between massive rnagnetite-(fa.rbonate (Mgt} (oxidised to brown colour)
and fine-grained massive DAC3 dacite (DAC)(5,009 E, 18,429 N, 9,980 RL, GG038
at 454.3 metres).

. Sharp contact of massive magnetite with massive pydte-chalcopytite. Some

magnetite can be seen in the massive pytite and the contact consists of a natrow
intetval of chloritised sandstone. This contact is conformable and its context is
lustrated in mapping given in Appendix 5.2. Rock bolts are 40 cm long (5,089 E,
18,486 N, 10,100 RL, underground exposure on the 250 level).

Massive magnetite containing abundant interstitial catbonate. Magnetite forms fine-
and coarse-grained aggregates in 4 chlotite-altered sandstone of GGF M4. Magnetite
aggregates locally coalesce, whilst both chlorite and magnetite host 2 spaced
undulatory cleavage (53). Scale in cm (sample 97U10).

Nodular massive magunetite containing large (1-2 mm) subrounded magnetite grains
and aggregates. The mattix consists of carbonate and minor talc, chalcopyrite and
pyrrhotite. Carbonate and rale fill fractutes in the magnetite. Secale in ¢m (sample
769320).

Massive magnetite with angular to sub-rounded patches of intensely quaztz-chlorite

. altered sandstone. Volcanic quartz is rare in these relict wall rock patches. The

contacts between the enclosing massive magnetite and the wall rock are gradational to
sharp. Massive magoetite in this has 2 fine-grained grasular textute. Scale in cm
(sample 762007).
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stringer vein mineralisation is the direct result of available pathways used by circulating
hydrothermal fluids. In the case of Gossan Hill, these were primanly controlled by
bedding planes and fractures (Section 5.4.6).

The inhomogeneous disttibution of stunger veins through the strata at Gossan Hill may
result from the bulk impermeability of the host sequence, as exemplified by the absence
of fluid pathways in beds or bedded intervals that lack stringer veins. Additionally, the
presence of siliceous wall rock clasts in massive sulphide (Secdon 5.4.7) is evidence of
wall rock permeability to the pervading mineralising-hydrothermal solutions. Intense
silicification during sulphide formation caused the incomplete replacement of permeable
strata resulting in relict wall rock fragments in massive sulphide. Moreover, siliceous
alteration accompanying sulphide formation may have locally indurated the strata and
limited conduits for circulating mineralising fluids. Resulting fluid overpressuring of the
pile induced hydraulic fracturing, which served to increase permeability and available
conduits. Initiation of these fractures was likely have been controlled by differential
competency contrasts within the host sequence, as evidenced by differing styles and

abundances of veins between beds.
5.4.9 Discussion

Massive sulphide within GGF M6 occurs in the upper bedded sandstone-siltstone and
pebble breccia sequence. These sulphides consist of massive sphalerite, massive pyrite
and stringer veins. Massive sphalerite is laterally continuous (630 m) and generally
ovetlies massive pytite. Both massive sphalerite and massive pyrite interfinger with
sulphide veining, which undezlies, overlies and occurs within the massive sulphides.
Bedded sandstone, siltstone and pebble breccia sequences overlie massive sulphides.
Locally these overlying sedimentary sequences contain chert-lithic horizons of the M1
Marker and are veined by sulphides.

Stringer vemns are tnost intensely developed adjacent to massive sulphide and decrease in
intensity with distance away from massive sulphide. Stringer vems below massive
sulphide form an anastomosing stockwork. At Gossan Hill, the thickness of massive
sulphide increases northwards from A zone and is accompanied by an increase in the
width of underlying stringer stockwork. Massive sulphides attain their greatest thickness
on the southern side of a discordant DAC3 dacite at C zone. At this location, a core of
massive pyrite is developed below massive sphalerite, and both pyrite and stringer veins

are discordant to stratigraphy.

The morphology of massive sphalerite is sheet-like and broadly conformable, whilst at C
zone, massive pyrte is mound-like and disconformable. The thickening of massive
sulphides to the north is associated with the transition from semi-conformable to
discordant mineralisation. Massive sulphides are not continuous across the DAC3 dacite,
and north of this dacite 1s 2 narrow zone of strnger veining with minor massive sulphide,
known as D zone. The change mn thickness of massive sulphide across the DAC3 dacite
coincides with the inferred location of 2 synvolcanic structure that is now occupied by
DAC3 dacite. Massive sulphides and stringer veins do not occur in the DAC3 dacite,
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which together with its chilled margins, indicate the dacite is younger than massive
sulphide.

The form, occurrence and distribution of the sulphide veins indicate strong fracture and
bedding control. Fracture controlled veins may have resulted from hydraulic brecciation
of the wall rock, involving brittle deformation of an indurated wall rock. Evidence of
relict wall rock is ubiquitous throughout massive sulphide and stringer zones in GGF M6.
Many stringer veins have bleached wall rock margins that resulted from intense
silicificatton during sulphide vein formation. Silicification is texturally destructive and
has commonly modified the adjacent wall rocks to grey chert. Stringer veins and the
abundance of relict wall rock, as well as unmineralised bedded intervals within massive
sulphides and stringer zones, indicate that the dominant mechanism of sulphide

formation was by replacement.

Clasts of chert within massive sulphide represent mcomplete sulphide replacement of
intensely silicified, impermeable relict wall rock fragments in an originally permeable
strata. Massive sulphides that contain relict wall rock, probably reflect anastomosing
stringer zones that had near-complete wall rock replacement. Overlying stringer veins
intercalated with unmineralised sandstone-breccia to massive sulphides could reflect
synchronous volcaniclastic sedimentation during sulphide formation. The presence of
multiple M1 Marker chert-lithic horizons in GGF M6 (Chapter 3) supports multiple
seafloor positions throughout this sequence associated with a changing seafloor position
during sulphide formation. At some stage, the formation of massive sulphides within
GGF M6 may have taken place at the seafloor, but was buried by continued
sedimentation.

5.5 Massive magnetite

Masstve magnetite is hosted by thinly bedded, quartz-rich tuffaceous sandstone and
granule breccia of GGF M4. Massive magnetite consists pritnarily of magnetite, but also
contains disseminations and veins of chalcopyrite, pyrrhotite and pyrite. Massive
magnetite has a strike of 650 m and 1s spatially associated with massive pyrite and
stringer veins in the lower massive sulphide zone (Section 5.6). Massive magnetite forms
two main zones between 18,230 N to 18,470 N and 18,440 N to 18,720 N, and two
smaller zones, one each in the south (18,110 N to 18,175 N) and north (18,680 N to
18,760 N) of Gossan Hill (Fig. 5.9). Laterally, these four massive magnetite zones form
a semi-contimious interval between 18,110 N to 18,760 N (Fig 5.9), and are
interconnected by disseminated or vein magnetite. Furthermore, small lensoidal zones of
massive magnetite within GGF M4 occur to the north of Gossan Hill at 19,100 N and
19,300 N (Fig. 5.1).

Each of the four massive magnetite zones also include narrow zones (generally <1 m) of
altered sediments, and up to 10 m of semi-massive magnetite {30-50% magnetite). The
intercalated occusrences of semi-massive magnetite and altered wall rock within massive

magnetite are discussed in Section 5.5.4.
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5.5.1 Distribution and geometry

Massive magnetite forms semi-conformable zones within GGF M4 that have a
subvertical dip and 2 strike subparallel to bedding (~310°). Figures 5.10 and 5.11 are
successive east-west cross sections from south to north through massive magnetite in
GGF M4. Within this member, massive magnetite occupies two stratigraphic levels (Figs.
5.102 and 5.10b). These stratigraphic levels are pootly constrained due to the absence of
matker horizons within the volcaniclastics. These two zones of massive magnetite form
an upper magnetite horizon, at a stratigraphic distance of at least 10 m below the GGF
M4-M5 contact, and a lower magnetite horizon at 5 to 15 m above the lower GGF M1-
M4 contact (Figs. 5.10 and 5.11). Therefore, rassive magnetite does not coincide with
the stratigraphic contacts of the tuffaceous member in which it is hosted.

In the south, the upper and lower massive magnetite zones are separated by up to 40 m
of bedded, quartz-rich sandstone (Fig 5.10a). However, in the north where massive
magnetite is mote thickly developed, the upper and lower magnetite zones coalesce (Fig
5.112). In this area, massive magnetite is intruded by the DAC3 dacite, but north of this
dacite (>18,700 N), massive magnetite is absent from GGF M4 (Fig. 5.9). A gradual
thickening of massive magnetite from south to north is observed, with massive magnetite
attaining its maximum thickness of 40 m adjacent to the southern margin of the

discordant DAC3 dacite (Fig. 5.9 at 18,560 N).

Both the upper and lower assive magnetite zones are discontinuous down dip (Figs.
5.10 and 5.11), with massive magnetite transitional to semi-massive or stringer magnente.
Transitional contacts may also occur between magnetite and massive sulphide or sulphide
stringer veins. The maximum down dip extent of massive magnetite is 500 m, which
coincides with its thickest development (Fig. 5.10b).

5.5.2 Upper contacts

The upper contacts of massive magnetite are locally with bedded quartz-rich sandstone,
massive feldspar, quartz-phyric DAC3S dacite or rarely with massive pyrite. Most
cominonly, massive magnetite is overlain by bedded sandstone, and these contacts are
gradational from 10 cm to 10 m through semi-massive magnetite to disseminated
magnetite in quartz-rich sandstone. The gradational contacts represent decreasing
magnetite contents with increasing distance from massive magnetite (Figs. 5.12a and
5.12¢), and correspond to an increase in the abundance of relict volcanic textures, such
as volcanic quartz and bedding (Fig. 5.12¢). Within these gradational contacts, however,
the contact between semi-massive magnetite and massive magnetite is locally sharp and
conformable (Fig. 5.12¢). Less commonly, the upper contacts of massive magnetite are
semi-conformable and sharp against magnetite-vemed, quartz-rich, bedded sandstone
(Figs. 5.12b and 5.8¢).

Between 18,510 N and 18,650 N, massive magnetite has a sharp upper contact with
DAC3 dacite (Fig. 5.9). Adjacent to this contact, massive dacite is fine-grained (feldspars
<0.5 mm) with a weakly developed chilled intrusive margin (Figs. 5.8d and 5.12d).
DAC3 dacite is discordant to both bedding in GGF M4 and to massive magnetite. This

Chapter 5: Sulphide and magnetite mineralisation



UomEseIauT MAneudew puk spydng ¢ 1adeyn

(¢) GGO32 (d) GG162
gg ngé 250 metres 5

=5
‘:‘2??:‘&»
SR
SRS

e

SOUTH (a) GG148 ) GG27
o s 150 metr
2. iy 100 metres 5 So w% ¢ etes o,
hatloota i A2 oohd
300 mnm mm
|+ =« ' «} roassive sstto brecein (GG MS)
massive wifaccous 4t 450 f7 ,.,‘(__:'—-:—_‘ qz 438, ML-co VNS in sst
(GG M5) “‘A—’_ . (GG M4)
% ) % seeni-massive mgr-co
gradational eontact zonc; massive mgt-co
@M@' semi-massive mgl-<o; 150 _]
py-pa vas (GG M) bedded gz sse ta sl
massive mgt {5 co-chl-po) py-chl-mge vis
5 stmi-massive mgt in sa
150 LLLE L massive py .
% " g, semi-massive mgt, ds po, gradational contact
— patches af g2 sst DY+ Cp-co Mgt v in sst
sharp, conformable contact Liedded gz sst o sl
Badded g% st : * ]
eminoc d py, i, &7 : ' | massive gz st to granule breeeia
DR 200 -
qz tuffaccous pebble breecds o,
e — (GGF M3y
=" -E_n_l‘ =1 — bedded sandstanz
3 (GGF M2) tlsinly bedded yz sst-sle
' . minor ds ca
400_.. massive peblle breccia ry
(GGF b} -
50 ] .. ] confermable contact
% "% semi-massive mgt (-chl-ca}
e b, bedded gz sst-sht
massive mpl (-chi-ca-py)
| 250__|
M semi-massive mgt, ds and va py
/2// massive py (-mgt-ca}
4
v v | dolerite
300 — i A
thinly bedded gz sse-sir, ds and va co,
: inceeasing co-po-py-mgt va
semi-massive mgt in chi st Joo_|
n sstoslt, minor co<p-chl v
sompden polymict breccia
=, *Z7|  thinly bidded qz sst-sh (ds ca-pycp)
- 7| gz sw, strang py and chl-co-mgl-py vn
: (GGF M4y
250" pebble breeein (GGT A1)

Ibcddcd 12 ¢st to granule Lreccia 230 %

mm 350 __
feldspar, ge phyric DACS dacite

dx mgt in bedded gz sst-sh,

geadationsl mpt contace zone L I
massive mgt (co-chl) ¢
qz sst rIIIIs

massive mgt (co-chi)
py-po-sp-chl-nigt vn

L P e

2

semi-massive mgt (co-chl) & gz sst
teansitional contact zone
py-pa-cp-chl-mgz vn

febdypar, qz-phryic DAC3 dacile

massive py-cp 5

Feldspar, qz-phryic DACS dacite

chilled margin
waassive mge {co-chi), some gz 551

NORTH

gr-rich pebble breecia 1o sst
(GGF M4)

bedded gz sst

shaep confarmable contract

massive mgt, abundant
relier wall rack, py vn

massive py-cp with mgt
bedded qe s3t-slt, minor ds py
massive mgt, py-po-cp vns

bedded qz sst, py-po v &

.- a

—

450,

Mgt yns
massive mgt (ca-chl), banded,
py-po-chi-cp vn
. gesst{pichlee)

py-po-mgt-cp-chl en
suinger vein-gradational contact

py-ca-chl-po-cp vn
massive Py, minor ¢p
e sst
massive py

Ledded qz sst 100 _|

semi-massive mpt & qu 5st

gz st

massive py, minor po-ngi-co

sle (GGF Mdy; py-co-mgt vns

setmi-tassive mge, abundan o sst

massive mgt {co-te-chl),
minar py-cp vn
qz sst

mastive mpt (co-te-chi)

minor py-cp v 200 !

semi-massive mgt in co-chl

massive py with mgt (8%)
beddedd gz sandstanc (GGF M4)

rhyolits Intrusion

bedded pumiceous, pebble breccia
(GGF M)

gradational contact 10 masive py

massive wlfaccous pebble

breccia (GGF M1}

bedded, gz-pumicecus
breecia & sandstone

(GGF A1) 30—

I

massive qjzerich, pebble breccia

I bedded gz sst

qz s5t, ds and vn mpt
gradational contact
massive mgt (-¢o)
patches of chbowall sock

Feldspar, gz-plyric DAC3 dacite

massive mgt (-co)

py-met gradational uppee
conact {4m)

massive py-cp, zones of
wall rock & breccia textures

thinly bedded st

massive py-cp,

up to 40 em unmincratised beds
thinty bedded sst

intense si, minor py vos

massive py-cp, weakly banded

gradational contace
semi-massive py {-<h
qz $3t, p)'—!:‘]); Su (2(3!“1\[4)
pumiccous, pebble breccia
(GGF 1)

Figure 5.12: Simplified graphic logs of drill holes through massive magnetite, massive pyrite and stringer veins in GGF M4 (2) GG 148 (transform section 18,187 N), (b) GG027

(transform scction 18,288 N), (c) GG032 (transform section 18,438 N), (d) GG162 (transform section 18,688 N) and (¢) GG044 (transform section 18,738 N). Vertical distances ate
down hole distances in metres. Facies are in GGF M4 unless otherwise specified. Up directions indicate facing from graded beds. Abtreviations used are chl = chlorite, cp =

chalcopytite, co = catbonate, ds = disseminated, mgt = magnetite, py = pyrite, si = siliceous alteration, slt = siltstone, sst = sandstone, tc = talc, vn = vein.

0cl



131
contact is in part, sheared. The stratigraphically lower massive magnetite zone may have
an upper contact with massive pyrite, as observed in underground development (Fig. 5.8e
and Appendix A3.2). In this case, the contact varies from sharp to irregular, and can be
both parallel and discordant to bedding.

5.5.3 Lower contacts

In all cases, the lower contact of massive magnetite is gradational and grades through
semi-massive magnetite to either bedded quartz-rich sandstone, massive pyrite or a
sulphide stringer zone. This gradational contact occurs over a stratigraphic interval of
0.1 to 5 m and 1s generally discordant. Commonly, semi-massive magnetite contacts are
accompanied by a gradual increase in pyrrhotite as the altered wall rock is approached.
Gradational or transitional contacts from massive magnetite to semi-massive magnetite
and disseminated magnetite reflect the decreasing proportions of magnetite (Fig. 5.12a).
The contact between semi-massive magnetite and underlying sandstone may also be
sharp and conformable (Fig. 5.12a). Quartz-rich sandstone nunderlying massive magnetite
commonly contains finely disseminated (<5% modal) magnetite.

The lower stratigraphic magnetite zone also contains intervals of semi-massive
magnetite, as well as zones of pyrite-pyrrhotite-carbonate (fmagnerite) veins (Fig. 5.12d).
Contacts between massive magnetite and massive pyrite are gradational (Appendix A3.2),
with decreasing proportions of magnetite and increasing proportions of pyrite-pyrrhotite
away from massive magnetite. In these contact zones, pyrite within magnetite occurs as

disseminations that are interstitial to the magnetite or as pyrite-rich veins.
5.5.4 Massive magnetite

Massive magnetite has a wide vaniety of texmres including massive interlocking
aggregates of magnetite, fine-grained, disserninated tmagnetite and banded magnetite-
carbonate. Massive magnetite contains magnetite, carbonate (ankerite to siderite),
chlonite, talc and minor quartz, and other accessory phases are listed in Table 5.2.
Magnetite aggregates form irregularly shaped patches that have cleavage or cracking
patterns due to deformation (Section 4.13 and Fig. 5.8f). These magnetite aggregates
have interstitial carbonate, chlorite and tale, which also infill fractures in magnetite (Fig,
5.8g). Massive magnetite zones that consist of finely disseminated magnedte tend to
have a homogeneous appearance, whereas magnetite aggregates have an mhomogeneous
texture. Banded magnetite is rare at Gossan Hill and consists of millimetre-sized,
alternating, monominerallic bands of magnetite and carbonate, which are disrupted and
discontinuous. Within any massive magnetite zone, all three of these textures can be
mtermixed. Textural studies in Chapter 6 detail the characteristics and variation in
massive magnetite. Disseminated and vein pyrrhotite and chalcopynite occur throughout
massive magnetite, but are most common at the margins of massive magnetite,
particularly where it is adjacent to massive pyrte. Massive magnetite may also be free of

disseminated and vein sulphides.

Within massive magnetite, narrow zones of 0.3 to less than 1 m of chlorite-altered

sandstone occur. These narrow zones may be bedded sandstone intervals or single beds
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that have sharp conformable contacts to the enclosing massive magnetite. Sandstone
beds or bedded intervals can contain sulphide or magnetite veins or may be free of both
magnetite and sulphide (Fig. 5.12d). Unusual siliceous nodular alteration textures
(Chapter 7) and volcanic quartz occur in these unmineralised sandstone interbeds (Fig
5.12¢). FElsewhere, massive magnetite may contain irregular shaped patches of quartz-
chlorite altered wall rock (Fig. 5.8h) that contains relict voleanic quartz.

5.5.8 Discussion

Massive magnetite forms two sheet-like zones, each having semi-conformable to
discordant upper and lower contacts within GGFF M4. Laterally, these two massive
magnetite zones are semi-continuous over 2 distance of 650 m and consist of four bodies
mnterconnected by disseminated and vein magnetite. The two stratigraphic levels of
massive magnetite do not coincide with stratigraphic contacts, but are stratabound within
the host rocks of GGF M4. From south to north massive magnetite thickens, and attains
a maximum thickness of 40 m where the upper and lower magnetite zones coalesce
(18,450 N to 18,650 N). This anastomosing massive magnetite zone is interpreted to
represent a focal area for the fluids responsible for magnetite formation. This area is also
comcident with the southern margin of the DAC3 dacite mntruston, which is interpreted

to occupy a synvolcanic feeder site.

Massive magnetite has a distinct mineralogical association with carbonate (ankerite to
siderite), chlorite and talc gangue. In strongly fractured zones, carbonate, chlorite and
talc fill tensional structures in magnente, indicating their local redistribution dunng

deformation.

Zones of semi-massive, disseminated and vein magnetite envelop massive magnetite and
represent gradational upper and lower contacts. These transitional contacts between
massive magnetite and altered, bedded, quartz-rich sandstone indicate a replacement
origin of the magnetite in GGF M4. Bedded, quartz-rich sandstone intervals within
massive magnetite can have sharp, conformable contacts. Beds or bedded intervals
enveloped by massive magnetite may represent hoxizons that were less permeable to the
magnetite-forming fluids. Massive magnetite is generally associated with complete
textural destruction of the host rock, however, massive magnetite also incorporates semi-
massive magnetite that has less intense wall rock alteration to magnetite, carbonate and
chlotite. In many cases these horzons contain ‘windows” of relict wall rock, which
despite intense alteration, contain relict volcanic textures or volcanic quartz. These
‘windows’ indicate incomplete magnetite replacement of a tuffaceous quartz sandstone
precursor. The differential permeability of the bedded GGF M4 sequence could have
strongly contributed to the observed interfingering of wall rock, massive magnetite and

semi-massive magnetite zZones.

The separation between the upper and lower massive magnetite zones could represent
multiple periods of massive magnetite deposition near the seafloor or permeability/
porosity and chemically controlled sub-seafloor replacement. Interrupted massive

magnetite formation by ongoing sedimentation would result in the migration of the
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seafloor concurrent to magnetite deposition. Alternatively, all magnetite deposition may
have formed completely by replacement of GGF M4 strata, with its distribution
controlled by permeability and chemical contrasts. Both mechanisms account for the
gradational contacts in massive magnetite. It is now necessary to establish the context,
timing and assoclation between massive magnetite and adjacent massive pyrite and
sulphide stringer zones, prior to evaluating these possible origins.

5.6 Mineralisation in GGF M4: The lower stratigraphic association

Massive sulphide in the lower stratigraphic association is massive pyrite and generally Cu-
rich. Massive pyrite 1s hosted by bedded, tuffaceous, quartz-rich sandstone to granule
breccia of GGF M4. Its mineralogy consists of pyrte and pyrrhotite, with variable
proportions of chalcopyrite and magnetite in a chlorite and quartz matrix (Table 5.2).
This section describes the distribution of massive pyrite and its relationship to massive

magnetite.
5.6.1 Distribvtion and geometry

The geometry of massive pynte n GGF M4 is podiform with discontinuous zones that
interfinger with zones of sulphide veins and massive magnetite. These massive pyrite
zones have subvertical dips and broadly conformable strikes (~310°), but are locally
discordant. Massive pyrite occurs in the lower 30 to 40 m of GGF M4 (Figs. 5.10 and
5.11), and at least 5 to 10 m above the GGF M1-M4 stratigraphic contact. Massive
pytite attains a maximum thickness of 25 m in the north between 18,450 IN and 18,650
N (Fig. 5.9), comciding with the thickest development of massive magnertite (Fig. 5.11a).
In this lower ore association, two main zones of massive pyrite are obsetved; one to the
south between 18,160 N to 18,350 N (190 m strike) and the second in the north between
18,450 N to 18,680 N (270 m stuke) (Fig. 5.9). There is a discontnuity of 50 m
between the two zones (Fig 5.9), showing that massive pytite is not as laterally extensive

Or continuous 2s massive magnetite.

North of 18,650 N, near the DAC3 dacite intrusion, massive pyrite thins northwards into
sulphide stringer. Similarly, the southernmost extension of massive pyrite thins to less
than 2 m before grading into massive magnette and sulphide stringer veins (Fig. 5.9).
Massive pyrite juxtaposes the lower stratigraphic zone of massive magnetite (Figs. 5.10
and 5.11), with massive pyrite occutzing adjacent to or below massive magnetite. The
contact between massive pyrite and massive magpetite varies from conformable to
discordant. Discordant contacts occur where massive pyrite is thickest and cuts across
massive magnetite (Fig. 5.10b). Massive pyrite interdigitates with massive magnetite (Fig.
5.11a), both along stnke and down dip, and massive pytite can be transitional to massive
magnetite (Fig. 5.11b). Massive pyrite can also form separate, isolated narrow zones
(Figs. 5.10a and 5.11a).

5.6.2 Upper contacts

The upper contacts of massive pyrite are gradational over 1 to 10 m to massive

magnetite, altered bedded sandstone or sulphide-veined sandstone. Graded upper
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Massive magnetite with abundant pytite-chalcopyrite (Xpyrrhotite) veins. These veins
vary from wide (centimetres) to narrow (millimetres) and are generally discontinnous
with planar to undulatory cantacts. These textures are typical in pydte-magnetite
contact zones (5,094 B, 18,452 N, 10,100 RL, underground exposure on the 250
level).

Masstve pyrte with a blebby to nodular texture in an intense chlorite-quartz gangue.
The pytite grains are coarse-grained (up to 1-2 mm) to fine-grained (<0.5 mm) and
locally coalesce to form aggregates. Chalcopyrte and pyrrhotite occur around pytite
grain margins and in fractures. Scale in cm (sample 97U038).

Massive banded pyrite-chalcopyrite, Bands are up to 1 cm-wide and consist of
coarse-grained pyrite (1-2 mm) and fine-grained pyrite (<0.5 mun) with interstitial
chlorite. The fine-grained pyrite bands have abundant chlorite and a well-developed
cleavage. The coarser pytite bands contain chalcopyrite in fractures and around
pyrite grains. Scale in cm (sample 97U028).

Parallel pysite-chlorite stringer veins in a fine-grained, intensely chlotite altered wail
rock of GGF M4. These veins anastomaose and form semi-massive pyrite. Pyrite
veins ate greater than 2 mm wide, continuous to discontinuous and locally
anastomosing bands. The resultant mineral banding in these veins is parzllel to
bedding. Pyrite is fine-grained (<0.1 mm) and cleavage is well developed in the
chlotite between the veins. Scale n cm (sample 97U037).

Conformable pyrite-chalcopysite vein in an intensely silicified, bedded sandstone,

“siltstone and breccia sequence close to the base of GGF M4. The wall rock also

hosts minor discontinuous veinlets and disseminations of pytite and chalcopyrite
(5,107 E, 18,431 N, 10,100 RL, 250 level access dtive).

Stockwork stringer veins underlying massive pyrte in GGF M4, consisting of
discontinuous and irregular veins of pytite-chalcopyrite-chlorite. The wall rock is
intensely silicified, however some relict banding {-bedding?) is preserved. Sczle in cm
(sample 97U031). .
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contacts to ovetlying massive magnetite are denoted by the gradual increase of magnetite
In massive pytite towards massive magnetite. These gradational contacts forma 1 to 5 m
wide massive pyrite-magnetite transitional zone (Figs. 5.12¢, 5.12¢ and Appendix A3.2).
Within these pyrte-magnetite transitional zones, pyrite occurs as disseminations and
veins (Fig. 5.13a), and pyrrhotite and chalcopytite are Jocally abundant.

The upper contact between massive pyrite and the bedded sandstone is also gradational
over a distance of up to 10 m (Fig, 5.12b). Within this interval, sulphide veins and
dissemunated pynte within the wall rock decrease in abundance away from massive pytite.
Increasing volcanic textures and volcanic quartz in the wall rock also coincides with the
decrease in sulphide abundance. Although sulphide veins in the wall rock form part of
the transitional upper contact of massive pyrite, the contact between massive pyrite and

stringer veins can be sharp and conformable, as observed in underground exposure

(Appendix A3.2).

DAC3 dacite intrudes massive pyrite; it has a sharp contact with pyrite and fine-grained,
chilled margins. This contact 1s locally sheared and commonly chalcopyrite 1s abundant
in the adjacent massive pyrite.

5.6.3 Lower contacts

The lower contact of massive pyrite lies at 5 to 10 m above the GGF M1-M4
stratigraphic contact. The narrow interval between massive pynte and GGF M1 consists
of bedded, quartz-rich sandstone that contains abundant sulphide m veins and as
disseminadons. In this narrow zone, the intensity of stringer veins mcreases toward

massive pytite, representing a gradational lower contact to massive pyrite (Appendix
A3.2).

The lower contact of the stringer zone is sharp and occurs at the lower stratigraphic
contact of GGF M4 (Fig. 5.12¢). Underground exposure (Appendix A3.2) reveals that
mtense pytite-chalcopyrite stringer veirung is stratabound to GGF M4, which forms an
anastomosing 10 m wide stockwork zone, with sharp, conformable contacts against
overlying massive pyrite. Massive pyrte may be chalcopyrite-rich near its lower contact.
The lower contact of massive pytite is rarely sharp and conformable agamst
unmineralised bedded sediments that lack stringer mineralisation.

GGF M1, and GGF M2 and M3, where present, do not host massive sulphide or stringer
veins, and contain less than 1% disseminated pyrite. The lower boundary of the massive

pyrite and the stringer zone is sharp and conformable to the lithofacies change between
GGF M4 and GGF M1, or GGF M2-M3 where present.

5.6.4 Massive pytrite

Massive pyrite in GGF M4 has a wide textural vanation and incledes fine-grained

(<0.5 mm) subhedral to euhedra] pyrite as well as large blocky to rounded coarse-grained
pyrite (>0.5 mm) that range up to 5 mum in size. Fine-grained massive pyrite has a
homogeneous texture, whilst more coarsely grained massive pyrite has a blebby,
mhomogeneous texture (Fig. 5.13b). Irrespective of its textural variation, massive pyrite
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consists of closely packed pyrite grains, typically with mnterstitial quartz and chloste (Fig
5.13b).

Chalcopyrite 1s common interstitial to pyrite, occurting at grain margins and along
fractures. Disseminated magnetite and pyrrhotite is also common in massive pyrite.
Pyrrhotite has a sumilar occurrence to chalcopyrite and is locally associated with
magnetite, particularly within the transitional contact zones between massive pyrte and
massive magnetite. Banding in massive pyrite is common and is denoted by adjacent
bands of texturally different pyrite and chlomte (Fig. 5.13c). This banding is commonly
subparallel to veins that are themselves subparallel to bedding. Additionally, pyrite-
chalcopyrite-tich veins have banding, which generally parallels the vein walls. This

banding is well developed where veins coalesce to form massive pyrite (Fig 5.13d).

Within massive pyrite, intervals up to 4 m of massive to semi-massive chalcopyrite may
occur. These chalcopyrite zones have 10 cm wide, gradattonal contacts against massive
pyrite. Additionally, massive pynte also contains up to 15 cm wide beds of
unmineralised, quartz-rich sandstone (Figs. 5.12d and 5.12¢). Less commonly, up to

10 m wide, bedded intervals of intensely chloritised sandstone-siltstone occur (Fig.
5.12e). The contacts of these unmineralised beds or bedded intervals are sharp and
generally conformable. Although rounded zones of silicified wall rock are not observed
m the massive pyrite of GGF M4, clasts of chlonte-altered wall rock and massive
magnetite occur (Chapter 4, Fig, 4.14a and Appendix A3.2).

5.6.5 Stringer veins

Sulphide-rich stringer veins form a large portion of the muneralised zone in GGF M4, and
occur throughout the bedded sequence. Sulphide veins adjacent to massive pyrite are
pyrte-chalcopyrite-chlorite-quartz veins, however, away from massive pyrite, sulphide
veins have a more variable mineral content with differing abundances of pynite,
chalcopyrite, pyrrhotite, magnetite, carbonate, chlorite, quartz and talc. The relationships
of these different sulphide vemns are discussed in Section 5.9.

Sulphide veins ate spatially related to massive pyste in GGF M4, and form an envelope
around massive pyrite. The most intense stringer veining occuts adjacent to massive
pyute, but the distribution of these stringer veins is more widespread than that of
massive pyrite. The gradational contacts of stringer vems to massive pyrite reflect the
intensity of anastomosing sulphide veins, which locally coalesce to form massive pyrite
(Appendix A3.2). The distribution and mtensity of sulphide strnger veins is variable,
forming discontinuous zones that interdigitate with unmineralised sandstone. In stringer
mineralisation underlying massive pyzite, two pebble breccia beds containing sulphide
clasts have been identified (Section 3.3.3). These pebble breccia units have sharp, locally
undulose contacts with sulphide-veined sandstone of GGF M4.

Massive pyrite s discordant and grades in to massive magnetite due to decreasing
sulphide veins in massive magnetite. Sulphide strnger veins not only occur in both the
lower and upper massive magnetite zones, but also in the wall rock between them (Figs.
5.10b and 5.11a). They also occur throughout, and overlying, the upper massive
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magnetite zone. Stringer zones therefore form discordant to semi-conformable zones
within GGF M4, despite the observation that many sulphide veins are paralle] to bedding.
Where massive magnetite and massive pyrite attaim their thickest development between
18,430 N and 18,650 N {Fig. 5.9), sulphide veins form a stockwork. North and south of
this stockwork, sulphide veins are generally less intensely developed and envelops
massive pyrite, thinning i width as massive pyrite thins, or grading laterally from massive
pytite to stringer mineralisation along strike.

The alteration of the GGF M4 wall rock has been altered to quartz and chlorite, and
these alteration types ate associated with different stringer vein forms. Intense
silicification is associated with veins below massive pyrte in the basal parts of GGF M4,
and sulphide veins hosted by silicified wall rock have sharp vein margins, resembling the
style and form of stringer veins associated with massive sulphides and silicified wall rock
m GGF M6. However, sulphide veins in GGF M4 differ from veins in GGF M6 as they
rarely contain sphalerite. Nonetheless, veins in GGF M4 have similar vein forms, and
fracture and bedding control to veins in GGF M6. In GGF M4, sulphide veins may form
millimetre-~ to metre-sized veins that have variable condnuity. In general, veins parallel to
bedding tend to form thicker veins (<3 m) and are laterally more continuous (e.g., Fig
5.13e). Cross cutting veins range up to 1 m in width, but tend to be narrower (<10 cmj,
with more itregular and discontinuous forms. Structural investigations (Chapter 4)
indicate that the onentation of stranger veins underlying massive pyrite m GGF M4 are
parallel to bedding and the ofientation of pre-mineralisation quartz veins (Secuion 4.8).
Thetefore, many sulphide veins within silicified wall rock in GGF M4 have strong
structural control. However, a large portion of veins are narrow and discontinuous
networks with veins having irregular (Fig 5.13f) to planar (Figs. 5.14a, 5.14b and 5.14¢)

forms.

In silicified wall rock, sulphide veins have sharp margins that vary from planar to
irregular. Disseminated pyrite and chalcopyrite also occur in the wall rock intersdtial to
these veins (Figs. 5.13¢ and 5.13f). Stringer veins also have sulphide mineral banding
parallel to the vein walls and contain relict wall rock fragments (Fig. 5.14a). Pseudo
breccia textures are observed between sulphide veins and the silicified wall rock, with iz
sty modification of wall rock (Fig. 5.14b). These textures are analogous to those
descnbed in Section 5.4.6, and the intense silicification of the wall rock, produced chert
with relict bedding. Due to the preservation of these bedding features, iz s textures

such as rotation of ‘pseudo-clasts” and jigsaw fit are indicated.

Chlorite alteration of the wall rock in GGF M4 has been more widespread, and chlorite-
altered rocks contain sulphide veins with different characteristics. These veins are more
disseminated and conformable to weakly discordant or laterally continuous to
discontinuous (Fig. 5.14d). Some vein margins are sharp, but others are gradational to
disseminated sulphide in the adjacent wall rock. Discontinuous veins vary m width and
commonly pinch, swell and coalesce (Fig, 5.14e). Veins in chlorite altered wall rocks
commonly consist of pyrrhotite, pyrite, chalcopynte, carbonate and chlorite.
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Pyiite-chalcopyrite-chlodte vein with sharp margins in intense pervasive quartz-
chlorite altered sandstone and breecia of GGF M4. A 1 ¢m fragment of relict wall
rock {chert) occurs in this veln. Scale in cm (sample 971J030). -

Intense pervasive quartz alteration in GGF M4. Pyrite‘chalcopyﬁtedﬂoﬁte veins cut

- the altered wall rock. The wall rock is strongly fractared and narrow fractures are in

filled by chlorite. Quartz-chlorite alteration zoning in the wall rock fragments is
observed, from outer chlorite-quartz alteration rims te inner bleached cores of
intensely quartz altered rock. Scale in cm (sample 57U034).

Grey intensely quartz-chlotite altered thinly bedded (<4 mm) sandstone-siltstone in
GGE M4, Differential quartz-chlorite alteration in the wall rock results in light and
dacker coloured beds. Pyrite-chalcopysite vems are discontinuous and vary from
conformable to cross cutting veins. Scale in em (sample 97U030).

Contact between massive pyrite and pyrite-pyrrhotite-rich stringer mineralisation,
Massive pyrite contains abundant magnetite. Pyrite-pyrrhotite stringer mineralisation
forms an irrepular nietwork of discontinuous, undulatory veins in a chlorite mattix
(5,038 B, 18,498N, 10,100 RL, 250 level).

Blehby pyrite-pyrthotite-carbonate-magnetite-chlorte veins in intensely chlorite-
altered and cleaved sandstone of GGF M4. The blebby pyrite veins consist of pynte
aggregates with ingersiitial carbonate-ragnetite-pyrehotite and chlotite. This style of
pytite vein forms locally discontinuous, conformable veins in the wall rock. Some of
the pyrite is strongly fractured with carbonate-pyrrhotite-chalcopyrite in fill. Scale in
cm (sample 97U036).

Massive chalcopyrite with minor disseminated magnetite, pyrrhotite and pyrite. Scale

- in cm (sample 769036).






5.6.6 Discussion

Massive pyrite has gradational upper and lower contacts against sulphide-tich veins,
which form a stringer envelope. Within the GGF M4 sequence, massive pyrite is both
conformable and discordant, and contains beds or bedded intervals of unmineralised
sandstone. Sulphide veins occur throughout the upper and lower massive magnetite zone
and the host rocks of GGF M4. Sulphide veins decrease in intensity away from massive
pyrite. Additionally, massive pyrite is discordant against the stratigraphically lower
massive magnetite zone, with magnetite having gradational and veined contacts. These
attributes mean that massive pytite must have orginated by replacement of the pre-
existing sandstone-massive magnetite assemblages. That is, massive pytite overprnts and
post-dates massive magnetite. However, the rare occurrence of sulphide clasts in
polymict breccias in the pyzite stringer zone at the base of GGF M4 (Chapter 3), 1s
inconsistent with the interpretation that the massive pynte formed entirely by
replacement. Pyrite clasts in these polymict breccias were probably derived locally, with
breccia deposition at the seafloor. As the polymict breccia beds are only observed near
the base of GGF M4, this occurrence indicates at least one seafloor position associated
with pyrite formation, and also that some pymte pre-dated the formation of massive

magnetite.

The thickest development of massive pydte and sulphide stringer veins occur where
massive magnetite 1s thickest between 18,430 N and 18,650 N. This area is considered
to have formed a mineralising feeder zone during the sulphide hydrothermal system, as
well as a focal area during massive magnetite formation. It 1s only in this feeder zone that
massive pyrite is discordant to massive magnetite. In addition, the area between

18,430 N to 18,650 N is 2lso the site where DAC3 dacite intrudes the volcaniclastic pile
and the mineralised zones. As DAC3 dacite does not contain sulphide or magnetite and
has chilled intrusive contacts to both the wall rock and mineralisation, its intrusion post-
dated the formation of massive magnetite, massive sulphide and sulphide veins.

The tuffaceous footwall sequence of GGF M1 is unmineralised. A strong permeability
control on the distribution of mineralisation is indicated by its occurrence immediately
above the GGF M1-M4 contact. Additional evidence of permeability control on massive
pytite and massive magnetite is also revealed by their semi-conformable distributions
within the strata of GGF M4. Massive magnetite occurs as two semi-conformable to
discordant zones. Massive pyrite generally underlies massive magnetite, suggestive that
massive magnetite may have influenced the distnbution of massive pyrite. Sulphide
veins exhibit widespread structural control by their onientations and distributions. The
occurrence of stringer mineralisation throughout GGF M4 suggests its formation at least
after the completed deposition of GGF M4.

Geological constraints indicate that massive magnetite and massive pyrte did not form
synchronously. Sulphide stringer mineralisation formed synchronously with massive
pytite, due to the enveloping distribution of veins. Ruxton (1986) described the entire
lower sulphide zone at Gossan Hill as a large Cu-nch stockwork zone. Notably, sulphide

veins do not cut across massive pyrite. Massive pyrite and sulphide veins formed after
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massive magnetite due to the cross cutting associations. However, the juxtaposition
between massive magnetite and massive pynte and strnger veins, indicate that
hydrothermal fluids likely used the same conduit. Nonetheless, the relative duration of
sulphide deposition is unclear due to evidence that indicates some pyrite deposition prior
to the onset of magnetite formation. With the above criteria, the association between

the upper and lower massive sulphide zones is reviewed.
5.7 The relationship of the lower and upper massive sulphide zones

GGF M5 stratigraphically separates massive sulphides and stringer veins that occur in
GGF M6 and GGF M4. GGF M5 is a massive, tuffaceous granule breccia to sandstone,
which does not contain massive sulphide. South of 18,100 N, GGF M5 contains minor
disseminated pyrite (<1%) however, north of 18,100 N, GGF M5 hosts sulphide stringer
veins. Stringer veins in GGF M5 are most intensely developed adjacent to the discordant
DAC3 dacite (Fig. 5.9 at ~18,350 N). Where these sulphide veins occur, GGF M5 is
intensely silicified.

A discordant sulphide-rich stringer zone connects the lower and upper sulphide
mineralised zones. The morphology of this stringer zone is not well constrained by
drilbing, but is observed underground (Appendix A3.1b) and flustrated i Figure 5.15.
This discordant stringer mineralisation is best developed on the southem side of, and
adjacent to, DAC3 dacite (Figs. 5.1, 5.9 and 5.15). The stringer zone has a broad,
asymmettic shape and the intensity of stringer veins decreases away from DAC3 dacite
and massive sulphide at C zone mieralisation in GGF M5 and GGF M6. The
mineralogy of sulphide veins within GGF M5 1s similar to those in GGF M4, with vemns
contalning pyrite, pyrrhotite, magnetite, carbonate, chlonte, and quartz. Importantly,
vemns in GGF M5 contamn minor to trace amounts of sphalerite. These veins however, do
not have preferred orientations, which may partially reflect the absence of bedding in the

massive homogeneous GGF M5 sequence.
5.8 The distribution of chalcopyrite

Chalcopyrite occurs 1 the lower and upper massive sulphide zones, within massive pynite
and sulphide vems. Upper and lower zones of chalcopyrite enrichment are common in
deposits that have stratigraphically separated ore lenses (Huston, 1988). At Gossan Hill,
chalcopyrite occurs mn the upper ore zone as disseminations within massive pyrite and in
sulphide veins, and to a lesser extent within massive sphalerite. However, massive pyrite

and massive sphalerite may also be barren of chalcopyrite.

Massive pyrite and sulphide veins of GGF M4 also contain chalcopyrite, but its
distribution 1s comparatively erratic, and podiform to lensoidal. The most common
occurrence of chalcopyrite is within stringer veins. Chalcopyrite is also scattered through
massive magnetite and the GGF M4 wall rock. Disseminated chalcopyrite in the wall
rock occurs near pynte- and pyrrhotite-rich veins, which also contain chalcopytite. In
this lower ore zone, massive chalcopyrite occurs as irregular discontinuous zones up to

2 m wide in massive pyrite. These zones of massive chalcopynte (Fig. 5.14f) generally
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form near the contact of massive pyrite and massive magnetite, or between massive
pyrite and dacite.

5.9 Mineralogy and association of the stringer veins

Many VHMS deposits have stockwork zones below massive sulphides (Sangster, 1972;
Gemmell and Large, 1992; Large, 1992) and in some occurrences, extensive stockwork
zones form the bulk of the orebody (e.g, Mount Lyell, Large, 1992). In these
occurrences, stockwork zones represent epigenetic mineralisation that may be associated
with syngenetic mineralisation at, or proximal to, an inferred seafloor position (Lydon,
1984; Large, 1992). Stringer veins represent conduits whereby focussed hydrothermal
fluids transgressed the wall rock. Stockwork zones can be used to delineate
hydrothermal feeder flow paths and to define the paragenesis of the mineralising
hydrothermal fluids by means of vein ordering (e.g., Gemmell and Large, 1992).
Additionally, the form and style of the stringer veins can highlight the degree of
interaction between the wall rock and the hydrothermal fluids.

This section details vein form, mineralogy and paragenesis to establish the relative timing
of mineralogically distinct veins and their association to massive sulphides and massive
magnetite. The lower and upper massive sulphide zones grade from a Cu-tich assemblage
in the lower ore zone, to a Zn-Cu-rich association in the upper ore zone. In both
stratigraphic occurrences, sulphide veins form a large part of this assemblage and have
similar metal zonation patterns. Magnetite veins associated with massive magnetite do
not generally contain Cu- or Zn-rich minerals. Sulphide veins at Gossan Hill form a
stockwork that coalesces to form massive sulphide, and includes both sulphide-bearing
and sulphide-rich veins.

Table 5.3: Desaiption of the seven major vein types at Gossan Hill. Each vein type has 2 distina
mineralogy, with both diffuse to sharp veins in each vein type. Typel is assocgated with early pre-
mineralisation deformation and Type VI is assodated with post-mineralising deformation (refer
Chapter 4). Vein Types II to V are assodated with formation of massive magnetite and sulphide
mineralisation. The column 'host refers to members of the Golden Grove Formation and bradeeted
numbers indicate that the vein type is weakly developed or of a minor comurtence in that
stratigraphic member.

Vein Type  Mineralogy Form Host
I quartz well-formed M4
II dhlorte-carbonate well-formed, diffuse M4, M5, (M6)
I magnetite-carbonate (~chlogte) well-formed, diffuse M4
v pydte-chlosite (-rbonate- well-formed, diffuse M4, M6
pytthotite)
ite- ite-chalcpyrite- .
A pyrite-pyrhotite-chalopyr ell-f diffu 4, M6
V&) arbonate-chlorite-magnetite well-formed, diffuse M4, M, (M)
v (B) pyrite-sphalerice (-chloite- well-formed, diffuse M4, M6, (M5)
quartz)
M1, M2/3, M4, M5,
VI quartz-carbonate-chlorite well-formed, banded Mg, 8C2, dolerite,

thyolite
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Figure 5.16: Paragenetic scheme of stringer veins at Gossan Hill. Based on minerafogy and cross
cutting relationships, seven vein types ate identified. Vein Type I and VI are associated with early and
late stage deformation respectively. Type II veins are chlorite-rich, whilst Type III veins are magnetite-
tich and form stinger veins adjacent to massive magnetite in GGEF M4. Vein Types IV and V are
associated with massive pyrite, massive sphalerite thronghout GGF M4, GGF M5 and GGF M6, and

cut across magnetite and chlorite veins.
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591 Vein form

The two end-mermber vein forms recognised at Gossan Hill are (1) diffuse veins, and

(2) sharp veins. Diffuse veins are commonly irregular with poorly defined margins, which
grade over millimetres or centimetres to altered wall rock. These veins are diagnostic of
teplacement because of their gradational contacts, and enclosed and interdigitating relict
wall rock. Diffuse veins tend to have wide mineral variation and indicate poorly
constrained fluid pathways, with the gradational margins due to fluid interaction with the
wall rock. These veins tend to occur in chlorite-altered rocks. In compatison, sharp
veins have sharply defined matgins and tend to occur in silicified rocks. They are
generally pynite-chalcopyxite- or pyrite-sphalenite-rich. Sharp veins can form wide
(metres) to wispy, thin (millimetres) irregular to planar veins. The sharp margins of these
veins indicate constrained and focussed fluid conduits, with the minerals of the veins
formed in isolation of the wall rock, potentally as dilational fill. The formation of either
diffuse or sharp veins at Gossan Hill may be related to available pathways through the
host sequence that developed in response to competency and permeability contrasts, and
fhad pressure.

5.9.2 Vein mineralogy

Based on mineralogy, form, the association between the wall rock and alteration, as well
as cross cutting relationships, seven vem types (Iypes I to VI) have been identified at
Gossan Hill (Fig. 5.16). The mineralogy of each vein Type I to VI is described in Table
5.3, with vein Type V subdivided into (A} or (B) veins according to mineral contents.

5.9.3 Typel

Type 1 veins are quartz veins, which are only identified in GGIF M4 below massive pyrite.
These veins are described in structural studies {Section 4.8.1) and are cross cut by pyrite-
chalcopyrite-nich veins of Type V(A).

5.9.4 Typell

Chlorite-carbonate veins (Type 1I) vary from sharp to diffuse and occur throughout GGF
M4, GGF M5 and GGF MG, in either quartz or chlonite altered rocks (Fig. 5.17a). They
are generally free of magnetite and sulphide but contain disseminated carbonate. Well-
formed chlorite veins can be centimetre- or millimetre wide, wispy, undulose to planar
veins in silicified wall rock (GGF M5 and GGF M6). Diffuse chlorite veins are generally
associated with chlorite-altered wall rock in GGF M4. Chlorite-catbonate veins may
occur as single veins ot anastomosing zones, which grade to intense, pervasive, chlorite-
altered wall rock. Chlorite-catbonate veins are most abundant in GGF M4, and may be
conformable or discordant to bedding. Texturally, chlorte in these veins forms an
interlocking mosaic, whereas carbonate occurs as disseminated subhedral grains or grain

aggregates.
5.9.5 Type III

Type III veins are magnetite-carbonate veins that have vanable chlorite contents.

Accessory minerals include pyrrhotite and talc. Within these veins, the abundances of

Chapter 5: Sulphide and magnetite mineralisation



Figure 5.17

(@)

(b)

(©

(d)

(&)

®

()

(b)

Type II chlotite vein in pcrvasix.re chlorite altered GGEF M4 sandstone. The vein has
sharp margins and consists entirely of datk green chlorite. Narrow tibbon veins of
carhonate cut across the vein and the chlosidsed wall rock (sample 769276},

Intense pervasive chlorite-altered fine-grained siltstone in GGF M4. Fine-grained
disserninated magnetite forms irregular diffuse veins (Type III) through the
chloritised wall rock. The magnetite in these veins has a relatively homogeneous
granular form. Ribbon carbonate veins cut across the chlorite wall rbck and
magnetite veins. Scale in cm (sample 769245).

Type IIT massive magnetite vein consisting of granular magnetite with carbonate in 2s
intensely chiorite altered sandstone of GGF M4, Minor pyrthotite and chalcopytrite
occur as disseminations in the vein. This Type IIT magnetite vein has sharp margins.
Scale in cm (sample 769160).

Massive magnetite with a cross cutting pyrite-chlorite vein (Type IV). Massive
magnetite contains itregular patches of chlortte-carbonate altered wall rock (GGF
M4}, The pyrite-chlorite vein contains coarse-grained pyrite in chlorte and has sharp
margins, Minor pytite is disseminated in magnetite adjacent to the vein (sample
769060). «

Pyﬁte—chalcopyrite-pyrrhoﬁte vein of Type V(A). The vein has sharp margins and is
hosted in Intensely quariz altered wall rock of GGF M6 (sample 769291).

A pyrrhotite-pynite-magnetite-chalcopyrite-carbenate-chlroite-quartz vein (TypeV(A))
in intensely silicified wall rock of GGF M5. Tle vein has sharp planar margins, Scale
in cm (sample 769113}

Stringer veins in 4 grey, intensely silicified wall rock. Narrow, planar to irregular
chlorite veins occur in the chert and imposes a breccia appeatance to the chert. Two
sulphide veins cut the wall rock and chlorite veins, with all veins having sharp
mazgins. The pyrehotite-pyrite-magnetite-carbonate-chlorite vein (Type V(A)) is cut
by a later pyrite-sphalerite vein (Lype V(B)). Scale in cm (sample 769209).

Type V(B) sphaletite-pynte vein from ID zone. The vein has a pytite-sphalerite outer
zone and an inner coatser-grained sphalerite zone. The wall rock is intensely chlorite-
quartz altered sandstone in GGF M6. Scale in cm (sample 769344).
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magnetite or carbonate is variable. Vems have diffuse forms, generally lacking sharp
margins and interdigitate with the wall rock (Fig: 5.17b). Relict volcanic textutes in
magnetite-carbonate veins include irregular zones of silicified tube purmice, shard
textures, ilmenite-rutile and volcanic quartz. Rarely Type III veins have sharp margins
(Fig. 5.17¢). Type III veins only occur in GGF M4 near zones of massive magnetite and
are interpreted to be have formed during massive magnetite development. Magnetite in
these veins is generally fine-grained and granular. Type III veins cut chlorite veins (Type
IT) as well as chlorite altered wall rock.

5.9.6 TypelV

Type IV velns are typically rich in pyrite and chlorte, but may also contam minor
carbonate, pyrrhotite and talc. In general, these veins are sharp (Fig. 5.17d) with locally
itregular or diffuse margins that occur as disseminations of pyrite proximal to the vein.
Type IV veins are characterised by coarse-grained pynte (>1 m) that is subhedral and
fractured. Chlonte (-carbonate) occurs interstitial to pyrite grains, as does minor
disseminated pyrrhotite and talc. Pyrite-chlorite veins cut massive magnetite, magnetite
veins and disseminated magnetite in the chlorite-altered wall rock of GGF M4. Type IV
veins predominantly occur in GGF M4 and less commonly in GGF M6 below massive

pyrite.
5.9.7 TypeV

Vein Type V are sulphide-rich, being either pyrite-pyrrhotite-chalcopyrite-rich (Type
V(A)) or pynte-sphalente-rich (Type V(B)). Both vein rypes make up the majority of
veins in stringer zones adjacent to massive sulphide, with Type V(B) consistently cutting
Type V(A). Pyrite-sphalerite veins are associated with massive sphalerite and pyite in
GGF M6, and pyrite-pyrrhotite-chalcopyrite-rich veins with massive pyrite in GGF M6
and GGF M4. The minerals and their relative abundances within in these veins are
variable. For example pyrite-sphalerite veins (Type V(B)) can be pyrte-rich or sphalerite-
rich. Type V veins are observed to cut massive magnetite and pyrite-chlorite Type IV
veins. The tming of Type V(A) and Type V(B) veins is determined at C zone where
sphalerite-rich veins cut pyrite-chalcopynte veins adjacent to massive sphalerite (Fig.
5.4c).

Type V(A): pyrite-pyrcthotite-chalcopyrite-rich veins

The majority of sulphide veins at Gossan Hill fit in to this category, with Type V (A)
veins occurring in GGF M4, GGF M5 and GGF Mé. This vein type has the most diverse
mineralogy and greatest variation in the relative mineral abundances of all veins at
Gossan Hill. Veins vary from chalcopyrite-tich to chalcopyrite-bearing and are typically
either pyrite-dominant (Fig. 5.17¢) or pyrrhotite-dominant (Fig. 5.17f). Pyrite-
chalcopyrite veins are generally contain interstitial chlorite and quartz, whilst pyrthodte-
rich veins have a more diverse mineralogy that includes carbonate, chlodte, magnetite
and talc. Notably, pyrrhotite-rich veins are carbonate-rich. Pyrite-chalcopyrite-chlorite
veins form a stockwork underlying massive pyrite in GGF M4, whilst away from massive

pynte in GGF M4, pyrrhotite-carbonate veins tend to have a more widespread
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distdbution. Sphalerite, where present, is in minor to accessory proportions within Type
V(A) veins in GGF M5 and GGF M6, Magnetite is a major to minotr mineral (<20%
modal) and forms disseminated, idiomorphic grains steved by sulphide. The association
between pymnte-pyrrhotite-chalcopyfite veins and massive sulphide in GGF M4 and GGF
M6 indicate that they formed with massive sulphides.

Type V(B): pyrite-sphalerite-rich veins

Major minerals in vein Type V(B) are pyrite, sphalerite, chlorite and quartz. Sphalerite or
pyzite may form minor to major constituents within a chlorite and/or quartz matrix (Figs.
5.17g and 5.17h). Pymte-sphalerite veins undetlie and overlie massive sphalerite in GGF
M6. Veins can be centimetres to metres in width, have shatp margins and generally occur
in silicified wall rock. Veins are either conformable or discordant to bedding and are
often associated with modified wall rock textures (Section 5.4.6). Adjacent to massive
pytite or massive sphalerite, veins locally coalesce to form intense stringer that grades in
to massive sulphide. Examples of this are best developed at C zone. Both chlorte and
quartz occur interstitial to sulphides within these veins and have major to minor
proportions. Chlorite is generally associated with pyrite-rich veins, whilst quartz is

common in sphalerite-rich veins.
5.9.8 Type V1

Type VI veins are quartz-carbonate-chlorite veins that are associated with late stage,
post-mineralising, brittle deformation (Chapter 4, Section 4.8). Quartz is generally the
major constituent of these veins, but banded, antitaxial, quartz-carbonate-chlorite veins
also occur. Type VI veins cut all other veins including massive sulphide and massive

magnetite,
5.9.9 Summary

The seven different vein types at Gossan Hill are summarised schematcally in Figure
5.16. Veins in this classification ate mineralogically and texturally constramed by the
occurrence of the major minerals and cross cutting relationships. Vein Types I and VI are
associated with early and late deformation respecﬁvely and are not related to the

formation of massive sulphide or massive magnetite.

Vein Types 1l to V represent veining developed during formation of massive magnetite
and sulphide mineralisaton at Gossan Hill. Veins that are chlorite- and magnetite-rich
(Types II and III) are associated with massive magnetite formation. The sulphide rich
veins are Types IV and V, however type IV is not widely distributed. Sulphide-rich vems
of Type V have the greatest mineralogical vatiation and their formation is associated with
the main mineralising stage at Gossan Hill. Type V veins form two sub-vein types.
Pysite-sphalerite veins of Type V(B), cut pyrite-pyrrhotite-chalcopyrite Type V(A) veins.
Type V(B) veins are spatially associated with massive sphalente (GGF M6), whilst Type
V(A) veins are associated with massive pyrite (GGF M4 and GGF M6) and form
discordant stringer stockwork. Type V stringer veins were synchronously developed with

massive sulphide and form a stringer envelope and stockwork.
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Figure 5.18: Cross section and plan through the Scuddles VHMS deposit {after Mill ez o/, 1990). (a)
East-west cross section (22,240 N) through the main lens of massive sulphide at Scuddles. An extensive
stockwork systern undetlies massive sulphide. (b) Plan projection (10,000 RL). Massive sulphide is
broadly conformably to bedding, with stockwork veining below the massive sulphides.
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5.10 Mineralisation at the Scuddles deposit

The geology of the Scuddles VHMS deposit, 4 km north of Gossan Hill, is illustrated in
Figure 5.18. Despite its proximity to Gossan Hill, the Scuddles deposit does not have
mineralisation in the lower stratigraphic ore zone (GGF M4). Massive magnetite and
massive pyrite-chalcopyrite do not occur in the quartz-rich sandstone below Scuddles,
and only rare occurrences of stringer veins are observed. Massive sphalerite, massive
pyrite and sulphide stockwork are restricted in occurrence to GGF M6, with stringer
veining identified in GGF M5. Despite these differences, the Scuddles deposit has an
analogous setting to mineralisation in the upper stratigraphic association at Gossan Hill.

Scuddles has a strike length of 600 m, with massive sulphides attaiming 2 maximum
thickness of 50 m (Mill ez a4, 1990; Batley, 1992). The morphology of Scuddles is a
stratiform, sheet-like development of massive sulphide, ovetlying a discordant,
epigenetic strnger zone (Ford, 1992). Metal zonation grades from a Zn-rich upper zone
(massive sphalerite) to a Cu-rich lower zone (massive pyrite and stringer veins), with Cu-
rich stringer zone discordant in GGF M6 and GGF M5. Chalcopyrite is abundant in
stringer veins and massive pyrite, the latter of which 1s also discordant to massive
sphalerite (Ford, 1992). Magnetite is observed within the massive sulphides at Scuddles
and occurs as 1diomorphic disseminations (Ashley ef 2/, 1988; Mill, 1990). The Scuddles
deposit and Zn-Cu-rich sulphide in GGF M6 at Gossan Hill therefore, have similar
aspect ratios, asymmetry, morphology, mineralogy and metal zonation.

Other simnilarities berween Scuddles and Gossan Hill include the occutrence of the M1
Marker chert-lithic hotizons. At Scuddles, the M1 Marker overlies massive sphalerite, but
can also occur within massive sphalerite. The M1 Marker at Scuddles consists of
laminated quartz-chlorite-carbonate, magnetite-bearing iron formation and is the result of
exhalative chemical precipitation (Ashley ef 4/, 1988). Cutrent interpretations postulate
an exhalative origin for the mineralisation at Scuddles based on its geometry and mineral
assemblage. The lower Cu-Fe massive sulphide and stringer zone are considered to have
formed immediately below the seafloor, occupying an extensive feeder system (Ashley e
al., 1988). Observed polymict sulphide clast-bearing breccia and breccia ore at Scuddles

are consistent with a seafloor position.

The broad structural setting of the Scuddles deposit was discussed in Chapter 4 (Section
4.3.2). A syn-volcanic structure was identified at the southern end of the massive
sulphide, adjacent to a DAC3 dacite and the thickest accumulation of massive sulphide
and stringer mineralisation. At Scuddles, a DAC3 dacite intrusion also occupies a former
synvolcanic hydrothermal feeder structure.

The geological setting at Scuddles 1s sumilar to that identified at Gossan Hill in the upper
stratigraphic assoctation. In a regional context, massive sulphide formation m the Golden
Grove Domain can be correlated to the upper parts of GGF M6. Minor zones of

massive magnetite do however, occur elsewhere in the GGF south of Gossan Hill.
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5.11 Discussion

Massive sulphide bodies at the Gossan Hill deposit occur in different stratigraphic
horizons and have a zonation from a Cu-rich lower sulphide zone to an upper Zn-Cu-ich
sulphide zone. This metal zonation pattern is typical of Cu-Zn VHMS deposits (Large,
1977; 1992; Lydon 1984; Franklin ef 2/, 1981) and is discussed in Chapter 10.
Mineralisation at Gossan Hill, in both the upper and lower stratigraphic associations
formed sheet-like zones that are both conformable and discordant to the host lithology.
Massive sulphide and stringer mineralisation in GGF M4 forms an asymmetric,
stratabound zone. Mineralisation in GGF M6 forms a continuous sheet of massive
sulphide and stringer that is also asymmetrc, but varies from stratabound to discordant,
with an extensive undetlying stockwork zone. The gradational upper and lower contacts
of these sulphide zones suggest they formed by replacement.

At C zone, massive sulphides attain their greatest thickness and massive pynte and
stringer stockwork are developed below massive sphalerite. At this locality, interbedded
M1 Marker chert-lithic units, thought to represent hydrothermally precipitated horizons,
overlie and interfinger with the massive sulphides. C zone is 2 mound-shaped zone,
which may have formed at or near the seafloor. The presence of stringer mineralisation
in ovetlying bedded strata, as well as the intercalated unmineralised beds within massive
sulphide, are evidence of sedimentation ongoing with massive sulphide formation.
Repetition of M1 chert-lithic horizons throughout the GGF M6 bedded sequence support
this interpretation. Notably, sulphate minerals and breccia ore are not observed at
Gossan Hill, with sulphide banding generally occurring in stringer veins or zones of
anastomosing sulphide veins. The absence of breccia ores is consistent with sub-seafloor
sulphide formation. Nonetheless, massive sulphide clasts in polymict breccia at the base
of the hangingwall thyodacite indicate its near seafloot position. Additionally, the
southward thinning of the massive sulphide and stringer mineralisation away from C zone
reflects increasing distance from the hydrothermal feeder, and lateral fluid migration.
Bedding parallel sulphide veins support this interpretation.

The massive pyrite and massive magnetite bodies in GGF M4 are thickest in the north,
below the thickest development of massive sphalerite-pyrite in GGF M6. Massive
magnetite has two stratigraphic positions within GGF M4, near the base and top.
Relative to massive magnetite, massive pyrite occurs below and 1s discordant to the lower
magnetite zone. Sulphide strnger that formed synchronously to massive pyrite, envelops

massive pyrite, with vein intensity decreasmg away from massive pyrite.

Discordant stockwork veins connects the upper and lower massive sulphide zones. This
stockwork coincides with the maximum thickness in massive magnetite, and massive
pyrite in GGF M4 and M6. Sulphide stockwork cuts the upper and lower massive
magnetite zones, strata of GGF M4, GGF M5 and GGF M6, indicating that stockwork
formation post-dated their deposition. However, the occurrence of polymict, sulphide
clast-bearing breccia near the base of GGF M4, indicates an earlier seafloor position
associated with some pyrite deposition. Therefore sulphide deposition may have

Chapter 3: Sulphide and magnetite minerakisation



151
commenced as early as the onset of sedimentation depositing GGF M4. Nonetheless,
the main sulphide event post-dated the deposition of GGF M4, GGF M5 and part of
GGF MG, as well as massive magnetite.

Massive magnetite formation must have occurred between these two sulphide events and
its stratabound occurrence within GGF M4 indicates that it was later than the deposition
of GGF M4. The two stratigraphic levels of massive magnetite within GGF M4
probably indicate preferential replacement along more permeably horizons in GGF M4.
The juxtaposition of massive magnetite and massive pyzite in GGF M4, suggests that
hydrothermal fluids responsible for massive magnetite and the upper and lower massive
sulphide zones used the same condut.

The asymmetry and thickness varations of the massive sulphides in GGF M4 and GGF
M6 and massive magnetite in GGF M4 indicates that hydrothermal fluids were focussed
along a synvolcanic sttucture. The DAC3 dacite in the hangingwall post-dates massive
sulphide and massive magnetite formation, and occupies the site of a former synvolcanic
structure (Chapter 3). Frater (1978; 1985a) suggested massive sphalerite in GGF M6
may have been partially removed during dacite intrusion. However, DAC3 dacite
contacts are not disruptive and no clasts of sulphude or sediment within this dacite are
present to support Frater’s (1978; 1985a) conclusion. The thickest development of
massive sulphide in GGF M4 and GGF M6, massive magnetite and discordant stringer lie
adjacent to the discordant DAC3 dacite. Southwards from the DAC3 dacite, the
thickness of massive sulphide and massive magnetite decreases, likely due to the
increased distance from the hydrothermal feeder. Notth of the dacite intrusion,
mineralisation 1s weakly and sporadically developed as stringer mineralisation in GGF
M6. Therefore hydrothermal fluid circulation associated with massive magnetite and
mineralisation must have been restricted to the southern side of the mferred feeder

structure that is now occupied by dacite.

Based on observations presented in this chapter, the formation of the Gossan Hill
VHMS deposit is proposed as an evolving hydrothermal system that spanned a significant
stratigraphic interval and had multiple phases (at least two) of sulphide formation. An
early, small volume, massive sulphide event is proposed at the time equivalent to the
onset of tuffaceous sedimentation in GGF M4. The absence of mineralisation in GGF
M1 reflects its impermeability to mineralising fhuds throughout the duration of the

system.

The main massive sulphide event is correlated with the upper parts of GGF M6, post-
dating massive magnetite formation and deposition of GGF M5 and part of GGF M6.
This period of massive sulphide formation is cotrelated regionally to the Scuddles VHMS
deposit. Massive sulphides in GGF M4 are interpreted to have formed duting this stage,
due to cross cutting associations with massive magnetite and stratigraphy. Massive pyrite
and extensive peripheral stnnger mineralisation were also formed at this time,
Synchronous to the development of massive and vem sulphides in GGF M4, was the
development of stockwork adjacent to the feeder zone in GGF M5 and GGF M6, as well
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as massive pytite and massive sphalerite near the seafloor and ovetlying its central feeder.
The feeder structure is now tepresented by a DAC3 dacite intrusion of the Scuddles
Formation. Sulphide mineralisation is absent from the Scuddles Formation and thus the

hydrothermal system must have waned prior to the onset of proximal felsic volcanism.

The Gossan Hill VHMS deposit 1s considered to represent an intermittent VHMS system
that was repeatedly buried by turbiditic mass flow sedimentation. Bumnal by
sedimentation may have resulted m diffusing fluid discharge, forcing lateral migraton of
hydrothermal fluids, until conduits could be established by hydraulic fracturing. The
promotion of lateral hydrothermal discharge allows advective, convective or conductive
cooling of the ore fluid and consequent sub-surface precipitation of sulphides (Lydon,
1988). Also, the effect of sedimentary superposition could have promoted the mixing of

hydrothermal fluids with entrained seawater or pore water.

Hydrothermal precipitates may decrease the permeability of the VHMS system by the
constriction of existing channel ways (Lydon, 1984). The creation of new fluid channels
by either hydraulic, seismic or tectonic fracturing of the wall rock, initiates the growth of
the system with continued repetition of these processes for as long the duration of high
temperamre hydrothermal flow (Lydon, 1988). Excellent evidence of hydraulic fracture
is present at Gossan Hill in sulphide veins and resultant pseudo breccia wall rock
textures, which include jigsaw fit and clast rotation. Stockwork zones at Gossan Hill
therefore represent a hydrothermal breccia pipe, formed by repeated and concomitant
episodes of hydraulic fracturing and precipitation of hydrothermal minerals in fractures
as well as hydrothermal alteration or modification of the wall rock. The volume
expansion required by dilatant hydraulic fracturing in VHMS systems can be
accomumodated by the upward displacement of the fragmented rocks of the breccia pipe
(Lydon 1988), and account for the gradational or discordant Jower sulphide contacts.

5.12 Summary

® The Gossan Hill deposit has two ore horizons that are stratgraphically separated by
150 m. Tuffaceous strata in GGF M4 and muffaceous-epiclastic strata in GGF M6
host the lower and upper ore zones respectively. The strike of mineralisation is
conformable. Metal zonation varies from a Cu-rich in the lower ore zone to Cu-Zn-

rich in the upper ore zone;

e Massive sphalerite and massive pyrte in GGF M6 have gradational cosatacts to
stringer mineralisation above and below massive sulphides. Massive sphalerite forms
an asymmetric sheet that thins to the south and attains it greatest thickness adjacent
to DAC3 dacite. Massive sulphides may have been partially exposed during
formation. This mterpretation is based on the occurrence of hydrothermal chert-
lithic horizons and clasts of massive sulphides in overlying thyodacite breccia facies.
A near seafloor position is mvoked for the formation of massive sulphides in GGF
MG,

* In GGF M6, massive sulphides and stringer mineralisation interfinger with
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unmineralised bedded stratigraphy. This results from a changing seafloor position,
due to ongoing sedimentation during sulphide accumulation;

Massive magnetite has gradational upper and lower contacts, but zlso contains
abundant wall rock. Massive magnetite formed by replacement of GGF M4, along

two more permeable zones within the wffaceous volcaniclastic sequence;

Cu-rich massive pyrite in GGF M4 forms a discontinuous sheet that is gradational to
stringer stockwork. The bulk of massive pyrite and stringer minerakisation in GGF
M4 is discordant to and cuts across massive magnetite and strata, indicating that
much of this mineralisation post-dated massive magnetite deposition. Nonetheless,
sulphide clast-bearing breccia at the base of GGF M4 indicate minor sulphide
deposition predated massive magnetite and a former seafloor position during the early

stages of sulphide deposition at Gossan Hill;

Stringer sulphide mineralisation forms an envelope to massive pyrte in GGF M4. A
stockwork, which is discordant to GGF M5 and GGF M6, connects the lower and
upper massive sulphide zones and envelopes massive pyrite and massive sphalerite.
The extensive development of stringer mineralisation at Gossan Hill indicates

mineralisation is 7z sif# and has not been transported;

The thickest development of massive magnetite and massive pyrite in GGF M4 is
adjacent to a DAC3 dacite. The juxtaposition of these zones highlight use of the
same feeder by hydrothermal fluids responsible for massive magnetite and sulphide
mineralisation. Massive magnetite, massive pyrite and stringer mineralisation in GGF

M4 have asymmetric geometty and thin to the south away from their inferred feeder;

Nozth of the DAC3 dacite, minor sulphide and strnger occur. Mineralising fluids
were therefore focussed to the south of this feeder, potentially within a structural
low. This synvolcanic feeder structure controlled the localisation of hydrothermal-
mineralising fluids and is now occupied by DAC3 dacite;

Sulphide veins have widespread evidence of structural control, which includes
hydraulic induced fracture and bedding;

The similarities between Gossan Hill and Scuddles indicate that the main ore forming
event m the Golden Grove Domain occurred during deposition of GGF M6. Only
minor sulphides at Gossan Hill are earlier occurring at the onset of GGF M4
deposition and pror to massive magnetite formation;

Mineralisation does not occur in the footwall GGF M1, but is sttatabound above the
lowet contact of GGF M4. The footwall must therefore have been sealed and
mmpermeable to mineralising hydrothermal fluids, which may have promoted focussed
hydrothermal flow along the synvolcanic feeder;

The Gossan Hill hydrothermal system was an evolving system that had an early minot
and a later, major sulphide stage, which were separated by an interval of tuffaceous

and epiclastic sedimentation, duting which time massive magnetite formed.
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Chapter 6

Ore minerals and their textures

6.1 Introduction

This chapter addresses the mineralogy of the sulphide and magnetite zones at Gossan
Hill. The minerals in massive magnetite, massive sulphide and sulphide veins were
summarised in Chapter 5 (Table 5.2, Section 5.9) and consist of pyrite, sphalerite,
chalcopyrite and pyrrhotite, with sphalerite mainly restricted to the upper ore zone.
Although magnetite is the main mineral in massive magnetite, it also occurs as
disseminated grains in massive and sulphide veins. Gangue minerals in massive sulphide,
sulphide veins and massive magnetite are principally chlorite, quartz and ankerite-

siderite.

Detailed mineralogy and textural work was completed on the Gossan Hill deposit by
Frater (1978; 1985a;b). Frater (1978) documented the primary and replacement sulphide
textures in ore, as well as deformation, recrystallisation and remobilisation textures.
Frater (1978) concluded that most sulphides had evidence of rectystallisation and/ot
remobilisation, which prevented the establishment of a primary paragenesis. The
principal objective of this chapter was to confirm the relative paragenetic timing of
magnetite in massive magnetite and sulphides, and to mntegrate the results of Frater

(1978) with observations and compositional data generated m this study.
6.2 Sphalerite

Sphalerite occurs as (1) massive sphalerite, (2) disseminated sphalerite, and (3) vein-
hosted sphalerite. Sphaletite is a major component of the upper ore zone, where it is
commonly associated with pyrite, chalcopyrite, galena, tetrahedrite, arsenopyrite,

magnetite, electrum, cobaltite, cassiterite and native silver.

Sphalerite varies in colout from pale orange, honey-yellow to dark red-brown and has a
grain size of less than 400 [im. Massive sphalerite consists of polycrystalline sphalerite
(Fig. 6.1a) and contains minor interstitial quartz or chlorite. Rare evidence of growth
zonation occuts as rounded chalcopyrite inclusions (<20 [im) in sphalerite (Figs. 6.1b and
6.1c). Polycrystalline sphalerite commonly has twinned and equant grains with grain
junctions that approximate 120°. Sphalerite grains interstitial to megaquartz commonly
form cuspate, angular to Y’ shaped grains, and matrix quartz is commonly sieved by

rounded, micron-sized inclusions of sphalerite. Banding in massive sphalerite is rare and

Chapter 6: Ore minerals and theic textures



Figure 6.1

{2) Honey-red polycrystalline sphalerite (Sp) with minor interstitial quartz (Qz) and pyrite
(opaque) (samyple 760222). ‘

(b) Tnterlocking sphalerite grains that contain rounded, scattered inclusions of chalcopyrite
{opaque) hosted by megaquartz (Qz). A colour varation is observed from the centre of
some sphalerite grains (ted) to the outer parts of the grains (orange-brown) {sample
769291). .

(© Polycrystall.ﬁle sphalerite (Sp), with minor pyrite (Py) a.md chalcopyrte in a euhedral
chlonite matrix (Chl). Chalcopytite occuts as fine-grained inclusions that are scattéred
through the sphalerite grains and along sphalerite grain margins (Sample 769291).

pl

ine-grained sphalerite in a chlonte matrx. otite consists o in\ter ocking euhedra

d) Fine grained sphalerite 1 hl Chl f locking euhedtal
grains that have interstitial sphalerite. Grain size changes in chlotite and sphalerite define
tabular to irregular patches, which represent chlotite-sphalerite psendomorphs (sample
760348). ’ .

{e) Histogram showing the disttibution of FeS in sphalenite from massive sphalerite,
sphalerite-pytite veins (Type V(B)) and chlorite-magnetite-pyrrhotite-sphalerite veing
(Type V(A)) at the Gossan Hill deposit.

(fy ZnS persus FeS in sphalerite from massive sphalerite, sphalerite-pyrite veins (Type V(B))
and chlotite-magnetite-pyrrhotite-sphalerite veins (Type V(A)). Note: A and C refer to A
zone in the south of Gossan Hill, and C zone in the central patts of the deposit
respectively.
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occurs in sphalerite veins. In these cases, alternating polycrystalline sphalerite and pyrite
bands are less than 5 mm wide and have gradational margins to adjacent bands.

Disseminated sphalerite (<5% modal) occurs as scattered grains in intensely quartz- or
chlorite-altered volcaniclastics, ot within massive pyrite i the upper ore zone.
Disseminated sphalerite forms gradational margins to massive sphalerite zones and haloes
around Type V(B) sphalerite veins, and typically consists of irregular to rounded grains
that have variable sizes (<100 Um) (Fig 6.1d). Finely disseminated {micron-sized)
sphalerite locally imparts a red-orange colour to the wall rock or gquartz grains that they
sieve. In chloute altered wall rocks in GGF M6, sphalerite 1s typically dark red to brown
colour and has angular shapes due to its occurrence in euhedral chlonte (Fig. 6.1d). Rare,
pootly defined tabular sphalerite-chlotite psendomorphic textures (<2 mm in size) are
defined by changes in the sphalerite and chlorite grain size (Fig 6.1d).

Within stringer veins, sphalerite 1s a major (>30%, sphalerite-pyrite Type V(B) veins) to
minor (<5%, pytite-pyrrhotite-chalcopyrite-rich Type V{A) veins in GGF M5) mineral.
Sphalerite in Type V(B) veins has similar textures to massive sphalerite. Sphalerite in
Type V(A) vems is dark brown and occurs as scattered, irregular, anhedral grains
interstitial to pyrdite, pyrrhotite and chlorite.

6.2.1 Recrystallisation and deformation of sphalerite

At Gossan Hill, sphalerite lacks microfractures, deformation twins and slip and kink
bands (Frater, 1978; 1985a;b). Instead, equant polygonal grains and less commonly
annealed gramns in polycrystalline sphalerite are consistent with recrystallisation. “Mature’
annealed textures, such as those observed at Thalanga (Hill, 1996), are not present.
Furthermore, sphalerite inclusions in megaquartz and zie wersa indicate the similar timing
of quartz and sphalerite recrystallisation. The ductile deformation of sphalerite is also
inferred from preferentially aligned fabrics, minor bending of growth twins and lattice
dislocations (Frater, 1978).

Rounded chalcopyrite inclusions and ‘chalcopyrite disease’ (Barton and Bethke, 1987) is
rare in sphalerite at Gossan Hill . The lack of chalcopyrite disease in sphalerite at
Gossan Hill, Iikely reflects the segregation of chalcopyrite to grain and twin boundaries

during remobilisation and recrystaﬂ.isation.

The occurrence of sphalerite in pressure shadows and as fracture fill in pyrite supports
the local remobilisadon of sphalerte during or after penetrative deformation.
Furthermore, decussate textures between chlorite in sphaletite are equilibrium textures
that lack impingement. This suggests that the remobilisation of sphalerite occurred
during ot after peak metamorphism and is consistent with the conclusions of Frater

(1985b), who argued synkinematic sphalerite recrystallisation and remobilisation.
6.2.2 Composition of sphalerite

Sphalerite (and all other mineral) compositions were determined using a Cameca SX50
electron microprobe at the University of Tasmania. Sphalerite was analysed for S, Fe Mn,
Cu, Zn, Ag, Hg, Bi and Se; these results are given in Appendix A4.1 and summatised in

Chapter 6: Ore minerals and their textares



157
Table 6.1. Of these elements, Mn, Cu, Ag, Hg and Se were below detection (Appendix
A4.1). The Bi content of sphalerite ranges up to 0.5 wt.%, but is also generally below
detection (Appendix A4.1).

The FeS content of sphaletite ranges from 1.3 to 7.2 mole % (average of 3.9 mole %o)
(Table 6.1, Figs. 6.1e and 6.1£). Sphalerite has a linear coxrelation between FeS and ZnS,
the latter which ranges from 42.6 to 49.0 mole % (average of 46 mole %) (Fig. 6.1f).
Sphalerite in massive sphalerite and Type V(B) vemns have similar FeS contents, which
span the complete range of FeS values in sphalerite at Gossan Hill (Table 6.1). At the
south end of the Gossan Hill deposit (A zone), massive sphalerite has the lowest FeS
contents (highest ZnS contents; Table 6.1). Average sphalerite FeS values (Table 6.1)
indicate that massive sphalerite and Type V(B) veins have lower FeS contents than
sphalerte in Type V(A) veins (Fig. 6.1e and Table 6.1). In comparison, Type V(A) veins
contain sphalerite with the highest FeS contents (Fig. 6.1f). Therefore, a vertical and
lateral zonation in sphalerite composition Is inferred through the upper ore zone at
Gossan Hill. The FeS contents of sphalerite increase with depth through the upper ore
zone as ZnS contents decrease. Increasing FeS contents (decreasing ZnS) also occur
laterally from A to C zone.

The FeS content of sphalerite can be used to infer the relative temperature of sphalerite
formation. Sphalerite with low FeS contents (pale coloured sphalerite) forms at relatively
low temperatutes from oxtdising solutions (Urabe, 1974; Hannington and Scott, 1989;
Ames ef @/, 1993). Hannington e @/ (in press) use the FeS content of sphaletite in some
Archean Canadian VHMS deposits to differentiate between high temperature Zn-Cu-rich
(tugh FeS) and low temperature Zn-rich (low FeS) sulphide mineralisatton. Nonetheless,

Table 6.1: Summary of the FeS and ZaS wntents of sphalerite within the upper ore 2one at
Gossan Hill (expressed as mole %). Results are reported in Appendix A4.1. A and Creferto A
zone in the south of Gessan Hill and C zone near the inferred feeder zone respeaively.

FeS FeS FeS ZnS

Rock Type ¥ {min) (max) (mean) (mean)

Massive sphalerite

A, orange, fine-grained sphalerite-chlorite 21 1.3 1.9 1.5 485
A, datk red-brown, coarse-grained sphalerite-quartz i1 3 3.5 3.1 475
C, dark red, coarse-grained sphalerite-quartz 11 4.8 7.2 5.2 44.6

(53]

C, honey-red, fine-grained sphalenite-quartz 23 4.2 3.3 47.6

Stringer veins

A, Type V(B) quartz-sphalerite-pyrite vein 7 1.4 2.2 1.7 47.4
C, Type V(B) pyrte-sphalente vein 3 53 6.1 5.6 44
A, Type V{A) catbonate-rich with minor sphaledte 2 54 5.5 5.5 44.7
C, Type V(A) pynte-magnetite-sphaledte-chlonte vein 15 5.5 6.9 5.9 43.9
C, Type V(A) chlonte-magnetite-sphalerite vein 1 5.8 6.9 6.3 433
Overall

Al 84 1.3 7.2 3.9 46
Massive sphalerite 46 1.3 7.2 29 47.2
Type V(B) sphalerite-pyrite veins 10 1.4 6.1 29 46.4
Type V{A) pydte-chlotte-carbonate-magnetite-

ﬂ;ﬁ M m(t e)vzz: E 28 54 7 6 437

* indicates number of analysis
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actively forming seafloor hydrothermal deposits have FeS contents with wide vatiation in
FeS contents, some of which range up to 44 mole % FeS (Peter and Scott, 1988; Scott,
1983; Hekinian e o/, 1980). However, Hill (1996) inferred uniformly high sphalerite FeS
contents at Thalanga (8 to 12 mole %) to relate to sphalerite-pyrite recrystallisation and
re-equilibration during peak metamorphism.

The trend of increasing sphalerite FeS contents with depth and proximity to C zone at
Gossan Hill could indicate (1) primary compositional variation in sphalerite related to
temperature gradients, or (2) the imprnt of recrystallisation processes. It is suggested
here that both (1) and (2) have caused the present distribution of FeS in sphalerite at
Gossan Hill. Preserved FeS ratios in sphalerite are inferred in the upper parts of massive
sphalerite from A to C zone where the principal matrix mineral is quartz. Textural
evidence of sphalente remobilisation and recrystallisation is present in Type V(A) veins
and the deeper parts of the upper ore zone (Section 6.2.1), which may have caused the
te-equilibration of sphalerite with chlotite, ankerite-siderite and pyrrhotite in these zones.
Therefore, the increase in the FeS contents of sphalerite from A to C zone likely
represents a thermal gradient, with sphalerite at A zone forming at lower temperatures
more distally from the interpreted hydrothermal feeder at C zone.

6.3 Pyrite

Pyrite is the most abundant sulphide mineral in the Gossan Hill deposit. Pyrite occurs
(1) in tnassive pyrite of the upper and lower ore zones, (2} as a major constituent of
sulphide veins (Types IV, V(A) and V(B)), and (3) as disseminated grains in altered wall
rock adjacent to massive pytite and sulphide veins.

Pyrite has two main textural types; (1) inclusion-poor pyrite (Fig: 6.2a), and (2} inclusion-
tich pytite (Fig. 6.2b). Inclusion-poor pyrite consists of adjacent euhedral to subhedral
grains, which coalesce to form large patches. Inclusion-rich pytite typically forms large
rregular shaped patches (<3 mm) of aggregated, anhedral pyrite that is sieved by micron-
sized inclusions of chlorite, catbonate, quartz, chalcopyrite, pyrthotite and sphalerite.

The abundance of these inclusions gives the pyrite a spongy appearance.
6.3.1 Pyrite in massive sphalerite

Pyrite in massive sphalenite occurs as disseminated grains (<2 mm) or massive aggregates
up to 10 mm in size within polycrystalline sphalerite (Fig. 6.2a) and quartz. Both
disseminated and aggregated pyrite commonly consist of euhedral grains that are
generally inclusion-poor (Fig. 6.2a2). Nonetheless, minor scattered, rounded inclusions of
sphalerite (<100 {m), galena (<50 Lm) and chalcopyrite (<50 lm) are observed within
pyxite grains. Rare embayed grains in sphalerite indicate the local replacement of pyrite
by sphalerite. Inclusion-tich pyrite is uncommon in massive sphalerite, but where
present, form rims up to 2 mm wide around inclusion-poor euhedral pyrites. This
relationship suggests the later formation of inclusion-rich pyrite. Inclusion-rich pyrites
also form tabular, lath-shaped (<2 mm) aggregates. As these are unusual structures for
pyrite, they are interpreted to be psendomorphs.
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Eulhedral, inclusion-poor pyrite grains in a sphalerite matzix. The adjacent pyiite grains
form massive pyrite. Upper ore zone at Gossan Hill (sample 760419).

Trtegular-shaped pyrite aggregate. Pyrite is inclusion-tich and hosted by a quartz matrix
{grey). Lower ore zone at Gossan Hill (sample 769424).

Skeletal pyrite in a sphalerite matrix. Sample from the upper ore zone at Gossan Hill
{(sample 760461).

Colloform pyrite with interstitial chaleopyrite and sphalesite. Upper ore zoae at Gossan
Hill (sample 760426).

Massive pyrite from the lower ore zone. This pyrite consists of densely packed pyrite

grains that are inclusion-rich and inclusion-poor (evhedral). Chalcopyrite occurs between
the pydte grains and as inclusions in the inclusion-rich anhedral pyrite (sample 97U041).

Concentric zonation in fine-grained pyrite within massive pyrite-sphalerite of the upper
ote zone (sample 769344). .

Zoned evhedral pyrite grainrs in a chlorite matrix (grey). The zonation in these pyrites is
defined by micron-sized inclusions of chlonte and quartz. Note in sotne pyrites the
zonation is truncated at the pytite grain margins. Upper ore zone (sample 762055).

Skeletal pyrite within massive maggetite (grey). Lower ote zone (sample 762054},






Skeletal pynite grains (<4 mm in size) in massive sphalerite are common (Fig. 6.2¢).
These pyrites have skeletal fishbone to cross-shaped textures with interstices filled by
sphalerite and lesser chalcopymte. Skeletal pyrites locally forms overgrowths around
euhedral pyrite grains or are ntergrown with anhedral inclusion-rich pyrite. Skeletal
pytite is a common textural form to pytite (eg, Graham ef 2/, 1988; Paradis e al, 1988;
Hannington ef 4/, in press) and suggest the replacement of pyrite by sphalerite.

Rare colloform pyrite occurs in massive sphalenite (Fig. 6.2d). Colloform pynite consists
of rhythmic, curviplanar bands of pyrite, with bands less than 250 um wide. Colloform
pytites consist of inclusion-poor and inclusion-rich pyrite that is mtergrown with
sphalerite, chalcopyrite and arsenopytite (Fig. 6.2d). Frater (1978) interpreted colloform
pytite as rarely preserved evidence of primary sulphide textures at Gossan Hill

6.3.2 Massive pyrite (GGF M4 and GGF M6)

Pyrite 1n massive pytite of the lower (GGF M4) and upper (GGF M6) ore zones have
simiar textures. In the upper ore zone massive pyrte consists of adjacent euhedral to
subhedral pyrite (<1 mm) with lesser inclusion-rich pyrite in a quartz matrix (Fig. 6.2¢).
Aggregates of these pyrtes range up to 10 mm in size. In the lower ore zone, pyrite in
massive pyrite consists matnly of inclusion-rich pyrite with minor inclusion-poor pyrite.
The latter has a similar grain size (<800 lim) compared to euhedral pyrites the upper ore
zone. The matrix of massive pyrite in the lower ore zone is quartz, chlorite and
chalcopyrite. Minor rounded inclusions of chalcopyrite (<50 Lm in size) are common in
euhedral pyrites of both ore zones. However, inclusions of galena in the euhedral pyrite
of the upper ore zone are absent from the euhedral pysite of the lower ore zone. In both
" ore zones, inclusion poor, euhedral pyrites have polygonal grain shapes typical of
metamorphic recrystallisation (¢.f Hannington ef 4/, in press). Rare pyrite atoll textures
and embayment to chalcopyrite were observed and suggest local replacement of pyrite by
chalcopyrite.

Inclusion-rich pyrite in the upper ore zone contains abundant inclusions (<20 um) of
quartz, chlorite, chalcopyrite and galena. Inclusion-rich pyrites form rims around
euhedral pyrite grains and aggregates, some of which define concentric zonation in pyrite
(Fig 6.2f). In some cases, crude banding in pyrite is defined by the grain sizes of the
inclusions in the pyrdte. In massive pynte of the lower ore zone, inclusion-rich pyrite is
abundant and forms itregular shaped aggregates up to 4 mm 1n size within a chlorite ot
chalcopynte matrix. Inclusions within these pyrites are chlorite, carbonate, magnetite,
rutile-ilmenite or quartz. Due to the abundance of these inclusions, inclusion-tich pyrites
are weakly anusotropic. Moreover, inclusion-tich pyrite may cement scattered euhedral
pyrite grains.

Zones of micron-sized mnclusions form symmetric rims within pyrite and define a
zonation. Textural modification of pytite can be infetred by the truncation of these
zones along the pytite grain margins (e.g., Fig. 6.2g). MacLean and Fleet (1989) interpret
truncated growth zonation in pyrite to result from chemical redistribution of pyrite that

retains some primary internal zonation.
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Within the gradational contact between massive pynte and massive magnetite, pyrite
grams are eubedral to subhedral (<4 mm) and intergrown with marcasite. These pyrite
grains do not have the spongy textures typical of mclusion-rich pyrite, but contain
abundant scattered inclusions of rounded (<30 [m), elongate (<150 Um) to acicular
(<400 1m) magnetite grains (Fig. 6.2h). The abundance of magnette inclusions within
euhedral pyrdtes imparts a skeletal texture to the pyrite grains. Furthermore, some
granular magnetite grains are enclosed by euhedral pyrite, whilst some pyrite grains are
free of magnetite inclusions. The abundance of magnetite inclusions in pyrite, and the
encasement of magnetite grains by pyrite, support the replacement and overgrowth of
magnetite by pyrite.

6.3.3 Pyrite in stringer veins

Type V(B) veins (pyrte-sphalerite) typically consist of large (<10 mm), anhedral and
spongy inclusion-rich pyrite. These pyntes contain abundant inclusions (<10 Wm) of
chlorite, quartz, chalcopyrite and galena. Crude banding in Type V(B) veins result in
bands of inclusion-rich pyrite that parallels the vein margin.

Type V(A) veins (pyrite-chalcopyrite-pyrrhotite-magnetite-chlorite-carbonate) contain
euhedral inclusion-poor and anhedral inclusion-rich pyrite. Euhedral pyrite (<4 mm)
commonly occurs in Type V(A) veins that are chalcopyrite-tich, but these grains have
inclusion-rich pyrite nms. Inclusion-rich pyrte rims have rounded inclusions (<20 Wm})
of galena and sphalerite. Magnetite grains within Type V(A) veins are euhedral and are
sieved by rounded to euhedral inclusions (<50 Um) of pyrite.

Type IV (pyrite-chlorite) veins have euhedral to subhedral inclusion-poor pyrite grains in
a chlorite matrix. Pyrite grains are up to 3 mm in size and the grain margins of pytite are
weakly embayed by the chlonte matrix.

6.3.4 Disseminated pyrite (GGF M4 and GGF M6)

Disseminated pyrite (<20% modal) is common in altered beds and bedded intervals
within and adjacent to massive pyrite and sulphide veins in the upper and lower ore
zones. Finely disseminated pyrite appeats to parallel sedimentary layering in sandstone
and siltstone and mmparts a dark grey colour to the host rock. Disseminated pyrite
typically occurs m chlorite altered wall rocks and is euhedral to rounded, inclusion-poor,
and up to 5 mm in size. These pyrite grains typically have embayed and ragged margins
to the chlorite in the matrix,