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Abstract The gold deposits at Kalgoorlie in the 2.7-Ga
Eastern Goldfields Province of the Yilgarn Craton, Western
Australia, occur adjacent to the D2 Golden Mile Fault over a
strike of 8§ km within a district-scale zone marked by por-
phyry dykes and chloritic alteration. The late Golden Pike
Fault separates the older (D2) shear zone system of the
Golden Mile (1,500 t Au) in the southeast from the younger
(D4) quartz vein stockworks at Mt Charlotte (126 t Au) in
the northwest. Both deposits occur in the Golden Mile
Dolerite sill and display inner sericite—ankerite alteration
and early-stage gold—pyrite mineralization replacing the
wall rocks. Late-stage tellurides account for 20 % of the
total gold in the first, but for <1 % in the second deposit. In
the Golden Mile, the main telluride assemblage is colora-
doite+native gold (898-972 fine)+calaverite+petzite+
krennerite. Telluride-rich ore (>30 g/t Au) is characterized
by Au/Ag=2.54 and As/Sb=2.6-30, the latter ratio caused
by arsenical pyrite. Golden Mile-type D2 lodes occur north-
west of the Golden Pike Fault, but the Hidden Secret ore-
body, the only telluride bonanza mined (10,815 t at 44 g/t
Au), was unusually rich in silver (Au/Ag=0.12-0.35) due to
abundant hessite. We describe another array of silver-rich
D2 shear zones which are part of the Golden Mile Fault
exposed on the Mt Charlotte mine 22 level. They are filled
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with crack-seal and pinch-and-swell quartz—carbonate veins
and are surrounded by early-stage pyrite+pyrrhotite disse-
minated in a sericite—ankerite zone more than 6 m wide.
Gold grade (0.5-0.8 g/t) varies little across the zone, but Au/
Ag (0.37-2.40) and As/Sb (1.54-13.9) increase away from
the veins. Late-stage telluride mineralization (23 g/t Au)
sampled in one vein has a much lower Au/Ag (0.13) and
As/Sb (0.48) and comprises scheelite, pyrite, native gold
(830-854 fine), hessite, and minor pyrrhotite, altaite, bour-
nonite, and boulangerite. Assuming 250-300 °C, gold-hes-
site compositions indicate a fluid log fr., of —11.5 to —10,
values well below the stability of calaverite. The absence of
calaverite and the dominance of hessite in the D2 lodes of
the Mt Charlotte area point to a kilometer-scale mineral and
Au/Ag zonation along the Golden Mile master fault, which
is attributed to a lateral decrease in peak tellurium fugacity
of the late-stage hydrothermal fluid. The As/Sb ratio may be
similarly zoned to lower values at the periphery. The D4
gold—quartz veins constituting the Mt Charlotte orebodies
represent a younger hydrothermal system, which did not
contribute to metal zonation in the older one.

Keywords Archaean - Golden Mile - Gold - Silver -
Tellurides - Au—Ag zonation

Introduction

Recent studies have outlined kilometer-scale mineral and
metal zonation along faults in intrusion-centered Au—-Ag—
Cu mining districts, emphasizing the importance of pattern
recognition in targeting exploration (e.g., Johnson 2000;
Chang et al. 2011). In the Kalgoorlie district, located in
the Eastern Goldfields Province of the Archaean Yilgarn
Craton, porphyry dykes and gold mineralization within
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and adjacent to the Golden Mile Fault are coincident over a
strike length of 8 km. The two main deposits, the Golden
Mile (1,500 t Au produced) in the southeast and Mt Char-
lotte (126 t Au) in the northwest, are about 3 km apart
(Fig. 1). Both are commonly interpreted as “orogenic depos-
its” unrelated to magmatic processes (e.g., Groves et al.
1998). However, they differ markedly in ore mineralogy.
In the Golden Mile shear zone system, most gold occurs
enclosed in early-stage arsenical pyrite, while late-stage Au—
Ag tellurides contribute 20% of the total. In the quartz vein
stockworks at Mt Charlotte, gold occurs attached to arsenic-
poor pyrite and tellurides contribute <1% (Clout et al.
1990).

Despite the early discovery of the telluride ore in the
Hidden Secret Mine close to Mt Charlotte (Simpson
1912), the scarcity of tellurides in the bulk-minable vein
stockworks led to the assumption that deposits in the
northwest Kalgoorlie district are unrelated to those in
the Golden Mile (e.g., Travis et al. 1971). This view was
reinforced by the silver-rich nature of the Hidden Secret
bonanza (10,815 metric tons at 44.25 g/t Au; Au/Ag=0.35;
Feldtmann 1916), which is at odds with the lower silver
content of the high-grade telluride ore in the Golden Mile
(average Au/Ag=2.54).

Shear zone-hosted lodes in the Mt Charlotte area have
contributed little (18.5 t Au) to the total gold production of
the district and have not been subject to recent geochemical
or mineralogical studies. We describe the structure and
mineralogy of Golden Mile-type shear veins exposed on
the 22 level of the Mt Charlotte Mine, the second local
occurrence of a silver-rich telluride mineralization. We pro-
vide electron microprobe analyses of gold, tellurides, and
Pb—Sb sulfosalts complimentary to microscopic data from
the Hidden Secret Lode (Simpson 1912; Stillwell 1931). We
use these mineral assemblages and compositions to con-
strain the tellurium fugacity of the hydrothermal fluid, and
we present trace element analyses and ratios suggesting
large-scale telluride and Au—Ag zonation in the Golden Mile
deposit.

Regional geology

The Eastern Goldfields Superterrane or Province (EGP) of
the Archaean Yilgarn Craton (inset map in Fig. 1) is char-
acterized by a 2.73- to 2.65-Ga greenstone succession set-
ting it apart from the foreland to the west, where most
greenstone belts are 3.0 Ga old. Subordinate 2.8-Ga green-
stones occur in both the EGP and its foreland, suggesting
that the province represents a continental margin orogen
deeply eroded to the granite batholith level (e.g., Nelson
1997; Mueller and McNaughton 2000; Cassidy et al. 2006).
The regional geology of the Kalgoorlie area, in particular

@ Springer

the structure of the gold-rich Boulder-Lefroy—Golden Mile
fault system, and the petrogenesis of high-Mg calc-alkaline
intrusions emplaced along it are discussed in Swager et al.
(1995) and Mueller (2007). The nature and time relations of
structures in the Kalgoorlie district are described in Keats
(1987), Mueller et al. (1988), and Clout et al. (1990). The
part of the district southeast of the Golden Pike Fault is
called “the Golden Mile” (e.g., Woodall 1965), while the
part northwest of this fault is informally referred to as the Mt
Charlotte area (Fig. 1). Mount Charlotte is a prominent hill
close to the mine of the same name, and the datum on its
summit at 421.2 m above mean sea level is the zero refer-
ence level for all mines in the district.

Greenstone belt stratigraphy

The greenschist facies stratigraphic succession at Kalgoorlie
comprises submarine volcanic rocks of the Kalgoorlie
Group (Swager et al. 1995) and carbonaceous siltstones,
volcaniclastic greywackes, and polymictic conglomerates
of the Lower and Upper Black Flag Group (Squire et al.
2010). Ultramafic flows of the Kambalda Komatiite, Middle
Kalgoorlie Group, are 2,708+7 Ma old (U-Pb zircon;
Nelson 1997). The Williamstown gabbro sill separating the
Devon Consols high-Mg and Paringa tholeiitic pillow
basalts is dated at 2,696+5 Ma (U-Pb zircon; Fletcher et
al. 2001) and the Golden Mile Dolerite (GMD) at the base of
the Black Flag greywacke at 2,680+9 Ma (Pb—Pb zircono-
lite; Rasmussen et al. 2009). The tholeiitic GMD sill, the
main host rock to gold, is 600-750 m thick and subdivided
into ten petrographic units traced over a strike of 13 km.
Units 1 and 10 are variolitic and represent the lower and
upper chilled margins formed together with units 2—5 and 9
by in situ differentiation of the initial magma pulse. The
high-iron central units 68, enriched in titanomagnetite and
ilmenite, are considered part of a second pulse. The GMD
sill is metamorphosed to an actinolite—albite—epidote assem-
blage replaced by hydrothermal chlorite+calcite in a
district-scale zone centered on the Golden Mile Fault (Travis
et al. 1971).

D1 and D2 structures

The earliest structures are upright NW-striking D1 folds rep-
resented by the Kalgoorlie and Boulder anticlines and by the
Kalgoorlie syncline (Woodall 1965). The folds are displaced
by the Boulder-Lefroy and Golden Mile sinistral strike-slip
faults (D2), the latter coincident with a narrow wedge of Black
Flag greywacke marking the core of the Kalgoorlie syncline
(Fig. 1). The main movement plane is at the northeast contact
of this wedge, but the greywacke is altered and sheared
throughout. The Golden Mile Fault dips 80-85° SW and
controls two geometric arrays of mineralized D2 shear zones
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Fig. 1 Geologic map of the Kalgoorlie mining district (modified from
Woodall 1965). The grid coordinates are the latitude and longitude.
Upright folds (D1) such as the Kalgoorlie anticline (K4), Kalgoorlie
syncline (KS), and Boulder anticline (BA) are displaced by the Boulder-
Lefroy (BLF), Golden Mile (GMF), and Trafalgar (TRF) sinistral
strike-slip faults (D2). The Golden Mile master fault controls shear
zones subdivided into the western (WLS) and eastern lode systems
(ELS), which include the D2 Lake View Lode (LVL), the D2 Paringa

(Mueller et al. 1988), termed the western and eastern lode
systems (Woodall 1965). The eastern lodes are persistent
along strike and include the Lake View Main Lode (3.5 km)
and the Paringa B Lode (2 km). The western lodes are persis-
tent to depth and include the No. 4 Lode mined to 1.2 km
below the surface (Travis et al. 1971). Total ore production
from the Golden Mile amounts to 106 Mt at 11.3 g/t Au
underground plus 118 Mt at 2.1 g/t Au open pit (1893—
2002). In the Mt Charlotte area, D2 lodes occur within and
adjacent to the Golden Mile master fault (Fig. 2). Most were
mined within the oxide zone, and the Hannan’s North Lode is
the only one recording significant underground production
(0.591 Mt at 14.46 g/t Au, 1893-1952).

The schists of the Golden Mile Fault enclose numerous
altered but un-metamorphosed hornblende—plagioclase por-
phyry dykes, and the adjacent shear zones both contain and
offset dykes dated at 2,674+6 to 2,669+6 Ma (U—Pb zircon).
Fuchsites from D2 lodes in the Mt Charlotte area record Ar—
Ar ages of 2,653+7 and 2,654+7 Ma (Kent and McDougall
1995; Vielreicher et al. 2010). Reversely discordant zircons

B lode (PBL), and the D3 Oroya Lodes (OR). Late dextral D4 shear
zones such as the Golden Pike (GPF) and Charlotte Faults (CF) control
the gold quartz vein orebodies of the Mt Charlotte mine (MC). Note the
locations of Fig. 2 and of the Paringa South (PS), Kalgurli (KS), Lake
View Main (LS), and Great Boulder Main (BS) shafts. The inset map of
Western Australia shows the Eastern Goldfields Province (EGP) in the
Archaean Yilgarn Craton, and the towns of Perth and Kalgoorlie (K)

from a chlorite-altered lamprophyre dyke provide a minimum
age of 2,642+6 Ma for mineralization in the Golden Mile
(McNaughton et al. 2005).

D3 and D4 structures

Renewed compression after sinistral strike-slip faulting
caused the development of D3 thrusts. In the Golden Mile,
barren D3 faults displace the steeply dipping D2 lodes of the
western system (Stillwell 1929). However, the reverse
Oroya shear zones of the eastern system, located at the
SW-dipping contact Paringa Basalt/GMD (Fig. 1), are min-
eralized and control a 1.1-km-long, pipe-shaped shoot set
apart from all other lodes by its shallow plunge. In the Mt
Charlotte Mine, two barren D3 thrusts—termed Neptune
and Flanagan—are exposed in the underground workings.
Both strike N25-30° W, dip 50-55° SW, and record reverse
movements of 40 and 150 m, respectively. The Flanagan
Fault thins stratigraphic units at the northeast limb of the
Kalgoorlie anticline (Keats 1987).
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Fig. 2 Structural map of the Mt Charlotte area, northwest Kalgoorlie
district (modified from Mueller et al. 1988). The Boulder and Kalgoor-
lie anticlines (BA, KA) are offset by the Golden Mile (GMF) and
Boulder-Lefroy (BLF) strike-slip faults. The Hannan’s North (HNL),
Mystery (MSL), Golden Dream (GDL), Hidden Secret (HSL), and

The D3 thrusts are in turn displaced by north-striking
dextral strike-slip faults (D4). The Golden Pike Fault
has an offset of more than 2 km and separates the Mt
Charlotte area from the Golden Mile. In the Mt Char-
lotte Mine, the D4 faults are closely spaced, dip 70-90°
west, and control quartz vein stockworks preferentially
developed in the granophyric unit 8 of the GMD. Pyrite
and gold are disseminated in the inner sericite—ankerite
replacement selvages of the veins, which grade outward
into pervasive chlorite—dolomite—calcite alteration (Clout
et al. 1990). The main Charlotte orebody, located
between the Charlotte and Reward faults (Fig. 2), has
horizontal dimensions of up to 75x250 m and has been
mined from the surface to 950 m below datum. The
smaller Reward orebodies are located between the
Reward and Maritana faults. Total ore production
amounts to 37 Mt at 3.4 g/t Au (1893-2001). The
Charlotte gold—quartz veins are dated at 2,655+13 Ma
(Pb—Pb xenotime; Rasmussen et al. 2009).
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Westralia United lodes (WUL) are telluride-bearing D2 shear zones
distal to the Golden Mile. The D4 quartz vein orebodies of the Mt
Charlotte mine (MCH) are located between the Charlotte (CF), Reward
(RF), and Maritana (MF) dextral strike-slip faults

Field and analytical methods

In 1985-1987, underground mapping and sampling was
carried out on the Cassidy shaft 22 level of the Mt
Charlotte Mine and on several levels of the Paringa
South and Lake View Main shafts in the Golden Mile
(Mueller 1990). Composite mill heads of sulfide ore
were prepared from the monthly period samples of the
Fimiston mill. Channel samples taken across quartz
veins of the Charlotte orebody in all drives on levels
19, 22, and 24 of the Cassidy shaft were combined into
a single bulk sample. Trace element data and the ana-
lytical methods are listed in Table 1. Sample numbers
refer to the museum collection of the University of
Western Australia.

Twenty thin and polished sections from hand speci-
mens taken on the Cassidy shaft 22 level were exam-
ined in transmitted and reflected light. Transparent
minerals were identified according to optical properties
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Table 1 Trace element composition of Golden Mile-type gold-telluride veins and replacement lodes (D2, D3) and of the younger Charlotte quartz
vein orebody (D4), Kalgoorlie district, Western Australia

Structure D4 stockwork D2 shear zone D2 shear zone D3 shear zone D2 shear zone D2 shear zone D2 shear zone D2 shear zone
Gold stage Early pyrite  Early pyrite Early pyrite  Late telluride Late telluride Early py+po Early py+po Early py+po
Mine Mt Charlotte  Lake View Paringa Paringa Mt Charlotte Mt Charlotte Mt Charlotte Mt Charlotte
Shaft Cassidy Lake View Main Paringa South Paringa South Cassidy Cassidy Cassidy Cassidy
Level 19, 22,24 3-16 4 3 22 22 22 22

Host rock GMD gabbro GMD gabbro GMD gabbro Paringa Basalt Greywacke GMD gabbro GMD gabbro GMD gabbro
Sample Bulk channel 210,410 tons ore Kelly Lode Oroya Shoot Quartz vein 0.1 m from vein 0.5 m from vein 1 m from vein
UWA no. 109762 109738 109706 101921-23 109753 109756 109759 109757

Au (ppm) 2.73 7.00 3.62 556.00 23.00 0.59 0.80 0.48

Ag 0.80 3.40 5.00 81.00 172.00 1.60 0.50 0.20

Hg 0.06 3.13 4.26 98.00 8.00 0.05 n.a. 0.03

Bi <0.1 <0.01 <0.1 0.30 1.57 0.20 <0.01 <0.1

Cu 27 74 87 204 49 84 38 60

Pb 19 16 4 86 182 99 12 7

Zn 91 115 23 651 74 75 80 78

w 124 60 16 41 17,784 50 54 46

As 29.0 174.0 58.0 328.0 46.0 19.0 20.0 93.0

Sb <2 23.0 8.8 11.0 95.3 12.3 7.5 6.7

Te 1.0 9.4 15 871.0 134.8 2.0 0.5 <1

Au/Ag 3.41 2.06 0.72 6.86 0.13 0.37 1.60 2.40
As/Sb 20.00 7.57 6.59 29.82 0.48 1.54 2.67 13.88

The large-tonnage ore sample from the Lake View mine represents the mill head of a half-year production period in 1985 at the Fimiston mill. The
Mt Charlotte bulk sample represents the combined channel samples taken in all drives of the Charlotte orebody on three mine levels

Methods: Au by fire assay 25 g charge or by aqua regia digest 10 g charge (nos. 109753—-109759; detection limit=0.01 ppm); Ag by mixed acid
digest 0.5 g charge (DL=0.1 ppm); As, Cu, Pb, Zn, and W by X-ray fluorescence (XRF) pressed powder pellet (DL=1-7 ppm); Bi, Sb, and Te by
inductively coupled plasma mass spectrometry (DL=0.01-0.1 ppm); Hg by cold vapor atomic absorption spectrometry; XRF analyses by XARL,

University of Western Australia (all others by Genalysis Laboratory Services, Perth, Australia)

py pyrite, po pyrrhotite, UWA no. University of Western Australia, Department of Geology, museum specimen number (Mueller 1990)

tabled in Troger (1971) and opaque minerals according
to properties in Spry and Gedlinske (1987). A polished
mount containing 140 handpicked grains of pyrite, gold,
telluride, and sulfosalt was prepared from the non-
magnetic fraction separated in heavy liquid from vein
material (sample 109753). The separated and other in
situ grains were analyzed at the Centre for Microscopy,
Characterisation and Analysis at the University of West-
ern Australia using a five-spectrometer JEOL JXA-
8530F Hyperprobe operated at 20 kV and 20 nA. Cal-
ibration standards included pure metals for Ag, Au, Bi,
Co, Cu, Fe, Ni, Se, and Sb and natural arsenopyrite,
pyrite, altaite, and cinnabar. The analytical lines were S
Ko, Fe K, Co Ka, Ni K&, Cu Ka, As Lx, Se La«,
Ag Lx, Sb La, Te L, Au M«x, Hg M«, Pb M«x, and
Bi Ma. Counting times were 20 s on peaks and 10 s on
the upper and lower backgrounds, resulting in low
detection limits (0.01-0.03 wt%). Interference correction
factors were calculated from the standards using propri-
etary JEOL software.

D2 and D3 lodes in the Golden Mile

Most of the D2 lodes forming the vast array of mineralized
shear zones in Golden Mile Dolerite on both sides of the
Golden Mile Fault were stoped underground over widths of
0.5-2.0 m, yielding sulfide ore with an average recovered
grade of 11.3 g/t gold. Stopes at shear zone intersections
were up to 10 m wide (Travis et al. 1971). A typical D2 lode
consists of a major fault plane defining the footwall contact
and of subsidiary fractures extending into its hanging wall,
all filled with quartz—dolomite—calcite veins. The veins dis-
play heterogranular, breccia, banded, or crack-seal texture
and, locally, cockade texture in breccia parts. Early-stage
gold mineralization is associated with fine-grained pyrite in
“bleached” sericite—ankerite selvages replacing chloritic
GMD adjacent to the veins (Fig. 3a). The selvages coalesce
where the altered shear zone becomes a “lode” (Fig. 3b)
averaging 5—10 % disseminated pyrite. Most pyrite is arsen-
ical (0.1-10 % As) and contains inclusions of chalcopyrite
(Fig. 3c¢), tetrahedrite—tennantite, and native gold (1-15 pum)
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constituting about 80 % of the gold budget (Travis et al.
1971). Oxidized assemblages such as magnetite+pyrite,
hematite+magnetite+pyrite, and anhydrite+pyrite occur in
parts of both lode systems (Stillwell 1931; Golding 1978;
Mueller 2007). The early-stage pyrite mineralization, grad-
ing less than the average 11.3 g/t gold, is represented by the
large-tonnage mill head sample from the Lake View Main
shaft characterized by Au/Ag=2.1 and by As/Sb=7.6. Trace
amounts of tellurides, in particular coloradoite (HgTe) and
calaverite (AuTe,), are always present, leading to elevated
mercury and tellurium (Table 1). The high As/Sb ratio
reflects the enrichment of arsenic in all lodes of the Golden
Mile (Travis et al. 1971). The compilation of available Au/Ag
ratios (Table 2) reveals large local variations (0.43-6.42).
The low ratios (0.43-0.72) in the Paringa B Lode and
Kelly Lode have not been linked to any early-stage silver
mineral, yet.

Tellurides overprint the early pyrite and fill late tension
gashes. They occur throughout the Golden Mile, account for
about 20 % of the total gold, and characterize the high-grade
ore shoots (>30 g/t Au) in both the D2 lodes and the D3 Oroya
system (Travis et al. 1971; Golding 1978). Telluride-rich ore
was most abundant in the upper 300 m of the deposit, as
evidenced by underground production grades declining with
time and depth (Woodall 1965). Nineteen tellurium-bearing
minerals, commonly associated with late pyrite, chalcopyrite,
tennantite—tetrahedrite, sphalerite, and native gold (898-972
fine), have been identified (Markham 1960; Golding 1978;
Shackleton et al. 2003). Coloradoite is the most abundant and
widespread telluride, accompanied by lesser altaite (PbTe) and
rare melonite (NiTe,), frohbergite (FeTe,), tellurantimony
(Sb,Tes), and native tellurium. Among the precious metal
tellurides, calaverite and petzite (Ags;AuTe,) are abundant;
krennerite (Au;—yAgyTe,), sylvanite [(Ag,Au),Te4], and hes-
site (Ag,Te) are minor; and montbrayite [(Au, Sb),Tes] and
nagyagite [PbsAu(Te, Sb)4Ss_g] are rare. The assemblage
native gold+calaverite+petzite (Fig. 3d) is earlier and far
more common than the silver-rich assemblage hessite+pet-
zite+sylvanite (Shackleton et al. 2003). Rare stibnite and Pb—
Sb sulfosalts occur together with tellurides in lodes close to
the Golden Mile Fault (Stillwell 1931). The sulfosalts include
members of the bournonite (CuPbSbS;)-seligmannite (CuP-
bAsS3) series, boulangerite (PbsSbsS;;), and jamesonite
(Pb4FeSbGSI4).

The average Au/Ag ratio of late-stage high-grade tellur-
ide ore is represented by three large-tonnage mill head
samples (1900—1902) from the Kalgurli and Great Boulder
Mines (range=1.37-3.56, average=2.54). Bulk samples (5—
50 kg) and hand specimens (n=14) taken in individual lodes
record a greater variation (range=0.87-16.00, average=
5.02) but, with one exception, have ratios of >1 (Table 2).
The D3 lodes of the reverse Oroya shear system are partic-
ularly enriched in gold (Au/Ag=3.15-16.00) and display
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high As/Sb and an elevated base metal content (Table 1).
The As/Sb ratios of other lodes are >2.6 (Golding 1978).

D2 lodes in the Mt Charlotte area

Early-stage gold—pyrite ore from the Hannan’s North Lode
(Fig. 2) has Au/Ag=2.44, As/Sb=8.46, and a low tellurium
content (8.3 ppm; Golding 1978), almost identical to the
signature of low-grade ore in the Golden Mile (Tables 1 and
2). Late-stage tennantite, hessite, and melonite occur in the
Mystery Lode (Sund et al. 1984), but the Hidden Secret
(Fig. 2) remains the only telluride-rich D2 lode subject to
microscopic study (Simpson 1912; Stillwell 1931). The ore
consisted of early pyrite (up to 43 vol%); of late-stage
twinned hessite and native gold; and of minor late-stage
petzite, sylvanite, altaite, coloradoite, melonite, chalcopyr-
ite, tetrahedrite—tennantite, and galena. Trace tetradymite
(Bi,Te,S) and aguilarite (?) occurred enclosed in petzite
and altaite, respectively. Contact assemblages include hess-
ite—gold, hessite—galena, hessite—altaite, hessite—colora-
doite, hessite—petzite, and hessite—sylvanite—petzite.
Calaverite and krennerite are absent. The Au/Ag ratios
(0.12-0.35) are far lower than those of any high-grade ore
from the Golden Mile (Table 2).

D2 lodes, Mt Charlotte Mine 22 level

Golden Mile-type D2 lodes occur in Black Flag greywacke
on the Cassidy shaft 22 level in a 15-m-long crosscut
opened for a ventilation raise (Fig. 4). They are part of the
Golden Mile Fault, which extends across the greywacke
wedge (Feldtmann 1916; Clark 1980). The greywacke suc-
cession is overturned and composed of black carbonaceous
siltstone and chert intercalated with graded beds of con-
glomeratic sandstone (Fig. 5a), all extensively replaced by
hydrothermal sericite, Fe—dolomite, and minor calcite.
Rounded detrital grains of quartz and thin carbonaceous
beds are preserved even where alteration is intense. The
beds are crossed by an offset dyke of GMD, which is
moderately foliated and pervasively altered to fine-grained
sericite+ankerite+quartz+albite. Chlorite+dolomite and
remnant variolitic texture (Fig. 5b), characteristic of the unit
10 margin of the main sill (Travis et al. 1971), are preserved
at the lower intrusive contact of the dyke. Sheared grains of
igneous quartz (1-3 vol%) and meshwork rutile (0.5—1 mm)
after titanomagnetite (2 vol%) also indicate offset from
GMD units 9/10.

The Golden Mile Fault is represented by a system of
narrow D2 shear zones which displace the mafic dyke in a
sinistral sense, but are in turn offset by a barren D3 thrust
subparallel in strike to the Flanagan Fault (Fig. 4b). The D2
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Fig. 3 Photographs of Golden Mile D2 lodes and reflected-light
photomicrographs of early pyrite and late telluride mineralization. a
Looking northeast at quartz—carbonate shear veins and tarnished ser-
icite—ankerite—pyrite selvages (brown) of the Kelly Lode replacing
dark green chloritic Golden Mile Dolerite. Paringa South shaft 4 level.
b Looking south at a quartz—carbonate breccia vein of the Lake View
Lode in sericite—ankerite altered Golden Mile Dolerite. Note the darker

shear zones are filled with crack-seal veins in the dyke and
with pinch-and-swell veins in greywacke (Fig. 5c, d). The
crack-seal structure is defined by ribbons of comb quartz (2—
10 mm), partly recrystallized to a granular mosaic, by lam-
inae of sericite and rutile and by thin ribbons of carbonate
and/or albite (Fig. 5¢). The pinch-and-swell vein (Te vein in
Fig. 4b) is subparallel to a bed of carbonaceous siltstone and
is associated with gray chert-like replacement quartz brec-
ciated and cemented by later quartz—dolomite—calcite fill

(Fig. 5%).
Sulfide—telluride mineralization

Early-stage disseminated sulfides (0.5-0.8 g/t Au) occur in
the altered GMD dyke between the veins in a zone more

selvage (arrows) of fine-grained disseminated pyrite (py). Lake View
Main shaft, 3 level south drive. ¢ Kelly Lode: early-stage pyrite (py)
and chalcopyrite (ccp) replace meshwork rutile (ruf) pseudomorph after
titanomagnetite. Paringa South shaft 4 level. d Oroya Hanging Wall Lode:
late-stage calaverite (cal), native gold (4u), and pyrite (py) in quartz—
carbonate gangue. Paringa South shaft 7 level

than 6 m wide and comprise pyrrhotite+pyrite (1-5 vol%),
trace chalcopyrite, arsenopyrite, and, close to the veins,
sphalerite and galena. Pyrrhotite increases in abundance
away from the veins, forms anhedral aggregates and hexag-
onal crystals (Fig. 6a), and varies from non-magnetic to
magnetic. The sulfides display zoned Au/Ag and As/Sb
ratios, which decrease systematically toward the veins while
lead, bismuth, and tellurium increase (Table 1).

The crack-seal veins in the GMD dyke contain aggre-
gates of blue fluorescent scheelite, pyrite, minor chalcopyr-
ite, and rare pyrrhotite and sphalerite. Late-stage tellurides
were detected in a high-grade (23 g/t Au) pinch-and-swell
vein in greywacke enriched in tellurium, silver, lead, bis-
muth, and mercury and characterized by particularly low
Au/Ag and As/Sb ratios (Table 1). The narrow vein (Fig. 5d)
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Table 2 Precious metal grades and Au/Ag of Golden Mile-type D2 and D3 lodes, Kalgoorlie district

Mine/orebody Sample, vertical depth Gold (g/t) Silver (g/t) Au/Ag ratio Mineralization stage Reference
Mount Charlotte area, NW end of Golden Mile system

Hannan’s North Lode Bulk sample, 37.8 m 8.30 3.40 2.44 Early pyrite Golding (1978)
Mt Charlotte Mine Three blocks, 22 level 0.62 0.77 0.81 Early py+po This study

Mt Charlotte Mine Single block, 22 level 23.00 172.00 0.13 Late telluride This study
Hidden Secret Lode 10,815 t ore to 1916 44.25 124.76 0.35 Late telluride Feldtmann (1916)
Hidden Secret Lode Single block, 61 m 602.30 5064.80 0.12 Late telluride Simpson (1912)
Golden Mile: Eastern Lode System

Lake View Mine 210,410 t ore 1985 7.00 3.40 2.06 Early pyrite This study
Lake View Mine Single block, 579 m 5.55 4.40 1.26 Early pyrite Simpson (1912)
Lake View Lode Single block, 10 level 11.00 3.80 2.89 Early pyrite Golding (1978)
Associated mine Single block, 555 m 8.93 9.44 0.95 Early pyrite Simpson (1912)
Paringa B lode Single block, 6 level 4.74 11.00 0.43 Early pyrite This study
Paringa Kelly Lode Bulk sample, 4 level 3.62 5.00 0.72 Early pyrite This study
Kalgurli Mine Av. ore July 1900 49.11 13.78 3.56 Late telluride Simpson (1912)
Kalgurli Mine Av. ore July 1902 31.31 11.61 2.70 Late telluride Simpson (1912)
Lake View Lode Single block, 91.4 m 294.96 195.03 1.51 Late telluride Simpson (1912)
Brownhill Mine Single block 51.66 25.00 2.07 Late telluride Simpson (1912)
Blatchford Lode Three blocks, 11 level 120.00 32.00 3.75 Late telluride This study
Oroya HW Lode Bulk sample, 7 level 48.00 3.00 16.00 Late telluride This study
Oroya Shoot Three blocks, 3 level 556.00 81.00 6.86 Late telluride This study
Oroya Shoot Bulk sample, 167.6 m 114.80 18.18 6.32 Late telluride Simpson (1912)
Oroya Shoot Single block, 250 m 43.11 4.85 8.89 Late telluride Simpson (1912)
Oroya Shoot Single block, 250 m 50.70 16.07 3.15 Late telluride Simpson (1912)
Oroya Shoot Single block, 555 m 775.26 79.97 9.69 Late telluride Simpson (1912)
Golden Mile: Western Lode System

No. 4 Lode, Chaffer’s Bulk drill core, 1384 m 4.00 2.70 1.48 Early pyrite Golding (1978)
No. 4 Lode, Horseshoe Bulk sample, 9 level 3.40 0.53 6.42 Early pyrite Golding (1978)
Great Boulder Mine 105,802 t ore 1902 39.80 29.08 1.37 Late telluride Simpson (1912)
No. 4 Lode, Boulder Single block, 670.6 m 33.80 24.49 1.38 Late telluride Simpson (1912)
No. 4 Lode, Boulder Single block, 670.6 m 68.88 79.46 0.87 Late telluride Simpson (1912)
Chaffer’s East Lode Bulk sample 180.29 32.46 5.55 Late telluride Simpson (1912)
Chaffer’s East Lode Bulk sample 139.99 67.47 2.07 Late telluride Simpson (1912)
Ivanhoe Mine Single block, 307.8 m 20.47 9.57 2.14 Late telluride Simpson (1912)

The Oroya lodes are D3 (reverse shear system); all others are D2 (sinistral shear system). Golden Mile mines are keyed to their lease or shaft names
and worked several lodes. Depth below the surface is provided where reported. The standard vertical distance between mine levels is 100 ft (30.5 m)

Early py£po, <11.3 g/t Au (average underground); late telluride, >20-30 g/t Au

py pyrite, po pyrrhotite

was sampled because of abundant scheelite visible under
ultraviolet light. Fine-grained subhedral pyrite of low
arsenic (<0.21 %) and variable gold content (<0.03-
0.10 %) is the dominant sulfide. The pyrite is in mutual
contact with minor pyrrhotite, boulangerite (Fig. 6b, c), and
bournonite. Both boulangerite (PbsSbyS ;) and bournonite
(CuPbSbS;) contain tellurium, indicating co-crystallization
with telluride (Table 3). A single grain of silver-rich Pb—Sb

@ Springer

sulfide (7.80 wt% Ag, 1.87 % Fe, 91.16 % total) was
detected, but decomposed under the electron beam of the
microprobe. Native gold of low fineness (834-857) and
low mercury is associated with abundant hessite and
lesser altaite. Hessite contains trace gold and altaite con-
tains a little silver and bismuth (Table 3). Coloradoite was
not detected, but is a likely accessory given the enrich-
ment of mercury.



Miner Deposita (2013) 48:295-311 303
a -
< --'--"-.‘.-.'-‘ =
N GMD UNIT10 __ E|_.—— €
A 75 T T § GMD UNIT 9 g
19950 m E LL? W .. —— EAST = . .
L ——
GMD UNIT9 a\ DRIVE -

GMD 70
UNIT 4 f

CHARLOTTE
FAULT

19 850 m E

GMD UNIT 8

GMD
Unit 10

5m

53000 m N

19950 m E

FLANAGAN
THRUST

55V —

Fig. 4 Mineralized and barren structures on the Mt Charlotte mine 22
level (673 m below datum, 251.8 m below sea level) mapped in the
backs of workings 4.5 m above the level. The coordinates are mine
grid. a Plan section of the Charlotte quartz vein orebody. Sheared
greywacke of the Kalgoorlie Syncline is part of the D2 Golden Mile
Fault (GMF). The Golden Mile Dolerite (GMD) and a hornblende
porphyry dyke are displaced by the D3 Flanagan thrust and by the

D4 TENSIONAL QUARTZ VEIN

D4 STRIKE-SLIP FAULT

D3 THRUST FAULT
D2 VEIN-FILLED STRIKE-SLIP FAULT

ALBITE-DOLOMITE / CHLORITE ALTERED
HORNBLENDE PORPHYRY

CHLORITE-DOLOMITE-CALCITE ALTERED
GOLDEN MILE DOLERITE (GMD)

ALBITE-MUSCOVITE-ANKERITE ALTERED
GOLDEN MILE DOLERITE (GMD)

MUSCOVITE-ANKERITE ALTERED GMD
OFFSET DIKE

MUSCOVITE-DOLOMITE ALTERED
BLACK FLAG GREYWACKE

STRIKE AND DIP OF BEDDING
IN GREYWACKE (OVERTURNED)

GMF

GOLDEN MILE FAULT ZONE (D2)

D4 Charlotte strike-slip fault. Tensional quartz veins related to the
Charlotte Fault are shown as mapped in the crosscuts. Note the location
of Fig. 4b. b Structural map of the ventilation raise crosscut. Gold- and
telluride-bearing D2 shear veins and a barren D3 thrust fault displace
altered greywacke and a dyke offset from the main GMD sill. Sample
109753 is from the telluride-rich vein (Te vein) in greywacke; samples
109756—109759 represent altered mafic dyke (Table 1)
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D4 quartz veins, Mt Charlotte Mine 22 level

On the Cassidy shaft 22 level (Fig. 4a), the quartz vein
stockwork of the Charlotte orebody is limited by the D3
Flanagan thrust, which juxtaposes albite—sericite—ankerite
altered GMD unit 8 in the hanging wall with chloritic
quartz gabbro of units 9 and 10 in the footwall. Although
tensional D4 quartz veins cut across the Flanagan Fault,
they decrease in both thickness and abundance in unit 9,
which does not attain bulk-minable gold grade. Most veins
are oriented N55-65° E/60-90° NW and are zoned from
quartz—albite or carbonate margins to inner massive quartz.
Some contain central chlorite/calcite-lined vughs. The
combined channel samples taken across veins of the Char-
lotte orebody on the 22 level, on the 19 level above, and on
the 24 level below reveal low base metal but elevated
tungsten contents, a signature similar to that of early-
stage pyritic ore in the Golden Mile. Mercury and tellurium
are much lower and the Au/Ag and As/Sb ratios are higher
(Table 1).

Sulfide—telluride mineralization

The D4 quartz veins exposed on the 22 level contain blue
fluorescent scheelite and pyrite, rare chalcopyrite, sphaler-
ite, and native gold. Scheelite forms orange aggregates up to
10 cm long (Fig. 6d). The vein selvages in GMD unit 8
comprise an inner “bleached” albite—sericite—ankerite and
an outer green chlorite—dolomite—calcite zone. Dissemi-
nated cube-shaped pyrite (10 vol%) in the inner gives way
to magnetic fine-grained pyrrhotite (1-5 %) in the outer
zone. Rare minerals enclosed in or attached to pyrite are
native gold (Fig. 6¢), chalcopyrite, and melonite (Fig. 6f).
Melonite was identified (Table 3) in pyrite disseminated in
the NE-striking dyke of hornblende porphyry (Fig. 4a). This
dyke contains more nickel (107 ppm) than the adjacent
GMD unit 8 (18 ppm). Rare grains of calaverite, krennerite,
sylvanite, petzite, hessite, altaite, and tetrahedrite are
reported to occur in other parts of the Charlotte orebody
(Clout et al. 1990).

Discussion

The Golden Mile and Mt Charlotte at Kalgoorlie have
been interpreted as “orogenic gold deposits” generated
during fold-belt compression by metamorphic fluids
ascending from the lower sialic crust (e.g., Groves et
al. 1998, 2003; Goldfarb et al. 2005). Such deposits are
expected to display rather uniform precious metal ratios
of Au/Ag>5 and little or no zonation on the deposit scale.
On the other hand, dykes of hornblende—plagioclase porphyry
and lesser mica lamprophyre were emplaced into and adjacent
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Fig. 5 Photographs and photomicrographs of Black Flag greywacke, p

the Golden Mile Dolerite (GMD) offset dyke, and mineralized D2
shear veins, Mt Charlotte mine 22 level, ventilation raise crosscut
(Fig. 4b). a Looking northwest at overturned graded beds of volcani-
clastic greywacke containing nodules of diagenetic pyrite and fining
upwards to the right, altered to sericite+carbonate. Note the thin beds
of black carbonaceous siltstone. The scale is 43 cm. b GMD offset
dyke: left, chlorite—dolomite rock from the lower margin preserving a
variolitic texture defined by dolomite and epidote aggregates after
igneous plagioclase (sample 109754); right, foliated sericite—ankerite
rock containing disseminated pyrite (7 %) and pyrrhotite (5 %)
between two scheelite-bearing quartz veins (sample 109755). The coin
is 19 mm across. ¢ Looking northwest at a crack-seal quartz—carbonate
shear vein in sulfide-bearing sericite—ankerite altered GMD offset dyke
(0.5-0.8 g/t Au). The scale is 1 m tall. d Looking northwest at the
hessite-rich pinch-and-swell quartz—carbonate vein (23 g/t Au) in ser-
icite—dolomite altered greywacke. The vein is displaced by a D3 thrust
fault (dashed line). The scale is 1 m tall. e Crack-seal vein in GMD
offset dyke: scheelite (sch) in contact with heterogranular quartz (g#z)
and dolomite (dol). The adjacent quartz ribbon is comb-textured. The
dolomite ribbon encloses minor sericite, opaque rutile, and quartz.
Sample 109755, plane polarized light. f Hessite-rich vein in grey-
wacke: chert-like replacement quartz (g#z) is crossed by carbonate
veinlets, brecciated, and cemented by granoblastic dolomite+calcite
(cb) containing opaque pyrite and interstitial aggregates of microcrys-
talline quartz. Sample 109753, crossed polarized light

to the Golden Mile Fault along the entire length of the district
from 2,67446 to 2,642+6 Ma, coincident with gold mineral-
ization at ca. 2,655 or 2,645 Ma (McNaughton et al. 2005;
Rasmussen et al. 2009; Vielreicher et al. 2010). These spatial
and temporal relationships are more consistent with a mag-
matic—hydrothermal origin of the gold (Gustafson and Miller
1937; Mueller et al. 1988; Mueller 2007). Tellurides are
particularly common in both liquid—-magmatic and mag-
matic-hydrothermal ore deposits including komatiite-hosted
Ni—Cu sulfide; norite-hosted Ni—Cu sulfide (e.g., Sudbury),
skarns, greisens; and intrusion-related vein systems (Afifi et
al. 1988a).

The recognition of kilometer-scale mineral and metal
zonation has been a useful tool for targeted exploration
within intrusion-centered mining districts. At Battle Moun-
tain, Nevada, the precious metal ratio of Au—Ag—Cu depos-
its changes along the Virgin Fault south of the Copper
Canyon granodiorite: Ag/Au=28-40 in garnet—pyroxene
skarn (0- to 1,220-m distance), Ag/Au=19 in actinolite
skarn (1,220-1,890 m), and Ag/Au=2 in distal chlorite—
biotite replacement (1,890-2,400 m; Johnson 2000). In the
Mankayan Cu—Au district, Philippines, the mercury and
silver contents and the Ag/Au ratio of quartz—alunite alter-
ation along the strike of the Lepanto Fault decrease system-
atically toward the Far Southeast porphyry deposit (1.42+
0.08 Ma). This pattern is disturbed by alteration zones
related to the Guinaoang porphyry (3.5+0.5 Ma) in the
southeast and by zones related to the Teresa veins (2.22+
0.05 Ma) in the south. Both are older and not part of the
main system (Chang et al. 2011).
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Timing of the Mt Charlotte quartz vein deposit

Structural mapping on the Mt Charlotte Mine 22 level estab-
lishes the relative time sequence for gold mineralization in the
northwest Kalgoorlie district: Telluride-bearing D2 lodes are
displaced by barren D3 thrust faults, which are in turn crosscut
by D4 gold—quartz veins of the Charlotte orebody. Though the

Mt Charlotte deposit is younger than the Golden Mile, the
absolute age difference may be small, as discussed above with
respect to the Mankayan district. The 20 errors (+6-13 Ma)
assigned to Archaean ages are too large to permit the necessary
distinction. Apart from structure, there are geochemical and
mineralogical differences, in particular the absence of hydro-
thermal magnetite+hematite+anhydrite and the scarcity of
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Fig. 6 Photographs and reflected-light photomicrographs of ore minerals
in D2 and D4 veins and in the altered wall rocks, Mt Charlotte Mine 22
level. a D2 sulfides disseminated in the Golden Mile Dolerite (GMD)
offset dyke: early-stage pyrite (py), tabular hexagonal pyrrhotite (hex po),
and xenomorph magnetic pyrrhotite (po). Ventilation raise crosscut, sam-
ple 109755. b Hessite-rich D2 vein in greywacke: late-stage pyrite (py),
pyrrhotite (po), and boulangerite (bou) in mutual contact. Ventilation raise
crosscut, sample 109753. ¢ Hessite-rich D2 vein in greywacke: late-stage
boulangerite (bou) enclosed in pyrite (py). Ventilation raise crosscut,

tellurides in the Charlotte orebody. Consequently, the Mt
Charlotte deposit is excluded from the discussion of the
Golden Mile system.

Metal zonation in the Golden Mile
The present data do not support metal zonation in early-
stage gold—pyrite ore mined along the Golden Mile Fault.

Pyritic ore from the Hannan’s North Lode displays Au/Ag
and As/Sb ratios very similar to those of low-grade ore

@ Springer

sample 109753. d D4 vein in GMD unit 8: orange scheelite in a tensional
vein zoned from gray calcite-dolomite—quartz—albite margins to massive
white quartz in the center. Pyrite-rich selvages of ankerite (ank)+albite+
sericite are zoned to outer pyrrhotite-bearing chloritic alteration (chl/).
Western ore drive, close to the Charlotte Fault. The hammer is 33 cm
long. e Ankerite—albite selvage of a D4 vein in GMD unit 8: native gold
(Au) in mutual contact with pyrite (py). Central ore drive, sample 109745.
f Albite—dolomite selvage of a D4 vein in porphyry: melonite (mel)
enclosed in pyrite (py). Central ore drive, sample 109750

from the Golden Mile. The wide pyrite—pyrrhotite zone
of the D2 shear system on the Mt Charlotte Mine 22
level contrasts with the pyrite-only ore in the Golden
Mile, but is considered to reflect the reducing nature of
the local carbonaceous greywacke. The unusually low
Au/Ag and As/Sb ratios of the altered wall rock are
zoned relative to the D2 veins and are interpreted to
relate to overprinting by late-stage sulfides. Ratios typical of
Golden Mile sulfide ore are re-established at 1-m distance
from the veins (Table 1).
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In contrast, the occurrence of hessite-rich D2 veins on the
Mt Charlotte Mine 22 level shows that the Hidden Secret
Lode is not unique, indicating systematic changes in the
mineralogy and precious metal content of late-stage gold—
telluride ore along strike of the Golden Mile Fault. In the
northwest (Mt Charlotte area): the absence of calaverite, gold
of low fineness (834-857), hessite+altaitexpetzite, low bulk
Au/Ag (0.12-0.35), enrichment in lead. In the southeast
(Golden Mile): gold of high fineness (898-972), calaverite+
petzitetkrennerite, high bulk Au/Ag (average=2.54, range=
0.87-16.00), enrichment in copper and zinc. This zonation
may be tested by the analysis of telluride-bearing drill core
from the Mystery and other D2 lodes in the Mt Charlotte area
and by analysis of drill core from the Paringa B Lode and Lake
View Main Lode in the Golden Mile (Fig. 1).

Whether the kilometer-scale zonation in late-stage Au/Ag
is accompanied by a zonation in late-stage As/Sb remains
uncertain. The As/Sb ratio (0.48) of the Mt Charlotte telluride
vein is drastically lower than the ratio (30) of the Oroya shoot,
and stibnite and Pb—Sb sulfosalts are very rare in the Golden
Mile. Antimonian montbrayite [(Au, Sb),Tes] appears to be
restricted to the margins of the western and eastern lode
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Fig. 7 Fugacity of Te,—temperature diagram showing selected tellur-
ide reactions at different fg, buffers within the boundaries set by
tellurium condensation, gold—calaverite (Au—cal), and silver—hessite
(Ag—hes) stability. Reactions: (/) galena—altaite at fg,=magnetite—pyr-
ite-hematite; (2) galena-—altaite at fs,=pyrrhotite—pyrite; (3) argentite—
hessite at fg,=magnetite—pyrite—hematite; (4) argentite—hessite at f5,=
pyrrhotite-pyrite (modified from Afifi et al. 1988a). The vertical lines
indicate the temperature range (250-300 °C) of main telluride deposi-
tion in Golden Mile lodes. The yellow field outlines the fugacity
calculated from the maximum-minimum silver contents of gold in
the hessite-rich vein on the Mt Charlotte Mine 22 level. The field is
drawn to overlap reaction 2
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systems (Golding 1978; Shackleton et al. 2003), providing
some support for late antimony enrichment in the distal parts
of the Golden Mile.

Constraints on Au—Ag telluride deposition

Shackleton et al. (2003) suggest that gold+calaverite+pet-
zite and minor late hessite in the Golden Mile were depos-
ited by a fluid cooling from 300 °C to below 170 °C, the
lower temperature inferred from the decomposition of
phases synthesized by Cabri (1965) to hessite+sylvanite
and petzite+sylvanite. This interpretation implies a temper-
ature control on the formation of hessite-rich D2 lodes.

Maximum fluid temperature

Chlorite and arsenopyrite thermometry constrain the temper-
ature of early-stage gold—pyrite mineralization in Golden Mile
D2 lodes to 340-390 °C (Bateman et al. 2001), an upper limit
for telluride deposition in agreement with that imposed by the
incongruent melting of krennerite (382+5 °C) and sylvanite
(354+5 °C; Cabri 1965). In the Au—Ag—Te system, krennerite
appears as an additional phase above about 280 °C, break-
ing the tie line calaverite—sylvanite (Afifi et al. 1988b). Late-
stage veins and breccias in the Lake View Main Lode
and in the Oroya Lodes contain inclusions of a low-salinity
(5.5 wt% NaCl eq.) H,O—CO, fluid trapped at temperatures
0f 290 and 250-315 °C, respectively (Ho et al. 1990). In this
context, the fluid temperature of about 300 °C assumed by
Shackleton et al. (2003) for the deposition of gold+calaverite
+petzite+krennerite is reasonable, though a greater range of
290-340 °C is possible.

Minimum fluid temperature

A lower temperature limit for hydrothermal activity in the
Kalgoorlie district, and thus for the deposition of silver-rich
tellurides, is imposed indirectly by the trapping pressures of
primary fluid inclusions in quartz, which are 280 MPa for
the D2 Lake View Main Lode, 160-210 MPa for the D3
Oroya Lodes, and 150-300 MPa for the D4 tensional veins
of the Charlotte orebody (Ho et al. 1990; Mernagh et al.
2004). In combination with the estimate of 400+£150 MPa
for the Hannan South Au—Cu skarn 12 km southeast of
Kalgoorlie (Mueller et al. 2012), these data indicate a
regional lithostatic pressure of 250-300 MPa during the
formation of the Golden Mile deposit. Assuming 3.6 km
per 100 MPa for the granite—greenstone terrane (Spear
1993), this converts to a burial depth of 9-11 km. Given a
low geothermal gradient of 25 °C/km (Barton and Hanson
1989), the ambient temperature of the terrane is estimated at
250 °C, setting the lower limit any hydrothermal fluid could
cool to.
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Some of the hessite in the Golden Mile and in the Hidden
Secret Lode occurs in micrographic intergrowth with syl-
vanite (Stillwell 1931) and probably formed below 170 °C
by decomposition of a higher temperature phase, as deduced
by Shackleton et al. (2003). However, this process took
place during the uplift and slow cooling of the terrane long
after hydrothermal activity had ceased.

Tellurium fugacity of the fluid

The temperature constraints outlined suggest a lateral gra-
dient of about 50 °C during the main phase of telluride
deposition in the Golden Mile hydrothermal system. This
gradient, relatively small due to the burial depth of 10 km,
suggests that fluid temperature was not the main cause of
lateral mineral and Au—Ag zonation. The most likely cause
is a decrease in the activity of tellurium stabilizing hessite
relative to calaverite (Afifi et al. 1988a). In the central part
of the Golden Mile system, a late input fluid of high tellu-
rium fugacity overprinted the initial gold—pyrite mineraliza-
tion in the wall rock. This fluid deposited minor solid or
liquid tellurium by condensation and then abundant calaver-
ite and high-fineness gold at conditions set by the calaver-
ite—gold buffer (Fig. 7). With time, the tellurium fugacity
declined, stabilizing hessite and low-fineness gold.

In the Mt Charlotte area at the periphery of the hydro-
thermal system, the late input fluid did not maintain the high
tellurium fugacity required for the deposition of calaverite.
The assemblage hessite—gold in the Mt Charlotte D2 vein
allows the estimation of the local tellurium fugacity using
Eq. 18 in Afifi et al. (1988b) based on the reaction:

4 Ag+Tey, =2 Ag,Te

Unit activity for hessite is indicated by the mean of
the microprobe analyses (Table 3). At 250-300 °C, the
minimum silver content in gold (23.3 at.% Ag) gives
log freo=—11.2 to —9.8, and the maximum content
(26.6 at.% Ag) gives log freo =—11.7 to —10.2. The
temperature—fugacity field of these data has to be
extended across the altaite—galena reaction at the pyr-
ite—pyrrhotite fs, buffer (Fig. 7) to account for the pres-
ence of all four minerals in the Mt Charlotte D2 vein system.
The contact assemblages gold—hessite, hessite—altaite, and
hessite—galena in the nearby Hidden Secret Lode indicate a
similar fugacity range, perhaps shifted to slightly higher log
fre2 given the absence of pyrrhotite.

Conclusions

The telluride-poor Mt Charlotte gold quartz vein deposit is
structurally related to the youngest set (D4) of strike-slip
faults in the Kalgoorlie district and represents a separate

hydrothermal system, which did not contribute to the metal
content of the older Golden Mile (D2). Low-grade pyritic
replacement lodes in D2 shear zones (<11 g/t Au), most
containing late high-grade gold—telluride shoots (>30 g/t
Au), occur over a strike length of 8 km adjacent to the D2
Golden Mile Fault. In the northwest part of the district near
Mt Charlotte, these telluride-rich shoots are characterized by
low Au/Ag ratios (0.12—0.35) relative to those in the main
part of the Golden Mile (Au/Ag=2.54) to the southeast. The
silver-rich nature is related to the assemblages gold (834—
857 fine)+hessite, hessite+altaite, and hessite+petzite+
sylvanite. The earlier assemblage gold (898-972 fine)+
calaverite+petzite+krennerite, predominant in the central
Golden Mile, is absent in the northwest. The lateral transi-
tion from calaverite to hessite and the related change in the
Au/Ag ratio of gold—telluride ore indicate kilometer-scale
metal zonation within the mercury (coloradoite) footprint of
the giant Golden Mile system. Another vector may be pro-
vided by the As/Sb ratio, which appears to be lower in
distal (As/Sb=0.5) than in proximal telluride-rich ore
(As/Sb>2.6).

The lateral Au—Ag zonation is attributed to a gradual
decline in peak tellurium fugacity toward the distal parts
of the hydrothermal system, which stabilized tellurium-
poor hessite+gold at the periphery and tellurium-rich
calaverite+gold in the center. A concomitant decline in
fluid temperature from about 300 to 250 °C is possible.
The deposition of sulfides preceded that of tellurides in
all lodes, reflecting a late input of H,Te relative to the
input of sulfur from the same source (Afifi et al.
1988a), a sequence the Golden Mile shares with classic
magmatic—hydrothermal vein systems such as Cripple
Creek in Colorado (Lindgren 1933), El Indio-Tambo in
Chile (Siddeley and Araneda 1986), and Acupan in the
Philippines (Cooke et al. 1996).
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