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Abstract
The Prominent Hill deposit is a world-class iron oxide copper–gold (IOCG) deposit in South Australia,
characterized by a high Cu/S ratio of the dominant Cu-(Fe) sulfides hosted by hematite breccias. It
contains a total resource of 278 Mt of ore at 0.98 % Cu and 0.75 g/t Au. Prominent Hill is one of several
IOCG deposits and numerous prospects in the Olympic IOCG province that are temporally associated with
the 1603–1575 Ma Gawler Range Volcanics, a large igneous province including co-magmatic granitoid
intrusions of the Hiltaba Suite. Globally, IOCG deposits share many similar features in terms of their
geological environment and mineral association. However, it is not yet clear whether sulfur and copper
originate from the same source rocks and which hydrothermal redox processes created the characteristic
iron oxide enrichment. Highly variable sulfur isotope compositions of sulfides and sulfates in IOCG
deposits have previously been interpreted in terms of diverse sulfur sources that may include
contributions from magmatic, sedimentary, seawater or evaporitic sulfur. In order to test these
alternatives, we performed a detailed sulfur isotope study of Cu-(Fe) sulfides from Prominent Hill and
IOCG prospects nearby. The Prominent Hill deposit shows a wide range in δ34SV-CDT between –33.5 ‰ and
29.9 ‰ for Cu-(Fe) sulfides, and a narrower range of 4.3 ‰ to 15.8 ‰ for barite. Iron sulfides (pyrite,
pyrrhotite) show a narrow range in sulfur isotope composition, whereas Cu-bearing sulfides show a much
wider range, and more negative δ34SV-CDT values on average. We propose a two-stage sulfide
mineralization model for the IOCG system in the Prominent Hill area, in which all hydrothermal sulfur is
ultimately derived from a magmatic source that had a composition of 4.4 ± 2 ‰. The diversity in sulfur
isotope composition can be produced by different fluid evolution pathways along reducing or oxidizing
trajectories. A reduced sulfur evolution pathway is responsible for stage I mineralization, when intrusionderived magmatic-hydrothermal fluids produced early pyrite and minor chalcopyrite at Prominent Hill,
and iron ± copper sulfides in regional magnetite skarns and in some pervasively altered volcanic rocks of
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the Gawler Range Volcanics. Shallow-venting magmatic-hydrothermal fluids and subaerial volcanic gases
that became completely oxidized by reaction with atmospheric oxygen produced sulfate and sulfuric acid
with a sulfur isotope composition equal to their magmatic source. This highly oxidized ore fluid probably
consisted dominantly of water from the hydrosphere, but contained magmatic solute components, notably
sulfate, acidity and Cu. Sulfate reduction produced hydrothermal Cu sulfides with a wide range in sulfur
isotope compositions from very negative to moderately positive values. Partial reaction of the Cu-rich
stage II fluid with earlier stage I sulfides resulted in mixing of sulfur derived from sulfate reduction and
from sulfides deposited during stage I. Modeling of the sulfur isotope fractionation processes in response
to reducing and oxidizing pathways demonstrates that the entire spectrum of sulfur isotope data from
stage I and stage II mineralization can be explained with a single, ultimately magmatic sulfur source. Such
a magmatic sulfur source is also adequate to explain the complete spectrum of sulfur isotope data of other
IOCG prospects and deposits in the Olympic province, including Olympic Dam. The results of our study
challenge the conventional model that suggests the requirement of multiple and compositionally diverse
sulfur sources in hematite-breccia hosted IOCG style mineralization.
Keywords:
Gawler craton, Gawler Range Volcanics, magmatic sulfur, iron oxide copper–gold, sulfur source,
Olympic Dam province, sulfur isotopes, pyrite replacement

1.

Introduction

World-class iron oxide copper–gold (IOCG) deposits are attractive resources of Cu, U and Au, because
they generally contain higher Cu and Au grades but far less sulfur than typical porphyry Cu deposits of
similar size (Williams et al., 2005; Groves et al., 2010; Barton, 2014). Globally, IOCG deposits share many
aspects of geologic environment and mineral association, but the source of metals and sulfur and the
hydrothermal processes controlling mineralization are still poorly defined (Barton and Johnson, 1996;
Pollard, 2000; Williams et al., 2005; Williams et al., 2010; Chen, 2013; Barton, 2014).
The Prominent Hill iron oxide Cu–Au deposit in South Australia (Fig. 1) is located approximately
midway between Olympic Dam and Coober Pedy. With a resource of 278 Mt of ore grading 0.98 % Cu, 0.75
g/t Au and 2.5 g/t Ag (Freeman and Tomkinson, 2010), Prominent Hill is the third largest IOCG deposit in
South Australia after the supergiant Olympic Dam deposit and the still undeveloped Carrapateena deposit
(Roberts and Hudson, 1983; Oreskes and Einaudi, 1992; Porter, 2010a; Ehrig et al., 2012; Masters, 2013).
The occurrence of three world-class deposits together, with additional historic mines in the Moonta and
Wallaroo area (Dickinson, 1953; Morales et al., 2002), a smaller deposit at Hillside (Conor et al., 2010) and
numerous IOCG prospects, underlines the significance of the eastern Gawler craton as one of the primary
IOCG provinces worldwide (Fig. 1A). The IOCG mineralization in the Olympic province (Skirrow et al.,
2002) is related to the Gawler large igneous province, comprising the Hiltaba Suite granite intrusions and
their comagmatic extrusive equivalents, the Gawler Range Volcanics (Giles, 1988; Creaser and White,
1991; Creaser, 1996; Ferris et al., 2002; Skirrow et al., 2002; Skirrow et al., 2007; Reid et al., 2013).
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Fig. 1. (A) Interpreted geology of the eastern Gawler craton (South Australia) showing the extent of the Olympic IOCG province
(modified from Hayward and Skirrow, 2010; Skirrow et al., 2002). (B) Interpreted geology of the southern Mount Woods domain
showing the location of IOCG deposits and prospects (modified from Betts et al., 2003; Freeman and Tomkinson, 2010; Harris et
al., 2013).

Prominent Hill represents a hematite-dominated end-member of the IOCG group of deposits (Hitzman
et al., 1992). The ores are composed of Cu-rich sulfides such as bornite, chalcocite, chalcopyrite, digenite,
idaite and minor covellite as well as pyrite. The Cu-rich sulfides are generally intergrown with hematite,
chlorite, sericite, siderite, fluorite, barite and minor quartz (Belperio et al., 2007; Freeman and Tomkinson,
2010; Schlegel and Heinrich, 2015). Following the first descriptions of the chemical and geological
characteristics of IOCG deposits (Hauck, 1990; Hitzman et al., 1992), iron oxide-associated Cu-(Fe) sulfide
deposits were identified as indicators of sulfur-poor mineralization systems that typically require an
oxidized sulfur source rich in sulfate (Hitzman et al., 1992; Barton and Johnson, 1996; Williams et al.,
2005; Richards and Mumin, 2013; Barton, 2014). Moreover, high ratios of oxidized to reduced sulfur in a
fluid allows for high solubility of Cu, which is further enhanced by chloride complexing if the fluids are
saline (Liu and McPhail, 2005; Brugger et al., 2007). Copper sulfide ore precipitation requires reduced
3

sulfur (Williams et al., 2005; Barton, 2014) which can be generated by the reduction of sulfate (e.g. Gow et
al., 1994; Haynes et al., 1995; Barton and Johnson, 1996; Barton, 2014), by remobilization of sulfur from
preexisting sulfides such as pyrite (Ohmoto and Goldhaber, 1997; Schlegel and Heinrich, 2015) and by
addition of sulfur from an external fluid (e.g. Chen, 2013). The presence of abundant barite and anhydrite
in some IOCG deposits points to either moderate aqueous sulfate contents or mixing of a fluid with
igneous sulfur (Pollard, 2000, 2006) with a possibly second sulfate-bearing fluid (Haynes et al., 1995;
Barton, 2014).
In general, the sulfides of IOCG deposits show δ34SV-CDT ranges from –10 ‰ to 30 ‰ and most data
cluster between –5 ‰ and 5 ‰ (Barton, 2014). Mineralization-associated hydrothermal barite and
anhydrite have about 8–20 ‰ higher δ34SV-CDT values than the sulfides, which is consistent with the
inferred formation temperatures of 250–400 °C (Barton, 2014). Previously published sulfur isotope data
for the Olympic IOCG province are summarized in Table 1 and detailed sulfur isotope data are reported in
several publications (Knutson et al., 1992; Eldridge and Danti, 1994; Morales et al., 2002; Bastrakov et al.,
2007; Davidson et al., 2007).
A two-stage mineralization model was suggested by Gow et al. (1994) for the Cu mineralization at the
Emmie Buff prospect (Fig. 1A). The first stage involved a magmatic fluid that precipitated a Ca-Fe-rich
skarn assemblage including magnetite and pyrite. This moderately reduced mineral assemblage was then
overprinted by a more oxidized, surface derived, Cu- and sulfate-bearing fluid. This second fluid
precipitated the Cu-(Fe) sulfides via reduction of aqueous sulfate to sulfide and simultaneous oxidation of
early magnetite to hematite (Gow et al., 1994). A similar model was advocated by Davidson et al. (2007),
who suggested that a sulfate dominated fluid was responsible for the chalcopyrite mineralization at Oak
Dam (Fig. 1A). In this model, chalcopyrite precipitated in response to mixing and cooling of mineralizing
fluids and by replacement of earlier pyrite. Bastrakov et al. (2007) provided the most recent compilation
of sulfur isotope data from the Olympic IOCG province. They concluded that the reduced magnetite +
pyrite + chalcopyrite bearing assemblages in the Olympic Dam domain were sourced from igneous
intrusions, whereas in the southern Mount Woods domain (Fig. 1B) sulfur derived from metasedimentary
rocks additionally contributed to the sulfur budget. This conclusion is in agreement with conceptual
models on IOCG formation (e.g. Barton and Johnson, 1996; Williams et al., 2005; Williams et al., 2010;
Chen, 2013; Barton, 2014) that involve multiple sulfur sources including magmatic sulfur (Marschik and
Fontbote, 2001; Oliver et al., 2004; Pollard, 2006; de Haller and Fontbote, 2009) mixed with external
sulfur such as seawater or evaporites (Haynes et al., 1995; Barton and Johnson, 1996; Barton and Johnson,
2000; Benavides et al., 2007; Chen, 2010), formation waters and metamorphic fluids (Kendrick et al.,
2007; Monteiro et al., 2008) as well as sulfur contributed via reaction with previously formed pyrite
(Wilson et al., 2003; Davidson et al., 2007).
In this paper, we provide new texturally resolved sulfur isotope data from Cu-(Fe) sulfides and barite
of the hematite-dominated Prominent Hill deposit and related magnetite-associated IOCG prospects, all
located in the southern Mount Woods domain (Fig. 1B). Our new data indicate that the Prominent Hill
high-grade Cu-(Fe)-sulfide deposit and the prospects in the region can be related to a single magmatichydrothermal sulfur source evolving along different reduced and oxidized fluid pathways during
successive stages of mineralization. We test this hypothesis using quantitative modeling of sulfur isotope
fractionation by (a) single-step variation of the ratios between reduced and oxidized sulfur species (Rye,
1993) coupled with Rayleigh fractionation during reduction of magmatic sulfate, and (b) isovolumetric
replacement of precursor pyrite by Cu sulfides. The modeling results are able to explain the full range of
δ34S values of Cu-(Fe) sulfides and barite observed at Prominent Hill and in other deposits and prospects
of the Olympic IOCG province.
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Table 1.
Published sulfur isotope values of sulfides and sulfates from the Olympic IOCG province
Location

Hole ID

Depth
(m)

Lithology, Alteration

Murdie-Murdie1

MRD1
MRD1
BD1
BD1
BD1
BD1
BD1
BD1
BD1
BD1
TD2
TD2
TD2
TD2
TD2
TD2
TD2
TD2
TD2
DRD1
SAE6
SAE6
SAE6
SAE6
SAE8
SAE8
AD1
AD1
AD1
AD1
AD12
AD20
AD20
AD20
AD20
AD20
AD20
AD1
AD1
AD1
AD15
AD15
AD15
AD15
AD1
AD1
AD1
AD1
AD1
AD1
AD1
AD1
AD1
AD1
AD1
AD1
AD1
AD1
AD1
AD1
AD1
AD1
unkn
WRD21
WRD21
WRD21
WRD21
WRD21
EC21
EC21
PY3

859.3
860.3
685.5
686.5
687.5
799.4
801.8
868.0
897.4
917.0
724.4
724.4
724.4
724.4
724.4
735.1
746.6
768.2
806.1
1182.4
959.7
986.2
1022.0
1029.0
1141.0
1149.0
740.2
751.5
728.3
728.3
732.0
712.0
729.0
750.0
764.0
777.0
803.0
627.7
631.7
640.3
631.0
692.0
692.0
631.7
607.5
619.2
648.8
660.0
670.0
670.4
680.5
691.9
649.9
660.3
672.3
692.2
693.1
700.0
703.8
711.5
717.5
718.5
unkn
726.3
726.3
707.6
711.2
726.0
990.6
985.2
1093.0

SLST, Mt
SLST, Mt
ARKS, ± Hm over Mt
ARKS, ± Hm over Mt
ARKS, ± Hm over Mt
ARKS, ± Hm over Mt
ARKS, ± Hm over Mt
ARKS, ± Hm over Mt
ARKS, ± Hm over Mt
ARKS, ± Hm over Mt
SLST, Hm over Mt
SLST, Hm over Mt
SLST, Hm over Mt
SLST, Hm over Mt
SLST, Hm over Mt
SLST, Hm over Mt
SLST, Hm over Mt
SLST, Hm over Mt
SLST, Hm over Mt
Leucogabbro
SLST-CARB, Hm over Mt
SLST-CARB, Hm over Mt
SLST-CARB, Hm over Mt
SLST-CARB, Hm over Mt
SLST-CARB, Hm over Mt
SLST-CARB, Hm over Mt
GRT, mx
GRT, mx
GRTBX, mx
GRTBX, mx
Hm
Hm
Hm
Hm
Hm
Hm
Hm
HMBX, mx
HMBX, mx
HMBX, mx
HMBX, mx
HMBX, mx
HMBX, mx
HMBX, mx
HMBX, mx
HMBX, mx
HMBX, mx
HMBX, mx
HMBX, mx
HMBX, mx
HMBX, mx
HMBX, mx
HMST, v
HMST, v
HMST, v
MTST, mx, Mt ± Hm
MTST, mx, Mt ± Hm
MTST, mx, Mt ± Hm
MTST, mx, Mt ± Hm
MTST, mx, Mt ± Hm
MTST, mx, Mt ± Hm
MTST, mx, Mt ± Hm
HMBX
GRT, mx
GRT, v
HMBX
HMBX
HMBX
BX, mx, Hm
BX, v, Hm
VOLC, amy, Hm

Titan1

Torrens Dam1

Bill’s Lookout1
Emmie Bluff1

Oak Dam2

Olympic Dam3
Wirrda Well2

Mount Gunson4

δ 34S mineral [‰]
Py

Ccp

– 1.2
– 2.7
– 2.2
– 4.0
0.5
– 2.9
– 1.1
– 2.1
– 3.1
– 0.1

Po

Sph

Bn

Cc

Brt

Anh

– 3.2

– 2.2

– 3.9
– 2.5

– 2.8

0.2

0.3

– 1.4
0.5

3.4

3.8

– 0.1
0.6

5.2
12.1
8.3
8.5
12.5

3.1
9.6

2.6

0.4
0.2
– 2.8
5.4
10.0
6.3
7.9
3.1
2.8

9.4
7.9

3.3

3.1

6.4

– 0.8
0.0
– 4.1
– 3.0
– 2.8
– 1.5
– 4.6
– 3.4
– 2.6
– 3.5
– 3.6
– 3.1
–7.7
– 3.1
–4.5
–5.8
– 4.0

– 14.0
– 8.6

– 4.7
– 10.0
– 1.7
– 4.4
– 4.9
– 5.1
– 1.1
– 4.1

– 1.7
– 8.5

– 8.8
– 5.6
– 3.3
– 5.1
– 6.0
– 4.0
– 1.4
– 3.8
– 3.3
– 4.1
– 6.0

– 7.0

– 7.0

– 10.0

11.0
18.2

– 2.5
– 6.7
– 2.8
– 6.6
0.7
– 8.1
2.1
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PY3
PY3
Table 1. (continued)
Location

Joes Dam1
Manxman1
Peculiar Knob1

1144.0
1207.0

Hole ID
PY3
PY3
PY3
EC21
EC21
EC21
EC21
EC21
PY3
PY3
EC21
PY3
PY3
EC21
EC21
EC21
EC21
EC21
EC21
EC21
EC21
PY3
PY3
PY3
PY3
PY3
DD85EN17
DD89EN61
DD89EN61
DD86EN33
PK1

Occurrence:
Alteration:

2.

Lithology, Alteration
VOLC, amy, Hm
VOLC, amy, Hm
VOLC, amy, Hm
VOLC, mx, Hm
VOLC, mx, Hm
VOLC, mx, Hm
VOLC, mx, Hm
VOLC, mx, Hm
VOLC, mx, Hm
VOLC, mx, Hm
VOLC, v, Hm
VOLC, v, Hm
VOLC, v, Hm
VOLCBX, mx, Hm
VOLCBX, mx, Hm
VOLCBX, mx, Hm
VOLCBX, mx, Hm
VOLCBX, v, Hm
VOLC-SLST, mx, Hm
VOLC-SLST, mx, Hm
VOLC-SLST, mx, Hm
VOLC-SLST, mx, Hm
VOLC-SLST, mx, Hm
VOLC-SLST, v, Hm
VOLC-SLST, v, Hm
VOLC-SLST, v, Hm
UNKN, Mt
GRT, v, Mt
METASED, ± Hm over Mt
UNKN, ± Hm over Mt
Leuco-gabbronorite
Location
Doora Schist, n = 3
Moonta Porphyry, n = 4
Poona
Poona, n = 15
Poona, n = 8
Wheal Hughes, n = 12
Wheal Hughes
Wheal Hughes, n = 3
Yelta, n = 2
Yelta, n = 8
Yelta, n = 4
Yelta, n = 14

Moonta-Wallaroo5

References:
Abbreviations:
Mineral:
Lithology:

Depth
(m)
1239.0
1264.5
1285.9
748.1
749.3
753.3
753.5
753.6
942.6
1073.0
792.1
1139.8
1213.5
704.6
705.8
748.0
789.0
788.0
639.9
679.5
682.8
928.0
936.0
898.0
924.0
943.0
unkn
456.8
322.1
unkn
329.9

VOLC, amy, Hm
VOLC, amy, Hm

2.2
2.0
δ 34S mineral [‰]
Py
0.2
1.0
2.1
3.4
– 1.9
– 1.3
– 1.0

Ccp

Po

Sph
q

Bn

Cc

Brt

Anh

– 1.6
– 0.5
2.0
1.9
23.5
1.6
2.0
– 4.9
– 5.1
– 5.2

1.5

– 1.0
18.8
10.5
11.7
7.1
2.6
2.4
1.8
1.5
1.5
– 6.5
– 3.6
– 2.0

– 6.3
– 5.6
– 2.3

– 6.4
– 0.4
4.3

Mineral
Py
Py
Bn
Cp
Py
Ccp
Mo
Py
Bn
Ccp
Mo
Py

δ 34S mineral [‰] range
– 1.5 to 4.2
2.2 to 4.6
2.0
– 1.3 to 5.5
– 2.3 to 5.6
2.5 to 6.4
6.4
1.0 to 5.5
0.9, 3.9
1.0 to 4.0
1.5 to 2.0
1.0 to 4.0

1: Bastrakov et al. (2007), 2: Davidson et al. (2007), 3:Eldridge and Danti (1994), 4: Knutson et al. (1992), 5: Morales et al. (2002)
Anh: anhydrite; Bn: bornite; Brt: barite; Cc: chalcocite; Ccp: chalcopyrite; Po: pyrrhotite; Py: pyrite; Sph; sphalerite
ARKS: arkose; BX: breccia; CARB: carbonate; HMBX: hematite breccia; HMST: hematite stone; SLST: siltstone; MTST:
magnetite stone; GRT: granite; GRTBX: granite breccia; PORPY: porphyry; VOLC: volcanic rock; VOLCBX: volcanic breccia
amy: amygdales; mx: breccia- or rock matrix; v: vein
Mt: magnetite; Hm: hematite

Regional geology and previous studies
2.1.

The eastern Gawler craton and the Olympic IOCG province

Rifting-related extension in the eastern Gawler craton after approximately 1850 Ma (Fig. 1A; e.g. Ferris
et al., 2002; Hand et al., 2007) resulted in the deposition of sediments including the (1790–1730 Ma)
Wallaroo Group metasediments (Conor, 1995; Cowley et al., 2003) and their equivalents, the Skylark
metasediments, in the Mount Woods inlier (Fanning et al., 1988; Chalmers, 2007). Widespread and
ongoing magmatism produced the Gawler Range Volcanics between about 1604 and 1583 Ma and the
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Hiltaba Suite intrusions between about 1595 and 1575 Ma (Fanning et al., 1988; Creaser, 1996; Fanning,
1997; Fanning et al., 2007; Hand et al., 2007).
The Gawler Range Volcanics are voluminous, subaerial lavas (Allen et al., 2003). They are layered,
unmetamorphosed and have been intruded by comagmatic dikes and the Hiltaba Suite granitoids (Blissett
et al., 1993; Allen et al., 2003). Two main eruptive stages are separated by an angular discordance dividing
the moderately dipping lower Gawler Range Volcanics from the flat-lying upper Gawler Range Volcanics
(Allen et al., 2003; Agangi et al., 2012).
Volcanism was dominantly felsic, but thick basaltic to andesitic sequences occur east of the Elizabeth
Creek fault (ECFZ) and the Kalinjala shear zone (KSZ, Fig. 1A; Porter, 2010b). The magmas span a range in
composition from dominantly I-type feeding the lower Gawler Range Volcanics to A-type magmas
erupting as the upper Gawler Range Volcanics (Agangi et al., 2012). Individual units of the lower Gawler
Range Volcanics are locally separated by clastic sedimentary rocks (e.g. the Corunna Conglomerate, which
partly predates younger phases of the Gawler Range Volcanics) and autobrecciated zones between lava
flows (Turner, 1975; Blissett et al., 1993; Allen et al., 2003). Upward migration of volatiles produced gasrich vesicular flow tops (Allen et al., 2003) and the release of volatile-rich fluids caused local brecciation
and veining (Knutson et al., 1992). The upper Gawler Range Volcanics are laterally extensive, porphyritic
and massive dacitic to rhyolitic lava flows (Blissett et al., 1993). The Gawler Range Volcanics show
evidence of widespread alteration of feldspars to sericite (Agangi et al., 2012).
Both I- and A-type granitic batholiths and plutons comprise the bulk of the Hiltaba Suite (Flint, 1993;
Budd, 2006) and they are compositionally similar to the Gawler Range Volcanics (Agangi, 2011; Agangi et
al., 2012). Mafic to ultramafic intrusions of similar age to the Hiltaba Suite are known in the vicinity of
Prominent Hill (Belperio et al., 2007; Freeman and Tomkinson, 2010), Olympic Dam (Johnson and Cross,
1995; Jagodzinski, 2005; Skirrow et al., 2007) and Hillside (Zang et al., 2007; Conor et al., 2010). The
plutons intrude rock units that are considered stratigraphic equivalents of the Wallaroo Group, the Gawler
Range Volcanics as well as the Corunna Conglomerate (Blissett et al., 1993; Agangi, 2011).
The igneous rocks are thought to be temporally associated with the formation of Cu, Au and base metal
ore deposits in the Olympic IOCG province (Fig. 1A; Roache, 1996; Skirrow et al., 2002; Budd and Fraser,
2004; Budd and Skirrow, 2007). The province hosts several hydrothermal magnetite alteration dominated
IOCG prospects including Joe’s Dam (South East), Manxman (Hampton, 1997; Freeman and Tomkinson,
2010), Murdie-Murdie, Titan, Torrens Dam, Emmie Bluff (Gow et al., 1994; Bastrakov et al., 2007) and the
Hillside deposit (Conor et al., 2010) that typically contain pyrite and chalcopyrite. The Hillside deposit
also contains minor bornite and chalcocite (Conor et al., 2010). Higher Cu grades related to chalcopyrite
and other Cu-rich sulfides occur in association with a hematitic overprint at Oak Dam (Davidson et al.,
2007), Wirrda Well (Bastrakov et al, 2007) and especially in the hematite-associated deposits such as
Olympic Dam (Roberts and Hudson, 1983; Reeve et al., 1990; Oreskes and Einaudi, 1992; Ehrig et al.,
2012), Prominent Hill (Belperio and Freeman, 2004; Belperio et al., 2007; Schlegel and Heinrich, 2015)
and Carrapateena (Porter, 2010a).

2.2.

Geology of the southern Mount Woods domain

The geology of the southern Mount Woods domain (Fig. 1B) was investigated in a number of studies
(i.e. Flint and Benbow, 1977; Betts et al., 2003; Chalmers, 2007; Freeman and Tomkinson, 2010; Forbes et
al., 2011; Forbes et al., 2012). Underneath a variably thick Phanerozoic cover, metasedimentary rocks that
have the age of the Wallaroo Group (Chalmers, 2007) are intruded by the 1692 ± 25 Ma (SHRIMP U-Pb
zircon data, Fanning, 1997) Engenina adamellite and the 1584 ± 18 Ma (SHRIMP U-Pb zircon data,
Fanning, 1997) Hiltaba Suite equivalent Balta granite (Betts et al., 2003; Chalmers, 2007).
Contemporaneous mafic intrusions at the White Hill mafic igneous complex and at Peculiar Knob
(Jagodzinsky, 2005; Belperio et al., 2007; Chalmers, 2007; Skirrow et al., 2007; Freeman and Tomkinson,
2010) consist of olivine gabbros, pyroxenites and norites showing magnetite–ilmenite layers, which have
been interpreted as primary magmatic iron oxides (Hampton, 1997; Frost, 2009; Freeman and
Tomkinson, 2010). Some gabbro intervals show disseminated magmatic-hydrothermal pyrrhotite, pyrite
7

and chalcopyrite (Fig. 2A). Miarolitic cavities are described from Hiltaba Suite granites and provide
evidence for fluid saturation and shallow levels of emplacement (Flint, 1993). They also occur together
with pegmatitic segregations containing quartz, phlogopite, magnetite, apatite, K-feldspar, pyrrhotite and
pyrite (Fig. 2B) inside gabbroic rocks of the White Hill intrusion (Schlegel and Heinrich, 2015). The
southern part of the Mount Woods domain is composed of brecciated amphibolite facies metamorphosed
argillaceous-calcareous siliciclastic metasedimentary rocks with possible intercalations of
metaevaporites. They show lithological similarities to rocks of the 1760–1730 Ma Wallaroo Group
(Freeman and Tomkinson, 2010). East and west of Prominent Hill, unmetamorphosed argillaceous,
calcareous and siliciclastic sedimentary rocks are present (Freeman and Tomkinson, 2010). South of
Prominent Hill, Gawler Range Volcanics equivalent (Carter et al., 2003; Harris et al., 2013) mafic to felsic
volcanic rocks have been described (Freeman and Tomkinson, 2010); they are cut by a major reverse
fault, the Southern Overthrust (Betts et al., 2003; Harris et al., 2013), and by structurally related splay
faults near Prominent Hill (Harris et al., 2013).

2.3.

Regional alteration

Several magnetite- and/or hematite–pyrite- and chalcopyrite-bearing prospects are located in the
vicinity of felsic and mafic Hiltaba Suite igneous rocks and the Southern Overthrust in the southern Mount
Woods domain (Freeman and Tomkinson, 2010). A detailed description of the regional hydrothermal
alteration patterns is given in Hampton (1997), Freeman and Tomkinson (2010) and Schlegel and
Heinrich (2015).
At the Neptune and Triton prospects (Fig. 1B), magnetite or hematite ± K-feldspar ± quartz ± sericite ±
chlorite ± fluorite ± barite ± apatite ± kaolinite ± calcite alteration of mafic Gawler Range Volcanics (Carter
et al., 2003; Harris et al., 2013) is associated with heterogeneous Cu grade distribution (Schlegel and
Heinrich, 2015). At Triton, undeformed, feldspar porphyritic to aphyric mafic lavas are commonly altered
to an assemblage including hematite + chlorite + sericite ± quartz ± kaolinite ± fluorite ± apatite ± barite ±
leucoxene, surrounding the most intense hematite + quartz + barite + apatite alteration (Schlegel and
Heinrich, 2015). Locally, Cu grades associated with chalcopyrite and minor chalcocite increase due to their
occurrence in intensely altered autobrecciated intervals between volcanic flows, and in veins hosting
hematite, euhedral quartz, K-feldspar, and pyrite ± chalcopyrite ± chalcocite (Fig. 2C) in the upper parts of
the drill holes. Veins with finely intergrown quartz + hematite + chalcopyrite + pyrite dominate and Kfeldspar or sericite are present as vein selvages or matrix of local breccias. At depths of about 250 m, the
veins are increasingly brecciated and represent a fracture network that hosts Cu mineralized clasts (Fig.
2D). The new breccia matrix shows again two chalcopyrite–pyrite generations associated with fluorite,
barite and dolomite, indicating that mineralization is related to multiple but only small-scale brecciation
events. In the lavas at Triton, degassing of volatiles produced vesicular flow tops filled with quartz +
hematite + magnetite + fluorite + chalcopyrite and late dolomite (Fig. 2E). At Neptune, mafic lavas are
altered to the assemblage magnetite ± K-feldspar ± chlorite ± fluorite ± apatite ± leucoxene ± barite ±
carbonate ± pyrite ± chalcopyrite and they are pervasively altered by magnetite + quartz + pyrite +
chalcopyrite ± K-feldspar ± calcite ± fluorite (Fig. 2F).

8

Fig. 2. Hand specimen photographs of representative sulfide-bearing samples from regional prospects in the southern Mount
Woods domain. (A) Disseminated magnetite, pyrrhotite and pyrite in gabbro from the White Hill intrusion; sample R1964223,
DD08WTH005, 460.07 m. (B) Biotite-magnetite-pyrite-bearing gabbro showing pegmatitic segregation with graphic intergrowth
of quartz, K-feldspar, phlogopite and pyrite. The transitional magmatic-hydrothermal segregation is rimmed by coarse-grained
plagioclase, biotite, amphibole, magnetite and apatite; sample PH537, DD11JDME002, 292.6 m. (C) Hematite altered andesite
cross-cut by veins composed of hematite, subhedral quartz, euhedral K-feldspar and disseminated chalcopyrite, pyrite and calcite
in the breccia matrix; sample PH574, DD08TRI008, 245.6 m. (D) Breccia composed of chalcopyrite-bearing and hematite-quartz
altered fine grained basaltic andesite clasts (red to dark green) in dolomite + fluorite + chalcopyrite ± hematite breccia matrix
(white to purple); sample PH583, DD10TRI008, 356.5 m. (E) Andesite with chlorite altered plagioclase showing large amygdales
filled with a sequence of magnetite, quartz, fluorite-chalcopyrite and late dolomite; sample PH633, DD09TRI007, 452.7 m. (F)
Fine grained, leucoxene-bearing basaltic andesite pervasively altered to magnetite + quartz + pyrite + chalcopyrite pseudo
breccia; sample PH660, DD09TRI006, 287 m. (G) Interlayered limestone-pelite with disseminated pyrite. Carbonate layers are
replaced by hematite and magnetite; sample PH524, DD11JDMSE001, 516.2 m. Mineral abbreviations: Bt: biotite; Cal: Calcite;
Carb: carbonate; Ccp: chalcopyrite; Dol: dolomite; Fl: fluorite; Fsp: feldspar; Hem: hematite; Kfs: K-feldspar; Lx: leucoxene; Mag:
magnetite; Plag: plagioclase; Po: Pyrrhotite; Py: pyrite; Qtz: quartz.
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Along the southern and eastern margins of the White Hill mafic intrusion, hydrothermal replacement,
veins and breccia-fills of (already brecciated) pelitic and calcareous metasediments and gneisses are
abundant (Freeman and Tomkinson, 2010; Schlegel and Heinrich, 2015). Proximal to the intrusion, the
metasediments host the mineral assemblage magnetite (and minor hematite) ± biotite/phlogopite ±
pyrite ± pyrrhotite ± chalcopyrite ± diopside ± actinolite ± talc ± scapolite. These regional magnetite
skarns occur in several IOCG prospects, for example Manxman, Joe’s Dam and Joe’s Dam South East
(Hampton, 1997; Freeman and Tomkinson, 2010; Schlegel and Heinrich, 2015). They may have developed
by contact metamorphism and release of magmatic-hydrothermal fluid from the host intrusions (Betts et
al., 2003; Freeman and Tomkinson, 2010; Schlegel and Heinrich, 2015). The regional magnetite skarn
alteration may partly pre-date the economic Cu–Au ore formation at Prominent Hill based on textural and
paragenetic observations provided in Schlegel and Heinrich (2015). Further south and distal from the
intrusion, weakly magnetite or hematite altered amphibolite facies calcareous and pelitic (meta-)
sediments contain abundant pyrite (Fig. 2G).

3.

Geological setting of the Prominent Hill deposit

The geology of the Prominent Hill deposit has been previously described (Belperio et al., 2007;
Freeman and Tomkinson, 2010; Schlegel and Heinrich, 2015) and we summarize only the key features.
The basement rocks (Fig. 3) can be structurally divided into the hanging wall and footwall parts,
separated by the Hanging Wall Fault Zone (HWFZ, Belperio et al., 2007; Freeman and Tomkinson, 2010).
The economic Cu–Au mineralization postdates the lower Gawler Range Volcanics (Belperio et al., 2007) in
the Prominent Hill footwall, because they are altered and mineralized. Geopetal markers show that the Cu
mineralization occurred after the host rock package was rotated into its present structural position, i.e.,
dipping steeply to the north and overturned (Schlegel and Heinrich, 2015). Mineralization was related to a
regional, broadly N–S-oriented tectonic compression (Schlegel and Heinrich, 2015), which also caused
differential uplift of the Mount Woods inlier (Forbes et al., 2011; 2012) along the southern overthrust and
associated splay faults (Harris et al., 2013).

3.1.

The Prominent Hill hanging wall

Amphibolite facies calcareous and siliciclastic metasedimentary rocks north and above the Hanging
Wall Fault Zone have been correlated with the 1750 Ma Wallaroo Group (Freeman and Tomkinson, 2010;
Bull et al., 2015). They are extensively altered to a magnetite + phlogopite + chlorite + pyrite ±
chalcopyrite ± actinolite-tremolite ± serpentine ± talc ± scapolite skarn-like mineral assemblage
(magnetite skarn, Fig. 4A) (Freeman and Tomkinson, 2010). Pyrite is locally very abundant (Belperio and
Freeman, 2004) and in places forms fillings of fractures and veins within massive magnetite (Fig. 4B).
Magnetite + quartz + calcite + fluorite + barite ± K-feldspar ± pyrite ± chalcopyrite veins cut all hanging
wall lithologies (Fig. 4C). Calcite + quartz ± hematite ± fluorite ± chalcopyrite veins cut the magnetite
skarn and have been correlated with the Cu–Au mineralized footwall (Belperio et al., 2007). This indicates
that the formation of the magnetite skarn likely predated the hematite-dominated alteration in the
footwall (Schlegel and Heinrich, 2015).
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Fig. 3. Combined map and cross-section views of the Prominent Hill deposit, illustrating the 3-dimensional geometry of (A-C) the
hematite-quartz alteration and (D-F) hematite–chlorite–sericite stable alteration in the Prominent Hill footwall. Copper grades
are indicated by black solid and dashed lines and superposed onto the alteration geochemistry. The molar (Fe+Si)/(Fe+Si+Al)
ratio (HMSI index) is used as a proxy for hematite-quartz alteration, whereas the molar K/Al ratio is used as a proxy for the
hematite–chlorite–sericite alteration (Schlegel and Heinrich, 2015). For comparison, the molar K/Al ratio of sericite, phengite and
phlogopite is shown, with phengite composition data taken from Cu-mineralized hematite breccia from Olympic Dam (Roberts
and Hudson, 1983; Tappert et al., 2013).

3.2.

The Prominent Hill footwall

Unmetamorphosed sedimentary rocks hosting the economic orebody south and below the HWFZ
include lithologically variable, interbedded and brecciated argillite–carbonate rocks, argillites (breccias),
calcareous matrix-bearing siliciclastic and clast supported breccias, graywackes, sandstones, limestones,
dolostones and conglomerates (Belperio et al., 2007; Freeman and Tomkinson, 2010; Schlegel and
Heinrich, 2015). The sedimentary rocks and breccias are structurally underlain by mafic to intermediate
lower Gawler Range Volcanics (Carter et al., 2003; Belperio et al., 2007; Harris et al., 2013), bordered by
an interface that is interpreted as a sub-Gawler Range Volcanics disconformity or unconformity (Freeman
and Tomkinson, 2010; Bull et al., 2015). Thus, the sedimentary host rock package occurs stratigraphically
below the Gawler Range Volcanics (Bull et al., 2015). The basaltic andesites and andesites are massive or
amygdaloidal and contain local intercalations of volcaniclastic and sedimentary layers (Belperio et al.,
2007; Bull et al., 2015; Schlegel and Heinrich, 2015). The footwall rocks have been affected by variable
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brecciation, which predates the pervasive hematite replacement and the subsequent Cu-(Fe) sulfide
mineralization. The hematite ± quartz ± chlorite ± siderite ± sericite ± fluorite ± barite altered and
brecciated sedimentary and volcanic rocks are the principal hosts of the economic Cu–Au mineralization.
The hematite-aluminosilicate and hematite-quartz breccia together make up the Prominent Hill hematite
breccia body. The footwall is cross-cut by numerous sericite + chlorite + hematite altered, generally
unbrecciated, mafic to intermediate and in places amygdaloidal sills and dikes that largely predate the ore
mineralization (Schlegel and Heinrich, 2015).

Fig. 4. Photographs of representative drill core samples showing textures of (A-C) the magnetite skarn and (D-F) the hematite
breccia body of the Prominent Hill IOCG deposit. (A) Patchy magnetite + pyrite ± chalcopyrite alteration (inside dashed yellow
area) in chlorite and actinolite rich metasediment, Malu pit; PH56, 10016 mRL (B) Massive magnetite and dolomite intergrown
with pyrite; sample PH56, DP017, 218.8 m. (C) Magnetite + pyrite + K-feldspar veins cross-cut pervasively magnetite + pyrite
altered granitoid; PH52, DP017, 208.02 m. (D) Hematite breccia with high copper grade showing abundant coexisting bornite and
chalcocite associated with hematite and sericite altered clasts; sample PH446, PH05D057, 189.3 m. (E) Chalcopyrite, hematite and
fluorite-rich hematite breccia matrix; sample PH222, PH05D169, 367.8 m. (F) Massive chalcocite, digenite and bornite replace
pyrite in altered fine-grained diorite; PH466, PH05D186, 272.6 m. Mineral abbreviations: Act: actinolite; Bn: bornite; Carb:
carbonate; Cc: chalcocite; Ccp: chalcopyrite; Dg: digenite; Dol: dolomite;; Fl: fluorite; Hem: hematite; Id: idaite; K-fsp: K-feldspar;
Mag: magnetite; Py: pyrite; Qtz: quartz; Ser: sericite.
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Two end-member types of hematite breccias developed by replacement of calcareous, dolomitic and
silicic rocks and breccia components (Schlegel and Heinrich, 2015), which are hematite-quartz and
hematite-aluminosilicate breccia. They formed during the transitional hematite + quartz (± barite ±
fluorite ± apatite ± REE minerals ± gold) to hematite + chlorite + sericite (± siderite ± ankerite ± kaolinite
± barite ± fluorite ± apatite ± REE minerals such as monazite, uraninite, coffinite ± Cu-sulfide) alteration.
Hematite-quartz breccias are generally poor in Cu-(Fe) sulfides, but they are locally Au-rich. Pervasive
hematite–quartz alteration caused depletion in various elements (e.g., Na, K, Mn, Mg, Al) and replacement
of chlorite and sericite by kaolinite. Subsequently, the aluminosilicates such as feldspars, chlorite, micas
and kaolinite were replaced by quartz and hematite (Schlegel and Heinrich, 2015).
Economic Cu-(Fe)-sulfide mineralization (Fig. 4D-F) in hematite-aluminosilicate breccias appears to be
strata-bound and occurs outside a discordant zone of intense hematite-quartz alteration (Fig. 3A to C).
The Cu mineralization is dominantly located in the hematite-aluminosilicate breccia (Fig. 3D to F). The Cu(Fe) sulfides are chalcopyrite, bornite, chalcocite, digenite, idaite and covellite. They occur in association
with detrital micas, calcite, dolomite and hydrothermal chlorite, sericite, siderite, ankerite, quartz, fluorite,
barite, apatite, REE minerals and pyrite (Belperio et al., 2007; Schlegel and Heinrich, 2015). Four distinct
vein types have been distinguished based on their mineralogy (Schlegel and Heinrich, 2015). The vein
mineral assemblages include (1) specular hematite + quartz + Cu-(Fe) sulfides, (2) hematite + calcite +
barite + pyrite ± fluorite ± Cu-(Fe) sulfides ± magnetite, (3) hematite + siderite + quartz + fluorite +
chalcopyrite ± calcite and (4) hematite + barite + bornite + chalcocite.

4.

Textural relationships of Cu-Fe-sulfides at Prominent Hill

We have studied a suite of representative sample types from the magnetite skarn, Cu–Au ores from the
hematite breccia body and variably mineralized rocks from regional prospects. The samples (Table 2)
have been investigated by transmitted- and reflected-light microscopy.
Four textural modes of sulfide formation at Prominent Hill include (1) the formation of
petrographically early pyrite, (2) the replacement of early pyrite by Cu sulfides, (3) the infill of Cu-(Fe)
sulfides from mineralizing fluids into vugs within the breccia matrix, and the (4) formation of pyrite and
marcasite in late calcite ± fluorite ± barite ± hematite ± pyrite ± chalcopyrite veins and the younger matrix
of re-brecciated zones. Sulfides of the latest mode postdate the Cu-(Fe) sulfide mineralization in the
breccia matrix.

4.1.

Magnetite skarn

Pyrite and minor chalcopyrite are the dominant sulfides. They are intergrown with magnetite (Fig. 5A)
or are associated with magnetite in calcareous or generally fine-grained siliciclastic host rocks. In places,
the sulfides occur as disseminations in metasedimentary rocks. Within blocks of magnetite skarn, but
especially along vein contacts and towards the HWFZ, hematite becomes more abundant and is
disseminated in the calcareous host rock (Fig. 5B) or replaces magnetite.

4.2.

Hematite-associated ores

Pyrite in the hematite breccia matrix occurs as euhedral to subhedral crystals or is intergrown with
hematite to form anhedral aggregates (Fig. 5C). This suggests that at least two pyrite generations (sulfide
stage I) are present within the hematite breccia matrix and they commonly predate (Schlegel and
Heinrich, 2015) the texturally later high-grade Cu mineralization (sulfide stage II).
The Cu sulfides in the breccia matrix typically replace early pyrite (Fig. 5D to F) and textures indicate
that the replacement was frequently isovolumetric (Fig. 5D to E). Some textures indicative of pyrite
resorption by chalcopyrite can be observed (Fig. 5F). This suggests that a portion of the Cu-(Fe) sulfides
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were formed by consumption of sulfur liberated by replacement of the precursor pyrite. The Cu-(Fe)
sulfides are also intergrown with fine-grained hematite (Fig. 5G), sericite (Fig. 5H, I), fluorite (Fig. 4E) and
carbonates (Schlegel and Heinrich, 2015). Assemblages of Cu-rich sulfides show complex and in places
symplectic intergrowth textures (Fig. 5D, G). Where Cu-rich sulfides occur in previously hematite–quartz
altered zones, they wrap around aggregates of hematite and subhedral, clear quartz (Fig. 5I). In addition,
bornite, chalcocite, digenite and idaite are regularly intergrown with barite. Together, they infill vugs in
the porous breccia matrix and replace siliciclastic breccia clasts (Schlegel and Heinrich, 2015). In the
western part of the Malu pit of Prominent Hill, typically along section 55650 mE (UTM Zone 53 with
easting reduced by 500000), the Cu-(Fe) sulfides commonly replace texturally early pyrite. In the eastern
part, for example along section 56050 mE, the hematite-aluminosilicate breccia surrounds a central
hematite-quartz breccia plug (Fig. 3) and Cu-(Fe) sulfides generally replace siliciclastic rock and breccia
components.

Fig. 5. Representative textures of Cu-(Fe) sulfides in the magnetite skarn (A-B), the hematite breccia matrix of the Prominent Hill
deposit (C-E, G-I) and in the Triton prospect (F). (A) Coarse-grained magnetite intergrown with pyrite and chalcopyrite; sample
PH301, PH05D160, 139 m. (B) Pyrite and chalcopyrite intergrown with magnetite, partly replaced by hematite and carbonate;
sample PH301, PH05D160, 139 m. (C) Hematite breccia matrix hosting euhedral pyrite within a fine-grained matrix of hematite,
carbonate, and finely intergrown subhedral pyrite + hematite + chalcopyrite; sample PH328, PH05D114, 212.4 m. (D) Bornite and
digenite replace pre-existing pyrite (isovolumetric process); sample PH110 PH05D059, 291.2 m. (E) Idaite and covellite replace
pre-existing pyrite, sample PH112, PH05D109, 282.7 m. (F) Three subsequent generations of pyrite being replaced by
chalcopyrite; sample PH583, DD10TRI008, 356.5 m. (G) Partly symplectitic intergrowth of bornite and chalcocite, adjacent to
idaite and digenite. Both Cu-sulfide assemblages are intergrown with a fine-grained rim of hematite and hosted in a carbonate–
hematite bearing breccia matrix; sample PH336, PH05D114, 164.5 m. (H) Hematite–sericite dominated breccia matrix intergrown
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with chalcopyrite; sample PH319, PH05D114, 305.9 m. (I) Subhedral quartz and hematite crystals surrounded by sericite, next to
idaite rimmed by dominantly chalcocite; sample PH319, PH05D114, 305.9 m. Mineral abbreviations: Bn: bornite; Cc: chalcocite;
Ccp: chalcopyrite; Cov: covellite; Dg: digenite; Dol: dolomite; Hem: hematite; Id: idaite; Mag: magnetite; Py: pyrite; Qtz: quartz;
Ser:
sericite.
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Table 2.
Sulfur isotope values of sulfides and sulfates of Prominent Hill and the southern Mount Woods Domain.
Drill hole

Depth
(m)

Sample

Malu pit area, section 55,650 mE
DP017
218.8 PH56
DP017
240.3 PH51
PH04D082
186.2 PH424
PH04D082
290.0 PH415
PH04D082
599.4 PH397
PH04D082
618.8 PH392
PH04D082
680.3 PH386
PH04D082
683.5 PH382
PH04D082
684.8 PH384
PH04D100
259.7 PH367
PH04D100
225.1 PH376
PH04D100
252.3 PH379
PH04D100
252.3 PH379
PH04D100
496.5 PH355
PH04D100
541.9 PH353
PH04D100
595.0 PH345
PH07D313
569.4 PH19
PH07D313
757.0 PH27
PH08D364
800.3 PH512
Malu pit area, section 55,900 mE
PH04D057
139.5 PH441
PH04D057
140.3 PH442Y
PH04D057
140.3 PH442X
PH04D057
189.3 PH446
PH04D057
341.7 PH481
PH04D057
350.8 PH483
PH04D059
282.7 PH112
PH04D059
291.2 PH110
PH04D059
559.1 PH98
PH06D224
366.8 PH510
PH08D359
950.8 PH491
PH08D359
950.8 PH491
Malu pit area, section 55,950 mE
PH05D130
295.5 PH89
PH05D130
445.9 PH81
PH05D130
454.1 PH157
PH05D130
462.8 PH78
PH05D130
512.0 PH184
PH05D130
514.0 PH73
PH05D130
538.8 PH70
PH05D130
575.1 PH148
PH05D130
597.9 PH145
PH05D130
631.4 PH69
PH05D169
188.0 PH253
PH05D169
229.7 PH252
PH05D169
229.7 PH252
PH05D169
269.1 PH245
PH05D169
282.8 PH241
PH05D169
366.6 PH221

M

Lithology

C
C
L
L
L
L
L
L
L
L
L
L
L
L
L
C
C
C
L

HMBX, m
HMBX, v
Mt skarn, m
Mt skarn, m
HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, m
Mt skarn, v
Mt skarn m
Mt skarn v
HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, v
HMBX, v

L
L
L
L
L
L
L
L
C
L
L
L

HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, v
HMBX, m
HMBX, m
HMBX, v

L
C
L
C
L
C
C
C
C
C
L
L
L
L
L
L

HMBX, m
HMBX, m
HMBX, m
HMBX, v
HMBX, m
HMBX, m
HMBX, v
HMBX, m
HMBX, v
HMBX, m
HMBX, m
HMBX, m
HMBX, v
HMBX, m
HMBX, v
HMBX, m

δ 34S mineral [‰]
Po

Py

Ccp

– 3.7
– 4.3
– 3.5
– 2.7

– 2.8
– 2.0

– 5.6

– 2.4

– 2.7

– 2.6

Cc

Dg

Id

– 5.3

– 3.0

Brt

– 3.7

– 0.6
– 10.4
– 6.1
– 3.8
– 3.3
– 2.9
– 3.0

Bn

– 4.5
– 5.0

1.7
– 2.8

– 1.3

1.1

– 6.7

– 1.2

– 1.0
– 7.2

– 3.4

– 2.9
– 3.2
– 1.8
– 4.1

– 15.2
– 8.0

– 6.1

– 14.3
9.2

– 1.2
8.9
– 20.8

– 5.1
– 7.2

– 3.1
– 6.3

0.3
– 6.3
– 6.5
– 3.7
– 11.1
– 8.1
– 7.4
– 11.5

– 1.8
– 3.0

2.7
– 4.8
– 1.4
– 10.2
– 7.1
– 5.9
– 9.9

– 6.4

– 8.8
– 6.8
– 9.5
– 6.0
– 12.0
– 10.0

– 5.2
– 6.5
– 7.0
– 2.6
– 11.7
– 10.0

– 11.8

– 9.7

– 17.6

– 12.8

– 5.9
– 6.4

– 8.6

15.8
– 33.5
– 12.5

– 33.0

– 28.4

– 3.2

– 27.2

– 5.3

– 4.9
13.2

– 10.0

– 8.8
– 5.1
– 10.2
– 10.7
– 8.6
6.6
14.3
13.7
– 0.8

3.5

4.5
– 9.8
– 13.9

– 8.3
– 6.3

– 7.1

– 9.4

– 14.3
– 9.2
– 7.4

-8.9
– 4.7
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Table 2. (continued)
Drill hole

Depth
(m)

δ 34S mineral [‰]

Sample

M

Lithology

Py

Ccp

PH05D169
367.8 PH222
PH05D169
438.4 PH214
PH05D169
475.7 PH209
PH05D169
481.7 PH208
Malu pit area, section 56,000 mE
PH06D259
179.9 PH462
PH06D259
179.9 PH462
PH06D259
189.8 PH460
Malu pit area, section 56,050 mE
PH05D114
164.5 PH336
PH05D114
164.5 PH336
PH05D114
166.4 PH335
PH05D114
166.4 PH335
PH05D114
186.9 PH333
PH05D114
200.2 PH331
PH05D114
205.2 PH329
PH05D114
212.4 PH328
PH05D114
230.2 PH327
PH05D114
232.5 PH326
PH05D114
232.5 PH326
PH05D114
233.2 PH325
PH05D114
244.3 PH324
PH05D114
267.7 PH321
PH05D114
283.9 PH320
PH05D114
305.9 PH319
PH05D114
407.8 PH316
PH05D114
423.1 PH315
PH05D114
427.0 PH313
PH05D114
433.8 PH312
PH05D114
436.6 PH310
PH05D160
139.0 PH301
PH05D160
169.9 PH302
PH05D160
190.4 PH300
PH05D160
190.4 PH300
PH05D160
258.0 PH289
PH05D160
286.3 PH296
PH05D160
286.3 PH296
PH05D160
312.1 PH294
PH05D160
338.1 PH291
PH05D160
422.9 PH281
PH05D160
422.9 PH281
PH05D160
446.6 PH277
PH05D160
447.2 PH276
PH05D160
502.5 PH273
PH05D160
509.0 PH272
PH05D160
581.9 PH269
PH05D160
612.7 PH264
Pit level
unkn
PH02
10016 mRL
PH08
10016 mRL
PH09
unkn
PH13
unkn
PH14

L
C
C
C

HMBX, m
HMBX, m
HMBX, v
HMBX, v

– 7.4

– 8.3

L
L
L

HMBX, m
HMBX, v
HMBX, m

– 8.5
– 6.9
– 6.9

L
L
L
L
L
L
L
L
L
C
L
L
L
C
C
L
L
L
L
L
L
L
L
L
L
C
L
L
L
L
L
L
L
L
C
C
L
L

HMBX, m
HMBX, v
HMBX, m
HMBX, v
HMBX, m
HMBX, m
HMBX, m
HMBX, v
HMBX, m
HMBX, v
HMBX, v
HMBX, m
HMBX, v
HMBX, v
HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, m
Mt skarn, m
Mt skarn, m
Mt skarn, m
Mt skarn, v
HMBX, v
Mt skarn, m
Mt skarn, v
HMBX, v
HMBX, v
HMBX, m
HMBX, v
HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, m
HMBX, m

C
C
L
C
C

HMBX, v
HMBX, m
HMBX, m
HMBX, v
HMBX, m

Po

Bn

Cc

Dg

Id

Brt
7.8
5.4
14.3

– 8.3

3.7

6.3

8.6
– 5.3

9.9
1.1

– 10.3
– 6.6
– 8.9

9.9
1.5

13.3
7.6

16.8
8.9

20.6
12.0

– 9.6
– 6.5
– 6.9

– 9.2

– 8.1

– 10.5
– 19.8

– 8.2
– 11.4
– 9.7

– 10.3
– 9.3
– 11.5
– 11.9

– 6.5

– 8.4

– 6.9

– 11.2

– 11.0

– 8.8

– 7.7

– 7.4

– 12.3

– 16.2

– 13.8

– 12.0

– 17.6

– 6.5

6.0
– 22.1
0.1

– 23.6

5.7
10.1
4.3
– 18.0

– 15.5

– 11.8

– 8.3

– 15.7
– 13.7

– 9.4

– 9.7
– 2.7
– 6.6
– 1.8
– 2.3

– 23.0

– 21.8

– 15.9
– 19.5
– 19.1

– 14.9

– 1.8
– 10.6

– 17.3
– 16.0

– 14.1
– 14.2

– 15.3

– 1.8
– 5.9
– 4.7
1.8
12.3

0.0
– 4.7

– 4.7
– 7.0

– 4.2
– 6.8

– 4.2

– 14.9
– 17.7

– 15.9
3.3
– 21.0

– 17.9
– 13.0
10.3
4.3

– 1.1

– 3.2

– 2.1

– 18.6

– 13.1

– 6.4

– 5.3

– 14.4

– 0.7

11.4
– 3.2
– 1.9
– 4.8

– 4.7
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Table 2. (Continued)
Drill hole

Depth
(m)

unkn
10016 mRL
unkn
unkn
unkn
Ankata
PH10D545D
5.5
PH10D545D
5.5
Joes Dam South East
DD11J
132.9
DMSE001
DD11J
191.5
DMSE001
DD11J
326.4
DMSE001
DD11
JDMSE001
DD11
JDMSE002
DD11
JDMSE002
DD11
JDMSE003
Neptune
DD06NEP001
Triton
DD09TRI006
DD09TRI006
DD09TRI007
DD10TRI008
DD10TRI008
DD10TRI008
DD10TRI008
DD10TRI008
Umbriel West
Stratigraphic
drill hole
Stratigraphic
drill hole
White Hill
DD08
WTH005
DD08
WTH005
DD08
WTH005
Abbreviations:

Sample

M

Lithology

PH15
PH16
PH17
PH135
PH135

C
L
C
L
L

HMBX, m
HMBX, v
HMBX, m
HMBX, m
HMBX, v

PH473
PH473

L
L

HMBX, m
HMBX, v

PH545

L

PH523

L

δ 34S mineral [‰]
Po

Py

Ccp

Cc

Dg

Id

Brt

– 6.7

– 6.1

– 8.4

– 7.1

– 1.0
1.0
2.7

3.6
5.5
29.9

IBCA,
carb m
IBCA,
carb m

0.4

6.2

0.9

2.0

2.1

3.7

7.1

3.9

6.3

24.9

27.2

1.7

PH540

L

Mt skarn, m

1.3

2.0

516.3

PH524

L

MSED

0.4

1.4

292.6

PH537

L

Gabbro, m

– 0.5

– 0.4

357.2

PH544

L

Gabbro, mc

115.7

PH518

L

Mt skarn, m

– 3.1

– 2.6

259.6

PH603

L

VOLC, v

2.2

2.8

287.0
296.4
452.7
356.5
357.0
357.0
153.1
204.6

PH660
PH663
PH663
PH583
PH584
PH584
PH564
PH571

L
L
L
L
L
L
L
L

VOLC, m
VOLC, v
VOLC, a
VOLC, m
VOLC, m
VOLC, m
VOLC, v
VOLC, a

– 1.3
– 1.0
2.5
– 2.8

263.1

PH530

L

317.9

PH532

L

316.1

R1964225

L

Gabbro, m

460.1

R1964223

L

Gabbro, m

317.0

R1964226

L

Gabbro, v

Method (M):
Lithology:
Suffix:
Mineral:

Bn

– 1.9

– 0.3

0.1

0.5

– 0.4
– 2.2

3.0

2.3

CABX,
carb m
IBCA,
carb m

– 2.1

– 1.7

3.1

4.7

– 2.7

– 1.7

– 1.2

– 1.1

0.4

– 2.6
1.8

2.2

– 0.6
– 0.7
– 1.8
– 2.3
– 2.8
– 1.3

0.0
1.5

2.0

– 2.5
– 1.2

– 2.1
– 0.8

– 1.0

2.0

– 1.9

– 1.3
– 1.5
2.4

– 0.9

– 0.6

4.3
– 1.5

– 1.8
– 0.8

– 3.3

C: Conventional combustion, L: Laser combustion
CABX: Carbonate-argillite breccia; HMBX: Hematite- and Hematite-quartz breccia; Mt skarn: Magnetite skarn; IBCA: Interbedded carbonate-argillite; MSED: Metasediment; VOLC: Mafic volcanic rock
a: amygdale; carb m: carbonate matrix; m: matrix; mc: miarolitic cavity; v : vein
Anh: Anhydrite; Bn: bornite; Brt: barite; Cc: chalcocite; Ccp: chalcopyrite; Id: Idaite; Po: pyrrhotite; Py: pyrite; Sph, sphalerite
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5.
Sampling, analytical procedures and methods for sulfur isotope
modeling
5.1.

Sampling

For this sulfur isotope study, a total number of 112 Cu-(Fe) sulfide-bearing samples from the
Prominent Hill IOCG deposit and four regional prospects (Joe’s Dam South East, Neptune, Triton, Umbriel
West) and the White Hill mafic intrusion have been analyzed. A summary description of the samples, their
sulfide assemblages and sulfur isotope data is given in Table 2.

5.1.1.

Prominent Hill

Representative sample types are pyrite- and chalcopyrite-bearing magnetite skarn (Fig. 4A to C) and
Cu-(Fe) sulfide-bearing hematite-quartz and hematite-aluminosilicate breccia (Fig. 4D to F). Further
distinction of sample types was made according to the mineralization style that hosts the sulfides, i.e.,
whether they originate from the rock/breccia matrix or from veins. Ninety-two samples contain variable
proportions of pyrite, chalcopyrite, bornite, chalcocite, idaite, digenite, and barite as the only sulfate
mineral. Representative mineral textures of Cu-(Fe) sulfides in the magnetite skarn and in the hematite
breccia body are depicted in Figure 5. The samples were mainly collected from three north-south oriented
cross sections of the deposit containing a 50 m wide rock-slice centered at 55650 mE, 55950 mE and
56050 mE in the Malu pit area (Fig. 6). These cross sections sample steep Cu grade and alteration
gradients where zones with intense hematite–quartz alteration change into zones with hematite–chlorite–
sericite alteration (Figs. 3 and 6). A few additional samples originate from the Malu pit and sections 56000
mE and 55900 mE. The samples from these sections have been projected onto sections 56050 mE, and
55950 mE, respectively. They are discussed together with the samples from the main cross sections. One
sample comes from the Ankata ore body.

5.1.2.

Regional samples from the southern Mount Woods domain

Twenty samples were collected from regional prospects and the White Hill mafic intrusion. They
comprise 3 gabbro samples from the center of the White Hill intrusion containing intergrown pyrite,
pyrrhotite and chalcopyrite in the rock matrix (Fig. 2A), 7 samples with pyrite, pyrrhotite and chalcopyrite
from gabbros and the magnetite skarn at Joe’s Dam South East, 1 sample from gabbro with disseminated
pyrrhotite and minor chalcopyrite in the rock matrix, 1 sample from a K-feldspar + phlogopite + magnetite
+ quartz ± pyritic pegmatitic vein (Fig. 2B), 2 samples with chalcopyrite from magnetite skarn, and 3
samples containing pyrite that replaces the calcareous matrix of limestone-pelite breccia at Joe’s
Dam South East (Schlegel and Heinrich, 2015; their Fig. 2B and D).
Eight samples were taken from mafic to intermediate lower Gawler Range Volcanics (Carter et al.,
2003; Harris et al., 2013) at Neptune and Triton. Three samples cover the variations in mineralization
styles at Triton, with one sample from a hematite + euhedral quartz + K-feldspar + chalcopyrite + pyrite +
chalcocite vein (Fig. 2C), one sample from finely intergrown hematite + quartz + chalcopyrite + pyrite
micro breccia (mineralized clasts in Fig. 2D) and one sample from the calcite–fluorite matrix bearing
rebrecciated hematite–quartz–chalcopyrite breccia. Two samples contain volcanic vesicles filled with
magnetite or hematite ± quartz + chalcopyrite + pyrite + fluorite + late dolomite (Fig. 2E). Three samples
represent magnetite + chalcopyrite ± K-feldspar veins and pseudo-brecciated altered basaltic andesite
(Fig. 2F).
Two samples with pyrite and minor chalcopyrite come from Umbriel West. One sample represents an
interbedded limestone-argillite with the calcareous layers partly replaced by hematite, and the other
sample contains disseminated pyrite in close association with hematite in a calcareous matrix-supported
argillite breccia.
19

Fig. 6. (A) Simplified geological map of the Prominent Hill deposit area below the cover sequence, modified from Freeman and
Tomkinson (2010). Locations (B) to (D) indicate the position of the cross-sections 55650 mE, 55950 mE and 56050 mE. The color
symbols indicate the different ore minerals analyzed for their sulfur isotope composition in each sample.

5.2.

Conventional and laser combustion sulfur isotope mass spectrometry

In a first reconnaissance study, several Cu-(Fe)-sulfide and barite bulk samples were analyzed at the
University of Tübingen, Germany. The majority of sulfur isotope data were then acquired at the Scottish
Universities Environmental Research Centre (SUERC) in East Kilbride, Scotland. This employed both
conventional and in-situ laser combustion techniques.
The Cu-(Fe) sulfides and barites analyzed by the conventional technique (Robinson and Kusakabe,
1975; Coleman and Moore, 1978) were carefully handpicked from coarsely crushed sample material or
extracted using a micro drill. A few milligrams were combusted to SO 2 at 1070 °C using 200 mg cuprous
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oxide as oxidant. Significantly improved spatial resolution was achieved using the in-situ laser combustion
technique (Kelley and Fallick, 1990; Fallick et al., 1992; Kelley et al., 1992). Polished ore blocks were
evacuated in the combustion chamber. After adding an excess of oxygen gas, selected spots with sulfide
minerals were combusted to SO2 using a SPECTRON 902Q CW Nd:YAG laser (1 W power). Subsequent to
conventional oxidation and laser combustion, reaction gases were cryogenically purified using an
acetone/dry ice slush trap. After removing the slush trap, timed distillation at room temperature
separated any CO2 from the raw SO2 gas. Double and occasionally multiple distillation was performed if
large amounts of CO2 were generated during the combustion. Noncondensable gases were removed
during SO2 purification. The pure SO2 gas was analyzed with a VG SIRA II gas mass spectrometer to obtain
raw δ66SO2 values. Details on SO2 extraction, purification and experimental conditions are described in the
literature (e.g. Kelley and Fallick, 1990; Fallick et al., 1992; Kelley et al., 1992).
Calculation of δ34SV-CDT values from raw δ66SO2 values was carried out by calibration with SUERC’s
internal lab standard CP-1 (δ34SV-CDT: –4.56 ‰) and international reference standards NBS-123 (δ34SV-CDT:
+17.1 ‰), IAEA-S-3 (δ34SV-CDT: –31.5 ‰) and NBS-127 (δ34SV-CDT: +21.3 ‰). Laser-sample interaction
results in a small isotope fractionation effect. Experimentally determined laser fractionation correction
factors for the SUERC system for pyrite (+0.8 ‰), chalcopyrite (+0.7 ‰), pyrrhotite (+0.4 ‰), bornite
(+0.3 ‰) and chalcocite (+0.0 ‰) were adapted from previous studies (Kelley and Fallick, 1990; Wagner
et al., 2002; McGowan et al., 2006). Laser fractionation correction factors of chalcocite and bornite were
used for digenite and idaite respectively, reflecting the chemical similarities between those phases. All
sulfur isotope results are reported in standard δ34SV-CDT notation as per mil (‰) relative to the Vienna
Cañon Diablo Troilite (V-CDT). The conventional method has a typical precision of ± 0.1 ‰ while the laser
combustion method has a precision of ± 0.2 ‰.

6.

Sulfur isotope data
6.1.

Sulfur isotope data for Prominent Hill

The sulfides in the hematite breccia body have δ34SV-CDT values between –33.5 ‰ and 29.9 ‰ (Fig. 7A
and Table 2). The δ34SV-CDT values of barites range from 4.3 ‰ to 15.8 ‰ and do not show a distinct peak
in their frequency distribution (Fig. 7B). The pyrites and chalcopyrites from the magnetite skarn cluster in
a narrow range between –4.7 ‰ and –1.2 ‰ (Figs. 7C, 8A). Clustering of the sulfur isotope data is also
evident for the pyrites and chalcopyrites from the hematite breccia body (Fig. 7D) and one group of data
of these pyrites are slightly lower than those in the magnetite skarn. Furthermore, the hematite breccia
body hosts Cu-(Fe) sulfides that have comparatively more negative sulfur isotope compositions, with
many pyrite and chalcopyrite data lying between –10.4 ‰ and –4.7 ‰ (Fig. 7D). Most of the bornite,
chalcocite, digenite and idaite samples show distinctly low δ34SV-CDT values between –16.2 ‰ and –4.6 ‰
(Figs. 7E, 8B to G). Copper sulfides with δ34SV-CDT values below –8 ‰ were only found in the hematite
breccia body.
The most negative sulfur isotope data were determined in sample PH491 (similar sample to the one
shown in Fig. 4E). This sample represents a fine-grained breccia which contains an intimately intergrown
fluorite + hematite + chalcopyrite matrix. The chalcopyrite has δ34SV-CDT values of –33.5 ‰, –33.0 ‰, –
28.4 ‰ and –27.2 ‰. The breccia matrix contains elevated amounts of fluorite on the order of 40–50
vol.%, reflected by the average fluorine content in this 1 m long drill core interval being 7.2 wt. %. Where
Cu-rich sulfides replace pyrite or chalcopyrite, they commonly show lower δ34SV-CDT values than the
precursor sulfide (Fig. 8E).
All Cu-(Fe) sulfides from the Malu ore body have δ34SV-CDT values lower than 4.5 ‰ (except the sample
from the Ankata ore body; PH473), whereas the barites have δ34SV-CDT values that are greater than 4.3 ‰.
The overlap between sulfides and barite data is smaller than 0.2 ‰, which is the typical precision of the
analytical method.
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Fig. 7. Histograms illustrating the distribution of the sulfur isotope data for
Cu-(Fe) sulfides and sulfates of Prominent Hill. The data are grouped
according to (A) sulfides in the hematite breccia, (B) barites in the hematite
breccia, (C) sulfides in the magnetite skarn, (D) only pyrite and chalcopyrite
in the hematite breccia (with some individually identified samples explained
in the text), and (E) Cu-rich sulfides in the hematite breccia.
Table 3.
Summary of δ 34S values for each section
Section

Minerals

Range [‰]

Peaks [‰]

56,050 and
56,000 mE

All
sulfides

–23.6 to 20.6

– 19.6 to – 17.6

Footwall

– 16.5 to – 13.5
– 12.5 to – 9.5
– 8.5 to – 4.5

56,050 and
56,000 mE

Hanging
wall

Pyrite
Barite
All
sulfides

– 8.5 to 20.6
4.3 to 12.3

– 3.5 to – 0.5
– 8.5 to – 5.0
– 5.0 to – 4.0
– 3.0 to 0.0

55,950 and
55,900 mE

Footwall

All
sulfides

– 10.0 to – 1.8

Barite

5.4 to 15.8

– 7.5 to – 4.5
– 7.9 to – 6.9
– 3.8 to – 2.8
13.6 to 14.7

– 20.8 to 1.7

– 7.5 to – 4.5

Hanging
wall

not measured

55,650 mE

Footwall

All
sulfides

Hanging
wall

– 10.5 to – 8.5

Pyrite
55,950 and
55,900 mE

55,650 mE

– 33.5 to 4.5

Pyrite
Barite
Pyrite and
Chalcopyri
te

– 5.6 to – 2.4
– 8.9 to – 9.2
– 3.7 to – 1.8

Minerals in peak
Cc, Bn, Dg, Id, and
Ccp
Cc, Bn, Dg, Id, and
Ccp
Cc, Bn, Dg, Id, and
Ccp
Cc, Bn, Dg, Id, and
Ccp
minor Py
Ccp and Py

Ccp and Py
Py and minor Ccp
Cc, Bn, Id and Ccp
minor Py
Cc, Bn, Ccp and Py
Py
Py
Brt (weak peak)

– 1.4 to – 0.4
– 4.4 to – 2.2

Py minor Bn, Ccp and
Id
Bn, Cc and Ccp
Py

– 3.5 to – 1.8

Py

Abbreviations:
Bn: Bornite; Brt: Barite; Cc: Chalcocite; Ccp: Chalcopyrite; Dg: Digenite; Id: Idaite; Py: Pyrite

6.2.

Sulfur isotope zonation at Prominent Hill

Closer inspection of the sulfur isotope results shows that the δ34SV-CDT values of the Cu-(Fe) sulfides
highlight distinct differences between the eastern and western parts of the hematite breccia body (Fig. 9,
Table 3), pointing to a deposit-scale isotopic zonation pattern. Along section 56050 mE (Fig. 9A), the δ34SVCDT values of the Cu-(Fe) sulfides are rather variable and the Cu-rich sulfides have largely negative values
(Fig. 9B). More towards the west (Fig. 6), along sections 55950 mE and 55650 mE (Fig. 9B and C), the
δ34SV-CDT values of the Cu-(Fe) sulfides lie in a much narrower range and they are shifted towards heavier
compositions. The frequency distribution of the δ34SV-CDT values of Cu-rich sulfides show distinct clustering
around –18 ‰ and –15 ‰, based on data from section 56050 mE (Fig. 9A and B). There is no discernible
difference between the sulfur isotope data of Cu sulfides from the breccia matrix and veins that cross-cut
the breccia, suggesting that all sulfides in the breccia matrix and in veins formed from the same
hydrothermal fluids. The sulfur isotope data of the Cu sulfides show no correlation with the depth in the
deposit. Along each section in the hematite breccia, the δ34SV-CDT values of all sulfides cluster between –4.7
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‰ and 0.0 ‰ and resemble the maxima in the frequency distribution of pyrite and chalcopyrite data in
the magnetite skarn (Fig. 7C).

Fig. 8. Textures of Cu-(Fe) sulfides with superposed sulfur isotope data (δ34SV-CDT) for polished samples of (A) magnetite skarn
from Prominent Hill, (B-G) ore samples from Prominent Hill, and (H) a sample from the Triton prospect. (A) Magnetite + pyrite +
chalcopyrite skarn cross-cut by calcite + fluorite + pyrite + chalcopyrite vein; sample PH300, PH05D160, 190.4 m. (B) Breccia
clast (white boundary) partly replaced by chalcocite and barite (yellow-dashed boundary); sample PH310, PH05D114, 436.6 m.
(C) Fine grained hematite breccia hosting abundant chalcopyrite intergrown with hematite and fluorite. These are in turn crosscut by a siderite + fluorite + chalcopyrite + pyrite vein; sample PH462, PH09D259, 179.9 m. (D) Digenite and idaite intergrown
with hematite + sericite ± chlorite within the breccia matrix; sample PH313, PH05D114, 427.0 m. (E) Centimeter-sized early
pyrite replaced by bornite + chalcocite; sample PH09, Malu pit stage 1, 10016 mRL. (F) Complexly intergrown bornite + chalcocite
assemblage in hematite breccia matrix. The matrix contains chalcocite, digenite, bornite and idaite; sample PH446, PH05D057,
189.3 m. (G) Texturally coexisting bornite and chalcocite within hematite breccia matrix; sample PH336, PH05D114, 164.5 m. (H)
Replaced and brecciated fine-grained basaltic andesite showing three successive chalcopyrite generations. Early massive

23

chalcopyrite and pyrite altered clasts are rimmed by younger dolomite + barite + hematite + chalcopyrite crusts. This assemblage
is then infilled by the youngest mineral generation that comprises calcite + barite + fluorite and late chalcopyrite; sample PH583,
DD10TRI008, 356.5 m. The different symbole sizes approximate the laser spot size during sulfur isotope analysis.

In section 56050 mE, the δ34SV-CDT values of sulfides (Cu-rich sulfides and chalcopyrite) are in the range
between –18 ‰ and –7.5 ‰ (Fig. 9A). Only the Cu-rich sulfides show δ34SV-CDT values below –10 ‰,
which is the lowest value of pyrite that has been analyzed. The pyrites in the hematite breccia body have
somewhat lower or significantly higher δ34SV-CDT values than the pyrites in the magnetite skarn. In section
55950 mE, the majority of sulfides have δ34SV-CDT values between –14.5 ‰ and 0.5 ‰ (Fig. 9B). The data
obtained from this section come from the hematite breccia body only. In section 55650 mE, pyrite and
chalcopyrite dominate in the hematite-aluminosilicate breccia, while Cu-rich sulfides are less abundant.
Here, the δ34SV-CDT values of sulfides show a narrow range and they are generally higher than in the
sections further to the east (Fig. 9C). In contrast to the hematite breccia, the sulfur isotope data of pyrite
and chalcopyrite in the magnetite skarn show no correlation with the location in the deposit. In addition,
the δ34SV-CDT values of pyrite and chalcopyrite in the Prominent Hill magnetite skarn are indistinguishable
from those of disseminated pyrrhotite in gabbroic rocks from the White Hill and Joe’s Dam South East
prospects (Fig. 10).

6.3.

Relation between sulfur isotope data and hematite breccia textures

The Cu-rich sulfides that infill vugs in the breccia matrix and replace breccia clasts show typically
lower δ34SV-CDT values (Fig. 8B to D) than Cu sulfides which replace earlier pyrite (Fig. 8E) and minor
chalcopyrite. Sulfides with δ34SV-CDT values above 4.4 ‰ typically postdate the Cu-sulfide mineralization in
the breccia matrix based on petrographic relations described below. Sample PH473A from the Ankata ore
body is the only sample containing Cu sulfides with δ34SV-CDT values above 4.4 ‰. This sample comes from
a 60 cm long piece of drill core composed of massive chalcocite with δ34SV-CDT values of 5.5 ‰, 6.2 ‰ and
6.3 ‰ (Fig. 7A). The chalcocite hosts an open cavity containing a sulfide assemblage that postdates the
massive chalcocite. In the cavity, pyrite (29.2 ‰) is overgrown by later chalcopyrite (24.9 ‰) and finally
idaite (27.2 ‰) together with digenite and minor covellite replacing the chalcopyrite (PH473B, Fig. 7A).
The remaining open space of the cavity is filled by calcite.
Pyrite and marcasite with δ34SV-CDT values above 4.4 ‰ are associated with calcite ± fluorite ± barite ±
hematite ± pyrite ± chalcopyrite veins that cross-cut the hematite breccia body or are found in the
younger matrix of rebrecciated zones with Cu-sulfide-bearing clasts. In sample PH328 (Fig. 7D), two
calcite + barite + pyrite vein generations cross-cut the breccia matrix. The first vein contains subhedral
pyrites with δ34SV-CDT values of 1.1 ‰, 1.5 ‰, 8.9 ‰ and chalcopyrite with –10.5 ‰. This vein is cross-cut
by a younger vein containing mm-sized pyrite with δ34SV-CDT values of 7.6 ‰ and 12 ‰. The pyrites have
rims that are compositionally different, with δ34SV-CDT of –5.3 ‰. In sample PH324 (Fig. 7D), the hematitequartz breccia matrix is cross-cut by a calcite + barite + pyrite + hematite vein also containing primary
magnetite intimately intergrown with pyrite (0.1 ‰). Within a few tens of micrometers distance, blocky
pyrite with a δ34SV-CDT value of 5.7 ‰ rims the earlier pyrite. Sample PH333 is a rebrecciated hematitequartz breccia with a younger hematite + marcasite + pyrite matrix. The marcasite has a δ34SV-CDT value of
6.3 ‰ and is overprinted by calcite-associated pyrite (3.7 ‰). This is similar to sample PH329 (Fig. 7D),
where the matrix of the hematite-aluminosilicate breccia is composed of marcasite (20.6 ‰), pyrite (16.8
‰, 13.3 ‰) and hematite. The rebrecciated matrix then contains a texturally younger pyrite that has
δ34SV-CDT values of 9.9 ‰, 9.9 ‰ and 8.6 ‰.
The large range in δ34SV-CDT values of sulfides in several samples demonstrates that considerable
variations in sulfur isotope composition are a common feature in late calcite veins. However, withinsample variations of similar magnitude are also observed in the mineralized breccia matrix. A striking
example of small-scale sulfur isotope variation between adjacent sulfide grains in the breccia matrix is
shown by sample PH316 (PH05D114, 407.8 m; Table 2). The hematite-aluminosilicate breccia matrix
contains anhedral chalcopyrite grains with δ34SV-CDT values of –15.5 ‰, –11.8 ‰ and –1.8 ‰. The grains
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are adjacent to sericite and intergrown with anhedral chalcopyrite having δ34SV-CDT values of –18.0 ‰ and
–8.3 ‰.

Fig. 9. Histograms illustrating the sulfur isotope data of Cu-(Fe)
sulfides of the Prominent Hill hematite breccia body. The data were
sorted based on the three N–S cross section from east to west, i.e., (A)
section 56050 mE, (B) section 55950 mE and (C) section 55650 mE (c.f.
Fig. 6).
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Fig. 10. Compilation of sulfur isotope data from the southern Mount Woods domain. The data comprise (A) Prominent Hill, (B)
regional magnetite skarns, (C) Hiltaba Suite mafic intrusions, (D) regional (meta-) sedimentary rocks, (E) lower mafic Gawler
Range Volcanics-equivalent rocks (Carter et al., 2003; Harris et al., 2013). The sulfur isotope data are subdivided according to
mineral type (left column) and sample location (right column). Data for Joeʼs Dam, Manxman and Peculiar Knob are from
Bastrakov et al. (2007).

6.4.

Sulfur isotope data from the southern Mount Woods domain

Figure 10 illustrates the compiled published sulfur isotope data (Table 1) and the data from this study
(Table 2). The δ34SV-CDT values of magnetite-associated pyrite and chalcopyrite in the Prominent Hill
magnetite skarn (Fig. 10A) and of pyrrhotite, pyrite and chalcopyrite analyzed from regional magnetite
skarns at Joe’s Dam South East and Manxman range between –6.5 ‰ and 2.0 ‰ (Fig. 10B). They are
nearly identical to the δ34SV-CDT values of disseminated, magmatic-hydrothermal pyrrhotite (δ34S: –6.4 ‰
to 0.5 ‰; Fig. 10) which is intergrown with pyrite and chalcopyrite in gabbroic rocks (Fig. 2A). Similarly,
pyrrhotite in miarolitic cavities and pyrrhotite-associated pyrite and chalcopyrite in pegmatitic
segregations (Fig. 2B) at the White Hill and Joe’s Dam South East prospects (Fig. 10C) and pyrites from
regional magnetite skarns cluster around δ34SV-CDT values of –2.5 ± 3.0 ‰ This range in δ34SV-CDT values is
indistinguishable from that of Fe-rich sulfides in the magnetite skarn of Prominent Hill. Similar sulfur
isotope compositions characterize a group of pyrite and chalcopyrite in the hematite breccia matrix that
predate Cu-rich sulfides (i.e. bornite, chalcocite, digenite and idaite) based on their textural relations (Figs.
5D and E, 8E).
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A leuco-gabbronorite (1587 Ma ± 4 Ma; SHRIMP U-Pb zircon dates, Jagodzinski, 2005) at Peculiar
Knob contains magmatic pyrrhotite (Fig. 10C) with a δ34SV-CDT value of 4.3 ‰ resembling the magmatic
sulfur isotope composition of the mafic Hiltaba Suite-equivalent in the southern Mount Woods domain
(Bastrakov et al., 2007). The δ34SV-CDT values of pyrite in (meta-) sedimentary rocks lie between 0 ‰ and 3
‰, with only two pyrites show δ34SV-CDT values above 4.3 ‰ (Fig. 10D). The pyrite with a δ34SV-CDT value of
7.1 ‰ occurs in a hydrothermally altered metasedimentary rock from Joes Dam South East (Fig. 2G) and
does not necessarily represent the isotope value of sedimentary sulfur. A significant portion of the sulfide
isotope data in the volcanic rocks from Neptune and Triton (Figs. 2C to F) resemble the magmatichydrothermal δ34SV-CDT values from White Hill, Joe’s Dam South East (Fig. 10D). In addition, samples from
Neptune and Triton contain sulfides with higher δ34SV-CDT values that show a distinct maximum in their
frequency distribution between 1.5 ‰ and 3.0 ‰ (Fig. 10E).

6.5.

Comparison of sulfur isotope data for the Olympic IOCG province

The dataset from Prominent Hill exhibits the largest variation in sulfur isotope composition in the
entire Olympic IOCG province reported so far. This dataset supports the relationship previously
recognized by Bastrakov et al. (2007) that hematite-associated Cu-rich economic sulfide mineralization
has distinctively more negative δ34SV-CDT values, when compared to regional magnetite-associated
hydrothermal systems containing pyrite, pyrrhotite and chalcopyrite (Figs. 10A and B, 11A and B). The
δ34SV-CDT values of sulfides in the Prominent Hill magnetite skarn (Fig. 10A) show a similar and rather
narrow range compared to sulfides (e.g. pyrite) from magnetite-dominated prospects in the southern
Mount Woods domain (Fig. 10B), in the Olympic Dam district (Fig. 11B), the Hiltaba Suite intrusions and
its associated ores (Figs. 10C, 11C to E), argillic and calcareous sedimentary rocks near Prominent Hill
(Fig. 10D), Wallaroo Group metasediments (Fig. 11F) and mafic Gawler Range Volcanics (Figs. 10E, 11G).
The barite and anhydrite δ34SV-CDT data for the entire Olympic IOCG province show a large variation from
4.3 ‰ to 23.5 ‰, which includes the data determined for the Prominent Hill deposit (Figs. 10A, 11).
With some exceptions discussed below, all Cu-(Fe) sulfides at Prominent Hill show δ34SV-CDT values
below 4.5 ‰. In addition, all Cu-(Fe) sulfides in the Olympic IOCG province have values below 6.4 ‰,
excluding six values between 7.9 ‰ and 12.5 ‰ of chalcopyrite grains at Emmie Bluff. These are
associated with pyrites showing isotopic values between 2.6 ‰ and 10.3 ‰ that occur in four specular
hematite veins. The significance of these data will be discussed in section 7.6. Similar specular hematiteCu-(Fe) sulfide ± quartz veins do also occur at Prominent Hill and cut all footwall lithologies including the
mineralized hematite breccia matrix. This demonstrates that they postdate the mineralization in the
hematite breccia matrix.
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Fig. 11. Compilation of published sulfur isotope data of the Olympic Dam district (A-C), the Moonta-Wallaroo district (D-F), and
the Mount Gunson area (G). Sulfur isotope data are subdivided according to mineral type (left column) and sample location (right
column). Data sources: Olympic Dam: Eldridge and Danti (1994); Oak Dam: Davidson et al. (2007); Bill’s Lookout, Emmie Bluff,
Titan, Torrens Dam and Wirda Well: Bastrakov et al. (2007); Moonta-Wallaroo district: Morales et al. (2002); Mout Gunson:
Knutson et al. (1992).
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7.

Interpretation and Discussion

The petrographic evidence (Figs. 5 and 8) supports a two-stage process of sulfide mineralization (Fig.
12), with a first magmatic-hydrothermal pre-ore stage (sulfide stage I) followed by a second latemagmatic mineralization stage (sulfide stage II) involving fluids that had interacted with the oxidized
surface environment. Ore textures (Fig. 5D-F) demonstrate that one fraction of the stage II sulfides formed
by interaction of stage I pyrite with Cu-bearing fluids. Based on the petrographic evidence and the sulfur
isotope data distribution of sulfides and barite, we propose that mineralization of sulfide stage II was
caused by a combination of two end-member processes, namely (A) magmatic sulfur disproportionation
followed by reduction of (magmatic) sulfate and (B) isovolumetric replacement of stage I pyrite by Cu-rich
sulfides during sulfide stage II (Fig. 13). End-member process A involves co-transport of Cu and oxidized
magmatic sulfur by an acid hydrothermal fluid. The precipitation of Cu-(Fe) sulfides occurred by reaction
of this fluid with a reductant containing Fe2+ present within or advected into the host rock package that
now contains the ore deposit. End-member process B involves the replacement of previously precipitated
magmatic-hydrothermal pyrite by Cu-rich sulfides, with incomplete isotopic equilibration between
preexisting and newly formed sulfides during reaction with an oxidized fluid that contained abundant Cu.
To model the sulfur isotope effect of end-member process A, a δ34SBulk value of 4.4 ± 2 ‰ was used and
the sulfur isotope compositions produced via relatively reduced and oxidized fluid evolution pathways
were calculated. The starting value of 4.4 ‰ approximates the magmatic sulfur isotope value determined
from pyrrhotite of a Hiltaba Suite-age gabbro in the Mount Woods domain (Bastrakov et al., 2007). Details
on model formulation and governing equations used in the calculations are described in the Appendix.

7.1.

Approach for quantitative sulfur isotope modeling

Magnetite-saturated magmas with normal to high fO2 tend to produce sulfur-rich fluids that may
contain large quantities of SO2 and smaller amounts of H2S and other reduced sulfur species, particularly if
fluid exsolution occurs at low pressure (Burnham and Ohmoto, 1980; Wallace and Edmonds, 2011, and
references therein). Redox conditions and closed system decompressional degassing from a magma
control the SO2/H2S ratio in the magmatic volatile phase. Deep degassing of volatiles produces a dense
H2O ± CO2 phase rich in H2S, whereas decompression results in higher SO2/H2S ratios at the redox buffer
determined by phase equilibria of igneous minerals (Gerlach, 1993; Gaillard et al., 2011). The SO2/H2S
ratio is related to the oxidation state:
H2S + 2 H2O = SO2 + 3 H2

(1)

Oxidation of the magma can take place during ascent (Sato, 1978) as a consequence of pressure
decrease and diffusional loss of hydrogen, which shifts reaction (1) to the right. This process can result in
molar SO2/H2S ratios higher than 10 (Gerlach, 1993; Gaillard et al., 2011). The equilibria of the redox
couple FeO–Fe2O3 exert control on fO2 in basaltic systems (Wallace and Carmichael, 1992), whereas the
couple SO2–H2S controls fO2 in more silicic melt–vapor systems (Wallace and Edmonds, 2011).
In the absence of magmatic fluid condensation and intense interaction with wall rocks, SO2 with a given
sulfur isotope composition (δ34SBulk) disproportionates at around 400 °C into sulfate and hydrogen sulfide
(Burnham and Ohmoto, 1980; Rye, 1993; Ohmoto and Goldhaber, 1997):
4 SO2 + 4 H2O = 3 HSO4- + H2S + 3 H+

(2)

The temperature at which initial disproportionation occurs may be affected by pH, pressure and the
presence of other fluid components, but also by the reaction with FeO-bearing minerals in wall rocks,
resulting in an increase of the H2S/SO2 ratio in the magmatic fluid (Burnham and Ohmoto, 1980):
SO2 + 6 FeO + H2O = H2S + 3 Fe2O3

(3)
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The dissolved aqueous sulfide and sulfate species formed by reaction (2) approach sulfur isotopic
equilibrium in acidic fluids at high temperatures (Ohmoto and Lasaga, 1982; Marini et al., 2011). Equation
(2) predicts a maximum permissible HSO4-/H2S ratio of 3 due to mass balance constraints. Fluids
containing sulfur species with higher HSO4-/H2S ratios, such as volcanic waters (Giggenbach, 1988), are
produced by disproportionation and subsequent bacterial or inorganic oxidation of H2S driven by reaction
with atmospheric oxygen (Ohmoto, 1986; Kusakabe et al., 2000; Marini et al., 2011). This reaction can be
expressed as:
H2S + 2 O2 = HSO4- + H+

(4)

The disproportionation of magmatic SO2 into H2S and HSO4- according to reaction (2) and its effect on
the sulfur isotope distribution has been previously modeled for porphyry Cu and epithermal deposits
(Ohmoto, 1986; Seal et al, 2000; Rye, 2005).
Assuming an initial magmatic value of 0 ‰ for the bulk sulfur isotope composition (δ34SBulk), the
sulfides precipitating directly from such a magmatic-hydrothermal fluid undergoing disproportionation
would have negative δ34S values, whereas coexisting sulfates would have positive δ34S values (Rye, 1993).
The δ34S values of the precipitating sulfide and sulfate minerals thus reflect the sulfur isotope composition
of the sulfur source as well as the reduced and oxidized sulfur species in the mineralizing fluid. Sulfides
with positive δ34S values can then form either by a shift in the initial δ34SBulk value or due to addition of
sulfur derived from a source with higher δ34S values. The sulfur isotope composition of fluids derived from
mafic to intermediate magmatic sources varies only by a few per mil (Ohmoto and Rye, 1979; Marini et al.,
2011, and references therein), hence a small compositional overlap between the heaviest sulfides and
lightest sulfate minerals can occur when coexisting minerals precipitate at high temperatures. If the
cooling magmatic fluid evolves along a rock-buffered and relatively reduced path, H2S and HS- will be the
dominant sulfur species in the hydrothermal fluid (Burnham and Ohmoto, 1980). Under such conditions,
the disproportionation model predicts sulfides with slightly lower δ34S values than the δ34SBulk and the
corresponding sulfates will have highly variable but positive δ34S values. By contrast, if the cooling fluid
evolves along an oxidized path, the δ34S values of the sulfides will be negative and span a broad range,
while the δ34S values of the sulfates will lie in a narrow range (Rye, 1993).
The reduction of sulfate-bearing fluids can be caused by the concurrent oxidation of Fe2+ at the ore
deposition site, requiring a reductant (e.g. more reduced Fe2+-bearing brine or Fe2+-bearing minerals).
This process produces hematite, H2S and 14 times more H+ for each mole of sulfate being reduced:
8 Fe2+ + 8 H2O + SO42- = 4 Fe2O3 + 14 H+ + H2S

(5)

The effect of Eq. (5) on the δ34S values of sulfides and the remaining sulfate can be modeled by a nearly
open system sulfate reduction using Rayleigh fractionation equations (Ohmoto and Goldhaber, 1997).
Isovolumetric replacement of pyrite (see textures in Figs. 5D and 8E) affects the δ34S values of the
precursor pyrite and the δ34S values of the resulting Cu sulfides. Conceptually, this model assumes that the
formation of Cu-sulfide minerals was driven by reaction of pyrite with an oxidized Cu2+-rich fluid. During
the replacement reaction, a fraction of the original sulfur from the pyrite was liberated as 34S-enriched
sulfate into the fluid. This left a 34S-depleted pyrite residue, where the degree of depletion is related to the
amount of sulfur removed. The released sulfate may react with Ba2+ to precipitate barite. The replacement
of pyrite by bornite proceeds according to the reaction:
4 FeS2 + 5 Cu2+ + 16 H2O = Cu5FeS4 + 3 Fe2+ + 4 SO42- + 12 H+ + 10 H2

(6)

Similar reactions are derived for chalcocite and chalcopyrite replacing pyrite:
FeS2 + 2 Cu2+ + 4 H2O = Cu2S + Fe2+ + SO42- + 4 H+ + 2 H2

(7)
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2 FeS2 + Cu2+ + 8 H2O = CuFeS2 + Fe2+ + 2 SO42- + 4 H+ + 6 H2

7.2.

(8)

Effects of equilibrium vs. disequilibrium precipitation

Isotopic gradients between pyrite and chalcopyrite can develop at the site of sulfide deposition,
because Cu sulfides of stage II commonly replace pyrite of stage I (Figs. 5D to F). The increase in H2S
according to Eq. (3) together with the addition of Fe2+ has the net result of producing acidity (Burnham
and Ohmoto, 1980; Ohmoto and Goldhaber, 1997; Seal, 2006) according to:
4 FeCl2 + 7 H2S + H2SO4 = 7 FeS2 + 4 H2O + 8 HCl

(9)

Below about 200° C, isotopic equilibrium may not be readily attained between sulfur species (H2S,
HSO4-, SO42-) in the fluid (Ohmoto and Lasaga, 1982) and pyrite 34S values may therefore not reflect
equilibrium precipitation. If pyrite replacement by chalcopyrite, for example, involves only sulfide or
disulfide minerals, the δ34S values of the chalcopyrite are expected to be partly or completely inherited
from the precursor pyrite, and equilibrium fractionation with other sulfides is not likely (Ohmoto and
Goldhaber, 1997; Seal, 2006). The Cu-(Fe) sulfides of stage II commonly display isotopic compositions that
are grossly different from their precursor pyrite (Fig. 8E). Similarly, the anhedral Cu-(Fe) sulfides which
are intergrown with hematite (Fig. 8F and G) may represent non-isovolumetrically replaced pyrite grains
showing similar (Fig. 8F) and lower (Fig. 8G) δ34S values.
Data from sample PH316 together with the data presented in Figure 8F show that isotopic
disequilibrium between different sulfide grains (i.e. pyrite and chalcopyrite, or pyrite and Cu-rich sulfides)
is a common feature at Prominent Hill. Thus, isotopic disequilibrium is assumed between Cu-sulfide pairs
and the precursor pyrite (Figs. 5D to G and 8E to G). By contrast, close approach to isotopic equilibrium is
shown by the isotopic composition of texturally coexisting and intimately intergrown Cu-rich sulfides that
do not replace early pyrite (Fig. 8B and D).

7.3.

Pre-ore sulfide mineralization by magmatic fluids: stage I

In the pre-ore stage, magmatic fluid saturation resulted in deposition of sulfur and copper in
mineralized miarolitic cavities within gabbros of the White Hill mafic intrusive complex at the Joeʼs Dam
South East prospect (e.g. DD11JDMSE002, 357.2 m). Pegmatitic segregations (Fig. 2B) and chalcopyritebearing veins (e.g. DD08WTH005, 317 m) are emplaced in the metasedimentary country rocks affected by
regional skarn alteration (e.g. DD11JDMSE003, 115.7 m). We suggest that these clearly magmatichydrothermal features are representative of the magmatic fluids that were responsible for regional
magnetite–sulfide alteration developing in response to the host rocks interacting with several magmatichydrothermal fluid pulses. The magmatic-derived fluids formed at least two generations of sulfides
collectively termed sulfide stage I, which all show very similar δ34SV-CDT values (Figs. 10 and 12).
Stage I pyrite is also observed in metasedimentary rocks at Joe’s Dam South East outside the zone of
extensive magnetite–pyrite alteration (Schlegel and Heinrich, 2015). Similarly, pyrite associated with
magnetite in regional sedimentary rocks (DD11UMBW001, 317.9 m) has δ34SV-CDT values that are
indistinguishable from the sulfides in the magnetite skarns. Sulfide formation associated with this process
has been initiated during the regional brecciation of the metasedimentary rocks (Schlegel and Heinrich,
2015) and may partly predate the Hiltaba Suite, coeval mafic intrusive rocks and Gawler Range Volcanics
magmatism. The textural relations of the sulfides do not place a younger limit on the magnetite-associated
sulfide formation because the apparently Gawler Range Volcanics-aged volcanic rocks (Carter et al., 2003;
Belperio et al., 2007; Harris et al., 2013) are magnetite-altered at Neptune.
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Fig. 12. Interpreted summary of the sulfur isotope data for Cu-(Fe) sulfides in the southern Mount Woods domain. Sulfur isotope
data are subdivided according to mineral type (left column) and sample location (right column). (A) Sulfides from mineralization
stage I in mafic intrusions and magnetite skarns. (B) Texturally early pyrite and chalcopyrite in the hematite breccia matrix that
are related to mineralization stage I. (C) Cu sulfides from stage II mineralization, including data from Prominent Hill breccia
matrix and vein hosted sulfides from Prominent Hill, Neptune and Triton. Data for Joeʼs Dam, Manxman and Peculiar Knob are
from Bastrakov et al. (2007).

Our interpretation is that fluids exsolved from crystallizing, (mafic) intrusive bodies such as those at
White Hill, Joe’s Dam South East and Manxman evolved along a moderately reduced reaction path and
produced the sulfides of stage I. This process is closely approximated by magmatic sulfur
disproportionation (Fig. 13). The δ34SV-CDT compositions of H2S and SO42- obtained by magmatic sulfur
disproportionation were calculated (see section 7.4.1) for temperatures between 300 °C and 400 °C
because magnetite-associated sulfides in the Olympic IOCG province may have formed at temperatures of
about 300–500°C (Oreskes and Einaudi, 1992; Bastrakov et al., 2007; Davidson et al., 2007). The
calculations show that the narrow range in the δ34SV-CDT values of stage I sulfides (Fig. 12A) can be
produced by SO2 disproportionation from a magmatic-hydrothermal fluid dominated by moderately
reduced sulfur, using a starting bulk sulfur isotope composition of 4.4 ± 2.0 ‰ and X H 2S between 0.55 and
0.70 (Fig. 14). This resulted in a fluid with a hydrogen sulfide composition (not the isotopic composition of
the bulk magmatic sulfur) inferred to be near –2.5 ± 3.0 ‰ from which sulfides of stage I have
precipitated (Figs. 12A and B). This value is constrained by the δ34SV-CDT values of pyrrhotite (Ohmoto,
1972). Importantly, fluids with such an isotopic composition are able to produce the range in δ34SV-CDT
values of the precursor pyrite that later on reacted with Cu-rich fluids to form the high-grade stage II Cusulfide mineralization. Even though the δ34SV-CDT values of pyrite and chalcopyrite in the Prominent Hill
magnetite skarn and in the hematite breccia body show a distinct maximum around –2.5 ‰ (Fig. 12B),
the fluid that caused stage I mineralization was not capable of producing the distinctly negative sulfur
isotope values of the Cu-rich sulfides (Fig. 14).
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Fig. 13. Schematic diagram illustrating the two sulfide mineralization stages.
The mineralization process is broken down into two end-member
mechanisms, which are magmatic sulfur disproportionation followed by
sulfate reduction and isovolumetric replacement of pyrite.

Fig. 14. Distribution of the δ34SV-CDT values of
sulfides
and sulfate during sulfide stage II predicted by
magmatic sulfur disproportionation and sulfate
reduction. The diagram takes into account the
disproportionation of SO2 at 400 °C and
equilibrium fractionation between sulfur species,
following the calculation framework outlined in
Rye (1993). Highlighted in red are modeled δ34SVCDT ranges for sulfides and sulfate formed from
sulfur with an initial sulfur isotope composition
(δ34SBulk) of 4.4 ‰. The minerals precipitate from
either a moderately reduced fluid with

X H 2S

≥

0.55 (pathway 1A) or from an oxidized fluid with

X H 2S

≤ 0.2 (pathway 1B) between 200 and 400

°C. Boxes highlighted in green show the effect of
sulfate reduction using ferrous iron on the δ34SVCDT values of Cu sulfides and barite. They show the
modeled δ34SV-CDT values of newly formed sulfide
and remaining sulfate for the reduced path
(pathway 2A) and the oxidized path (pathway 2B)
modeled with a Rayleigh fractionation approach
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(Fig. 16) and a fraction of unreacted sulfate of 0.9 (see text for discussion).

7.4.

Late-magmatic mineralization by oxidized surface fluids:
main ore stage II

The economic Cu mineralization at Prominent Hill is mainly linked to the sulfide stage II (Figs. 8, 12B
and 12C), postdating or at least outlasting the earlier magnetite-associated sulfide stage I (Fig. 13). The
deposition of sulfide stage II mineralization also postdates the onset of the extrusion of mafic to
intermediate lower Gawler Range Volcanics (Carter et al., 2003; Belperio et al., 2007; Harris et al., 2013)
as these rocks are mineralized in the Prominent Hill deposit area. Importantly, the entire spectrum of
δ34SV-CDT values of the low temperature Cu-rich sulfides can also be explained with a starting bulk sulfur
isotope composition of 4.4 ± 2.0 ‰.
In the following subsections, we will discuss the predictions and implications of quantitative sulfur
isotope modeling in terms of the end-member processes (Figs. 14 to 17), with particular focus on the
agreement between modeled and measured ranges in sulfur isotope composition for Prominent Hill and
the southern Mount Woods domain (Fig. 18). We cannot quantify the relative contributions of the endmember processes to the total sulfur budget in the orebody, but we show that additional non-magmatic
sulfur is not required for explaining the full range of data.

7.4.1.

End-member process A: magmatic sulfur disproportionation
followed by sulfate reduction

The magmatic sulfur disproportionation model (calculated for X H 2S ≥ 0.55, temperatures between 300
°C and 400 °C, and the δ34SBulk value of 4.4 ‰, but not including the variation of ± 2 ‰ around the bulk
value) predicts Cu-sulfides and pyrite with δ34SV-CDT values of –4.7 ‰ to 4.4 ‰ and sulfates with values of
12.6 ‰ to 24.6 ‰, (Fig. 14, path 1A). Multiple pulses of moderately reduced fluids carry only small
amounts of sulfate, which is either reduced via Eq. (5) to sulfide with δ34SV-CDT values between –6.0 ‰ and
6.9 ‰ or precipitated as barite (Fig. 14, path 2A). The δ34SV-CDT value of pyrite intergrown with primary
magnetite in the late calcite-bearing vein (sample PH324) indicates that some pyrite of stage II also
precipitated from moderately reduced and likely H2S-dominant fluids with an origin best explained by
magmatic sulfide disproportionation (Figs. 13 and 14).
The reduced sulfur that caused precipitation of the economic Cu-(Fe)-sulfide mineralization (i.e.
chalcopyrite, bornite and chalcocite of ore stage II) was mainly derived from small amounts of H2S in the
oxidized fluid, resulting in very negative δ34SV-CDT values of Cu-(Fe) sulfides between –25.0 ‰ and –7.5 ‰
(Fig. 14, path 1B). This δ34SV-CDT range was calculated for temperatures between 200 and 400 °C, because
primary fluid inclusion assemblages associated with the high-grade Cu mineralization in vugs within the
hematite breccia matrix homogenize as low as 146 ± 12 °C, but the homogenization temperatures typically
range between 194 and 332 °C (Schlegel, 2015).
Considerable variation in the sulfate fraction in the hydrothermal fluid is indicated by the sulfur
isotope data of sample PH313 (Fig. 15). Two coexisting chalcocite–bornite pairs with 34SChalcocite-Bornite of
1.2 are intergrown with sericite, barite and quartz and these assemblages infill vugs in the hematitealuminosilicate breccia matrix. The isotope modeling predicts that the Cu-sulfide pairs formed from a
δ34SBulk value of 2.4 ‰ with a sulfate fraction ( YSO 2 ) between 0.60 and 0.95. If the sulfate fraction was
4

constant during precipitation of both sulfide pairs, the δ34SBulk would need to vary by about 6 ‰ to
produce the measured compositions, which appears unlikely. If the δ34SBulk value of 4.4 ‰ is varied by
only ± 2 ‰, all barite data of Prominent Hill can be modeled for YSO 2 values between 0.5 and 0.99 (Fig.
4

15), thus requiring either net oxidation of magmatic sulfur in a fluid by atmospheric oxygen or addition of
a sulfate-bearing surface fluid (e.g. seawater). The highly oxidized fluid conditions needed to produce the
lowest δ34SV-CDT values of Cu-(Fe) sulfides (Fig. 14) and those of individual Cu-(Fe)-sulfide pairs (Fig. 15)
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thus require a net oxidation of the igneous sulfate by reaction with atmospheric oxygen close to the
Earth’s surface. The likely origin of the oxidized and sulfate bearing fluid will be discussed below.

Fig. 15. Diagrams illustrating the modeling results obtained from magmatic sulfur disproportionation. The δ34SV-CDT values of
sulfide and sulfate (colored lines) are calculated for the temperature range 150–400 °C, assuming that the sulfur is derived from a
sulfate dominated fluid with different initial δ34SBulk values of (A) 2.4 ‰ and (B) 6.4 ‰. The calculated δ34SV-CDT values are
compared with the measured sulfur isotope data of Cu-(Fe) sulfides (gray lines) and barite (black lines). Data points represent
coexisting, intimately intergrown sulfide pairs. The results show that a fraction of the sulfides precipitated from sulfatedominated fluid, whereas another fraction must have formed from a sulfide-dominated fluid. The model takes into account the
disproportionation of SO2 at about 400 °C and equilibrium fractionation between sulfur species and precipitated minerals,
following the calculation framework outlined in Rye (1993).

The effect of sulfate reduction was calculated for conditions between 200 and 400 °C as well. Sulfate
reduction results in isotopically light H2S from which Cu-(Fe) sulfides with δ34SV-CDT in the range of –21.7
‰ to –5.9 ‰ precipitate. The unreacted sulfate from which barite precipitates attains δ34SV-CDT values
between 6.0 ‰ and 13.4 ‰ (Fig. 14, path 2B). In addition, the model predicts sulfides with δ34SV-CDT
values as low as –30 ‰ at 150 °C (using a δ34SBulk value of 2.4 ‰ and a X H 2S of 0.1). Even if equilibrium
fractionation between sulfur species at 150 °C is debatable, it will be more closely approached at lower pH
where reaction kinetics is are fastest (Ohmoto, 1986). The fraction of unreacted sulfate is of importance
for the modeled sulfur isotope composition curves (steps 2A and 2B in Fig. 14). To account for the
observed amount of barite in the hematite breccia body, the fraction of remaining sulfate needs to be
rather high and the best fit between modeled and measured data was obtained using values close to 0.9.
The proportion of unreacted sulfate must have changed over time, depending also on the fluid recharge of
the hydrothermal system. This effect can be approximated with a Rayleigh fractionation model and the
results of the calculations are shown in Figure 16. The systematic increase of the δ34SV-CDT values of
sulfides in the cavity sample PH473B (Fig. 7A) most likely reflects local near-complete sulfate reduction.
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Fig. 16. Modeled Rayleigh fractionation scenario,
predicting the δ34SV-CDT values of H2S and remaining
unreacted SO42- during sulfate reduction for an
initial δ34SBulk value of 4.4 ‰. The fractionation has
been modeled for different temperatures of 400,
300 and 200 °C.

The H2S produced by Eq. (5) is consumed to precipitate the Cu-sulfides of sulfide stage II and the
unreacted remaining sulfate may react with Ba2+ in the brine to precipitate barite. The precipitation of the
ore minerals shifts Eq. (5) to the right-hand side, especially if the H+ produced is neutralized by reactions
with the wall rocks at the site of ore deposition. However, the reduction of sulfate-bearing fluids and its
effect on the δ34SV-CDT values of Cu-(Fe) sulfides and the remaining sulfate can be approximated (Fig. 16;
see Appendix for details of calculations). The broad range in sulfur isotope data of the barites (Fig. 7B) and
the texturally coexisting Cu-(Fe) sulfides (Fig. 7E) demonstrates that oxidized and sulfate-bearing fluids
were driving stage II sulfide mineralization (Fig. 14, path 1B).
The calculations imply that the majority of Cu-(Fe) sulfides precipitated from oxidized, sulfate-bearing
(SO42- >> H2S) fluids containing magmatic solute components. This fluid had low total dissolved sulfur
(Bastrakov et al., 2007) and was in contact with atmospheric oxygen prior to mineralization at Prominent
Hill. In addition, the cumulative effect of each step of magmatic sulfur disproportionation followed by
sulfate reduction is in good agreement with the maxima in the frequency distribution of the sulfur
isotope data between –10 ‰ and 0 ‰ (Figs. 18A to D).

7.4.2.

End-member process B: pyrite replacement

The data of some coexisting Cu-rich sulfide pairs (Figs. 8F and G) indicate that reduced sulfur locally
was present during sulfide stage II (Fig. 15A; samples PH353, PH446.1 and PH446.2). In these samples,
the 34SChalcocite-Bornite and 34SDigenite-Idaite values are 2.1 ‰ and 2.3 ‰. These values cannot be modeled
from a bulk sulfur isotope value of 4.4 ‰ using an oxidized sulfate-dominant fluid. It is also unlikely that
the Cu-(Fe) sulfides formed from H2S-dominated fluids, because chalcocite is stabilized at comparatively
high log fO2 in fluids that do not contain (much) H2S (Bastrakov et al., 2007). These Cu-(Fe) sulfides likely
formed by replacement of pyrite grains upon reaction with a highly oxidized and acidic Cu-rich fluid and
simultaneous precipitation of Cu-(Fe) sulfides and hematite (Figs. 8F-G and 18).
To model the sulfur isotope distribution (Fig. 7) of Prominent Hill that results from isovolumetric
replacement of pyrite, a range in δ34SV-CDT values between –6.5 ‰ and 0.0 ‰ was used for the precursor
pyrite. This range encompasses both the δ34SV-CDT values obtained for pyrite during sulfide stage I and the
second maximum visible in the sulfur isotope data distribution of pyrites from the hematite breccia body
(Fig. 12B). This second maximum cannot be unambiguously related to either sulfide stage I or II and needs
to be taken into account in the modeling. The effects of isovolumetric replacement of pyrite on the sulfur
isotope data of the precursor pyrite and the product phases (bornite, chalcocite, chalcopyrite and barite)
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are also calculated for a temperature range between 200 and 400 °C. Based on the reactions in Eqs. (6) to
(8), the distribution of sulfur isotope data was calculated by a Rayleigh fractionation model (see Appendix
for details of calculation), with the fraction of remaining pyrite varying between 0.999 and 0.01. The
results are plotted in Fig. 17 and illustrate the full range of sulfur isotope data for coevally-formed
bornite–chalcocite and sulfate if a precursor pyrite with a δ34SV-CDT value of –2.5 ‰ is being replaced.
However, the reaction kinetics will have the effect that the residual pyrite will only partly re-equilibrate
with the reaction products. Therefore, the Cu-(Fe) sulfides will not reach the lowest δ34SV-CDT values
predicted by the equilibrium model. Similarly, the released sulfate may precipitate as barite with positive
δ34SV-CDT values (Fig. 17).

Fig. 17. Modeling results illustrating the δ34SV-CDT
distribution of coevally formed bornite +
chalcocite and barite during sulfide stage II for
the isovolumetric pyrite replacement process.
The calculations assume that the precursor pyrite
had a δ34SV-CDT value of –2.5 ‰. The model
assumes attainment of isotopic equlibrium
between the newly formed products (chalcocite,
bornite, barite and sulfate) and the unreacted
residual pyrite.

Figures 18E and F show the maximum decrease in δ34SV-CDT assuming attainment of isotopic
equilibrium among residual pyrites and product Cu-(Fe) sulfides formed during isovolumetric
replacement. In fact, the δ34SV-CDT values below about –9 ‰ obtained at 200 °C for precursor pyrite with
an original δ34SV-CDT value of –6.5 ‰ are likely out of the range that can be realistically produced by the
process. This is illustrated by the color gradients in Fig. 18F, indicating that the δ34SV-CDT values of Cu-(Fe)
sulfides range between –9 ‰ and –1 ‰. This range is achieved if precursor pyrite with –6.5 ‰ to 0.0 ‰
is replaced.
Replacement of pyrite by Cu-rich sulfides does not explain the δ34SV-CDT values that exceed the
highest value of the precursor pyrite. The δ34SV-CDT values of pyrites and marcasite which are higher than
4.4 ‰ postdate the Cu-mineralization as outlined in section 6.3. Thus, they do not represent the isotopic
composition of a second population of precursor pyrite and are therefore not relevant for the modeled
process of isovolumetric pyrite replacement.
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Fig. 18. Visualization of the sulfur isotope data of (A) Prominent Hill and (B) the southern Mount Woods Domain. The measured
data are compared to (C) the δ34SH2S from which sulfides of stage I formed, (D) the δ34S range of sulfides and barite for sulfide
stage II predicted by the sulfur disproportionation plus sulfate reduction model, (E) the δ34S values of precursor pyrite that was
isovolumetrically replaced by Cu-sulfides, and (F) the δ34S values of Cu-sulfides predicted by the isovolumetric pyrite.

7.5.

Relative contributions of end-member processes to high
grade mineralization

An important outcome of the sulfur isotope modeling is that neither the total data variability nor the
data of coexisting sulfide pairs (Fig. 15) of sulfide stage II can be produced based on the assumption of a
fluid where sulfate is the dominant sulfur species. The exceptionally large range in δ34SV-CDT values of the
stage II sulfides is likely the product of sulfur inherited from reduced magmatic-hydrothermal sulfides
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and reduction of oxidized sulfur at the depositional site. The best fit between the sulfur isotope data from
Prominent Hill and the modeled δ34SV-CDT values was obtained for a combination of magmatic sulfur
disproportionation and sulfate reduction. The relevant conditions are XH2S ≥ 0.55 in the moderately
reduced fluid and XH2S ≤ 0.8 in the oxidized fluid. Conversely, only the bulk sulfur isotope composition of
the Cu-(Fe) sulfides present at Prominent Hill (with δ34SV-CDT values between about –10 ‰ and 0 ‰) can
be modeled by reactive replacement of pyrite involving an oxidized Cu-rich fluid. This end-member
process cannot explain the much larger range in sulfur isotope data that is apparent at the grain scale
using texturally-resolved analysis. However, a distinct peak in the frequency distribution of the sulfur
isotope data occurs between the δ34SV-CDT values of chalcocite and bornite at about –10 ‰ to –5 ‰
(Fig.7E). This is where the sulfur isotope compositions modeled with the two end-member processes
overlap (Fig. 18), suggesting that although magmatic sulfur disproportionation and sulfate reduction were
critical for high-grade ore formation, replacement of pyrite by Cu-sulfides may nevertheless have
contributed to the bulk Cu grade.

7.6.

Magmatic sulfur source for hydrothermal sulfides and sulfates
at Prominent Hill and the southern Mount Woods domain

The results of the sulfur isotope modeling demonstrate that a compositionally uniform magmatic sulfur
source is fully sufficient to produce all observed δ34SV-CDT values in the entire southern Mount Woods
domain (Fig. 18). Previous studies suggested that sulfides with δ34SV-CDT values greater than 6.4 ‰ in the
Olympic IOCG province could have been derived via interaction with evaporites, calcareous host rocks or
the Proterozoic hydrosphere (Morales et al., 2002; Bastrakov et al., 2007). At Prominent Hill, sulfides with
δ34SV-CDT values > 4.4 ‰ are best explained by closed system sulfate reduction. Sulfides with high δ 34SV-CDT
values at Emmie Bluff (Bastrakov et al., 2007) and Mount Gunson (Knutson et al., 1992) may also be
explained by a local (near-complete) sulfate reduction as suggested by Knutson et al. (1992) and Gow et
al. (1994).
Despite some meta-evaporites being present in the region (Freeman and Tomkinson, 2010), two lines
of argument suggest that it is unlikely that sedimentary rocks contributed sulfate to the hydrothermal
system. Firstly, the host rocks at Prominent Hill are possibly as old as the (1750 Ma) Wallaroo Group, thus
they could be about 160 Ma older than the onset of mineralization. Gypsum or anhydrite could have been
removed during the metamorphism in the central and northern Mount Woods domain (Betts et al., 2003;
Holm, 2004; Chalmers, 2007; Forbes et al., 2011; Forbes et al., 2012) or by diagenetic modification of the
sedimentary host rock sequence. Secondly, the involvement of sulfate derived from a sedimentary rock
source or from seawater should be manifested by a distinct peak in the distribution of the δ34SV-CDT values
of the barites. This peak would closely resemble the sulfate composition from which the reduced sulfur of
the Cu-(Fe) sulfides is produced via sulfate reduction. Neither the barite data of Prominent Hill (Fig. 7) nor
the sulfur isotope data of barite from the entire Olympic IOCG province (Figs. 10 and 11) show such a
distinct peak.
Based on the arguments outlined above, we are convinced that fluid exsolution in the shallow
subsurface and syn-eruptive degassing of the Gawler Range Volcanics into water from the hydrosphere
produced highly oxidized fluids containing dominantly magmatic solute components including sulfate and
Cu. These acidic ore fluids with a δ34SBulk value of around 4.4 ‰ were the key ingredient for IOCG style
mineralization at Prominent Hill. The involvement of such volcanic waters is plausible when taking into
account the subaerial and effusive eruption mechanisms of the Gawler Range Volcanics (Agangi et al.,
2012). Repeated eruptions (Agangi et al., 2012) produced multiple batches of acidic sulfate-rich water. In
addition, amygdaloidal sills and dikes at Prominent Hill indicate that some magmatic-hydrothermal fluid
containing sulfate was directly introduced into the rock sequence at Prominent Hill.
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7.7.

Transport of sulfur and copper to the ore deposit

The lavas of the Gawler Range Volcanics retained considerable heat during outflow and cooled slowly
(Allen et al., 2003; Allen et al., 2008). At their base, heat was released by conduction or transported away
via circulation of groundwater (Manley, 1992). Vesicular flow tops, autobrecciated zones and columnar
jointing (Allen et al., 2003) are zones of higher permeability where ore metals and volcanic sulfate or
volatiles dissolved in the local (oxygenated) groundwater and were transported towards the ore deposit
site. This transport likely occurred along regional structures (Hayward and Skirrow, 2010) identified as
the Southern Overthrust (Harris et al., 2013) and the sub-Gawler Range Volcanics disconformity or
unconformity (Freeman and Tomkinson, 2010, Bull et al., 2015). The location of this possible
unconformity is tracked by a pronounced zone of pervasive hematite–quartz alteration adjacent to oregrade Cu-(Fe)-sulfide mineralization in the hematite-aluminosilicate breccia (Schlegel and Heinrich,
2015).

7.8.

Correlation between sulfur isotope data and alteration zoning

Even though this study is focused on samples from section 56050 mE, the data show that the sulfur
isotope compositions of Cu-(Fe) sulfides shift to more positive values towards the west (Fig. 9). A
pronounced difference between the eastern and western part of the deposit is also evident in the
predominant alteration style present in the hematite breccia body (Fig. 3). The alteration mineralogy and
intensity can be monitored by the hematite-quartz alteration index (HMSI, Schlegel and Heinrich, 2015),
which is defined as the molar (Fe+Si)/(Fe+Si+Al) ratio (Fig. 3). A HMSI value of about 0.975 delineates the
change between hematite–quartz altered and hematite–chlorite–sericite ± kaolinite altered breccia at
Prominent Hill (Schlegel and Heinrich, 2015). The Cu-rich sulfides with δ34SV-CDT values below –12.0 ‰
occur at the transition between the hematite–quartz and hematite–chlorite–sericite alteration. About half
of the Cu-rich sulfides with δ34SV-CDT values below –12.0 ‰ show HMSI values greater than 0.975 and the
host rocks are hematite–quartz breccias. The remaining Cu-rich sulfides with low δ34SV-CDT values are
hosted by hematite-aluminosilicate breccias with HMSI values below 0.975, which contain sericite and
chlorite.
If an acidic and oxidized sulfur-bearing fluid migrates from the hematite–quartz altered zones into a
hematite + chlorite + sericite altered zone, it will likely react with the phyllosilicates present (Hemley et
al., 1980; Reed, 1997). The acid-neutralization reactions and the change in redox conditions induced by
Fe2+-bearing chlorite in the hematite-aluminosilicate breccia will result in highly negative δ34S values for
sulfides, because the δ34S value of H2S is sensitive to changes in pH and redox (Ohmoto, 1972; Wagner et
al., 2005). An oxidized, acidic, fluorine- and sulfur-bearing fluid will be neutralized and precipitate fluorite
when it interacts with calcareous host rocks (Richardson and Holland, 1979), consistent with the
observed mineral assemblage fluorite + hematite + chalcopyrite + calcite in the breccia matrix (Fig. 8C). As
at Prominent Hill, the hematite–quartz–barite breccias at Olympic Dam also do not contain any relicts of
aluminosilicates (Ehrig et al., 2012), suggesting that they too formed from interaction with very acidic
fluids. The most negative δ34SV-CDT values of sulfides at Olympic Dam are associated with highly silicified
zones (Eldridge and Danti, 1994). Although the exact sample locations have not been published, the
hematite–quartz–barite breccias, which likely represent these silicified zones, are located in the center of
the Olympic Dam deposit and are surrounded by high-grade Cu-mineralized hematite–aluminosilicate
breccia (Ehrig et al., 2012). These observations can be interpreted in such a way that in both deposits
highly negative δ34S values of Cu-(Fe) sulfides resulted from acidic and oxidized sulfate-bearing fluid that
was undergoing neutralization reactions with the wall rocks.
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8.

Conclusions

(1) The entire spectrum of sulfur isotope compositions of sulfides in magnetite-associated IOCG
prospects in the southern Mount Woods domain and in the hematite-associated Prominent Hill deposit
can be explained via a magmatic sulfur source with a δ34SBulk value of 4.4 ± 2 ‰. This bulk sulfur isotope
composition conforms to the value where the heaviest Cu sulfides and lightest barites from the southern
Mount Woods domain converge, and is similar to the sulfur isotope compositions of magmatic sulfides
from mafic intrusions of Hiltaba Suite.
(2) The magmatic derived sulfur evolved along two distinct reduced and oxidized fluid-chemical paths
during the two-stage evolution of the magmatic-hydrothermal system. The first reduced H2S-dominated
fluid was released from a mafic magma near Prominent Hill. This moderately reduced fluid was
responsible for sulfide stage I mineralization. Stage I sulfides are present in the mafic Hiltaba Suite rocks
at White Hill and Joe’s Dam South East, in regionally abundant sedimentary host rocks, in regional
magnetite skarns and in the Prominent Hill magnetite skarn. In the Prominent Hill hematite breccia body,
texturally early pyrite has δ34SV-CDT values that are indistinguishable from stage I sulfides. Thus, early
pyrite and some chalcopyrite in the hematite breccia body were introduced during sulfide stage I.
(3) By contrast, the compositionally distinct stage II sulfides were deposited from an oxidized fluid
containing sulfate and Cu that were ultimately derived from the Gawler Range Volcanics. The main
economic Cu mineralization at Prominent Hill developed during stage II and is characterized by Cu-rich
sulfide assemblages. Copper sulfides of stage II have also acquired some of the sulfur by replacement of
precursor pyrite. Bornite, chalcocite, digenite and idaite of stage II have highly variable δ34SV-CDT values
between –33.5 ‰ and 4.5 ‰ that are typically lower than those of the earlier stage I sulfides. The lowest
δ34SV-CDT values are observed at the alteration interface between the hematite-quartz and hematitealuminosilicate breccia. Small-scale variations of the sulfur isotope data demonstrate that the high-grade
Cu mineralization was introduced by multiple fluid pulses that record considerable variations in their
sulfate/sulfide ratio.
(4) The range in measured δ34SV-CDT values of sulfides and barites can be fully reproduced by modeling
open-system sulfate reduction for mineralization temperatures between 150 and 400 °C. The modeling
also predicts reasonably well the frequency distributions of the sulfur isotope data of Cu-(Fe) sulfides and
barite. Based on the sulfur isotope data from Prominent Hill and the modeling results, magmatic sulfur
derived from the Gawler Range Volcanics is the essential source for stage II high grade ore mineralization
and was added to sulfur derived from the replacement of stage I pyrite.
(5) Major sulfur contributions from meta-sedimentary rocks and evaporites can be ruled out. The
results of this study show convincingly that the wide range of sulfur isotope data at Prominent Hill can be
explained by a single magmatic sulfur source. This conclusion contradicts conventional genetic models for
IOCG systems in the Gawler craton and elsewhere that advocate multiple and diverse sulfur sources
(Barton and Johnson, 1996; Bastrakov et al., 2007; Barton, 2014). Our model suggests that the observed
wide range in sulfur isotope composition in IOCG deposits in the Gawler craton is simply the product of
contrasting fluid evolution pathways that resulted in fluids with grossly differing oxidation states.
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Appendix: Approach for quantitative sulfur isotope modeling
Magmatic sulfate reduction
The disproportionation of magmatic SO2 into H2S and SO4 according to Eqs. (2) and (4) and its effect on
the sulfur isotope distribution has been previously modeled for porphyry Cu and epithermal deposits
(Ohmoto, 1986; Seal et al., 2000; Rye, 2005). Assuming attainment of isotopic equilibrium among all sulfur
species during subsequent cooling of magmatic fluid, the isotopic composition of co-precipitating sulfide
and sulfate minerals is approximately determined by those of the corresponding reduced (H2S, HS-) and
oxidized (SO42-, HSO4-, NaSO4- etc.) sulfur species in the fluid, respectively (Ohmoto, 1972).
Our model calculates the δ34S values of H2S and SO42- in the fluid (from which coexisting sulfide
and sulfate minerals precipitate) from the isotopic mass balance among reduced and oxidized sulfur
species in a single magmatic-hydrothermal fluid. In this case, the sulfur isotope compositions of reduced
and oxidized sulfur are determined by the proportions X and Y of the respective sulfur species:
δ34SBulk  δ34SH 2S  XH 2S  δ34SSO 2  YSO 2
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Next, the equilibrium fractionation factor between aqueous sulfide and sulfate (Ohmoto and
Goldhaber, 1997; Seal, 2006) can be substituted into Eq. (A2):
1000lnαSO 2  H S  ΔSO 2  H S  (δ34SSO 2  δ34SH 2S )
(A3)
4

2

4

2

δ34S

4

SO42-

The
values of H2S and
in the fluid (from which coexisting sulfides and sulfate minerals
precipitate) can then be calculated by the resulting two equations:
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Ignoring the small fractionation among different sulfide and sulfate species above about 200 °C, the δ34S
value of sulfide and sulfate minerals are then obtained by the following approximations (Ohmoto and
Goldhaber, 1997):
(A6)
δ34SH 2S  δ34SSulfidemineral
and

δ34SSO

4

2

 δ34SSulfate mineral

(A7)

Sulfate reduction
The reduction of SO4-bearing fluids according to Eq. (5) can be caused by the concurrent oxidation of Fe2+
at the ore deposition site, requiring a reductant (e.g. more reduced Fe2+-bearing brine, Fe2+-bearing
mineral). The reaction in Eq. (5) can be modeled by an open system sulfate reduction using Rayleigh
fractionation equations (Ohmoto and Goldhaber, 1997). The Rayleigh model predicts the δ34S values of the
newly formed H2S and of the remaining SO42(α
1)
(A8)
δ34Sp(t)  δ34Sp(t 0 )  1000  f dp  1000
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where αd-p is the isotopic fractionation factor between the daughter (d) species (here H2S) and the parent
(p) species (here SO42-) calculated with the parameters listed in Table A1. The fraction f represents the
amount of unreacted sulfate remaining in the system. The δ34S values of the daughter species for each
time step t are then calculated as:
(A9)
δ34Sd(t)  δ34Sp(t)  1000  αd  p  1000





The sulfur isotope composition of the total (accumulated) daughter (product) phase, which has been
precipitated from the fluid since the initial time step t0 is closely approximated by:

δ34SΣd(t)  δ34Sp(t 0 ) 

f  δ34Sp(t)
(1  f)

(A10).

Table A1.
Equilibrium isotopic fractionation factors of sulfur compounds with respect to H2S
1000 ln αi = a + b 103 1/T + c 106 1/T2 (T in Kelvin)
Compound (i)

c

T (°C)

Pyrite1

a

0.4

200 – 400

Chalcopyrite1

– 0.05

200 – 600

Bornite1

– 0.25

Chalcocite2

– 0.06

Sulfates3

b

0.56

6.463

Data sources: 1: Ohmoto and Rye (1979); 2: Hubberten (1980); 3: Ohmoto and Lasaga (1982)

Isovolumetric replacement of sulfides
Isovolumetric replacement of a sulfide (p) effects the δ34S values of sulfide and the δ34S values of the
resulting daughter products (d). Because the fluid-sulfide reaction may produce several daughter phases,
the isotopic fractionation model needs to be expanded to a multi-species Rayleigh model. Conceptually,
this model assumes that the formation of Cu-sulfide minerals was driven by reaction of pyrite with an
oxidized Cu2+-rich fluid. The replacement of pyrite by bornite, chalcopyrite and pyrite proceeds according
to Eqs. (6), (7) and (8).
Mineral molar volumes (Table A2) were used to balance the solid phases in Eq. (6) to (8). The
effect of a single replacement step on the δ34SV-CDT values of the parent and daughter products is calculated
using a modification of Eqs. (A8) to (A10) that accounts for co-precipitation of several product (daughter)
phases. A bulk fractionation factor is calculated from the molar proportions of the product phases and
their individual temperature dependent fractionation factors:
(A11)
αBulk  n1αd1  p  n 2αd 2  p  n 3αd 3  p  n 4αd 4  p
Here, n1 to n4 represent the molar proportions of the sulfur bearing product (daughter) phases in Eqs. (6)
to (8) which must sum up to unity:
n1 + n2 + n3 + n4 = 1
(A12)
34
Equation (A8) is then used to calculate the δ SV-CDT value of the residual parent sulfide at each
time step t, but using the bulk fractionation factor obtained by Eq. (A11). The δ34SV-CDT values of each
product phase are calculated separately from the composition of the residual parent sulfide using Eq.
(A9). Concurrent reactions produce four products, thus the bulk δ34SV-CDT value of all products obtained
from simultaneous replacement reactions is calculated with Eq. (A9) but using a bulk fractionation factor
instead:
(A13)
δ34Sd Bulk (t)  δ34Sp(t)  1000  αBulk  1000
The accumulated sulfur isotope composition of all product phases formed from replacement of the
parent pyrite from t=0 at each time step t and a fraction f of unreacted parent sulfide is then calculated as:
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δ34SΣd Bulk (t)  δ34Sp(t 0 ) 

f  δ34Sp(t)
(1  f)

(A14)

Recall that Eq. (A14) uses the bulk fractionation factor defined in Eq. (A11) for the calculation of δ34Sp(t)
instead of the individual fractionation factor for a single product phase, and hence becomes identical to
Eq. (A8) if only a single product phase is formed. Finally, the bulk composition of the individual product
phases at each time step t is calculated as:
34

δ SΣd1 (t)

δ






SΣd Bulk (t)  1000  δ34Sd1 (t)  1000
 1000
δ34Sd Bulk (t)  1000

34





Table A2.
Molar volumes of selected sulfides
Molar mass Mineral density
Mineral
(g/mol)
(g/cm3)
Pyrite
119.98
5.01

Molar volume
(mol-1 cm3)
23.95

Approximated to
(mol-1 cm3)
25

Bornite

501.84

5.09

98.59

100

Chalcocite

159.16

5.65

28.17

25

Chalcopyrite

183.53

4.19

43.80

50
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