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The Sunrise Dam gold deposit is located approximately 850 km ENE of Perth, in the eastern part of the Yilgarn Craton,
Western Australia. The mine has produced approximately 153 t of Au at an average grade of 4.2 g/t, which stands for
the most significant gold discoveries during the last decade in Western Australia. The deposit occurs in the Laverton Tec-
tonic Zone corresponding to the corridor of structural complexity in the Laverton greenstone belt, and characterized by
tight folding and thrusting. The mine stratigraphy consists of a complexly deformed and altered volcaniclastic and vol-
canic rocks. These have been overlain by a turbidite sequence containing generally well-sorted siltstones, sandstones and
magnetite-rich shales, which are consistently fining upwards. These sequences have been intruded by quartz diorite, ultra-
mafic dikes, and rhyodacite porphyry (Archean), and lamprophyre dikes (Palacoproterozoic). These rocks constitute the
asymmetric NNE-trending Spartan anticline with north-plunging thrust duplication of the BIF unit. The deposit is located
on the western limb of this structure. Transported, fluvial-lacustrine and aeolean sediments lie unconformably over the
deposit showing significant variation in relief. Gold mineralization occurs intermittently along a NE-trending cotridor of
ca. 4.5 km length. The 20 currently defined orebodies are centered on a series of parallel, gently-dipping (~30°) and NE-
SW trending shear zones with a thrust-duplex architecture and high-strain characteristics. The paragenetic sequence of the
Sunrise Dam deposit can be divided into five hydrothermal stages (D;, D,, D3, Dy,, Dyp), which are supported by
distinctive features of the mineralogical assemblages. Among them, the D,, stage is the dominant episode of Au
deposition, followed by the Dy, stage, which is characterized by more diverse ore mineralogy including base metal
sulfides, sulfosalts, and telluride minerals. The Dy, stage contains higher proportions of microscopic free gold (48%) than

Dy, stage (12%), and pyrite is the principal host for native gold (electrum) followed by tetrahedrite-group minerals in both
stages.
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1. Infroduction

The Sunrise Dam gold deposit is located
approximately 850 km ENE of Perth, in the east-
ern part of the Yilgarn Craton, Western Australia
(Fig. 1). The mine is owned and operated by
Anglo-Gold Ashanti Australia Ltd. and has pro-
duced approximately 153 t of Au at an average
grade of 4.2 g/t (Nugus and Biggam, 2007), which
stands for the most significant gold discoveries
during the last decade in Western Australia.

The deposit contains a structurally complex series
of gold-rich ore bodies with a variety of defor-
mation fabrics that influence the nature, geometry
and distribution of the mineralization (Nugus and
Biggam, 2007). Therefore, considerable efforts
have been devoted to the determination of lithol-
ogy, ore fluid characteristics, and the structural
controls on the gold mineralization at Sunrise Dam
(e.g., Brown et al., 2002a; Brown et al., 2002b;
Brown et al., 2003; Cassidy and Hagemann, 2001;
Nugus ef al., 2005a; Nugus et al., 2005b; Nugus et
al., 2005¢; Nugus et al., 2006). However, mineral
paragenesis, the nature of gold mineralogy and its

(re-)distribution in accord with the multiple defor-
mation events are remained unclear, although min-
eralogical data is crucial not only to optimize gold
recoveries, but also to establish a genetic model
for the Archean orogenic gold system.

The deposit contains both free-milling and
refractory Au ores, and the average Au recovery is
about 80%. The refractory Au ores at Sunrise Dam
consist mainly of arsenian pyrite and arsenopyrite
(Sung ef al., 2009). The aim of the paper is thus to
characterize the ore minerals, their associations,
distribution, and paragenetic sequence in the Sun-
rise Dam deposit, and use this information provide
mineralogical basis of ore processing as well as
an insight into the various mechanisms of Au
enrichment in a world-class orogenic Au deposit.

2. Geological Setting

2.1. Regional Geology

The Eastern Goldfields Province (EGP) is an
intensely mineralized Late Archean granite-green-
stone terrane, which is approximately 900 km long
and 400 km wide, occupying the eastern third of
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Fig. 1. Geological map of Yilgarn Craton of Western Australia showing terrane boundaries and gold deposit locations
(modified after Cassidy et al. 2006). Abbreviations: Ka: Kalgoorlie terrane; Gd: Gindalbie terrane; Ku: Kurnalpi terrane; La:

Laverton terrane; Du: Duketon-Burtville terrane.
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the Yilgarn Craton (Myers, 1997; Griffin, 1990)(Fig.
1). It is characterized by many major NW-NNW
trending faults, large areas of granitoids, and gen-
erally narrow, linear to arcuate greenstone belts
which are more abundant than any other provinces
in the craton (Griffin, 1990).

Tectonically, the EGP consists of five tectono-
stratigraphic terranes defined by their distinct vol-
canic facies, geochemistry, and age of volcanism
{Myers and Hickman, 1990; Swager, 1997). From
southwest to northeast, these are the Kalgoorlie,
Gindalbie, Kumalpi, Laverton, and Duketon-Burtville
Terranes (Fig. 1). Each terrane is divided into
structurally bound domains that preserve dismem-
bered, thrust-repeated parts of the succession and
locally have distinct volcanic facies relationships
(Barley er al., 2002; Swager, 1997; Cassidy ef al.,
2006). The Kalgoorlie and Gindalbie Terranes are
characterized by tonalite-trondjhemite-dacite (TTD)
volcanism and interpreted as transtensional, deep-
marine intra-arc basins accompanied by westward-
dipping subduction zone (Cassidy et al., 2006;
Krapez ef al., 2000; Barley ef al., 1989). The Kur-
nalpi Terrane is typified by calc-alkaline volcanic
rocks which were formed within arc-related ter-
ranes along the same convergent margin (Barley ef
al., 2002). The Laverton Terrane sequence may
represent autochthonous basement including mafic
to ultramafic volcanic rocks, BIF, and fine grained
volcanogenic sedimentary rocks {Cassidy et al.,
2006). The Duketon-Burtville Terrane consists of
three poorly defined domains containing meta-
morphosed mafic and felsic volcanic and sedi-
mentary sequences of undetermined age (Cassidy
et al., 2006). The Sunrise Dam gold deposit is
located in Laverton Tectonic Zone (Hallberg, 1985)
within the Laverton Greenstone Belt (LGB) of the
Laverton Terrane (Fig. 1). In recent years, the
LGB has become a major center of gold pro-
duction, hosting two world-class (>100 t Au) gold
deposits (e.g., Sunrise Dam and Wallaby) with a
total contained gold endowment of over 700 t
(Salier et al., 2005).

2.2. Geology of the Sunrise Dam Deposit

The Sunrise Dam gold deposit is located in the
Laverton Tectonic Zone corresponding to the cor-
ridor of structural complexity in the LGB, and
characterized by tight folding and thrusting (New-

ton et al., 1998). The Cleo Upper Shear (CUS) and
the Sunrise Shear Zone (SSZ) are major structural
features associated with the deposit (Fig. 2). The
CUS occurs in the hanging wall of the SSZ and is
truncated by erosion in the western portion of the
Sunrise pit. There are numerous subsidiary splay
shears that branch upwards from the hanging wall
of the SSZ (e.g., Margies, Placer upper, and Ulu
flat Shear). Western Shear Zone (WSZ) and Watu
Fault Zone (WFZ) are steeply dipping, low strain
shear zones that are recognized between the CUS
and the SSZ (Fig. 2).

The mine stratigraphy consists of a complexly
deformed and altered package of shallowly NW-
dipping units dominated by volcaniclastic and vol-
canic rocks of intermediate affinity (Nugus and
Biggam, 2007). These have been overlain by a tur-
bidite sequence containing generally well-sorted
siltstones, sandstones and magnetite-rich shales
(BIF, sensu lato), which are consistently fining
upwards. The compositions of silts and sands are
similar to that of the underlying intermediate vol-
canic packages (Nugus and Biggam, 2007). These
sequences have been intruded by quartz diorite,
ultramafic dikes, and rhyodacite porphyry which
are constrained to be of Archean age (Ojala ef al.,
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Fig. 2. Simplified geological plan view of the Sunrise Dam
open pit showing major lithologies, structures, and ore
bodies (modified after Nugus and Biggam 2007). Abbreviations:
CUS=Cleo Upper Shear; SSZ=Sunrise Shear Zone; CS=
Carey Shear; WSZ=Western Shear Zone; WFZ=Watu
Fault Zone. Mine grid is rotated 45°E of true north.
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1993), and lamprophyre dikes of Palaeoprotero-
zoic age (Brown et al., 2002a). These rocks con-
stitute the asymmetric NNE-trending Spartan
anticline with north-plunging thrust duplication of
the BIF unit (Newton ef al., 2002). The deposit is
located on the western limb of this structure.
Transported, fluvial-lacustrine and aeolean sedi-
ments lie unconformably over the deposit showing
significant variation in relief.

3. Gold Mineralization

3.1, Structural Confrol and Mineralizing Events

Gold mineralization occurs intermittently along
a NE-trending corridor of ca. 4.5km length,
characterized by the presence of strongly magnetic
BIF sequences (Newton er al., 2002). The 20
currently defined orebodies are centered on a
series of parallel, gently-dipping (~30°) and NE-
SW trending shear zones with a thrust-duplex
architecture and high-strain characteristics: e.g.,
Cleo Upper Shear (CUS), Sunrise Shear Zone
(88Z), and Carey Shear (CS) (Fig. 2). Such gently-
dipping structures, characteristic of many orogenic
gold deposits in the LGB (e.g. Wallaby, Granny
Smith, Lancefield, Jubilee etc.), usually carry a
significant proportion of the ore. A number of
orebodies in the deposit are also found within
steep, low-strain shear zones that develop between
the gently dipping shear zones, namely Western
Shear Zone (WSZ) and Watu Fault Zone (WFZ).
The WSZ dips 40-70° to the NW and has an
overall sigmoidal shape, while the WFZ has a sub-
vertical dip and strikes N30° E at the southern end
and N65° E at the northern end. These lodes carry
higher and more consistent grades than the SSZ-
hosted.

N-E striking structures contain ~79% of the Au.
The remaining portion (21%) is hosted by N-S
(010°) striking structures; e.g. the Summer Cloud,
Predator, Hammer Head, and Cosmo ore bodies
(Fig. 2), which comprise an important proportion
of the current underground resources. These NS-
trending orebodies were controlled by steeply-dip-
ping faults which developed as backthrusts to the
SSZ (Nugus et al., 2005c).

The inherent complexity in the deformation his-
tory results from the focusing of deformational
fabrics within discrete zones where overprinting

and reactivation have occurred in several stages
(Nugus and Biggam, 2007). This and extensive
hydrofracturing during later deformation stages are
extremely important controls on the extent and
tenor of mineralization within the deposit. Min-
eralogical studies have established a paragenetic
sequence consisting of five hydrothermal stages
Dy, Dy, D3, Dy, and D,y) which are generally in
accord with the major deformation events at Sun-
rise Dam gold deposit. The structural character-
istics and the nature of the mineralization are
summarized in Table 1.

The earliest deformation event (D;) formed F,
folds and thrusts (i.e, SSZ, CUS and CS) in
response to N-S compression and shortening (S;)
(Nugus et al., 2005b). The second event (D,) was
characterized by regional E-W shortening asso-
ciated with the formation of the Spartan Anticline
(F, fold) and penetrative N-S trending cleavage
(S,). These events were associated with carbonate-
chlorite-sericite hydrothermal alteration but minor
Au mineralization occurred only in the D; stage.
However, the extent and role of these hydrother-
mal events is difficult to estimate in the mine area
due to strong overprinting by the D3 and Dy events.

The third deformation event (D;) led to the for-
mation of WSZ and WFZ during NNW-SSE to
NW-SE oriented stress (Nugus and Biggam 2007).
This was also responsible for reactivation of S,
and S, with sinistral strike-slip movement as well
as development of S; fractures and NE-trending
extensional vein arrays with high grade of Au min-
eralization. However, within the SSZ, gold min-
eralization in discrete D5 shear zones is generally
medium grade, but locally As-rich veins tend to
have high grades (Nugus et a/., 2005a).

The last deformation event (D) resulted from
NW-SE shortening with local dextral reactivation
on S; surfaces containing extensional auriferous
veins (Nugus and Biggam, 2007). The Dy veins
can be subdivided into steeper-dipping, early (D,)
and gentle-dipping, late veins (D) with different
mineralogy, texture and geochemical signatures.
The Dy, veins host significant amounts of coarse
gold mineralization and have a strike continuity
that extends for more than 1km with narrow
alteration haloes between 0.5~5m laterally. The
Dy, veins are closely associated with distinct fault
zones that are shallow west dipping with similar
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Table 1. Comparison of deformation events proposed for the LGB and the Sunrise Dam deposit

LGB
Event

Sunrise Dam

Ojala (1995); Blewett ef al. (2002)

Nugus et al. (2005b); Nugus and Biggam (2007)

Dg NNW-S8SE extension
o low angle E-W to NE-SW trending shear zones
o komatiite intrusion (ca. 2705 Ma)
o basin development

Dy N-S to NW-SE compression
o NE-SW trending thrust faults
o reactivation of D¢ faults
o stratigraphic repetition
e isoclinal and recumbent folding

N-S shortening
e F, fold and thrust: NNW—SSE transport (882, CUS)
e shearing zones with sub horizontal L, §;
o shear parallel veins (0.25~1.5 g/t Au)

D, ENE-WSW to E-W compression
e reactivation of D, structures—upright fold
o extensive imbricate N-S thrust faults
o Margaret Anticline

E-W regional shortening
o F, fold (Spartan Anticline)
¢ Strong penetrative N-S trending S, cleavage
o WNW-ESE sinistral strike-slip shearing along S, cleavage
» local shearing along S, (barren ore)

Dy NE-SW shortening
o Reactivation of all structures

o Dextral strike-slip faults and shear zones

NW-SE to NNW-SSE compression and shearing
e steep and flat lying fractures (S;)
o formation of WS8Z, Watu shear
o sinistral reactivation of S\ (S5Z) and §,
o local asymmetric fold (F3) and crenulations
« NE-SW extensional veins & high grade Au in 887, CUS,
and Margies etc.
o moderate grade mineralization
o felsic dykes intrusion

D, NNW-SSE extension

E-W lamprophyre dike intrusion

NW-SE shortening
o N-S fault development
e local dextral reactivation on Sy surface
o high grade (1~2000 g/t) Au mineralisation in WSZ, WFZ,
Summercloud, Predator lodes etc.
o steeply dipping (Dy,) and gently dipping (Dg) vein
o relaxation and remobilization

Post- -
Dy

NW-SE and NE-SW faults (D57)
EW shortening (Dg?)

o sinistral, strike-slip subvertical faults
EW extension

o intrusion of lamprophyre dykes

dextral normal offsets to the Dy, structures. A con-
jugate set of NW-SE and NE-SW faults (Ds?)
postdate the ore and offset the stratigraphic pack-
age and ore zones. These are in turn offset by a set
of sinistral, strike-slip subvertical faults with var-
iable strikes (NNW-SSE to N-S, Dg?; Nugus and
Biggam, 2007).

3.2. Minerailization Styles and Ore Assemblages
Mineralization styles vary in individual ore-
bodies and also in different parts of the deposit
depending on many factors, including, but not lim-
ited to, host lithology, configuration of the min-
eralizing trap, crosscutting relationships reflecting

a polyphase deformation history, and overlapping
styles (Nugus et al., 2005a).

The bulk of ore in all types of structures is con-
tained within quartz-bearing veins that are mostly
flat-dipping (Fig. 3A, B, and F), with character-
istics such as vugs (Fig. 3A), pinch and swell
geometries (Fig. 3B), and kinematic indicators that
reflect an extensional regime. The nature and
extent of brecciation are also important features in
the deposit because brecciated veins and ore
shoots account for most of the highest-grade ore.
Breccia-hosted gold (Fig. 3C) mostly occurs in
steeply-dipping orebodies, but can also occur in
discrete zones along gently-dipping shear zones
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Fig. 3. Mineralization styles in the Sunrise Dam gold deposit. (A) A carbonate-sulfide filled vug in the Dy, stage auriferous
vein. 2077 ore drive (OD), SSZ. (B) Dy, stage quartz vein showing pinch-and-swell structure. 2077 OD, SSZ. (C) Quartz
carbonate breccia containing visible native gold. The ore grade is 1140 g/t Au. (D) Sulfidation of BIF along the fault plane
(outlined by dotted lines), 2067 OD, SSZ. (E) Dy, vein crosscutting folded D3 vein, WSZ open pit. Note more highly
deformed and bleached appearance of D; veins. (F) Typical high grade Dy, vein showing stylolitic laminae. Note the intense
brecciation and highly sheared fabric in the host rock. 2066 OD, SSZ.

(e.g., SSZ), which are enveloped by broader
alteration halos than in the steeper counterparts. In
some cases the precipitation of gold was caused, at
least partly, by fluid-rock interaction that is marked
by the sulfidation (replacement of magnetite by
pyrite) of abundant BIF units (Fig. 3D).

The deposit is low in sulfides (<5 vol.%) because
most of the economic ore occurs as coarse native
gold within quartz. However, native gold is also

present as inclusions in some of the sulfides,
especially in Dy, pyrites, as well as in Au-
tellurides. Pyrite is the most common sulfide in the
deposit and is present in variable amounts in ore-
bearing zones and within alteration halos in the
country rocks. Arsenopyrite is mostly known from
the central, deeper part of the deposit (e.g., WSZ,
WFZ, Astro, Cosmo, Dolly Volcanic, Dolly Por-
phyry, and GQ ore bodies; Fig. 2), but it also
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occurs in the SSZ, especially where BIF units are
present.

Typical Dy quartz-carbonate veins are bleached
in appearance, in some cases folded and display
cuspate-lobate interfaces with host rock (Fig. 3E).
The ore minerals consist of minor amounts of ars-
enian pyrite and subordinate arsenopyrite. The Dy,
veins are mainly composed of grayish white to
dark gray quartz and ankerite, and show well-
developed dark internal laminae (Fig. 3E and 5A).
In contrast, the Dy, veins consists of vitreous to
milky quartz (Fig. 3F) and more commonly dis-
play pinch-and-swell morphology (Fig. 3B) with
thicknesses ranging from several cm to nearly 100
cm. Gangue minerals in Dy, veins are vitreous to
milky quartz with minor amounts of ankerite, bar-
ite, rutile, chlorite, and muscovite. Coarse native
gold, arsenopyrite, As-bearing pyrite and As-rich
sulfosalts are mostly found in the Dy, veins,
whereas Dy, veins are characterized by an increase
in the abundance of base metals sulfides, Sb-rich
sulfosalts, and tellurides. Compared with earlier
veins, D, veins are characterized by the presence
of minor amounts of telluride minerals. Stylolitic
dark laminae, which are mainly composed of mus-
covite and tourmaline, have locally developed par-
allel to the veins (Fig. 3F).

Alteration assemblages comprising variable amounts
of muscovite, chlorite, carbonates and fuchsite, are
present in orebodies where BIF and/or (ultraymafic
rocks are encountered. Sericite is considered to
track a proximal position to ore whereas chlorite is
medial to distal. Carbonate minerals (dolomite, Fe-
dolomite, ankerite) are more abundant in high-
grade breccia bodies and veins enriched in base
metals. Distinct Na-rich assemblages, formed by
alteration of abundant albite, and which also
include gold 1n pyrite, are described by Cleverley
et al. (2006). One such assemblage consists of
CO,- and Sr-rich apatite with magnetite inclusions,
rutile, dolomite £ zircon, within tourmaline-mica
laminations from flat veins in SSZ. A second
assemblage, observed within breccia from the
underground GQ orebody comprises fuchsite-sul-
fide (As-bearing pyrite, molybdenite, fahlore) lam-
inations in steeper veins.

The paragenesis of ore veins can be divided into
five stages, which are broadly consistent with
major deformation events (Fig. 4). The general
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Fig. 4. Paragenctic sequence of vein minerals in the
Sunrise Dam deposit.

nature of stages is as follows:

» D;: siliceous, fragmental veins with sulfide-
poor matrix;

e D,: quartz and carbonates (barren);

* D;: quartz, carbonates, oxides, rare sulfides,
and sulfosalts (moderate grade mineralization
throughout the SSZ);

e Dg,: quartz, silicates, oxides, carbonates, sul-
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Fig. 5. Photographs illustrating textural relationships
between Dj and Dy, stages at Sunrise Dam. Scale bars are
5 cm. (A) Dy, dark gray ankerite-quartz vein crosscut D
veins mainly consisting of fine-grained pyrite (06-7, WSZ
2109 OD). (B) Typical Dy, vein consisting of gray quartz
and pinkish white ankerite with stylolitic dark laminae
along the vein salvage (06-21, SSZ open pit).

fides, sulfosalts, native gold, and tellu-
rides (major mineralization);

* D,,: quartz, silicates, oxides, phosphates, car-
bonates, sulfates, sulfides, sulfosalts, native
gold (electrum), and tellurides (localized
high grade).

Except for the Dy, and Dy, stages, all five stages
are rarely observed at a single locality. One of the
main reasons is that early-formed structures, such
as Dy, D, and D; were successively reactivated,
truncated and overprinted by high-grade D, stage
mineralization (Nugus and Biggam, 2007). Locally,
however, some samples show more than one stage
(Fig. 5A). In the Dy, stage, the more diverse asso-
ciation of telluride minerals can be attributed to
post-Dy;, mineralization (remobilization), which is
commonly accompanied by small-scale reaction
fronts and destabilization of earlier minerals at the
scale of polished sections (Sung et al., 2007).

Mineralization associated with D; and D,
stages

The D;-stage mineralization was studied from
sequences in the western wall of the Sunrise pit.
This was sampled from a small remnant of quartz
vein (dark gray) preserved within intensely folded
Dj; veins, which are in turn crosscut by gently-dip-
ping D, veins. The mineralization includes: fine-

grained pyrite (50~120 pm) as well as minor amounts
of tennantite, chalcopyrite, and molybdenite. Ten-
nantite is found as fine-grained disseminations in
the host rock, and occasionally surrounded by
other sulfides. Brown et al. (2002b) documented
that quartz + chalcopyrite + molybdenite veins are
spatially associated with thyodacite porphyry dikes
and are crosscut by Au-bearing Western Lodes.
Based on mineralogical and structural interpretation
(e.g., arsenopyrite-rich and steep-dipping), the
Western Lodes corresponds to Dy, stage ore lodes (see
below), and the quartz + chalcopyrite + molybdenite
veins represent D; stage.

The D, stage is mostly represented by barren
quartz = minor carbonate veins. Alteration assemblages
attributed to the D, stage are consistent with those
of regional metamorphism that are associated with
the formation of the Spartan anticline. The bulk of
ore deposition postdates the main deformation that
resulted in the formation of the gently dipping
shear zones (e.g., SSZ and CUS of D, deformation)
and Spartan anticline (D, deformation).

Mineralization associated with the D; stage

The mineral associations attributed to the Ds
stage mainly include: quartz, ankerite and pyrite,
with minor tennantite, chalcopyrite, pyrrhotite,
magnetite, and rare scheelite. Nugus and Biggam
(2007) also reported the occurrence of minor seric-
ite, chlorite, albite, and arsenopyrite in the D;
veins. The latter, however, has not been found in
D;-stage samples studied here. Typical D; min-
eralization occurs as veins showing ductile defor-
mation (e.g., folding and shearing; Fig. 5A). Massive
pyrite, with coarse grains (up to cm-size), resulting
from replacement of BIF units during the Dj stage,
is also observed in some orebodies.

Mineralization associated with the D,, stage

Dy, stage is considered the main stage for gold
deposition and it also has a diverse mineralogical
character, resulting in the deposition of pyrite,
arsenopyrite, and tennantite with minor to trace
amounts of native gold, chalcopyrite, galena,
gersdorffite, chromite, hessite, altaite, tetradymite,
and melonite. Ore minerals account for approximately
5% of the total volume of vein filling. Although
some of the sulfides/sulfosalts host some gold
inclusions, visible gold is the main form of ore in
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these veins. The vein-fill material is dark to pale
gray quartz, pinkish white ankerite, and white
dolomite. When veins are rich in arsenopyrite,
they tend to appear darker (Fig. SA) than sulfide-
poor veins (Fig. SB). The dark laminations in
quartz-ankerite veins consist mainly of sheet
silicate minerals, such as muscovite and chlorite
with minor amounts of pyrite and quartz (Fig. 5B).
Fuchsite is readily seen as an alteration mineral
where BIF or (ultra)mafic rocks are encountered,
especially in the central deeper part of the deposit
(e.g., underground GQ ore body).

The main distinction between the D; and Dy,
stages is the lack of pyrrhotite and abundance of
arsenopyrite, arsenian pyrite, native gold and the
occurrence of minor telluride minerals as inclusions
in pyrite. Pyrite in the D,, stage occurs as small
subhedral to anhedral grains disseminated in the
veins or in the altered host rocks (2~500 pm),
coarser subhedral to euhedral grains showing
zonal growth texture (up to 1 mm, Fig. 6A and B),
and rare aggregates of polygonal pyrite grains (up
to 5 mm). Some of the pyrites in the host rock are
present as skeletal crystals enclosing anhedral
chlorite cores. Zoning in Dy, pyrite is similar with
that of D; stage pyrite. It consists of inclusion-rich
low As core (zone 1), narrow As-rich zone with
arsenopyrite and/or native gold inclusions (zone
11}, and relatively inclusion-free overgrowth zone
I (Fig. 6A). Native gold grains are infrequently
found in the S-richer (As-poor) area of the 2"
zone and generally occur as tiny inclusions {<0.4
um; marked in circles in Fig 6A). Although this
zoning is not visible on fresh polished surfaces, it

becomes evident after exposure to air for several
weeks. The occurrence of visible gold in particular
zone of arsenian pyrite is a common feature in
some gold deposits from the EGP (Morey ef al.,
2008), and Sung et af. (2009) recently described as
a result of coupled dissolution-reprecipitation pro-
cess, in which replacement occurs along a reaction
front by full dissolution of the mineral followed by
tightly coupled reprecipitation (Putnis, 2002). It
appears that at Sunrise Dam such coupled dis-
solution-reprecipitation reactions may have been
important in upgrading the ore grades during Dy,
mineralization.

Arsenopyrite is the one of the dominant ore min-
erals in the Dy, stage, and its occurrences appear to
be largely restricted in the central and deeper part
of the deposit; e.g., WSZ, WFZ, Astro, Cosmo,
Dolly Volcanic, Dolly Porphyry, and GQ ore bodies,

Mineralization associated with the Dy, stage

The Dy, mineralization is characterized by an
increase in the abundance of base metal sulfides
and Sb-dominant sulfosalts, and the occurrence of
a variety of telluride species (Fig. 4). Ore minerals
comprise only a small portion of the vein (usually
<2%), mostly occurring as disseminations within
quartz-ankerite veins and proximal alteration zones.
Concentrations of ore minerals are rarely seen in
this stage, but where present they consist of pyrite,
sphalerite, galena, chalcopyrite, tetrahedrite-ten-
nantite, with minor tellurides and gold, resulting in
significant contribution to the total gold budget of
the deposit.

The ore mineral association in Dy, stage includes

Fig. 6. SEM back-scattered images of Dy, pyrite mineralization. (A) Zoned pyrite overgrown by fine-grained arsenopyrite
{Apy). Note extremely fine-grained (<400 nm) native gold grains (Au) of arsenopyrite-rich zone 11 (¢-3, AST ugd728-54m).

(B) Tennantite (Tn) inclusion in pyrite (4-5, CSM 1940 OD).
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pyrite, sphalerite, tennantite-tetrahedrite, galena,
chalcopyrite, molybdenite, stibnite, bournonite
(PbCuSbS;), zinkenite (PbySb,,S,,), gersdorffite
(NiAsS), scheelite, cassiterite, native gold, electrum,
aurostibite (AuSb,), semseyite (PbySbgS,;), and
various tellurides [hessite (Ag,Te), altaite (PbTe),
tetradymite (Bi,Te,S), melonite (NiTe,), nagyagite
((Pb,Sb)s(Au,Te);Se), petzite (AgsAuTe,), calaverite
(AuTe,), tellurantimony (Sb,Tes;), Bi-bearing tel-
lurantimony ((Sb,Bi), Tez), Sb-bearing tellurobismuthite
((Bi,Sb),Te;), and two unnamed tellurides, (Au-
(Ag)-As telluride and Au-Sb-telluride)]. Cleverly
ef al. (2006) reported small inclusions of kolarite
(PbTeCl,) within the tourmaline-mica laminations
in the SSZ ore lodes. Pyrite is the most common
sulfide mineral and also the major host for native
gold inclusions in Dy, stage. The abundance of
inclusions-rich and zoned-pyrite is less common

compared with the Dy, stage. Gangue minerals
comprise quartz, ankerite, dolomite, muscovite,
chlorite, fuchsite, tourmaline, fluorapatite, rutile,
calcite, strontianite, celestine, barite, and gypsum.

Internal laminae, sometimes with stylolitic appear-
ance are also found in the Dy, veins (Fig. 3F). In
this case they consist of preferentially aligned
muscovite - tourmaline - rutile - fluorapatite - pyrite
+native gold and are thus more varied than the
similar laminations present in the D, veins. Clev-
erly et al. (2006) reported small inclusions of kolar-
ite (PbTeCl,) within the tourmaline-mica laminations
in the SSZ ore lodes.

3.3. Gold (Electrum) Mineralization

A large number of native gold grains were
encountered in Dy, veins mostly occurring as
micron-sized inclusions in sulfides (Fig. 6A, 7A

Fig. 7. Reflected light photomicrograph (A) and back-scattered electron images (B) of native gold in Dy, stage. (A) Native
gold (Au) closely associated with tennantite (Tn) and pyrite (Py). Width of field is 2 mm (c-4, AST ugd728-55m). (B) Native
gold occurring as overgrown grains on euhedral pyrite and as inclusion in As-rich area with arsenopytite (Apy)(c-3, AST

ugd728-54m).

Fig. 8. Reflected light photomicrographs of native gold and electrum in Dyy, stage. Width of field 2 mm. (A) Native gold (Au)
and tennantite (Tn) inclusions along pyrite (Py) growth surfaces (sul5-2, SSZ 2067 OD). (B) Gold grains occurring in
sphalerite (Sp), in fractures of pyrite, and as free gold in quartz (Qz)(sul5-2).
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and B), as isolated grains in quartz-ankerite vein,
as discrete rounded to ellipsoidal blebs overgrown
on pyrite (Fig. 7B), coexisting with tennantite (Fig.
7A), and less commonly filling microfractures or
grain boundaries in pyrite. Some larger gold grains
have euhedral pyrite inclusions. Microscopic gold
(<5~70 pm) is common, however, visible gold
including spectacular showings of the noble metal,
are encountered in certain parts of the mine (e.g.,
WSZ, WFZ, and Astro ore bodies).

In the Dy, stage ores, 52% of the microscopic
gold (>2 pum in size, 111 grains in 50 polished
blocks) is associated with other ore minerals and
the remained (48%) are found as free gold.
McQueen et al. (1994) studied the nature of pyritic
gold ores in Golden Mile deposit, Kalgoorlie,
Western Australia. They found that gold associated
with pyrite occurs as both intragranular (within
pyrite) and intergranular (between grain bound-
aries of pyrite) inclusions, with the ratio of 78%
and 22% for each type. For the Dy, veins in the
Sunrise Dam, the majority of gold grains (ca.
95%) are intragranular type within pyrite and only
5% occurs as intergranular type filling the frac-
tures in pyrite.

Gold in the Dy, stage is always xenomorphic
and appears in a variety of shapes from longer fil-
aments to small “droplets”. Gold grains were
found as free gold (<5~250 pm) in quartz-ankerite
veins, tiny inclusions elongated along growth
planes in pyrite (Fig. 8A), or filling microfractures,
and at grain boundaries of pyrite (Fig. 8A and B).
Gold inclusions in skeletal pyrite are most likely to
be co-precipitated. Such textures have been inter-
preted as evidence for precipitation of gold trans-
ported as a bisulfide complex in the fluids (Proudlove
and Hutchinson, 1989). Native gold also occurs as
inclusions in minerals from the tetrahedrite-ten-
nantite group, galena, sphalerite (Fig. 8B), and as
a breakdown product of nagyagite (Sung ef al.,
2007).

The paragenetic location of native gold and elec-
trum in the Dy, stage was also determined and
counted for 401 grains in 13 polished blocks.
According to this result, the best mineralogical
indicator of gold content is pyrite (39%) followed
by nagyagite (28%) and tennantite-tetrahedrite
(13%). Only 12% of grains occur as free gold in
quartz, the remainder is hosted in galena (5%),

hessite + altaite (3%), and the smallest proportion
of grains is present within sphalerite (<1%). Although
large numbers of gold grain were counted in
nagyagite, they are associated with other breakdown
minerals, such as semseyite, altaite, and aurostibite
(Sung et al., 2007). Furthermore, nagyagite is
found only in some swelling parts of gently
dipping quartz veins from the underground SSZ
ore body. Therefore, the best mineralogical indi-
cator of gold content in both Dy, and Dy, stage
should be ascribed to pyrite and the tetrahedrite-
group minerals.

4, Conclusions

The paragenetic sequence of the Sunrise Dam
deposit can be divided into five hydrothermal
stages, which are supported by distinctive features
of the mineralogical assemblages. Among them,
the Dy, stage is the dominant episode of Au dep-
osition, followed by the D, stage, which is char-
acterized by more diverse ore mineralogy including
base metal sulfides, sulfosalts, and telluride min-
erals. The D, stage contains higher proportions of
microscopic free gold (48%) than Dy, stage (12%),
and pyrite is the principal host for native gold
(electrum) followed by tetrahedrite-group minerals
in both stages. Coarse-grained pyrites commonly
display three growth zones which may result from
multiple fluid flow with different As/S ratios over
a protracted period of time (from Dj; to post-Dy,).
Among them, the second zone contains numerous
inclusions of arsenopyrite with high concentration
of Au (Sung et al., 2009), which is interpreted as
a product of coupled dissolution-reprecipitation
process (Putnis, 2002) responsible for upgrading
Au grade in D, mineralization.
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