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Abstract

The Chalice gold deposit (~20 t Au produced), in the southwestern portion of the Late-Archean Norseman—Wiluna
greenstone belt of the Yilgarn Craton, Western Australia, is hosted both in a sequence of intercalated mafic and ultramafic
amphibolites and a post-peak metamorphism monzogranite dike. The deposit is flanked on the western side by calc-alkaline
plutonic rocks, and to the east by a predominantly monzogranitic pluton, with at least four generations of monzogranitic dikes
that intrude the local mine stratigraphy. Locally, four deformation events (D,—D,) have affected this sequence of amphibolites,
and two stages of gold mineralisation are recognised, controlled by the progressive D, event.

Main Stage gold mineralisation (95% of the resource), which is demonstrably later than all granitic bodies except second
generation and subsequent monzogranite dikes, is controlled by localised D, asymmetric folds developed in the mafic
amphibolite. It is expressed as veins and wall-rock replacement, characterised by a prograde assemblage of quartz—diopside—
plagioclase—K-feldspar—titanite—pyrrhotite—pyrite—magnetite = garnet, hornblende, scheelite and biotite. Second Stage gold
mineralisation (5% of the resource) is associated with the intrusion of a monzogranite dike and is expressed as disseminated
gold in the dike, as well as foliation-discordant veins of quartz—gold, quartz—diopside—gold, actinolite—gold and molyb-
denite—tellurobismuthite—gold.

Detailed field mapping and petrography suggest that Main Stage gold mineralisation at Chalice is equivalent to
hypozonal orogenic lode—gold mineralisation in other Archean greenstone belts of the Yilgarn Craton, whereas monzogranite-
associated Second Stage gold mineralisation is atypical of such deposits. The Main Stage mineralisation cannot be cor-
related to any particular granitoid in the local environment, although temporally, it is bracketed by granitic magmatism. A
deep magmatic or metamorphic source cannot be resolved from the field data. It is also uncertain as to whether Second
Stage mineralisation represents a true magmatic-gold event, or is a product of the assimilation and remobilisation of Main
Stage gold, during the intrusion of the monzogranite dike. However, its distinctive metal association of Au—Bi—Mo—Te—W

" Corresponding author.
E-mail address: Ibucci@geol.uwa.edu.au (L.A. Bucci).

0169-1368/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S0169-1368(01)00032-4



24 L.A. Bucci et al. / Ore Geology Reviews 19 (2002) 23—67

suggests the former. Irrespective of this uncertainty, Chalice remains as a deposit which is more intimately related both
spatially and temporally to granitic magmatism than other Yilgarn deposits. © 2002 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Many of the larger gold deposits (>1 Moz) of the
Archean Yilgarn Craton of Western Australia (Fig. 1)
are located in epizonal (e.g.Wiluna: Hagemann et al.,
1992) to mesozonal (Golden Mile: Phillips et al,
1996) settings, in the sense of Groves et al. (1998).
However, numerous deposits in hypozonal settings
(Marvel Loch: Mueller et al., 1991; Corinthia-Frazer’s:
Bloem et al., 1994; Nevoria: Mueller, 1997) highlight
the importance of high metamorphic-grade sequences
within greenstone belts with respect to gold production
(see review by Ridley et al., 2000).

Archean hypozonal orogenic lode—gold deposits in
the Yilgarn Craton are characterised by their distinct
structural control via ductile shear zones (e.g. Frazers:
Barnicoat, 1989; Marvel Loch: Mueller et al., 1991;
Corinthia-Hopes Hill: Bloem et al., 1994; Transvaal:
Hagemann et al., 1998) with gold hosted in relatively
narrow (<3 m) shear veins and associated wallrock
alteration zones. High-temperature silicate and sulfide
alteration minerals (e.g. diopside, garnet, pyrrhotite)
and gold—arsenopyrite—loellingite assemblages char-
acterise the majority of deposits in these settings
(Ridley et al., 2000).

The Chalice gold deposit is a 600,000-0z gold
deposit located in the Archean Norseman—Wiluna
granitoid-greenstone belt, approximately 40 km north-
west of the town of Norseman, in the Yilgarn Craton,
Western Australia (Fig. 1). The deposit was discov-
ered by the Widgiemooltha Joint Venture (Resolute
Samantha 70%, Great Southern Mines 15% and Geo-
graphe Resources 15%) via in-fill drilling of a soil
sampling programme, which delineated a target area
with anomalous gold values peaking at 360 ppb Au

(Bonwick, 1995). The deposit occurs in a mid- to up-
per-amphibolite facies domain, is spatially and tem-
porally related to granitic rocks, and is characterised
by high-temperature silicate and sulfide alteration
assemblages (e.g. diopside, garnet and pyrrhotite,
respectively), not dissimilar to deposits of the high
metamorphic grade Southern Cross Province (e.g.
Frazers: Barnicoat, 1989; Marvel Loch: Mueller et
al., 1991; Corinthia-Hopes Hill: Bloem et al., 1994;
Transvaal: Hagemann et al., 1998) to the west (Fig. 1).
This suggests that Chalice may belong to the hypo-
zonal suite of orogenic lode—gold deposits, in the
sense of Groves et al. (1998). However, Chalice has
some atypical structural features and mineralisation
styles relative to the majority of other documented
deposits in amphibolite facies domains (e.g. Ridley et
al., 2000). These anomalous features must be under-
stood before Chalice can be used in a more generic
sense, as the genetic classification of gold deposits
hosted in amphibolite facies terranes is a contentious
issue (Mueller et al., 1991, 1996; Groves, 1993; Bloem
et al., 1994; Knight et al., 2000). Groves (1993) sug-
gests that hypozonal deposits form as part of a con-
tinuum of deposits, over an extended range of crustal
conditions, that form from deeply sourced metamor-
phic fluids. However, Mueller et al. (1996) argue that
the high-temperature wall-rock alteration assemblages
and gold mineralisation in these deposit types are the
result of the interaction of granitoid-derived magmatic
fluids.

The spatial and temporal association of gold min-
eralisation with granitic rocks at Chalice provides an
excellent opportunity to document the effect of direct
interaction between granitic rocks and gold deposits in
hypozonal settings. The objective of this paper is,

Fig. 1. Geological map of the Yilgarn Craton in Western Australia, showing the location of the Chalice gold deposit and some major greenstone-
hosted lode—gold deposits including selected hypozonal orogenic lode—gold deposits and granitoid-hosted gold deposits. Modified after

Cassidy et al. (1998).
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therefore, to describe the lithostratigraphic, structural,
mineralisation and alteration characteristics of the
complex Chalice gold deposit. A descriptive model
based on relative timing relationships is proposed in
an attempt to contribute towards a resolution of the
controversy surrounding the genesis of orogenic lode—
gold deposits in hypozonal settings.

2. Regional geology

The Archean Yilgarn Craton of Western Australia is
subdivided into five superterranes, each of which is an
amalgamation of smaller terranes (Fig. 1; Myers, 1997).
The Chalice gold deposit is located in the south-western
portion of the Kalgoorlie Terrane, which is one of the
five terranes (Gindalbie, Jubilee, Kurnalpi, Kalgoorlie
and Norseman) that make up the Eastern Goldfields
Superterrane (Myers, 1997).

The Kalgoorlie Terrane is a north—northwest-
trending Archean greenstone belt, characterised by
a consistent, strike-extensive stratigraphy, comprising
a lower mafic—ultramafic sequence overlain by felsic
volcanic and volcanoclastic rocks (Swager et al.,
1992). Depositional ages for the greenstones based
on SHRIMP U-Pb in zircon data range from 2700—
2690 Ma for the mafic—ultramafic sequence to ~
2680 Ma for the felsic volcanic sequence (Claoué-
Long et al., 1988; Nelson, 1995). Recent dates in
overlying sedimentary sequences suggest deposition
of felsic detritus up to ~2650 Ma (Krapez et al.,
2000). This supracrustal sequence is intruded or
bounded by numerous granitoid bodies, encompassing
three periods of magmatism. Voluminous granitoid
emplacement occurred at 2690—2685 and 2665—
2660 Ma with less-widespread intrusive activity at
2630—-2600 Ma (Campbell and Hill, 1988; Hill et al.,
1992).

Models for the regional deformation systematics
of the Eastern Goldfields Superterrane have been
proposed by many workers (e.g. Hammond and Nis-
bet, 1992; Swager et al., 1992; Myers, 1993, 1997,
Williams and Whitaker, 1993; Archibald, 1998).
Despite variations between models, it is generally
accepted that the tectonic evolution of the Eastern
Goldfields Superterrane involved four major periods
of regional-scale deformation. Regional deformation
of the greenstones commenced with south-over north-

directed thrust faulting and recumbent folding (D).
Predominantly east—northeast compression during D,
resulted in the formation of upright folds with north—
northwest-trending fold axes and associated faults.
Subsequent west—southwest-directed compression
(D3) produced strike—slip and subvertical movement
on regional shear zones. East—west compression
during D, resulted in limited oblique to lateral dis-
placement across north—northeast- and southeast-
striking faults. The metamorphic grade of the terrane
ranges from lower greenschist facies in the central
low-strain section to mid- to upper-amphibolite facies
along the western margin of the terrane and surround-
ing post-D, to syn-Dj3 granitoids (Myers, 1997). Thus,
high-grade metamorphism is generally considered to
be broadly syn-Ds.

The Chalice deposit is located in a 2—3-km-wide
sequence of alternating mafic and ultramafic rocks in
the southwestern, high-metamorphic grade portion of
the Kalgoorlie Terrane (Fig. 2a). It is flanked on the
western side by the calc-alkaline granitic rocks of the
Woolgangie Supersuite (ca. 2646 Ma; Hill et al.,
1992) and on the eastern side by the predominantly
monzogranitic Pioneer Dome (ca. 2665—-2655 Ma;
Nelson, 1995). East-vergent folds at the Chalice
deposit are interpreted to be associated with the west-
ern limb of a regional antiform (F,4 fold of Archibald
et al.,, 1978), likely developed during the diapiric
emplacement of the Pioneer Dome (see Archibald,
1979).

3. Lithostratigraphic, magmatic and metamorphic
setting of the Chalice gold deposit

3.1. Introduction

The lithostratigraphic sequence of the Chalice
gold deposit comprises NNW-striking and W-dipping
intercalated mafic and ultramafic rocks that are me-
tamorphosed to mid-amphibolite facies grade. This
sequence is bounded to the west by the eastern mar-
gin of the calc-alkaline Woolgangie Supersuite gra-
nitoids, which are exposed in the western wall of the
Chalice open pit, and to the east by the intrusive
contact of the monzogranitic Pioneer Dome bath-
olith. Four generations of granitic dike cross-cut the
lithostratigraphic sequence and can be temporally
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differentiated based on cross-cutting relationships
between dikes and fabrics developed in the volcanic
units and by the degree of hydrothermal alteration that
they have experienced.

3.2. Lithostratigraphy

All mafic and ultramafic rocks in the lithostrati-
graphic succession have been metamorphosed to mid-
amphibolite facies. The present mineralogy of the
rocks represents a combination of regional amphib-
olite-facies metamorphism and gold-related hydro-
thermal alteration. The following descriptions of
mafic and ultramafic rocks relate to the least-altered
protoliths exposed at Chalice.

3.2.1. Mafic rocks

The dominant unit is a fine-grained, weakly to
strongly foliated amphibole—plagioclase amphibolite,
which is regionally extensive and can be traced
throughout the Chalice open pit and underground
workings. The unit is up to 100 m thick and is
intercalated with thin (<20 m) alternating ultramafic
units lower in the sequence (Fig. 2b). It consists of
hornblende (50%), plagioclase (40%), quartz (8%)

Table 1

and trace ilmenite. The texture of the rock is lepido-
blastic, characterised by aligned grains of hornblende
alternating with plagioclase—quartz-rich domains.
Major and trace element geochemistry (Table 1)
indicates that this unit is tholeiitic in composition.

3.2.2. Ultramafic rocks

There are two major and one minor ultramafic
units at Chalice. These units are discontinuous
throughout the open pit and underground workings,
but can be traced throughout the deposit. The first
ultramafic unit, locally termed the Hangingwall Ultra-
mafic Unit (Fig. 2b), marks the westernmost boundary
of gold mineralisation. This unit is a fine- to medium-
grained, moderately to strongly foliated tremolite—
chlorite rock, which is up to 15 m thick. It is com-
posed of tremolite (70%) and chlorite (20%) with
trace magnetite and weakly serpentinised relict oli-
vine. Mineralogically similar, discontinuous thin sli-
vers (<5 m) of ultramafic rock are also distributed
throughout the sequence.

The second ultramafic unit, locally termed the
Footwall Ultramafic Unit (Fig. 2b), marks the east-
ernmost boundary of gold mineralisation, and is also
up to 15 m thick. It is a medium-grained, moderately

Representative whole-rock analyses of least-altered mafic and ultramafic rocks at the Chalice gold mine

Mafic rocks Ultramafic rocks
Mafic Mafic Hangingwall Footwall Calcite—olivine—
amphibolite amphibolite ultramafic ultramafic phlogopite rock
UWA no. Chal 24 Chal 25 Chal 26 Chal 27 Chal 15
Si0;, (wt.%) 49.34 51.06 52.01 51.71 23.04
TiO, 1.30 1.42 0.30 0.33 0.90
ALO; 12.83 14.01 6.15 6.99 1.77
Fe,05 17.41 14.51 11.15 11.35 22.05
FeOt 15.66 13.06 10.03 10.21 19.84
MgO 7.84 5.37 21.51 20.28 31.14
MnO 0.24 0.29 0.20 0.21 0.49
CaO 8.84 10.15 7.14 8.01 20.52
Na,O 1.84 1.88 0.51 0.13 0.04
K,0 0.24 1.16 1.02 0.99 0.05
P,05 0.12 0.15 0.02 0.01 0.01
LOI 0.33 1.14 1.74 1.80 17.13
CO, (%) 0.11 0.15 0.15 0.22 14.69
S 0.24 0.30 0.03 0.05 0.55
Total 100.8 99.76 99.48 99.79 98.63

NB: Representative analyses presented are based on geochemical analysis of five samples for each sample type.
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to strongly foliated tremolite—olivine rock, composed
of tremolite (60%), variably serpentinised olivine
(20%), chlorite (15%) and trace magnetite. Both the
Hangingwall and Footwall Ultramafic units exhibit a
lepidoblastic texture defined by preferentially aligned
tremolite grains. Major and trace element geochemis-
try (Table 1) indicates that they are komatiitic in
composition.

There is also a minor, discontinuous ultramafic unit
up to 5 m thick at Chalice. It is a coarse to medium-
grained granoblastic rock, composed of calcite (50%),
phlogopite (20%) and olivine (15%) with accessory
hornblende and magnetite. Intercalated slivers of this
unit (<1 m thick) towards the base of the sequence
are generally associated with basaltic komatiite. Major
and trace element geochemistry (Table 1) indicates
that this unit is a komatiite as classified by Arndt and
Nisbet (1982) although definitive textures are lacking.

3.2.3. Granitic rocks

Five granitic rock types have been identified at
Chalice including four generations of granitic dikes
which intrude the lithostratigraphic sequence. These
dikes can be temporally differentiated on the basis of
mutual cross-cutting relationships and their timing
with respect to fabrics developed in the volcanic
sequences. The other granitic rock at Chalice is locally
termed the Western Granite (Fig. 2b). It is a medium
to coarse-grained rock composed of quartz (40%),
plagioclase (20%), orthoclase (20%) and biotite (15%)
with accessory magnetite and titanite. Towards its
footwall contact, the Western Granite displays a weak
gneissic fabric (up to 10 m wide) defined by crudely
aligned biotite grains alternating with domains of
feldspar and quartz. This localised 10 m zone is
interpreted to represent deformation of the Western
Granite, associated with its emplacement, rather than
recrystallisation during metamorphism. Numerous
variably altered xenoliths of mafic and ultramafic
volcanic rocks also characterise the footwall margin
of the Western Granite and define a ~ 50-m-wide
zone, locally termed the Xenolith Zone (Fig. 2b). The
Western Granite is interpreted to have been emplaced
late in the deposit evolution, syn- to post-dikes and
post-gold mineralisation based on three main criteria.

1. The footwall contact with the volcanic units is
strongly sheared, and a gnessic fabric charac-

terises the footwall zone of the Western Gra-
nite. This contact does not have the calc-sili-
cate alteration that characterises the Chalice
ore body, as described below.

2. Mafic xenoliths do, however, display the same
alteration assemblage (calc-silicate) as the al-
tered mafic amphibolites of the Chalice ore-
body; yet, the granite is not calc-silicate al-
tered.

3. This granite is not mineralised.

The first dikes to have intruded the sequence are
locally termed Spotted Dike 1 and Laminated Dike 1
(Fig. 2b). Spotted Dike 1 is a fine to medium-grained
rock, which has been strongly hydrothermally altered
to its present mineralogy. It consists of granoblastic
plagioclase (albite—oligoclase 70%) and quartz (15%)
with porphyroblastic diopside (10%) and trace actino-
lite and titanite. Laminated Dike 1 is composed of fine-
grained granoblastic plagioclase (albite—oligoclase,
70%), quartz (20%) and accessory disseminated diop-
side, actinolite, titanite, pyrite and pyrhotite. Discon-
tinuous laminae of coarse-grained diopside, and
chlorite after actinolite, characterise this unit and
differentiate it from the mineralogically similar Spot-
ted Dike 1. These dikes display no mutual cross-cut-
ting relationships and cannot be temporally differ-
entiated. Spotted and Laminated Dike 1 truncate the
primary fabric developed in the volcanic rocks, are
extensively hydrothermally altered relative to the other
dikes and are cut by all other dikes, indicating that they
were the first dikes to intrude the sequence. Gold
grades for both Laminated and Spotted Dike 1 are
generally less than 0.2 ppm.

Dike 2 (Fig. 2b) is a medium- to coarse-grained
monzogranite which consists of quartz (40%), plagio-
clase (25%), orthoclase (20%) and biotite (10%) with
accessory magnetite and titanite. A weak biotite-
defined foliation parallels the margins of this dike
and is developed for up to 1 m into it. This dike trends
generally parallel to the primary fabric developed in
the volcanic units; however, it truncates this fabric by
up to 30° in the mineralised zone within in mafic
amphibolite. In this intersection zone, trace coffinite,
uraninite, sphalerite and galena are associated with
moderate development of chlorite after biotite, and
gold grades within the dike exceed 30 g/t. Dike 2
truncates Dike 1 and is subsequently cross-cut by the
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last two granitic dike phases, indicating that it is the
second dike to intrude the sequence.

The third dike at Chalice is locally termed the
Eastern Granite (Fig. 2b) and is a medium-grained
rock composed of quartz (40%), plagioclase (25%),
orthoclase (20%) and biotite (10%) with accessory
magnetite. This dike trends parallel to the primary
fabric developed in the volcanic units, truncates both
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Dike 1 and Dike 2 and contains no gold mineralisation
(<0.02 ppm).

The last dike to have intruded the sequence is
locally termed the Basal Pegmatite (Fig. 2b). This
flat-lying dike truncates the primary fabric in the
volcanic units and all other granitic rocks at Chalice.
It is a coarse-grained to pegmatitic rock composed of
quartz (30%), orthoclase (30%), plagioclase (30%) and

Table 2
Representative whole-rock analyses of least-altered granitic rocks at the Chalice gold mine
Spotted Laminated Dike 2 Dike 2 Western Western Eastern Eastern Basal
Dike 1 Dike 1 granite granite granite granite pegmatite
UWA Chal 2 Chal 3 Chal 4 Chal 9 98969147A 98969147B Chal 12 Chal 13 Chal 16
no. (AGSO) (AGSO)
Major elements (wt.%)
SiO, 66.12 73.57 74.76 75.24 75.67 74.94 75.69 75.47 67.65
TiO, 0.05 0.08 0.21 0.14 0.06 0.15 0.10 0.10 0.28
ALO; 17.41 14.55 13.77 13.69 13.67 13.34 13.31 13.45 14.53
Fe,04 1.48 0.70 1.81 1.55 0.50 0.99 1.26 1.12 3.63
FeOt 1.33 0.63 1.63 1.40 0.45 0.89 1.13 1.01 3.26
MgO 0.34 0.11 0.35 0.34 0.30 0.44 0.23 0.22 221
MnO 0.05 0.05 0.04 0.03 0.01 0.01 0.02 0.01 0.11
CaO 3.34 0.74 1.61 1.30 0.47 0.21 0.69 0.63 1.79
Na,O 11.01 7.16 4.75 4.08 5.23 3.66 3.89 3.53 4.39
K,0 0.08 2.80 2.64 3.57 3.20 5.28 4.78 5.40 522
P,0s 0.14 0.03 0.06 0.05 0.02 0.03 0.04 0.06 0.19
LOI 2.05 ND 0.67 0.51 ND ND 0.58 0.59 1.56
CO; (%) 1.98 ND 0.15 0.15 ND ND 0.18 0.15 0.77
S (%) 0.33 0.02 0.08 0.04 0.02 0.03 0.03 0.05 0.24
Total 100.34 99.84 98.99 100.99 99.25 99.25 100.59 100.72 100.8
Trace elements (ppm)
Ba 111 32 818 871 682 828 315 300 189
Rb 55 1 211 200 206 205 249 248 281
Sr 34 62 133 154 87 131 58 64 75
Pb 7 12 77 75 72 75 77 72 12
Th 7 6 42 41 53 51 31 25 50
U 5 4 21 18 38 11 65 16 83
Zr 17 30 173 169 148 150 62 54 48
Nb 30 14 16 18 5 6 9 7 31
Y 18 16 32 34 16 13 29 20 133
La 5 9 52 63 33 39 18 17 34
Ce 18 16 110 114 80 95 43 39 78
Nd 9 6 36 39 29 35 13 14 31
\% 4 5 6 8 6 4 4 2 33
Cr 0 77 2 137 2 2 0 0 272
Ni 0 5 0 34 4 0 0 0 42
Cu 0 23 0 5 0 0 25 15 5
Zn 18 127 40 60 45 44 14 13 36
Ga 23 34 19 24 17 17 17 18 21

NB: Representative analyses presented are based on geochemical analysis of five samples for each granite type.
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biotite (5%) with accessory magnetite. Gold grades are
generally below 0.02 ppm.

All granitic rocks at Chalice are petrographically
classified as granite to monzogranite according to the
Streckeisen (1976) 1.U.G.S classification of plutonic
rocks (Fig. 3). The granitic rocks (Table 2, Fig. 3a)
display generally similar trends in major oxides, trace
and rare earth elements, suggesting that they belong to
the same magmatic suite. The largest relative variation
in major and trace element geochemistry between the
granitic rocks is displayed by Laminated Dike 1, which
has been strongly metasomatised, with enrichment of
Na,0, CaO and depletion in K,O due to albitisation of
feldspars (Fig. 3b). The Basal Pegmatite also displays
a relative variation compared to other granitic rocks
with a strong enrichment in heavy rare earth elements
(Fig. 3b, Table 2).

3.3. Metamorphism

The least-altered mafic and ultramafic rocks are
characterised by peak-metamorphic assemblages of
hornblende—plagioclase and tremolite—chlorite, res-
pectively. Both rock types display a well-developed
peak-metamorphic fabric defined by lepidoblastic am-
phiboles, which have been deformed in subsequent
deformation events. These equilibrium assemblages are
indicative of mid-amphibolite facies metamorphism
(Winkler, 1976) and, based on hornblende—plagio-
clase geothermobarometry in the mafic amphibolites,
yield peak-metamorphic temperatures and pressures
between 490 25 and 53025 °C and 3-5 kbar
(Fig. 4). These P—T estimates correspond to a range
of crustal depths between ~ 12 and 14 km (Miya-
shiro, 1973).

3.4. Relative timing of metamorphism and magma-
tism

The peak-metamorphic fabric in mafic and ultra-
mafic rocks is defined by lepidoblastic amphiboles,
which delineate a moderate to well-developed folia-
tion throughout the volcanic units. All granitic dikes
at Chalice truncate this peak-metamorphic fabric and
retain their igneous textures, indicating that their
emplacement or intrusion was post-peak-metamorphic
in timing. The Western Granite was emplaced along
the western margin of the lithostratigraphic sequence

A

In(Xan/Xab) in Plagioclase

1 2 3 4 5

Fig. 4. Calculated pressure—temperature estimates for peak-meta-
morphic conditions at the Chalice gold deposit. Samples plotted are
of amphibole—plagioclase pairs in least-altered mafic amphibolite.
(A) Plot of In(Ca, M4/Na, M4) in amphibole vs. In(Xan/Xab) in
plagioclase. Geothermometer after Spear (1980). (B) Plot of Al" in
amphibole vs. anorthite content of plagioclase. Thermobarometric
grid after Plyusnina (1982).

with the contact generally parallel to the peak-meta-
morphic fabric developed in the volcanic units. The
mafic and ultramafic xenoliths, which comprise the
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Xenolith Zone of the Western Granite, retain their
peak-metamorphic fabric. Furthermore, the Western
Granite displays an igneous granitic to pegmatitic
texture, which suggests that it was emplaced during
post-peak-metamorphism conditions, not prior to their
development.

4. Structural setting and orebody geometry
4.1. Introduction

The Chalice ore environment is characterised by
four transitional deformation events (Fig. 5). Fabrics
associated with each deformation event can be tem-
porally differentiated based on cross-cutting relation-
ships mapped in the open pit, underground workings
and in drillcore. In the following section, deformation
events and associated generated structures are dis-
cussed with respect to the nomenclature of Bell and
Duncan (1978).

4.2. Deposition of greenstones — bedding

This event is relatively unconstrained at Chalice.
Lithological contacts and peak-metamorphic fabrics in
the mafic and ultramafic volcanic rocks have parallel
orientations, dipping ~ 70° — 261°. Lithological con-
tacts are consistently gradational, conformable and are
not fault bound. Therefore, the Sy form surface can be
tentatively defined by the lithological contacts of the
volcanic units. However, lack of spinifex texture or
pillow structures in the volcanic units precludes the
assignation of young direction to the sequence.

4.3. D; event

The D; event at Chalice is interpreted to have
produced the pervasive foliation S; (~ 70°—261°;
Fig. 5), which can be continuously traced throughout
the deposit, is regionally extensive, and corresponds
to the regional D, event (e.g. Myers, 1993, 1997).
This pervasive foliation, assigned S;, is parallel to the
interpreted Sy form surface, implicating transposition
of Sop and S; (Sp_;). However, S; is used to avoid
confusion with respect to nomenclature in subse-
quently generated fabrics. The S; foliation is defined
by lepidoblastic amphiboles which alternate with

domains of recrystallised plagioclase and quartz. This
fabric corresponds to the peak-metamorphic fabric
documented for this portion of the greenstone belt
(Morris, 1993).

4.4. D, event

The D, event at Chalice is represented by local
east-verging asymmetric folds (F}) that plunge
~25°—345° (Fig. 5). The local development of
these folds in a thin (<50 m) section of the mafic
amphibolite, coupled with the asymmetric nature of
the folds, indicates localised strain partitioning in the
mafic amphibolite. At the regional scale, the folds are
likely related to the emplacement of the Pioneer Dome
and represent east-vergent S-folds on the western limb
of a regional F, anticline (in the sense of Archibald,
1979). At a deposit scale, these folds are interpreted to
represent a relict, failed, broad ductile shear zone
although penetrative shear fabrics, such as S—C
fabrics and mylonitisation, are not developed. Folia-
tion (S;)-parallel gold-bearing veins, described in
more detail below, are locally folded, attenuated and
boudinaged during the D, event. High-grade shoots
plunge parallel to F} fold axes and indicate an inherent
relationship between gold mineralisation and the D,
event.

4.5. Late D,

The development of F} folds was interrupted by the
late D, intrusion of a monzogranite dike (Dike 2),
which clearly cross-cuts these folds (Fig. 5). The dike
intrudes parallel to the S; foliation, except where it
truncates the F} folds in the orebody. In section, the
dike reflects a sinistral jog-like geometry, which
contrasts with the dextral jog-like geometry for the
dike along strike (Fig. 5). The interference zone of
these opposing jog geometries coincides with the 6 g/t
gold Chalice orebody, developed predominantly in the
mafic amphibolite (Fig. 6a). Extensive disseminated
gold mineralisation is also developed throughout the
dike in this interference zone. Foliation (S;)-discord-
ant gold-bearing veins are spatially associated with
the Dike 2 monzogranite and interpreted to represent
veins developed in accommodation of the intrusion of
the dike into the sequence. They are only developed
on the hangingwall side of Dike 2 and the gold
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endowment from these veins contributes <5% to the
overall gold budget of the deposit.

4.6. D3 event

This event is interpreted to represent the continu-
ation of the D,-folding event, post-intrusion of Dike 2,
and produced tight-to-isoclinal folds (F3) that plunge
parallel to F3 fold axes, and are best developed at the
margin of Dike 2 (Fig. 5). An associated axial-planar
cleavage (S,), oriented approximately 60°— 270°,
was developed during this progressive event and is
only locally developed towards the hangingwall con-
tact of Dike 2 with the amphibolite. The intersection
of S; and S, produced an intersection lineation L)
oriented approximately 25° — 345°.

4.7. D4 event

The final deformation event, recognised at Chalice,
produced massive quartz reefs and open-space cavity
quartz growth. The massive quartz reefs are up to 30
m, but average approximately 15 m, in width. The
reefs preferentially transect the footwall ultramafic
unit in the southern end of the deposit; however, they
do extend north along strike and intersect the mafic
amphibolite and Dike 2 at depth. They dip variably
between vertical and 80°W, strike approximately
350°, and contain no gold mineralisation. They are
interpreted to reflect exhumation and uplift of the
sequence.

4.8. Ore body geometry

Gold mineralisation at Chalice forms a ~45 x
170 x 300 m grossly stratabound ore body which
grades 6 g/t gold and dips ~70° towards 261°,
parallel to the S; foliation. The ore body is predom-
inantly hosted in the mafic amphibolite with high-
grade zones located within, and at the contact of, Dike
2 (Fig. 6a). In a longitudinal projection, the Chalice
ore body delineates two main trends (Fig. 6b). High-
grade (200—400 gm) shoots are only locally devel-
oped and plunge moderately towards the NNW. The

plunges of these shoots are parallel to, and controlled
by, the fold axes of F} and F} folds, which plunge
~25°—345° Medium-grade (50-200 gm) gold
mineralisation exhibits a gentle southerly plunge,
controlled by the intersection of S;-conformable min-
eralisation (~70°— 261°) with Dike 2 (oriented
~90° — 360° in the ore body) to give a deposit-scale
plunge for the ore body of ~ 18° — 182°. Low-grade
(10—50 g) background mineralisation is developed
with no particular orientation, outside the influence of
F) and F} folds and Dike 2. The absence of these
structures and Dike 2 is interpreted to have precluded
the development of high fluid flow and wall-rock
interaction and, hence, resulted in only a low concen-
tration of gold.

4.9. Structural timing of gold mineralisation

There appear to be two distinct gold mineralisation
events at Chalice. The majority of the gold (> 95%) is
hosted exclusively in the mafic amphibolite, in S;-
parallel veins and in pervasive wall-rock alteration
that replaces metamorphic minerals defining the S,
foliation. This is termed Main Stage gold mineralisa-
tion. Veins are variably deformed and range from
folded to boudinaged to essentially undeformed.

Several features indicate a broadly syn- to post-
peak metamorphic timing for Main Stage gold min-
eralisation, coevaluated with the formation of F} folds
during the D, event. These are:

1. The lack of intense penetrative fabrics in S;-
parallel veins. This suggests a minimum
timing of post D; (hence, post-peak meta-
morphism) for gold-bearing veins.

2. The replacement of the peak-metamorphic
fabric (S;), defined by amphibole-plagioclase,
with gold-bearing pervasive wall-rock alter-
ation.

3. The plunge of high-grade shoots parallel to
the axes of D, and Dj folds. This suggests
an inherent relationship between D,-folding
(post-peak metamorphism) and gold mineral-
isation.

Fig. 5. Simplified open pit geology map of the Chalice gold deposit displaying the distribution of the structures including fabrics, organised in

terms of the sequence D; to Ds.
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4. The presence of monomineralic amphibole
vein selvages, which overprint the peak-
metamorphic fabric and are in optical discon-
tinuity with peak-metamorphic amphiboles.

5. The occurrence of gold as inclusions and in-
tergrowths in textural equilibrium with high-
temperature alteration minerals in veins and
pervasive wall-rock alteration.

Points 1, 3 and 5 are discussed below in the section
on hydrothermal alteration.

A Second Stage of mineralisation, contributing
<5% of the overall gold endowment for the entire
orebody, is represented by disseminated gold in Dike
2 and by foliation-discordant quartz—gold, amphib-
ole—gold, pyroxene—gold and molybdenite—gold
veins. Foliation-discordant veins are exclusively de-
veloped on the hangingwall side of Dike 2, generally
within ~ 10 m of the contact. As both Dike 2 and
these veins truncate the S; fabric and Main Stage
mineralisation, Second Stage mineralisation is also
interpreted to be post-peak-metamorphism in timing.
The Main and Second Stage mineralisation styles are
described in more detail below.

5. Main Stage gold mineralisation

5.1. Introduction

Two styles of gold mineralisation are recognised in
the Main Stage mineralisation at the Chalice gold
deposit (Fig. 7): (a) gold-bearing calc-silicate veins
and (b) pervasive calc-silicate wall-rock alteration
with disseminated gold. Textural and petrological
descriptions of these styles are given below with re-
presentative microprobe analyses of the alteration
minerals in Table 3.

5.2. Analytical methods

Microprobe analyses of silicate minerals were
carried out at the Centre for Microscopy and Micro-

analysis at the University of Western Australia, using
a JEOL JSM 6400 scanning electron microscope
(SEM) fitted with a Link EDS X-ray analysis system.
Major elements were determined at an accelerating
voltage of 15 kV, a specimen current of 5 nA and a
live counting time of 60 s. The silver content of native
gold was analysed at an accelerating voltage of 20 kV,
a specimen current of 3 nA and a live counting time of
60 s.

5.3. Overview of Main Stage calc-silicate veins

The most voluminous style of gold mineralisation is
S;-parallel gold-bearing calc-silicate veins (Fig. 7a),
which are sporadically distributed, but hosted exclu-
sively in the mafic amphibolite, and vary with respect to
their degree of deformation (folded to boudinaged to
essentially undeformed) and their size (1 to 30 cm wide).
Calc-silicate veins are characterised by a prograde
assemblage of quartz — diopside — plagioclase — K-
feldspar — titanite & garnet & horn- blende + scheelite
and biotite. Accessory pyrite, pyrrhotite and magnetite
are also common. However, the development of these
veins does not everywhere equate to gold mineralisa-
tion, as the same generation veins are not everywhere
gold enriched. The representative modal mineralogy
and paragenetic sequence for Type 1 veins are pre-
sented in Fig. 8.

5.4. Bpe 1 veins

Type 1 veins occur only in the mafic amphibolite,
are oriented parallel to the S; foliation (~70°—
261°) and vary from 1 to 30 cm thick and from un-
deformed to strongly boudinaged and folded. This
vein type is variably mineralised (<0.1 ppb to 50 g/t
gold) and is not restricted to the 1 g/t gold Chalice
orebody envelope (Fig. 6a). Type 1 veins are typically
composed of quartz (25%), albite (25%), diopside
(20%), titanite (20%), pyrrhotite (3%) and gold (2%)
with trace scheelite, pyrite, magnetite, chalcopyrite
and rare calcite and apatite (Fig. 7b). Garnet is
sporadically developed, but generally constitutes up

Fig. 6. (a) Geological cross-section through the 8800 mN of the Chalice orebody. (b) Longitudinal projection of gold grade x thickness in the
plane of the Chalice orebody, showing grade distribution in the mafic amphibolite.



Table 3
Representative microprobe analyses of the main silicate alteration phases associated with Main and Second Stage gold mineralisation at the Chalice gold deposit

8¢

Main Stage gold mineralisation

Type 1| veins

UWA no. WMD31-4 WMD31-4 WMDS87-3 WMD87-3 WMD6-22 WMD6-22 WMD87-16 WMD87-16 WMD87-16 WMD87-16 WMD§7-3 WMD87-3
Mineral Pyroxene  Pyroxene  Albite Albite Titanite Titanite Andradite Andradite Grossular Grossular Amphibole Amphibole
Analysis no. Spec44-3  Spec58-3  Spec4l-6  Spec46-6 Spec160-15-10 Specl61-15-10  Specl15-2 Specl16-2 Spec120-2 Specl21-2 Spec103-4 Specl105-4
SiO, 57.16 52.59 65.66 66.35 30.65 30.72 36.77 36.66 37.07 36.95 40.17 39.33
TiO, 0.00 0.00 0.00 0.00 37.94 38.25 225 0.95 0.58 0.54 0.81 1.11
Al 04 0.22 1.07 21.42 21.87 1.11 0.94 7.43 6.24 11.75 11.80 11.75 11.20
Cr,04 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 11.09 11.04 0.00 0.00 0.68 0.77 19 21.7 13.38 13.94 21.91 21.42
MnO 0.41 1.05 0.00 0.00 0.00 0.00 0.32 0.88 0.00 0.00 0.56 0.28
MgO 17.67 11.17 0.00 0.00 0.00 0.00 0.21 0.25 0.00 0.00 8.28 8.03
CaO 12.44 23.06 2.57 3.05 28.59 28.34 33.72 32.96 36.73 36.75 11.01 10.93
Na,O 0.00 0.81 10.09 10.00 0.00 0.00 0.00 0.00 0.00 0.00 2.66 2.42
K,O0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.55 1.61
Oxide total 99.18 100.79 99.74 101.27 98.97 99.02 99.7 99.64 99.51 99.98 98.70 96.33
Structural formula

Si 2.09 1.97 2.89 2.88 2.023 2.019 2.934 2.951 2.93 291 6.14 6.17
Ti 0.00 0.00 0.00 0.00 1.863 1.891 0.135 0.058 0.03 0.03 0.09 0.13
Al 0.01 0.05 1.11 1.12 0.086 0.073 0.699 0.592 1.09 1.10 2.12 2.07
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.00 0.08 0.00 0.00 0.038 0.042 1.232 1.399 0.88 0.92 0.51 0.38
Fe?* 0.34 0.27 0.00 0.00 0.00 0.00 0.036 0.062 0.00 0.00 2.29 2.43
Mn 0.01 0.03 0.00 0.00 0.00 0.00 0.022 0.06 0.00 0.00 0.07 0.04
Mg 0.96 0.62 0.00 0.00 0.00 0.00 0.025 0.03 0.00 0.00 1.89 1.88
Ca 0.49 0.93 0.12 0.14 2.027 1.999 2.883 2.843 3.11 3.10 1.80 1.84
Na 0.00 0.06 0.86 0.84 0.00 0.00 0.00 0.00 0.00 0.00 0.79 0.74
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.30 0.32
Total cations  3.90 4.00 4.98 4.98 6.037 6.024 7.966 7.996 8.05 8.05 16.00 16.00
Oxygens 6.00 6.00 8.00 8.00 10 10 12 12 12 12 23.00 23.00
Mg no. 73.95 69.80 - - - - 41.03 32.51 - - 45.16 43.57
Wollastonite ~ 27.24 50.88 - - - - - - - - - -
Enstatite 53.81 34.28 - - - - - - - - - -

Ferrosilite 18.95 14.83 - - - - - - — _ _ _
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Pervasive alteration

UWA no. WMD61-7 WMD61-7 WMD61-7 WMDg87-16 WMD61-7 WMD61-7 WMD87-16 WMD87-16 WMD61-7 WMD61-7
Titanite Andradite  Andradite Amphibole =~ Amphibole
Analysis no. Spec319-4 Spec327-4 Spec325-6 Specl33-6  Spec314-15-10 Spec-333-15-10 Specl44-2 Specl55-2 Spec318-4 Spec320-4
SiO, 51.96 5113 65.87 69.11 3091 30.53 37.16 36.63 39.44 39.70
TiO, 0.00 0.16 0.00 0.00 38.29 37.32 1.07 0.92 0.69 0.55
ALO; 1.35 2.14 19.89 19.43 1.23 1.24 7.79 5.33 12.39 12.37
Cr,04 0.00 0.00 0.19 0.00 0.00 0.00 0.00 0.18 0.00 0.00
FeO 12.06 13.42 0.36 0.00 1.08 1.49 17.89 227 24.40 23.71
MnO 0.69 0.76 0.00 0.00 0.00 0.00 0.65 0.63 0.62 0.83
MgO 10.19 9.76 0.00 0.00 0.00 0.00 0.00 0.18 6.52 6.31
CaO 23.76 23.72 1.38 0.00 29.45 28.52 34.79 32.93 11.71 11.73
Na,O 0.32 0.70 10.67 11.36 0.25 0.00 0.00 0.00 1.60 1.40
K,0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.29 2.41
Oxide total ~ 100.33 101.79 98.36 99.90 101.42 99.37 99.35 99.5 99.66 99.01
Structural formula
Si 1.97 1.91 2.94 3.01 1.99 2.01 2.973 2.962 6.05 6.13
Ti 0.00 0.01 0.00 0.00 1.86 1.84 0.064 0.056 0.08 0.06
Al 0.06 0.09 1.05 1.00 0.09 0.10 0.735 0.508 2.24 2.25
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0 0.012
Fe** 0.02 0.12 0.00 0.00 0.06 0.08 1.197 1.462 0.57 0.48
Fe?* 0.36 0.30 0.01 0.00 0.00 0.00 0.00 0.073 2.56 2.58
Mn 0.02 0.02 0.00 0.00 0.00 0.00 0.044 0.043 0.08 0.11
Mg 0.58 0.54 0.00 0.00 0.00 0.00 0.00 0.022 1.49 1.45
Ca 0.97 0.95 0.07 0.00 2.04 2.01 2.983 2.853 1.93 1.94
Na 0.02 0.05 0.92 0.96 0.03 0.00 0.00 0.00 0.48 0.42
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.45 0.47
Total cations 4 4 5.00 4.97 6.08 6.05 7.996 7.991 15.924 15.893
Oxygens 6.00 6.00 8.00 8.00 10.00 10.00 12 12 23 23
Mg no. 61.54 64.72 - - - - - 22.94 36.82 35.96
Wollastonite ~ 50.78 53.07 - - - - - - - -
Enstatite 30.29 30.37 - - - - - - - -
Ferrosilite 18.93 16.56 - - - - - - - -

(continued on next page)
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Table 3 (continued)

Second Stage gold mineralisation (combined mineral compositions for Type 3 to Type 7 veins)

UWA no. WMDS87-2 WMD87-2 WMDS87-2 WMD87-2 WMDI100-7 WMD100-7 WMD87@180 WMD87@180 WMD87@180 WMD6-11.2 WMD6-11.2 WMD6-11.2
Mineral Pyroxene  Pyroxene  Albite Albite Titanite Titanite Actinolite Actinolite Actinolite Mg-hornblende Mg-hornblende Mg-hornblende
Analysis no. Spec92-3  Spec93-3  Spec99-6  Specl00-6  Spec271-15-10 Spec272-15-10  Spec31-4 Spec32-4 Spec43-4 Spec393-4 Spec394-4 Spec395-4
SiO, 53.01 52.72 66.55 66.91 31.19 30.51 53.95 51.28 50.77 46.62 46.84 46.7
TiO, 0.00 0.17 0.00 0.00 36.27 39.02 0.28 0.51 0.59 0.90 0.86 0.75
Al,O4 1.07 1.90 21.53 21.40 2.02 0.83 2.85 4.50 5.01 8.94 9.12 8.83
Cr,05 0.00 0.00 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 15.17 13.92 0.00 0.00 242 0.61 12.82 14.51 14.41 19.73 19.24 19.74
MnO 0.46 0.00 0.00 0.20 0.29 0.50 0.49 0.30 0.32 0.39 0.22
MgO 7.65 10.03 0.00 0.20 0.71 15.73 14.00 14.13 9.95 10.11 10.22
CaO 19.00 20.16 2.58 2.13 27.11 28.86 12.12 11.66 11.88 12.21 12.33 12.1
Na,O 3.00 2.03 9.78 10.05 0.00 0.00 1.06 1.14 1.00 0.87 0.74 0.87
K,0 0.00 0.00 0.00 0.11 0.00 0.00 0.21 0.19 0.24 0.47 0.44 0.41
Oxide total 99.36 100.93 100.63 101.00 99.92 100.12 99.52 98.28 98.33 100.01 100.07 99.84
Structural formula

Si 1.99 1.95 2.90 2.90 2.03 1.99 7.64 7.41 7.33 6.86 6.87 6.88
Ti 0.00 0.01 0.00 0.00 1.78 1.92 0.03 0.06 0.06 0.10 0.09 0.08
Al 0.05 0.09 1.11 1.09 0.16 0.06 0.48 0.77 0.85 1.55 1.58 1.53
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.20 0.16 0.00 0.00 0.00 0.00 0.12 0.22 0.23

Fe?* 0.34 0.27 0.00 0.00 0.13 0.03 1.40 1.54 1.51 2.43 2.36 2.43
Mn 0.02 0.00 0.00 0.01 0.00 0.02 0.06 0.06 1.84 0.04 0.05 0.03
Mg 0.43 0.55 0.00 0.01 0.07 0.00 3.32 3.02 3.04 2.18 2.21 2.24
Ca 0.76 0.84 0.12 0.10 1.90 2.02 1.84 1.81 0.04 1.93 1.94 1.91
Na 0.22 0.15 0.83 0.86 0.00 0.00 0.29 0.32 0.28 0.12 0.11 0.12
K 0.00 0.00 0.00 0.01 0.00 0.00 0.04 0.04 0.04 0.04 0.04 0.04
Total cations  4.00 4.00 4.96 4.98 6.07 6.04 15.20 15.22 15.23

Oxygens 6 6 8 8 10.00 10.00 23.00 23.00 23.00 12 23.00 23.00
Mg no. 55.79 67.02 - - - - 70.40 66.22 66.80 - 45.16 43.57
Wollastonite ~ 49.91 50.41 - - - - - - - - - -
Enstatite 27.95 33.24 - - - - - - - - - -
Ferrosilite 22.14 16.35 - - - - - - - - - -
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Fig. 7. Main Stage gold mineralisation at the Chalice gold deposit. (a) Type 1 calc-silicate vein. (b) Plane-polarised light photomicrograph of
diopside- and titanite-rich core of a Type 1 vein. (¢) SEM image displaying the textural relationship between silicate phases and gold in Type 1
veins. (d) Pervasive hydrothermal alteration of mafic amphibolite with diopside and albite replacing magnesio-hornblende and anorthitic
feldspar. () Plane-polarised light photomicrograph of diopside and garnet which have replaced magnesio-hornblende in mafic amphibolite. (f)
SEM image displaying the textural relationship between silicate phases and gold in pervasive hydrothermal alteration of the mafic amphibolite.
Note the replacement of magnesio-hornblende with diopside.
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Fig. 8. Modal mineralogy and paragenetic sequence for typical gold-related hydrothermal alteration associated with Main Stage gold mineralisation at the Chalice gold deposit.
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to 15% of the vein where present. Type 1 veins are
commonly zoned with diopside—garnet-rich cores
grading out to quartz—albite—titanite-rich margins.
Selvages on veins are typically monomineralic horn-
blende or quartz—albite—titanite assemblages. Quartz
and albite display a pseudo-annealed texture with
weak development of triple-point boundaries between
the two phases, in most veins. Diopside is commonly
coarse-grained (<5 mm) in the core of veins, sub-
hedral to euhedral, and is moderately to strongly
poikiloblastic with inclusions of titanite. Diopside
grainsize decreases ( < 0.8 mm) towards the margins
of veins, and weak subhedral grain development is
common in boudinaged veins. Titanite occurs as small
(~80—-100 pm) subhedral-to-euhedral grains, com-
monly as inclusions and intergrown with diopside. Its
modal abundance generally increases towards the
margins of the veins, and it is a common constituent
of vein selvages.

Where developed, garnet occurs as subhedral-to-
euhedral grains up to 2 cm in diameter although larger
veins display discontinuous aggregates of garnet in
the core, which extend for tens of centimeters along
strike of the vein. Garnets commonly display aniso-
tropic cores and are complexly zoned with predom-
inantly andradite-rich rims. Compositional variations
between alternating zones in the anisotropic cores
display a grossular-rich external rim grading into
intermediate grossular-andradite compositions. There
is also minor development of grossular-almandine.

Accessory sulfide and oxide phases are generally
less than 5 modal percent of vein minerals. Pyrrhotite
occurs as small (<0.8 mm), subhedral-to-euhedral
grains with sporadic exsolution blebs (<0.5 mm) of
chalcopyrite, in textural equilibrium with silicate
phases, commonly intergrown with euhedral pyrite
grains ( < 0.8 mm), and rarely as rims around pyrite.
Magnetite occurs as large ( <2 mm) pitted subhedral-
to-anhedral grains, commonly intergrown with pyrite.
Free gold is commonly intergrown, and in textural
equilibrium with these prograde phases, particularly
diopside, quartz, hornblende, garnet and pyrrhotite
(Fig. 7¢).

5.5. DBype 2 veins

Type 2 veins are restricted to the mafic amphibolite,
are oriented parallel to the S; foliation (~ 70° — 261°),

and are less than 5 mm in width. As for Type 1 veins,
they are distributed throughout the mafic amphibo-
lite; however, no gold has been detected even on the
SEM. Type 2 veins are composed of quartz (30%),
strongly sericitised plagioclase (30%; 80% sericite),
diopside (20%) and titanite (15%) with accessory
pyrrhotite, pyrite and chalcopyrite. Quartz and pla-
gioclase grains ( < 1 mm) display very strong sericite
alteration. Diopside occurs as small (<0.6 mm)
anhedral grains evenly distributed throughout the
vein from core to rim and lacks the poikiloblastic
texture typical of diopside in Type 1 veins. Titanite is
commonly subhedral to euhedral with evenly distri-
buted grains up to 1.5 mm long. The complex inter-
growth between sulfide phases, which typifies Type
1 veins, is absent in this vein type. Pyrite occurs as
small (<0.7 mm) euhedral grains and commonly
contains numerous inclusions of quartz, plagioclase
and diopside. Pyrrhotite is less abundant and is
generally pitted, subhedral and less than 0.4 mm in
width. Chalcopyrite is only rarely developed, anhe-
dral and generally less than 0.1 mm wide.

5.6. Overview of pervasive calc-silicate wall-rock
alteration

Pervasive hydrothermal wall-rock alteration is se-
lectively developed in the mafic amphibolite and the
calcite—phlogopite—olivine unit at the footwall con-
tact of Dike 2 and constitutes the second most
voluminous mineralisation style in Main Stage min-
eralisation at Chalice (Fig. 7d). Gold-bearing per-
vasive alteration replaces mafic amphibolite in zones
up to 30 m wide and along strike for up to 20 m.
Macro- and microscale textural relationships indicate
a broadly synchronous timing with respect to Type 1
and Type 2 veins with veins generally cross-cutting
pervasive wall-rock alteration and variably being
overprinted by pervasive wall-rock alteration. Wall-
rock alteration, in general, is characterised by a
prograde calc-silicate alteration assemblage of quartz
(15%) — feldspar (15%) — diopside (15%) — titanite
(10%) — pyrrhotite (10%) £ garnet (5%) % horn-
blende (5%) + biotite (5%) * calcite (<5%) * apatite
apatite (<5%) * gold (<3%) and trace scheelite.
Retrograde alteration is expressed as Fe—Mg chlorite
(30%), epidote (30%), pyrite (25%), calcite (10%) and
uralitised diopside (5%). Deeper extensions of this
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alteration style are dominated by a hornblende—calcite
assemblage. Common sulfide and oxide phases
include pyrrhotite (10%), pyrite (5%), chalcopyrite
(<1%) and magnetite ( < 5%). As for the calc-silicate
veins, free gold is locally intergrown with prograde
diopside, hornblende and titanite. Rare gold in the
retrograde assemblage is common as inclusions in
pyrite, associated with strong retrograde epidote—pyr-
ite alteration.

Prograde alteration phases overprint and replace
the peak-metamorphic fabric developed in the vol-
canic units and partly reflect the composition of the
host rock. For example, andradite—almandine—gros-
sular garnet and diopside replace mafic amphibolite
with komatiite replaced by olivine and phlogopite.
Representative modal mineralogy and paragenetic
sequence diagrams for gold-related pervasive hydro-
thermal alteration in the mafic amphibolite are pre-
sented in Fig. 8.

5.7. Alteration in mafic amphibolite

Pervasive hydrothermal alteration of the mafic
amphibolite most commonly involved the replace-
ment of metamorphic magnesio-hornblende by diop-
side and the replacement of metamorphic magnesio-
hornblende and plagioclase by hornblende and albite,
respectively (Fig. 7f). There is replacement of the
groundmass by quartz and albitic feldspar (<Ang),
displaying a strong annealed texture, and typically
fine-grained ( < 300 pm), in pervasive wall-rock alter-
ation. Diopside occurs as subhedral-to-anhedral grains
that normally vary from 0.2 to 0.6 mm, but can be
up to 2 cm in diameter. They are generally poikilo-
blastic with inclusions of quartz, feldspar and titanite,
and, where developed, garnet occurs as an intergrown
phase (Fig. 7e). Moderate-to-weak subhedral grain
development and uralitisation of diopside are typical
in sections where retrograde alteration is prevalent.
Titanite is generally associated with diopside as sub-
hedral-to-euhedral inclusions and as an intergrown
phase, generally < 0.3 mm long. It is also widespread
as a disseminated phase in the quartz—albite ground-
mass.

Garnet grains, where developed, are subhedral to
euhedral, up to 5 cm in diameter, and are concentrically
zoned from rim to core. As for the vein garnets, they
are generally poikiloblastic with inclusions of quartz,

feldspar, diopside, titanite and calcite with scheelite as
an intergrown phase in some sections. Garnet rims are
commonly anisotropic, varying from andradite-rich
rims to cores of grossular to grossular-andradite with
minor grossular-almandine.

Hornblende is a common phase at depth, but is
only moderately developed at shallow levels of the
deposit, commonly as subhedral-to-euhedral flame-
shaped grains up to 0.8 mm in length, generally
randomly oriented in a groundmass of quartz and
albite. As for hornblende, biotite is only weakly dev-
eloped and generally displays strong retrogression
to Fe—chlorite. Both calcite and apatite occur in minor
to trace abundances with calcite generally restricted to
garnet- and biotite-rich zones of wall-rock alteration.
Apatite, however, is commonly disseminated through-
out all wall-rock alteration. Pyrrhotite is, by far, the
most abundant sulfide phase and ranges from subhe-
dral-to-euhedral grains up to 2 cm, but generally 0.6
mm in width. Chalcopyrite exsolution in pyrrhotite is
common. Intergrowth with pyrite is also common
with rare rims on pyrite of pyrrhotite. Pyrite occurs
as euhedral grains (<600 pm) and is generally best
developed with retrograde phases such as epidote and
Fe—Mg—chlorite. Magnetite and chalcopyrite occur in
minor to trace abundances with a strong spatial
association to pyrrhotite, commonly with complex
intergrowth textures between these three phases.

Free gold (average <1 mm grains) is commonly
intergrown with prograde phases such as diopside,
hornblende and garnet (Fig. 7f). It also occurs as
inclusions in these phases as well as in quartz and
albite. Less commonly, there are gold inclusions in
pyrite grains associated with strong retrograde epi-
dote—pyrite alteration. This may represent remobili-
sation of gold in conjunction with Fe release from
pyrrhotite to form pyrite during the retrograde path
(e.g. Craig and Vokes, 1993).

5.8. Alteration in ultramafic rocks

The only ultramafic unit reflecting hydrothermal
alteration is the minor calcite—phlogopite—olivine
unit at the footwall contact with Dike 2. The protolith
for this unit is likely a komatiite, and there are multi-
ple slivers of this rock type, tens of meters off the
footwall contact of Dike 2, that display no alteration
to the calcite—phlogopite assemblage. This suggests



L.A. Bucci et al. / Ore Geology Reviews 19 (2002) 2367 45

that this assemblage is hydrothermal in origin and is
not the product of prograde-metamorphic reactions.
However, gold grades in this hydrothermal assem-
blage do not exceed 0.01 ppm.

5.9. Summary

Main Stage gold mineralisation is collectively
defined by gold-bearing Type 1 veins and pervasive
wall-rock alteration. It is exclusively developed in the
mafic amphibolite and contains up to 95% of the total
gold endowment for the entire orebody at Chalice.
Although minor hydrothermal alteration is developed
in ultramafic rocks at Chalice (calcite—phlogopite—
olivine unit), gold enrichment is generally below 0.01
ppm. There are two possible explanations for this.
First, veins are preferentially developed in the mafic
amphibolite due to a favorable relative competency
contrast between it and the ultramafic unit. That is,
strain partitioning between the rock types resulted in
continued S, fabric development in the ultramafic unit
and failure in the mafic amphibolite to produce S;-
parallel Type 1 veins. Second, the whole-rock com-
positions differ significantly between tholeiitic and
komatiitic rocks, as shown by differing alteration as-
semblages (quartz—albite—diopside—titanite vs. cal-
cite—phlogopite—olivine, respectively). This may
have affected selective gold deposition: for example,
the higher Fe/Fe+Mg ratio of the tholeiitic rocks
would have resulted in destabilisation of reduced
sulfur complexes via desulfidation reaction within
the fluid due to the deposition of pyrrhotite and/or
pyrite (Phillips and Groves, 1983).

6. Second Stage gold mineralisation

6.1. Introduction

Second Stage gold mineralisation at Chalice is
characterised by two styles (Fig. 9): (a) foliation-dis-
cordant veins consisting of pyroxene—gold, actino-
lite—gold and molybdenite—gold veins and (b) dis-
seminated gold in a monzogranite dike. Textural and
petrological descriptions of these styles are given
below, and representative microprobe analyses of
alteration minerals are presented in Table 3.

6.2. Analytical methods

Microprobe analysis of Second Stage alteration
minerals was conducted at the Centre for Microscopy
and Microanalysis at the University of Western Aus-
tralia. The same instrument and operating conditions
used for Main Stage alteration minerals applied.

6.3. Overview of foliation-discordant veins

Four types of foliation-discordant veins occur at
Chalice (Fig. 10). Each vein type contains gold either
intergrown with minerals in the vein, or intergrown
with vein selvage minerals. These veins, termed Type
3 through to Type 6, occur exclusively on the hang-
ingwall side of Dike 2, generally within ~ 10 m of the
contact, and contribute <3% of the 5% gold endow-
ment for Second Stage mineralisation.

6.4. Type 3 veins

Type 3 veins in the mafic amphibolite are commonly
moderately folded with axial planes oriented approx-
imately 60° — 270°. Symmetry of the veins conforms
to that of the F} folds, and they were likely developed
during late D,. Type 3 veins are less than 15 mm thick
and are primarily composed of quartz (95%) with
inclusions of magnesio-hornblende (<5%) and trace
sericite (Fig. 9a). Gold is also a minor constituent
(<1%) of this vein type. Quartz displays strong undu-
lose extinction and moderate subhedral grain develop-
ment. This suggests a component of dynamic recrys-
tallisation and deformation, as is expected from the
folded nature of these veins. Monomineralic magne-
sio-hornblende selvages accompany veins, and mod-
erate-to-strong subhedral grain development of these
amphiboles is common. Gold occurs as inclusions in
the vein selvage. There is a distinct lack of sulfides in
Type 3 veins; however, gold is a common accessory
phase.

6.5. Type 4 veins

Type 4 veins are only developed in the mafic am-
phibolite, are typically 3—5 mm thick and are oriented
at ~20° — 085°. Type 4 veins are composed of quartz
(30%), albite (30%), diopside (25%) and titanite (10%)
with accessory (<5%) pyrrhotite, pyrite, magnetite,
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gold and chalcopyrite and trace sericite (Fig. 9b). Type
4 veins are characterised by cores of coarse-grained
(<2 mm) subhedral-to-anhedral diopside with inclu-
sions of gold and titanite. Diopside-rich cores grade
out into quartz—albite—diopside—titanite-rich rims.
Quartz and albite (<0.5 mm) display a pseudo-an-
nealed fabric with moderate development of triple-
point junctions between grains. Titanite forms subhe-
dral-to-euhedral grains (<0.2 mm), commonly as
inclusions in the quartz—albite groundmass.

The complex intergrowth between sulfide phases
characterises Type 4 as well as Type 1 veins. Pyrrho-
tite, containing small (<0.1 mm) exsolution blebs,
occurs as subhedral-to-anhedral grains less than 0.5
mm and commonly contains inclusions of smaller
(<0.3 mm) euhedral pyrites. Pyrite is also intergrown
with pitted and anhedral magnetite grains (<0.4 mm).
Where not intergrown with pyrrhotite, pyrite occurs as
euhedral grains with crystal faces up to 0.5 mm wide.
Where developed, vein selvages are composed of
finer-grained (<0.2 mm) diopside with inclusions of
titanite (0.1 mm) in a quartz—plagioclase groundmass.
These veins commonly display a “telegraph” texture
(Fig. 9b), in which thin ( ~ 1 mm), gold—barren quartz—
plagioclase—titanite veinlets extend from the veins and
preferentially replace the S, foliation.

6.6. Type 5 veins

Type 5 veins occur in the mafic amphibolite on the
hangingwall side of Dike 2. They are generally up to 3
mm thick, are oriented at ~ 60° — 085°, truncate S,
and are composed of actinolite (70%), albite (15%)
and quartz (15%) with minor titanite, pyrite, magnetite
and pyrrhotite (Fig. 9c). Actinolite occurs as coarse
(<1 mm) euhedral grains in the core of these veins.
Quartz and albite grains (<0.5 mm) constitute the
vein rims and are commonly strongly sericite—carbo-
nate altered. Rare titanite occurs as inclusions in, and
intergrown with, euhedral actinolite. Pyrite (<0.5

mm) and pyrrhotite (<0.5 mm) occur interstitial to
hornblende grains with subhedral-to-anhedral pyrrho-
tite commonly rimming euhedral pyrite grains. Gold
occurs interstitially to, and as inclusions in, actinolite,
commonly rims pyrrhotite and magnetite grains and is
also common along the cleavage of actinolite grains
(Fig. 9d).

6.7. Type 6 veins

Type 6 veins occur both in the mafic amphibolite
and the Hangingwall Ultramafic unit; however, this
vein type is also best developed in the mafic amphib-
olite (Fig. 9¢). Type 6 veins, oriented at ~75° —
268°, are less than 4 mm thick in the volcanic rocks
on the hangingwall side of Dike 2 within 10 m of its
contact. This vein type is composed of molybdenite
(40%), scheelite (30%), magnetite (10%), pyrrhotite
(5%) and tellurobismuthite (5%) with accessory pyrite
and gold (Fig. 8d). Gold occurs locally as inclusions
in pyrrhotite, along the cleavage planes in molybden-
ite, as inclusions in, and intergrown with, tellurobis-
muthite, and along fractures in titanite grains.

6.8. Type 7 veins

This vein type is characterised by monomineralic
quartz tension gash veins. They are nonmineralised
and are not further discussed.

6.9. Disseminated gold mineralisation in Dike 2
monzogranite

Gold mineralisation in the monzogranite dike (Dike
2) is sporadic and varies with respect to its magnitude
and distribution throughout the dike. High-grade (up
to 20 g/t gold) mineralisation occurs at, and inward
(up to 1.5 m) of, the margins of the dike, where it
intersects S; in the mafic amphibolite. Gold grades
decrease towards the center of the dike (0.1-3.0 g/t).

Fig. 9. Second Stage gold mineralisation at the Chalice gold deposit. (a) Type 3 quartz—Au vein. (b) Type 4 quartz—diopside—titanite vein. (c)
Type 5 actinolite— Au vein. (d) Reflected light photomicrograph of a Type 5 vein with free gold grown along the cleavage of an actinolite grain.
(e) Type 6 molybdenite—Au vein. (f) Altered hangingwall contact of Dike 2 with disseminated free gold. (g) Centre of Dike 2 with disseminated
gold in least-altered monzogranite. (h) Photomicrograph of least-altered Dike 2. Image taken with partly crossed polars under simultaneous
transmitted and reflected light in order to highlight albite twinning of plagioclase. Note the free gold interstitial to plagioclase and quartz, and as

an inclusion in plagioclase.
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mafic amphibolite “

ultramafic amphibolite il

Veintype 1 Veintype 2 Veintype 3 Veintype4 Veintype5 Ve\in type 6 Vein type 7
\ / /

1‘.’;;’; Vein Mineralogy Selvedge Mineralogy | Orientation | Siting of Gold | Host Rock
1 Quartz, albite, diopside, Diopside, albite, quartz, 70=»261° Inclusions in and Mafic amphibolite
titanite, garnet, gold, pyrrhotite, | titanite inter-grown with
pyrite, magnetite, calcite quartz and
. o " . | diopside o
2 Quartz, albite, diopside - 70—261 Mafic amphibolite
3 Quartz, gold Magnesio- hornblende ~60=+>270° |Inclusions in quartz| Mafic amphibolite
and magnesio-
hornblende
4 Quartz, albite, diopside, titanite, | Quartz, albite, diopside ~20°+085° |Inclusions inand | Mafic amphibolite
gold inter-grown with
quartz and diopsidel
5 Actinolite, albite, gold, diopside - ~60%+085" Inter-grown with Mafic amphibolite
actinolite
6 Molybdenite, golid, - ~75%268° Inter-grown with Mafic and
tellurobismuthite, scheelite, tellurobismutite, ultramafic
pyrrhotite, magnetite molybdenite amphibolite
R . | and pyrrhotite . o
7 Quartz - 80— 270 Mafic amphibolite

Fig. 10. Schematic diagram of Type 1 to Type 7 veins at the Chalice gold deposit, with main characteristics of each type.
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At the dike margins, gold occurs as a disseminated
phase, commonly as inclusions in albitised plagio-
clase, which display moderate-to-strong sericite alter-
ation (Fig. 9f). Plagioclase is also partly replaced by
carbonate inward of the dike margin, and biotite is
replaced by Fe—Mg chlorite and epidote. Trace coffi-
nite, uraninite, sphalerite and galena are associated with
moderate development of chlorite after biotite. To-
wards the center of the dike, sericite, carbonate, chlorite
and epidote alteration intensity decreases (Fig. 9g),
and gold occurs as inclusions in plagioclase grains
and interstitially at quartz—feldspar grain boundaries
(Fig. 9h).

6.10. Summary of Main and Second Stage gold
mineralisation

Hydrothermal alteration and associated gold mi-
neralisation at Chalice can be subdivided into Main
Stage and Second Stage events, based on cross-cut-
ting relationships in the open pit, underground work-
ings and drillcore. Type 1 veins and gold-bearing
pervasive wall-rock alteration are collectively termed
Main Stage mineralisation. Second Stage gold min-
eralisation is defined by foliation-discordant veins
and disseminated gold mineralisation in Dike 2.
Evidence for two stages of gold mineralisation is as
follows.

(1) Gold-bearing foliation-parallel calc-silicate veins
(Type 1 veins) and pervasive hydrothermal wall-rock
alteration are cross-cut by gold-bearing foliation-dis-
cordant veins (Types 3, 4, 5 and 6) and the mineralised
Dike 2 monzogranite.

(2) Main Stage mineralisation occurs as strata-
bound pods, either as veins parallel to the S; fabric
or foliation-parallel replacive wall-rock alteration.
This mineralisation stage is exclusively developed in
the mafic amphibolite. Second Stage mineralisation
clearly truncates the S; fabric at varying angles (see
Fig. 10), and is developed in the mafic amphibolite,
Hangingwall Ultramafic Unit and monzogranite (Dike
2).

(3) Main Stage gold mineralisation is associated
with trace Cu and W, whereas Second Stage gold
mineralisation is associated with Bi—Te—Mo—W.

(4) Calc-silicate veins and pervasive wall-rock
alteration (Main Stage) display ductile to brittle—
ductile deformation textures (boudinage and folding),

whereas Second Stage mineralisation truncates Main
Stage mineralisation, is not folded nor boudinaged,
and is brittle in nature (excluding the disseminated
gold in Dike 2).

6.11. Magmatism and gold mineralisation

Both Main and Second Stage gold mineralisation
events are spatially and temporally associated with local
monzogranitic dikes (Dikes 1 and 2, Eastern Granite
and Basal Pegmatite), and regional granitoids (Wool-
gangie Super Suite and Pioneer Dome). The mon-
zogranites display similar whole-rock and trace element
geochemistry (Table 2; Fig. 3), suggesting that they
belong to the same magmatic suite. Relative timing
relationships also indicate that there was active felsic
magmatism pre-, syn- and post-mineralisation (e.g.
Dike 1, Dike 2 and Basal Pegmatite, respectively).
However, gold mineralisation in monzogranitic rocks
at Chalice is restricted to Dike 1 (<0.2 g/t) and Dike 2
(>30 g/t). These relationships indicate that Main and
Second Stage gold mineralisation were temporally
bracketed by felsic magmatism, but are more likely
to have been related to the evolution of regional mag-
matism, rather than to a specific intrusion in the local
environment.

7. Discussion of Main Stage gold mineralisation

7.1. Introduction

Many of the general characteristics of Main Stage
gold mineralisation at Chalice broadly overlap with
those of intrusion-related vein gold, Phanerozoic Au-
skarn and Archean hypozonal orogenic lode—gold
deposits, located both within the Yilgarn Craton
and globally (Tables 5, 6 and 7, and references cited
therein). However, numerous differences preclude a
direct correlation with any particular deposit type. The
following section provides a comparison between the
main geological characteristics documented at Chalice
(Table 4) and those of intrusion-related vein gold
deposits worldwide (Table 5), Phanerozoic Au-skarns
and various hypozonal orogenic lode—gold deposits
in the Yilgarn Craton (Tables 6 and 7, respectively).
For the sake of brevity, these are referred to as



Table 4

General characteristics of Main and Second Stage gold mineralisation at the Chalice gold deposit

Mineralisation ~ Grade and tonnage Percentage of Host rocks Metamorphic grade Pluton association Structural controls
stage (total orebody to total orebody
June 1999)
Main Stage 4 Mt@4.9 g/t Au with ~95% Mafic amphibolite Amphibolite facies, Broad asymmetric folds
589,880 Oz produced 490-550 °C, 3—5 kbar
Second Stage ~5% Mafic amphibolite, Ampbhibolite facies; Dike 2 Monzogranite Veins associated

Ultramafic amphibolite
and Monzogranite

490-550 °C; 3—5 kbar

(with disseminated gold)

with the intrusion of
Dike 2

Timing of gold
mineralisation

Wall-rock alteration

style

Alteration assemblage/
zonation

Ore minerals

Au fineness

Metal association

Siting of gold

Syn-folding of
foliation

Syn-intrusion
of Dike 2

Foliation parallel veins
and wall-rock
replacement

Foliation discordant
veins, locallised
pervasive alteration
in monzogranite

Assemblage: Qtz, ab,
dp, tnt, gt, amph,

+ bt, =+ cct; Vein cores:
Dp — gt; Vein selvages:
amph, dp

Qtz, ab, act, dp, tnt, sch;
Vein cores: act, qtz;
Vein selvage: Mg-hbl

Veins and pervasive:
Au, po, py, cpy, mt

Veins: Au, moly,
TeBi, po, py, mt,
cpy; Disseminated:
Mt, gn, sp, uran

Type 1 veins: Avg. 971;
Pervasive: Avg. 965

Au in L. Alt Dike 2:
Avg. 751; Au in Alt.
Dike 2: Type 5 vein:
Avg. 968, Type 6 veins:
Avg. 944

Au, weak Cu

Au, Mo, Te, Bi, W,
trace Pb—Zn-U

Veins and pervasive
alteration: Gold inclusions
in dp, qtz, gt, amph;
Intergrown and as
inclusions in Po
Intergrown with: Act,
moly, TeBi, Mg-hbl,
Inclusions in: Po,
igneous qtz-fld in Dike 2;
Interstial to: Qtz-fld in
Dike 2

Abbreviations: L. Alt (least altered).
Key to silicates, carbonates and tungstates: Ab (albite), act (actinolite), amph (amphibole), bt (biotite), cct (calcite), dp (diopside), gt (garnet), hbl (hornblende), Mg-hbl (magnesium-

hornblende), qtz (quartz), sch (scheelite), tnt (titanite), uran (uraninite).

Key to ore minerals and oxides: Cpy (chalcopyrite), gn (galena), moly (molybdenite), mt (magnetite) po (pyrrhotite), py (pyrite), sp (sphalerite), TeBi (tellurobismuthite).

0s

£9-€7 (2007) 61 sma142y 4301020 240) / "D 12 19ong VT



L.A. Bucci et al. / Ore Geology Reviews 19 (2002) 2367 51

intrusion-related, gold-skarn, and orogenic lode—gold
deposits, respectively.

7.2. Comparison with intrusion-related vein gold
deposits

Sillitoe and Thompson (1998) have recognised a
suite of five, probably transitional, intrusion-related
vein gold deposit groups that they have subdivided
based on vein mineralogy and metallogenic associa-
tions (see also Lang et al., 2000). Several features of
these deposit types, outlined in Table 5, overlap with
those of epizonal to mesozonal orogenic gold depos-
its, leading some authors to suggest that at least some
of the deposits within them are, in fact, one and the
same (Goldfarb et al., 1997, 1998; Groves et al.,
1998). However, when compared to Main Stage gold
mineralisation at Chalice, numerous contrasts are
evident.

First, metal associations differ significantly with
only the Au—Fe oxide—Cu—(Hg) series partially over-
lapping with that at Chalice. Silicate and oxide vein
mineralogy and associated wall-rock alteration also
differ with the five series of intrusion-related deposits
being collectively dominated by quartz, calcite, mus-
covite, wolframite, specular hematite, magnetite and
chlorite after biotite (high 7') vein assemblages and
sericite, muscovite, quartz, K-feldspar, biotite and
albite wall-rock alteration assemblages. Veins and
wall-rock alteration associated with Main Stage gold
mineralisation at Chalice are characterised by calc-
silicate alteration phases, dominated by quartz, albite,
diopside, titanite and garnet as well as minor mag-
netite. Structural style and tectonic setting are also
different. The intrusion-related deposits are located
typically in the upper 7 km of the crust in a brittle to
brittle—ductile structural régime, generally inboard of
the collisional suture in arc to backarc settings (Silli-
toe and Thompson, 1998; Lang et al., 2000). However,
hypozonal orogenic gold deposits form below 12-km
depth in dominantly ductile settings, within deformed
accretionary belts adjacent to continental magmatic
arcs (Groves et al., 1998).

The aforementioned differences indicate a strong
disassociation between Main Stage gold mineralisa-
tion at Chalice and the intrusion-related suite of
deposits as defined. The spatial association with
granitic rocks is the only common attribute.

7.3. Comparison with Phanerozoic gold-skarn depos-
its worldwide

There has been much debate in the literature with
respect to whether Archean hypozonal orogenic lode—
gold deposits are ancient analogues of Phanerozoic
gold-skarns (e.g. Mueller, 1991, 1997; Mueller and
Groves, 1991; Hagemann et al., 2000). Skarn is
defined by Einaudi et al. (1981) as “coarse grained
Ca—Fe—Mg—Mn silicates formed by either meta-
morphic recrystallisation, bimetasomatic reactions
between unlike lithologies or infiltration metasoma-
tism involving hydrothermal fluids of magmatic ori-
gin”. Meinert (1998) went further to suggest that
“skarns are a simple rock type defined by its miner-
alogy and dominated by calc-silicate minerals such as
calcic-garnet and pyroxene. . .and can form in almost
any rock type including limestone, shale, granite, iron
formation, basalt and komatiite”. Effectively, in both
cases, the term “skarn” is a mineralogical classifica-
tion with calcic-garnet- and pyroxene-constituting
essential phases. Tornebohm (1875) was the first to
publish the term “skarn” based on work in the
Persberg area, Sweeden. This type locality has skarn
formed in felsic metavolcanic rocks and iron forma-
tion, not directly associated with a pluton or lime-
stone. However, because the majority of gold-skarns
described in the literature contain a proximal causative
pluton, generally associated with calcareous rocks
(see reviews by Einaudi, 1981; Meinert, 1998; Ray
and Dawson, 1998), the notion that skarns are the
product of metasomatism by magmatic fluids is prev-
alent. The general characteristics of gold-skarns based
on the literature (Table 6) are compared with Main
Stage gold mineralisation at Chalice (Table 4), and it
is apparent that they differ significantly. Examples as
follows.

(1) Phanerozoic gold-skarns are commonly located
in either very low-grade metamorphic, or unmetamor-
phosed, calcareous sedimentary host rocks. Host rocks
at Chalice were at mid-amphibolite facies-metamor-
phic grade at the time of mineralisation.

(2) Hornblende—feldspar geobarometry at Chalice
indicates crustal depths of 12—14 km, whereas the
characteristic depth for the majority of Phanerozoic
gold-skarns is between 2 and 5 km.

(3) Main Stage gold mineralisation at Chalice is
primarily structurally controlled, whereas gold mine-



Table 5
General characteristics of selected intrusion-related vein gold deposits worldwide
Compiled from Sillitoe and Thompson (1998), Thompson et al. (1999) and Lang et al. (2000).

Major metal association Deposit example Deposit for Size Country rocks Pluton association

classes comparison

Au-Fe oxide—Cu—(Hg) Mantos de Punitaqui (Chile) Mantos de ~ 2 Mt@4 g/t Au produced Volcano-sedimenatry Monzodiorite
Punitaqui rocks

Au—Cu—Mo—-Zn Snip (Canada) Salave (Spain) Snip 1.27 Mt@27 g/t Au produced Sedimentary rocks Quartz monzodiorite

Au—As—Pb—Zn-Cu—Ag Parcoy-Pataz (Peru) Kori Kollo
(Bolivia) Charters Towers

(Australia) Linglong (China)

Parcoy-Pataz ~ 8 t/year Au produced

Au-Te—Pb-Zn-Cu Dongping (China) Kidston Dongping >16 Mt@6 g/t Au
(Australia)
Au—As—Bi—Sb Ryan Lode (Canada) Ryan Lode 26 t Au

Fort Knox (Alaska)

Monzodiorite to
granodiorite

Syenite and alkali—
feldspar syenite
Granite porphyry and
volcano-sedimentary
rocks

porphyry
Monzodiorite to
granodiorite

Syenite—monzonite

Granodiorite, granite

Key to silicates and carbonates: Ab (albite), bt (biotite), cct (calcite), chl (chlorite), K-feld (K-feldspar), musc (muscovite), qtz (quartz), ser (sericite).
Key to ore minerals and oxides: Asp (arsenopyrite), boul (boulangerite), cpy (chalcopyrite), gn (galena), mt (magnetite), moly (molybdenite), po (pyrrhotite), py (pyrite), schw

(schwatzite), spec hm (specular hematite), sp (sphalerite), sb (stibnite), tel (tellurides), wf (wolframite).
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Structural controls Wall-rock alteration Zoning Ore minerals Siting of gold P—T conditions of
mineralisation
Regional sinistral strike— Vein: qtz, cct; Wall-rock: ser Sericite alteration Spec hm, mt, cpy, Associated with spec 206-255 °C;
slip fault system halos to veins Py, schw hm and cpy <2 kbar
Brittle—ductile shear zone Vein: chl, bt, cct, qtz; Wall-rock inner: bt; Po, py, moly, sp
Wall-rock: bt, K-fled, cct, Wall-rock outer: K-feld,
qtz, ser cct, qtz, ser
Regional west-verging Stg 1 vein: musc, py, asp, wf; Qtz—musc—py alteration Py, asp, wf, sp, Associated with py, asp, 130-328 °C;
thrust faults Stg 2 vein: py, sp, gn, cpy; halos to veins gn, cpy wf, sp, gn and cpy <2 kbar
Wall-rock: qtz, musc, py
Regional fault Vein: qtz, K-feld; K-feld alteration Py, spec hm, tel, gn, 240-350 °C;
Wall-rock: K-feld halos to veins sp, cpy 500—690 bars
Local shear veins and Shear veins: qtz, ser; Sericite alteration Asp, sb, sp, sch, cpy, Strong Au-—Bi association 280-350 °C;
stockwork veins Stockwork veins: qtz, ab, cct halos to veins moly, boul, Pb—Bi sulphosalts <1 kbar
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Table 6

General characteristics of selected Phanerozoic gold-skarns worldwide

Deposit

Grade and tonnage

Country rocks

Pluton association

Structural controls

Wall-rock alteration

Big Gossan, Irian Jaya

McCoy, Nevada

Copper Canyon, Nevada
Nickel Plate, Hedley District,
BC, Canada

Buckhorn, Washington

Mason Valley, Yerington
District, Nevada

37.4 Mt@2.69%Cu 1.02 g/t
Au 16 g/t Ag
15.6 Mt@1.4 g/t Au

10 Mt@0.8 g/t Au 0.8%Cu
13.4 Mt@5.3 g/t Au

7.3 Mt@4.6 g/t Au

1.5 Mt@2.7 wt.% Cu

Dolomite, dolomitic
limestone, siltstone,
sandstone

Carbonate and siliceous
sedimentary rocks

Limestone
Calcareous and tuffaceous
siltstones and limestones

Clastic and carbonate
sedimentary rocks,

andesitic flows

Limestone

Granodiorite

Quartz monzonite
to granodiorite
Granodiorite

Diorite to gabbro

Diorite to granodiorite

Granodiorite to quartz
monzonite

Imbricate thrust sheets
and isoclinal folds

Regional shearing

Shear zone
Shearing

Associated shearing

Strong regional folding
and faulting

Prograde: gross, dp;
Retrograde: amph, chl, ep

Endoskarn: K-feld, ep,
act, gt, dp; Exoskarn:
gt, dp, cct, K-feld, chl
K-feld, bt

Prograde: gt, pyx;
Retrograde: woll, preh,
ep, chl

Prograde: pyx, gt;

Retrograde: cct, qtz, ep, amph

Gt, pyx, trem, mt, tc, cct

Key to silicates, carbonates and tungstates: Act (actinolite), amph (amphibole), andr (andradite), bt (biotite), cct (calcite), chl (chlorite), dp (diopside), ep (epidote), gross (grossular),

gt (garnet), K-feld (K-feldspar), preh (prehnite), pyx (pyroxene), qtz (quartz), tc (talc), trem (tremolite).

Key to ore minerals and oxides: Asp (arsenopyrite), cc (chalcosite), cpy (chalcopyrite), elec (electrum), gn (galena), loel (loellingite), mar (marcasite), po (pyrrhotite), py (pyrite), sp

(sphalerite).
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Zoning Ore minerals Siting of gold Metal P—T conditions of References
association mineralisation
Proximal: gross, dp; Intremediate: Py, po, cpy, elec, sp, gn Cu and Au in cpy Cu, Au, Ag 369-460 °C<1.5 kbar Meinert et al. (1997)
gross—andr, dp—hed; Distal:
andr, hed
Proximal: gt, dp; Distal: bt, amph, Py, po, cc, cpy, sp Free Au Au, Ag, Cu 330-590 °C ~ 350 bars Kuyper (1988)
chl, cct, K-feld
Py, cpy, po, mar K-feld, bt Au, Cu 375°C <1 kbar Kotlyar et al. (1988)

Proximal: gt, pyx; Intermediate: bt, Asp, loel, po Au with gt and pyx Au 460-480 °C Ettlinger et al. (1992)
K-feld, pyx; Distal: bt, amph (Meinert, 1998)
(Meinert, 1998)
Proximal: gt, mt; Intermediate: gt, Cpy, py, po Au with Bi metals in Au, Cu 360—465 °C<2 kbar Hickey (1992)
pyx, ep; Distal: pyx, amph late stage fractures

in prograde minerals.

Associated with po in

mt zones
Proximal: gt, pyx, mt; Distal: Cpy, py Cpy interstitial to gt Cu ~ 600 bar Einaudi (1977)

trem, cct, tc, dol

and pyx zones
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Table 7
General characteristics of selected Archean hypozonal orogenic lode—gold deposits of the Yilgarn Craton, Western Australia
Region in  Deposit Grade and tonnage Host rocks Metamorphic grade Structural controls Timing of Au
the Yilgarn (to Dec 88) mineralisation
Craton
SCP Marvel Loch 2.2 Mt@3.5 g/t Au Pillowed meta-komatiites Amphibolite facies; Broad ductile shear Post-peak-metamorphism
and gabbros >550 °C zones with penetrative
foliation
SCP Nevoria 1.86@3.5 g/t Au Grun—qtz BIF, minor u/m Amphibolite facies; Narrow ductile shear zone  Post-peak-metamorphism
and mafic amphibolites 570-610 °C
SCP Frasers 0.87 Mt@10.9 g/t Au Ultramafic rocks Mid-amphibolite facies Ductile shear zone Syn-shear zone development
and peak-metamorphism
SCP Hopes Hill 32,500 kg Au Meta-basalt, meta-komatiite, Mid-amphibolite facies Ductile shear zones Syn- to post-peak-
meta-sedimentary rocks metamorphism
SCp Transvaal 87,729 t@6.82 g/t Au Meta-pelite, meta-komatiite ~ Mid-amphibolite facies; Ductile shearing along Syn-peak-metamorphism
(production 1996-1997) ~ 550 °C; 2—4 kbar lithological contacts
CG Kings Cross 216,415 t@5.08 g/t Au  Meta-basalt Lower-amphibolite facies  Brittle—ductile shear zones = Syn-peak-metamorphism
(April 1991)
CG Tindals Group ~1 Mt@4.74 g/t Au Porphyry and dolerite in Mid-amphibolite facies Shear zones at lithological =~ Syn-peak-metamorphism
(May 1993) meta-komatiite contacts
CG Burbanks Group 0.5 Mt@20.12 g/t Au Meta-basalt Mid-amphibolite facies Brittle—ductile shear Syn-peak-metamorphism
(December 1989) zones
NR Mararoa-Crown 6.9 Mt@10.4 g/t Au Meta-basalt Lower-amphibolite facies  Brittle—ductile shear Syn- to post-peak-
(June 1987) zones metamorphism
NR Scotia 677,000 t@6 g/t Au Meta-basalt, meta-komatiitic = Mid-amphibolite facies; Ductile shear zone Syn-peak-metamorphism

(June 1987)

basalt

~560-670 °C; 2—4 kbar

Abbreviations: SCP=Southern Cross Province; CG = Coolgardie Goldfields; NR =Norseman Region.
Key to silicates, carbonates and tungstates: Ab (albite), act (actinolite), alm (almandine), amph (amphibole), bt (biotite), cct (calcite), chl (chlorite), clz (clinozoisite), cord (cordierite),
cum (cummingtonite), dp (diopside), gt (garnet), hbl (hornblende), hed (hedenburgite), K-feld (K-feldspar), Mg-hbl (magnesium-hornblende), ol (olivine), phlog (phlogopite), plag

(plagioclase), qtz (quartz), sch (scheelite), tnt (titanite), trem (tremolite), uran (uraninite).

Key to ore minerals and oxides: Asp (arsenopyrite), Cpy (chalcopyrite), gn (galena), ilm (ilmenite), loel (loellingite), Ix (leucoxene), mar (marcasite), moly (molybdenite), mt
(magnetite), pent (pentlandite), po (pyrrhotite), py (pyrite), sp (sphalerite), TeBi (tellurobismuthite).
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Wall-rock alteration style Alteration assemblage/zonation Ore minerals Siting of gold Metal P—T conditions of References
association ~ mineralisation
Foliation parallel tabular Inner: ol, cct; Int.: dp, amph, Po, py, asp, loel, Free gold Au, Ag, As, Max T=620 °C; Mueller (1991)
zones, predominantly phlog, locally qtz—dp veins; cpy, gn, sp Sb, Pb, W 4 + 1 kbar
in meta-komatiite Outer: trem, chl
Massive and vein controlled  Inner: hed, minor alm; Po, cpy, asp, Free gold Au 550-580 °C; Mueller (1997)
replacement in grun—qtz BIF  Outer: Fe act and hbl loel, py 4 + 1 kbar
Qtz—dp—calc veins with Inner: layers of dp and amph; Po, cpy, pent, gn  Gold inclusions in Au, Fe, Cu 555+ 35 °C; Barnicoat (1989)
10 mm wide alteration halos  Int.: bt, plag layers; sulfides and quartz. 3 kbar
Outer: bt, cord, cum layers Associated with Po
in siliceous wall-rocks
Folded and boudinaged Inner: qtz, bt, dp, amph, plag, Po, py, cpy Free gold Au, Ag 500-700 °C Ridley et al. (1995);
qtz—plag—dp—cct—tnt veins  gt, K-feld; Outer: bt, amph, plag Bloem et al. (1994)
Qtz—sulpharsenide veins Inner: qtz, bt, dp, amph, plag, gt, Po, loel, asp, Electrum in loel and Au, As 500-700 °C Dalstra et al. (1998)
K-feld; Outer: bt, amph, plag electrum loel—po contacts.
Gold in po
Laminated quartz reefs Inner: amph, bt, cct, plag, qtz, Po, aps, sp, Intergrown with Au 3—4 kbar Knight et al. (1993),
tnt, K-feld, Mg-chl cpy, py, gn sulfide phases (Groves et al., 1975) Groves et al. (1975),
Ridley et al. (2000)
Veinlets along lithological Inner: hbl, plag, cct, qtz, chl, Po, sp, cpy, Free gold in altered Au 495-596 °C Knight et al. (1993),
contacts and associated bt, gt py, sch, ilm wall-rock and veinlets (avg. 542 + 25 °C); Ridley et al. (2000)
intense wall-rock alteration 4.3-5.1 £0.3 kbar
Laminated quartz reefs Inner: gt, bt, hbl, qtz, cct, plag Po, py, sp, gn, Intergrown with sulfide Au 400—-500 °C; 3—4 kbar Knight et al. (1993),
asp, sch, rut phases (Groves et al., 1975) Groves et al. (1975),
Ridley et al. (2000)
Laminated quartz reefs Inner: act, bt, qtz, plag, cct, 1x, Py, gn, tel, Au, Gold in fractures in Au 470-500 °C; 3 kbar McCuaig et al. (1993),
tnt, sch; Outer: hbl, act, bt, po, sp, cpy, mar  euhedral pyrite, and at Ridley et al. (2000)
qtz, plag, cct, ilm quartz grain boundaries
Shear hosted veinlets and Inner: act, qtz, cct, dp, clz, plag;  Po, py, cpy, Inclusions in quartz Au >500 °C; 3—5 kbar McCuaig et al. (1993),
associated wall-rock Outer: hbl, bt, plag, ilm, qtz asp, bi, Au Ridley et al. (2000)
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ralisation in gold-skarns is controlled by metasomatic
replacement commonly involving magmatic fluids.

(4) Mineralisation in gold-skarns is generally asso-
ciated with a proximal contemporaneous pluton. In
contrast, Main Stage gold mineralisation at Chalice is
cross-cut by proximal monzogranites, which indicates
that it predated local felsic magmatism in timing.

(5) Phanerozoic gold-skarns are characterised by
prograde anhydrous alteration assemblages (including
calcic-garnet + pyroxene), whereas Main Stage gold
mineralisation at Chalice exhibits hydrous phases
(amphibole and biotite) as part of the prograde alter-
ation assemblage.

In summary, from a mineralogical viewpoint, Main
Stage gold mineralisation may tentatively be classified
as skarn, as has been proposed by Mueller (1991,
1997) for other hypozonal orogenic lode—gold depos-
its in the Yilgarn. However, with respect to genetic
characteristics, such as structural controls, alteration
systematics and zoning, pluton association and crustal
depth of formation, the application of the term skarn
to define Main Stage gold mineralisation at Chalice is
equivocal.

7.4. Comparison with hypozonal orogenic lode—gold
deposits of the Yilgarn Craton

Archean hypozonal orogenic lode—gold deposits
are defined as “(gold-bearing) vein systems with a
unique spatial and temporal association with orogeny,
that form at depths below 12 km and at temperatures
exceeding 475 °C”, according to the classification of
Groves et al. (1998). These deposits also commonly
display extensive wall-rock replacement associated
with gold mineralisation. The general characteristics
of Main Stage gold mineralisation at Chalice are
outlined in Table 4 and are compared with those of
typical orogenic lode—gold deposits in the three main
high-temperature settings of the Yilgarn Craton (Table
7). Similarities include:

1. Grade and tonnage: Generally small (<1 Moz)
high-grade (5—10 g/t Au) orebodies.

2. Host-rock composition and metamorphic grade,
dominated by metabasalts metamorphosed to
mid- to upper-amphibolite facies grade
(~550+50 °C and ~2-5 kbar) and corres-
ponding to crustal depths>12 km.

3. Wall-rock alteration assemblages associated
with gold mineralisation, dominated by a
quartz + diopside * calcic-amphibole + gar-
net * calcite + titanite assemblage.

4. Siting of gold: Commonly as inclusions and
intergrown with pro-grade calc-silicate phases
(e.g. diopside and garnet) and associated with
sulphides such as pyrrhotite.

The main differences between Main Stage gold
mineralisation at Chalice and Yilgarn orogenic lode—
gold deposits in higher-temperature settings are the
structural controls on mineralisation. Hypozonal oro-
genic lode—gold deposits are typically hosted in either
discrete ductile shear zones displaying penetrative
shear fabrics, or brittle—ductile shear zones and asso-
ciated laminated quartz reefs. This contrasts with
Main Stage gold mineralisation at Chalice, which is
controlled by local, broad asymmetric folds, lacking
penetrative shear fabrics.

Collectively, the general characteristics of Main
Stage gold mineralisation at Chalice are equivalent
to hypozonal orogenic lode—gold mineralisation
documented elsewhere in higher-temperature green-
stone terranes of the Yilgarn Craton. The differences
simply reflect a variation on the typical structural
controls in this deposit type.

8. Discussion of Second Stage gold mineralisation

Second Stage gold mineralisation is temporally
bracketed between the Main Stage event and the
intrusion of the Basal Pegmatite. As Main Stage gold
mineralisation is controlled by D, folds, the Second
Stage event is effectively constrained by magmatic
events. Gold in this event is associated with Bi—Te—
Mo-W trace Zn—Pb and U (Table 4) and occurs in
discrete veins and as a disseminated phase in mon-
zogranite Dike 2 (Fig. 9). These features contrast with
those of the Main Stage event (Table 4; Fig. 7) and are
atypical of hypozonal orogenic lode—gold deposits
elsewhere in the Yilgarn Craton (Table 7). Based on
the metal association as well as the spatial and
temporal relationship with felsic magmatic intrusions,
Second Stage mineralisation reflects a closer affinity
to intrusion-related gold systems, in particular, those
in the Tombstone Plutonic Suite, Yukon (see Lang et



L.A. Bucci et al. / Ore Geology Reviews 19 (2002) 2367 59

al., 2000; Table 5). Textures, such as gold interstitial
to, and as inclusions in, quartz and plagioclase of the
least-altered Dike 2 monzogranite (Fig. 9h), suggest
an inherent relationship between monzogranite crys-
tallisation and gold precipitation, although gold-bear-
ing miarolitic cavities, which are common in many
Tombstone Plutonic Suite intrusions (Duncan et al.,
1997), are absent. The fact that Dike 2 is mostly
mineralised (99%) where it intersects Main Stage gold
mineralisation suggests that Second Stage gold may
have been remobilised from the Main Stage although
the specific element association of Au—Bi—Mo—Te—
W is more indicative of a separate gold mineralising
event. Thus, as the characteristics of Second Stage
mineralisation overlap with both epi- to mesozonal
orogenic lode—gold and intrusion-related deposits,
classification of Second Stage mineralisation is equiv-
ocal, at our current level of understanding of the
deposit.

Therefore, bearing in mind that both Main and
Second Stage gold mineralisation are temporally
bracketed by magmatism and that only the minor
Second Stage event is potentially intimately associ-
ated with magmatism, it is more appropriate at the
current level of understanding to consider gold min-
eralisation as an event associated with the broader
evolution of a magmatic/metamorphic system in the
later stages of orogenesis. It is currently uncertain as
to whether the intrusion of Dike 2 contributed mag-
matic-gold to the overall budget of the deposit or if
gold was assimilated and remobilised from the Main
Stage event. This problem will be addressed during
on-going research.

9. Descriptive model
9.1. Introduction

The geological characteristics and relative timing
between metamorphism, deformation, magmatism and
hydrothermal alteration at Chalice can be synthesised
to produce a depositional model for Main and Second
Stage gold mineralisation. This model excludes
genetic connotation with respect to the fluid source
for metals. A series of schematic diagrams, which
represent the sequential evolution of the Chalice gold
deposit, are presented in Fig. 11 and summarised in

Fig. 12. Deformation events discussed in the follow-
ing section relate to local events recognised at Chalice
and not the regional deformation events used in
reference to the Kalgoorlie Terrane (e.g. Hammond
and Nisbet, 1992; Myers, 1993, 1997; Williams and
Whitaker, 1993; Archibald, 1998).

9.2. Evolution of the Chalice gold deposit

9.2.1. Predeformation

The earliest event at Chalice corresponds to the
regional eruption of the mafic—ultramafic and felsic
volcanic rocks of the Kalgoorlie Terrane, which
occurred from 2700-2690 Ma for the mafic—ultra-
mafic unit to ~ 2680 Ma for the felsic volcanic unit
(Claué-Long et al., 1988; Nelson, 1995). Krapez et al.
(2000) suggest ages as young as ~ 2660 Ma for felsic
detritus in overlying sedimentary sequences.

9.2.2. D] to D2

The D, event and peak metamorphism were broad-
ly synchronous. Ages for peak-amphibolite facies-
metamorphic conditions in the Norseman—Wiluna
greenstone belt are equivocal. Nelson (1997) inter-
prets a ca. 2630 Ma timing for peak-metamorphism
although regional high-grade metamorphism is also
interpreted to have occurred at ca. 2660 to 2640 Ma
(Swager, 1997). For the purpose of this relative timing
discussion, it is sufficient to recognise that the vol-
canic sequence was deposited (Fig. 11a) and subse-
quently deformed during peak-metamorphic con-
ditions (D) to produce a deposit-scale foliation, S,
(Fig. 11b).

Magmatism in the local mine environment (Fig.
11c) produced the Dike 1 monzogranite, which var-
iably truncates the S, fabric, and is subsequently calc-
silicate altered. The D, event involved folding (F3) of
the S; fabric and development of S;-parallel gold-
bearing Type 1 calc-silicate veins and pervasive wall-
rock alteration. The orebody occurs as a broadly
stratabound body, approximately 45 x 170 x 300 m
in dimensions (Fig. 11d). This represents the Main
Stage gold mineralisation event, and accounts for up
95% of the gold endowment at Chalice.

9.2.3. Late D> to D,
The Dike 2 monzogranite cross-cuts the S; fabric
and F% folds late in the evolution of the D, event. The



(a) Pre-deformation: Mafic and ultramafic volcanism and deposition of greenstone sequence

(c) Late D4 magmatism

Spotted and Laminated
Dike 1 monzogranites,
pre-calc-silicate
alteration

S4fabric developed
in mafic and ultramafic
volcanic rocks

Type 1 veins:
:g’:;l’;:zzdiﬁ s olds Qtz-ab-dp-tnt-gt-Au-po-py-mt-cct.
2 Veins parallel S; fabric in maﬂf
amphibolite, and are folded (
in that fabric during Dy .

Pervasive wall-rock alteration:
Qtz-ab-dp-tnt-gt-Au-po-py-mt
~cct+/-hbl.

Occurs as stratiform replacement
of $4 fabric in mafic amphibolite.

[l Greenstone sequence [*.] Dike 1 Calc-silicate veining [l F1z folds [}7] Calc-silicate wall-rock alteration [X]1g/t Au contour
. Dike 2 monzogranite foliation [l Basal Pegmatite

Fig. 11. Evolution of the Chalice gold deposit. See text for discussion. Abbreviations: ab =albite, bt =biotite, cct = calcite, dp = diopside, fld = feldspar, gt= garnet, hbl=hornblende,
mt=magnetite, ol = olivine, phl=phlogopite, plag=plagioclase, po =pyrrhotite, py =pyrite, qtz= quartz, tnt=titanite, trem = tremolite.
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Fig. 12. Summary of the relative timing relationships between metamorphism, deformation, magmatism and gold mineralisation at the Chalice gold deposit. See Fig. 10 for
abbreviations.
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intersection of Dike 2 with the Main Stage orebody
resulted in a deposit-scale gentle southerly plunge for
medium- to low-grade mineralisation, which over-
prints the north—northwest plunge of high-grade
shoots associated with local F) folds (stereonet:
Fig. 1le; longitudinal projection: Fig. 6b). Second
Stage gold mineralisation, which accounts for less
than 5% of the total gold budget at Chalice, was
preferentially developed on the hangingwall side of],
and disseminated throughout, Dike 2. Although exact
timing constraints are not quantified, cross-cutting
relationships indicate that the Eastern Granite intruded
into the lithostratigraphic sequence, post-Dike 2 (Fig.
11f). Emplacement of the Western Granite (D5: Fig.
11g) produced tight-to-isoclinal F} folds, an associ-
ated S, axial—planar cleavage and intersection line-
ation Lé.

A close temporal and spatial association exists
between the intrusion of the Basal Pegmatite (Late
Dy: Fig. 11h) and quartz reef development (Ds: Fig.
11i). Magmatism was episodic during late D, and
resulted in flat-lying pegmatites periodically truncat-
ing, and being truncated by, quartz reefs and open-
space cavity quartz growth. This likely occurred
during exhumation and uplift of the sequence, as
open-space cavity growth is unlikely in a hypozonal
setting.

10. Summary and conclusions

The Chalice gold deposit located in the southwest-
ern portion of the Norseman—Wiluna greenstone belt
is bounded by a massive calc-alkaline granitoid com-
plex (Woolgangie Super Suite) to the west, and a
monzogranitic pluton (Pioneer Dome) to the east. It is,
therefore, sited in an environment dominated by
granitoids. The mine sequence itself consists of inter-
calated mafic and ultramafic volcanic rocks metamor-
phosed to amphibolite facies grade, but at least four
generations of monzogranitic dike intruded the
sequence during post-peak metamorphism conditions,
further emphasising the importance of granitic mag-
matic activity in the mine environment.

Four, in part progressive, deformation events af-
fected the mine sequence. D;: deposit-scale foliation
(S1, ~70°—261°); D,: local asymmetric folds (F>,
~25°—345°); Late D,: intrusion of Dike 2 and

development of associated veins; Dj: reactivation of
D, folds to produce F} folds (~ 25°— 345°), axial
planar cleavage (S,, 60° — 270°) and an intersection
lineation (L}, 25° — 345°); and D,: laminated quartz
reefs (~ 80° — 265°). The mine environment is, there-
fore, structurally complex.

Two stages of gold mineralisation are recognised.
Main and Second Stage gold mineralisation are con-
trolled by D, folds and the intrusion of Dike 2, res-
pectively. Collectively, they define a stratabound ore-
body which grades ~6 g/t gold and parallels the
S; fabric. As this fabric is deformed by D, folds, the
geometry of the orebody is complex. High-grade
shoots (200—400 gm) plunge parallel to D, fold axes.
Medium-grade shoots (50—200 gm) are controlled by
the superposition of the dike with Main Stage gold
mineralisation.

Main Stage gold mineralisation, comprising ~ 95%
of the resource, is defined by variably deformed
foliation-parallel veins and pervasive wall-rock al-
teration, both characterised by a high-temperature
quartz — diopside — plagioclase — K-feldspar — titani-
te + garnet + hornblende + scheelite and biotite as-
semblage with accessory pyrite, pyrrhotite and mag-
netite. This mineralisation stage is hosted exclusively
in mafic amphibolite and has a gold-dominated metal
association with trace Cu and W. Free gold is locally
intergrown, and in textural equilibrium, with diopside,
quartz, hornblende, garnet and pyrrhotite.

Second Stage gold mineralisation, ~ 5% of the
resource, is defined by disseminated gold in Dike 2
and associated with high-temperature foliation-dis-
cordant quartz—gold, quartz—diopside—gold, actino-
lite—gold and molybdenite—tellurobismuthite—gold
veins. This mineralisation cross-cuts Main Stage min-
eralisation and is developed in mafic amphibolite, the
Hangingwall Ultramafic unit and Dike 2. The Au—Bi—
Te—Mo—W metal association contrasts with the Au—
minor Cu—W association of Main Stage mineralisation.

Main Stage gold mineralisation at Chalice is best
classified as hypozonal orogenic lode—gold, when
compared with intrusion-related vein gold, Phanero-
zoic gold-skarn and orogenic lode—gold mineralisa-
tion. Although this mineralisation event is bracketed
by magmatic episodes (Woolganie Super Suite and the
Pioneer Dome), it cannot be correlated to a particular
granitoid in the local environment. Thus, a distal
metamorphic and/or magmatic source is implicated
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for the ore fluid. Second Stage gold mineralisation is,
however, atypical of hypozonal orogenic lode—gold
deposits and is directly associated with the intrusion
of Dike 2. It is uncertain if this event produced true
magmatic gold, or represents assimilation and remo-
bilisation of Main Stage gold during Dike 2 magma-
tism. However, the Au—Bi—Te—Mo—W association is
very similar to that ascribed to intrusion-related gold
deposits, particularly those associated with the Tomb-
stone Plutonic Suite, strengthening the granitoid—gold
connection.

Irrespective of the uncertainties concerning Main
Stage mineralisation, the close association of Second
Stage gold with monzogranite Dike 2 magmatism, its
Au—Bi—Te—Mo—W association and the close spatial
and temporal link between gold mineralisation and
extended granitoid magmatism for the deposit as a
whole implicate metamorphism and associated gran-
itoids, in the genesis of the Chalice gold deposit.
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