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Abstract

Zn-Pb-Ag mineral deposits are the products of hydrothermal ore-forming systems, which are restricted in
time and space. In Australia, these deposits formed during three main periods at ~2.95, 1.69 to 1.58, and 0.50
to 0.35 Ga. The 1.69 to 1.58 Ga event, which accounts for over 65 percent of Australia’s Zn, was triggered by
accretion and rifting along the southern margin of Rodinia.

Over 93 percent of Australia’s Zn-Pb-Ag resources were produced by four ore-forming system types: Mount
Isa (56% of Zn), Broken Hill (19%), volcanic-hosted massive sulfide (VHMS; 12%), and Mississippi Valley
(8%). Moreover, just 4 percent of Australia’s land mass produced over 80 percent of its Zn. The four main types
of ore-forming systems can be divided into two “clans,” based on fluid composition, temperature, and redox
state. The Broken Hill- and VHMS—type deposits formed from high-temperature (>200°C) reduced fluids,
whereas the Mount Isa- and Mississippi Valley-type deposits formed from low-temperature (<200°C), HoS-
poor, and/or oxidized fluids. The tectonic setting and composition of the basins that host the ore-forming sys-
tems determine these fluid compositions and, therefore, the mineralization style.

Basins that produce higher temperature fluids form in active tectonic environments, generally rifts, where
high heat flow produced by magmatism drives convective fluid circulation. These basins are dominated by im-
mature siliciclastic and volcanic rocks with a high overall abundance of Fe?+. The high temperature of the con-
vective fluids combined with the abundance of Fe2+ in the basin allow inorganic sulfate reduction and leach-
ing of sulfide from the country rock, producing reduced, HsS-rich fluids.

Basins that produce low-temperature fluids are tectonically less active, generally intracratonic, extensional
basins dominated by carbonate and variably mature siliciclastic facies with a relatively low Fe2+ abundance. In
these basins, sediment maturity depends on the paleogeography and stratigraphic position in an accommoda-
tion cycle. Volcanic units, if present, occur in the basal parts of the basins. Because these basins have relatively
low heat flow, convective fluid flow is less important, and fluid migration is dominated by expulsion of basinal
brines in response to local and/or regional tectonic events. Low temperatures and the lack of Fe?+ prevent in-
organic sulfate reduction during regional fluid flow, producing HaS-poor fluids that are commonly oxidized
(i.e., 2504 > ZH>S).

Fluid flow in the two basin types produces contrasting regional alteration systems. High-temperature fluid-
rock reactions in siliciclastic-volcanic-dominated basins produce semiconformable albite-hematite-epidote as-
semblages, but low-temperature reactions in carbonate-siliciclastic-dominated basins produce regional K-
feldspar-hematite assemblages. The difference in feldspar mineralogy is mostly a function of temperature. In
both basin types, regional alteration zones have lost, and probably were the source of, Zn and Pb.

The contrasting fluid types require different depositional mechanisms and traps to accumulate metals. The
higher temperature, reduced VHMS- and Broken Hill-type fluids deposit metals as a consequence of mixing
with cold seawater. Mineralization occurs at or near the sea floor, with trapping efficiencies enhanced by sub-
surface replacement or deposition in a brine pool. In contrast, the low-temperature, oxidized Mount Isa- and
Mississippi Valley-type fluids precipitate metals through thermochemical sulfate reduction facilitated by hy-
drocarbons or organic matter. This process can occur at depth in the rock pile, for instance in failed petroleum
traps, or just below the sea floor in pyritic, organic-rich muds.

t Corresponding author: e-mail, David. Huston@ga.gov.au
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Introduction

IN 2005 AUSTRALIA was the second largest producer of Pb and
Zn and the fourth largest producer of Ag. With the commis-
sioning of the HYC, Century and Cannington mines in the
1990s, Australia’s position as an important producer of these
commodities will be maintained for the medium term. Aus-
tralia’s Zn-Pb-Ag endowment stems from mineralizing
processes that accompanied the formation of the Australian
continent. Spatial and temporal differences in Zn-Pb-Ag
prospectivity in Australia can be traced back to the evolution
of the continent. In this contribution we examine processes
that formed these deposits using a systems approach and then
relate the deposits back to the tectonic and geodynamic set-
ting of Australia to better understand global, regional, and
local controls on Zn-Pb-Ag mineralization.

The Temporal and Spatial Distribution of
Zn-Pb-Ag Deposits in Australia

Many mineral deposit types have restricted temporal and
spatial distributions across the globe. For example, Woodall
(1990) showed that most Australian gold mineralization oc-
curred in two geologic periods: a 2.6 to 2.7 Ga event in the
Yilgarn craton and a 0.35 to 0.45 Ga event in the Tasman-
ides. Although recent exploration success has shown the
importance of gold introduced at 1.85 to 1.59 Ga (e.g., in
the Pine Creek, Tanami, and Gawler regions), the funda-
mental observation of Woodall (1990) of the periodicity of
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gold mineralization prevails. This periodicity stems from
many geologic factors including the tectonic environment and
preservation potential of individual deposits.

Zn-Pb-Ag deposits also display temporal and spatial con-
centrations owing to the evolution of tectonic and deposi-
tional environments through time. Seventy-two deposits in
Australia (Table 1) contain(ed) geologic resources in excess of
0.1 million metric tons (Mt) zinc and lead. Based on these de-
posits, over 80 percent of Australian Zn resources occur in
just seven areas—the Eastern and Western successions of the
Mount Isa inlier, the McArthur region, the Broken Hill re-
gion, the Lennard shelf, the Broome platform, and the Dun-
das region—which comprise only 3.9 percent of Australia’s
land mass (Table 2, Fig. 1). When normalized to the land
area, these regions have the highest Zn endowment in Aus-
tralia—in all cases over 100 t/km2. The Western succession of
the Mount Isa inlier has an endowment of 1,800 t/km2, 100
times more than the continental endowment of 18 t/km2.
Over 80 percent of the rest of the Australian continent has Zn
endowment below 1.0 t/km? (Fig. 1). Variations in Pb and Ag
endowments are similar, indicating a strong provinciality in
the formation of Zn-Pb-Ag resources.

Like Au deposits, Zn-Pb-Ag deposits have a periodic distri-
bution through geologic time (Table 3; Figs. 2-3). Most of
Australia’s Zn resources were deposited during two periods:
1.5to 1.7 and 0.3 to 0.5 Ga, with a third, small event at 2.9 to
3.0 Ga. The majority (75%) of Australia’s Zn mineralization
formed between 1.69 to 1.58 Ga, a period characterized by

TABLE 1. Australian Mineral Deposits with Total Endowment Exceeding 0.1 Mt Combined Zn and Pb!

Age Size Zn Pb Ag Cu Au Zn Pb Ag  100Zn 100 Cu
Deposit Type (Ga) (Mt) (%) (%) (g/t) (%) (g/t) (Mt) (Mt) (t) Zn+Pb Cu+Zn
Adelaide region
Beltana-Aroona P 0.49 1.0 37 0.37 0.00 100 0
Ediacara MVT ? 29.0 1.07 0.31 0
Arunta region
Oonagalabi ? 1.73 25 1.0 0.5 0.25 100 33
Balcooma-Thalanga province
Handcuff VHMS 0.48 1 10.0 0.4 8 0.6 0.2 0.10 0.00 8 96 6
Liontown VHMS 0.48 18 6.2 2.2 29 0.5 0.9 0.11 0.04 52 4 7
Balcooma VHMS 0.48 3.841  3.04 1.44 33 2.72 0.43 0.12 0.06 127 68 47
Dry River South-Surveyor VHMS 0.48 2.732  8.84 3.05 80 1.05 0.76 0.24 0.08 219 4 11
Thalanga VHMS 0.48 6.6 8.4 2.6 69 1.8 0.4 0.55 0.17 455 76 18
Bangemall region
Abra ? 1.64 200 1.8 6 0.2 0.09 3.60 1200 0
Bonaparte region
Sandy Creek MVT 0.34 3.2 2.5 44 15 0.08 0.14 48 36 0
Sorby Hills MVT 0.34 16.24 0.6 5.3 56 0.10 0.85 909 10
Broken Hill region
Broken Hill2 BHT 1.69 280 8.5 10.0 148 0.14 0.47 2380 28.00 41400 46 2
The Pinnacles BHT 1.70 0.8 2.5 10.0 420 0.02 0.08 336 20 0
Broome platform
Admiral Bay MVT 041 120 6.4 2.3 32 7.38 2.76 3840 74
Cairns region
Mt. Garnet Skarn 0.31 2.045 6.73 16 0.36 0.14 33 100 5
King Vol Skarn 0.31 0.825 20.30 1.00 38 0.90 0.17 0.01 31 95 4
Dundas region
Oceana Trish 0.47 4.13 3.9 19.2 107 0.16 0.79 442 17 0
Sylvester Skarn 0.35 6.1 5.5 3.3 40 0.34 0.20 244 63 0
Zeehan field Vein 0.35 1.44 8.9 421 0.00 0.13 606 0
Que River VHMS 0.50 3.3 13.3 7.4 195 0.7 3.3 0.44 0.24 644 64 5
Hercules VHMS 0.50 3.33 173 5.5 171 0.4 2.8 0.58 0.18 569 76 2
Hellyer VHMS 0.50 16.5 13.9 7.2 169 0.38 2.55 2.29 1.19 2790 66 3
Rosebery VHMS 0.50 31.7 14.3 4.4 146 0.58 2.3 4.53 1.39 4630 76 4
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Age Size 7n Pb Ag Cu Au 7n Pb Ag 100 Zn 100 Cu

Deposit Type (Ga) (Mt) (%) (%) (g/t) (%) (g/t) (Mt) (Mt) (t) Zn+Pb Cu+Zn
Eastern Goldfields province

Jaguar VHMS 2.69 1.64 14.7 140 3.5 0.24 230 100

Teutonic Bore VHMS 2.69 215 11.35 0.79 150 3.54 0.24 0.02 323 93 24
Einasleigh province

Mt. Misery BHT 1.70 3.6 5.54 2.45 50 0.20 0.09 180 69 0
Gawler region

Menninnie Dam Manto 1.59 1.7 8.0 5.0 100 0.14 0.09 170 62 0
Halls Creek region

Onedin VHMS 1.84 3.02 3.2 1.5 31 0.9 0.3 0.10 0.05 94 68 22

Sandiego VHMS 1.84 2.2 5.8 0.8 47 1.6 0.4 0.13 0.02 103 88 22
Kanmantoo region

Angas ? 0.51 1.0 10 4.0 60 1.0 0.10 0.04 60 71 0
Lachlan region

Browns Reef ? 0.41 12.6 2.3 1.3 9 0.11 0.29 0.16 107 65 5

Bowdens Epithermal  0.07 18.8 0.37 0.32 99 0.07 0.06 1860 54 0

CSA EWT 0.40 35 1.37 0.42 2.91 0.48 0.15 77 68

Elura EWT 0.40 51.4 8.7 5.7 66 4.47 2.93 3390 60 0

Extended VV()rkings Skarn 0.28 1.78 6.7 0.25 41 0.08 0.12 0.00 73 96 1

Toms zone VHMS 0.42 1 7.90 5.36 214 0.30 1.95 0.08 0.05 214 60 4

Wet Lagoon VHMS 0.42 1.5 5.5 3.0 33 0.5 0.08 0.05 50 65 8

East Currawang VHMS 0.42 0.8 13.0 2.2 33 1.6 0.10 0.02 26 86 11

Cow Flat VHMS 0.42 27.2 0.7 0.3 0.19 100 30

Wﬂga VHMS 0.42 4.0 5.5 0.4 30 4.3 0.5 0.22 0.02 120 93 44

Lewis Ponds VHMS 0.42 4.8 4.94 3.02 116 0.19 3.52 0.24 0.14 557 62 4

Kempfield VHMS 0.42 32.9 0.7 0.4 37 0.24 0.14 1220 63 0

Currawong VHMS 0.42 9.0 4.2 0.9 39 2.0 1.2 0.38 0.08 351 82 32

Captains Flat VHMS 0.42 4.0 10.0 6.0 56 0.7 1.7 0.40 0.24 224 63 7

Woodlawn VHMS 0.42 18.4 9.9 3.8 80 14 1.82 0.70 1470 72 12
Lennard shelf

Kutarta (Prices Creek) MVT 0.36 2.34 7.2 0.5 39 0.17 0.01 91 94 0

Fossil Downs MVT 0.36 2.15 9.5 2.1 0.20 0.04 82 0

Goongewa (Twelve Mile bore)  MVT 0.36 2.3 9.7 2.7 0.22 0.06 78 0

Kapok MVT 0.36 5.21 8.0 7.9 0.42 0.41 50 0

Cadjebut MVT 0.36 5.0 11.4 3.2 0.57 0.16 78 0

Pillara (Blendevale) MVT 0.36 19.5 7.9 2.4 1.54 0.47 77 0
McArthur region

HYC MIT 1.64 227 9.2 4.1 40 0.2 0.0051 20.88 9.31 9080 69 2
Mount Isa inlier—Eastern succession

Pegmont BHT 1.68 8.6 3.5 7.8 10 0.30 0.67 86 31 0

Cannington BHT 1.68 43.8 4.4 11.6 538 1.93 5.08 23600 28 0

Dugald River MIT 1.67 50 12.1 1.9 41 6.05 0.95 2050 86 0
Mount Isa inlier—Western succession

Lady Loretta MIT 1.65 13.6 17.1 5.9 97 0.0022 2.33 0.80 1320 74 0

Mount Isa MIT 1.65 150 7.0 6.0 150 0.1 0.0020 10.50 9.00 22500 54 1

Century MIT 1.57 105 12.1 1.8 46 12.71 1.84 4830 87 0

Hilton—George Fisher MIT 1.65 228 10.8 5.5 97 24.62 12.54 22100 66 0

Silver King /eins 1.69 0.965 4.14 6.60 64 0.04 0.06 62 39 0
Murchison province

Gossan Hill (Golden Grove)?  VHMS 2.95 15.7 6.7 0.18 22 1.8 1.3 1.05 0.03 340 97 21

Scuddles* VHMS 2.95 12.3 8.2 0.58 63 1.8 0.9 1.01 0.07 780 93 18
Nabberu basin

Mageﬂan MVT 12.6 5.4 0.68 0
Pilbara region

Lennons Find VHMS 3.47 1.2 7.60 1.94 100 0.43 0.3 0.09 0.02 120 80 5

Kangaroo Caves VHMS 3.24 1.7 9.8 0.6 18 0.6 0.1 0.17 0.01 31 94 6

Sulphur Springs VHMS 3.24 5.3 6.2 0.3 26 2.2 0.2 0.33 0.02 138 95 26
Pine Creek region

Browns ? 70 2.6 10 0.8 1.81 700 0 100

Woodcutters EWT 465 123 5.7 82 0.57 0.26 381 68 0
Southern Cross province

Pincher Well VHMS 2.96 20.7 2.16 0.2 0.45 0.00 3840 100 8

1 Endowment is defined as total production and geologic resources; data from Ozmin (Ewers and Ryburn, 1997) supplemented by New South Wales De-
partment of Mineral Resources database and company annual reports and announcements; BHT = Broken Hill-type, EWT = Elura-Woodcutters-type, MIT

= Mount Isa-type, MVT = Mississippi Valley-type
2 Gold grade based on total endowment reported by Woodall (1990)
3 Includes Catalpa, Ethel, Xantho, Hougoumont, and Amity lenses
4Includes Zeewijk lens
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TABLE 2. Endowment of Zn, Pb, and Ag for Geologic Areas in Australia!

Zn endowment

Pb endowment Ag endowment

Region Area (km2) Zn (Mt) (t/km2) Pb (Mt) (t/km2) Ag (t) (kg/km2)
Mount Isa inlier—Western succession 27,300 50.19 1840 24.24 888 50800 1860
Broken Hill 20,000 23.82 1190 28.08 1400 41800 2090
Dundas 11,000 8.34 758 4.13 376 9920 902
Mount Isa inlier—Eastern succession 19,400 8.28 427 6.70 345 25600 1320
Broome platform 39,200 7.38 188 2.76 70.4 3840 98.0
McArthur 154,000 20.88 136 9.31 60.4 9080 59.0
Lennard shelf 25,100 3.12 124 1.15 45.8 91 3.66
Thalanga-Balcooma province 9,500 1.12 118 0.35 37.3 861 90.6
Lachlan 299,000 9.19 30.7 4.74 15.9 9670 32.3
Murchison province 152,000 2.06 13.6 0.10 0.63 1120 7.37
Pine Creek 45,000 0.57 12.7 2.08 46.1 1081 24.0
Kanmantoo 8,000 0.10 12.5 0.04 5.00 60 7.50
Pilbara 52,000 0.59 11.3 0.05 0.95 288 5.55
Bonaparte 18,000 0.18 10.0 0.99 55.0 957 53.2
Einasleigh province 27,000 0.20 7.39 0.09 3.27 180 6.67
Cairns 50,000 0.31 6.10 0.01 0.17 64 1.28
Halls Creek 39,000 0.22 5.73 0.06 1.61 197 5.05
Adelaide 69,000 0.37 5.36 0.31 4.50 0 0.00
Southern Cross province 117,000 0.45 3.81 0.00 0.00 0 0.00
Eastern Goldfields province 191,000 0.48 2.56 0.02 0.09 553 4.06
Arunta 196,000 0.25 1.28 0.00 0.00 0 0.00
Gawler 144,000 0.14 0.94 0.09 0.59 170 1.18
Bangemall 75,000 0.00 0.00 3.60 48.00 1200 16.0
Nabberu 58,000 0.00 0.00 0.68 11.73 0 0.00
Australia total 7,682,300 138.32 18.0 89.56 11.7 157600 20.5

Note: Names incorporating “region” correspond to Geoscience Australia’s geologic regions of Australia; other names are subdivisions of these regions where

appropriate
1 Endowment is defined as total production and geologic resources

the development of rift and rift-sag basins in northern and
central Australia. Deposits in the Western succession of the
Mount Isa inlier and the McArthur basin are hosted in vari-
ably dolomitic and organic matter-rich siltstones associated
with aggradational and early progradational highstand de-
posits of second-order supersequences where minimal coeval
volcanism and plutonism are found (Southgate et al., 2000a).
The geologic setting of the Broken Hill and Cannington de-
posits, although of broadly similar age, is more active, charac-
terized by penecontemporaneous volcanism and plutonism
within a dominantly sedimentary sequence consisting of sand-
stone, siltstone, and shale (Stevens et al., 1988).

The other major period of Australian Zn mineralization, the
Paleozoic, is characterized by active tectonism and magma-
tism, particularly in eastern Australia. The deposits of the
Dundas trough and Lachlan fold belt are mostly associated
with volcanism and formed as a consequence of subduction,
but in the Ordovician to Carboniferous Canning basin of
Western Australia, Mississippi Valley-type deposits formed
during the Early Devonian (McCracken et al., 1996) and the
Early Carboniferou (Christensen et al., 1995), a period lack-
ing volcanism in that region. Zn-Pb-Ag ores occur both in en-
vironments that lack significant igneous activity and in those
that have contemporaneous volcanism and plutonism.

Ore-Forming Systems in Australia

In Australia, over 93 percent of the known Zn endowment
is accounted by four deposit types, including VHMS, Broken
Hill, Mississippi Valley, and Mount Isa-type deposits (Table
4). In this paper we describe these deposits and their ore-

forming systems according to the basin that hosts the system,
the heat source that drove the system, the “plumbing system,”
including mechanisms that drive fluid flow, the sources of
ore-fluid components (water, chloride, sulfur, and metals),
the site of metal deposition, and the outflow zone.

VHMS Ore-Forming Systems

VHMS deposits, which form during volcanism and related
sedimentation within submarine volcanic belts, are the most
common Zn-Pb-Ag deposits in Australia, accounting for 32 of
the deposits listed in Table 1. These deposits tend to be small;
the median VHMS deposit in Table 1 contains only 0.24 Mt
Zn. Compared to other Zn-Pb-Ag ore-forming systems, the
VHMS system is well understood, partly through extensive
research on ancient systems, particularly in Canada and Aus-
tralia, but also through the discovery of modern analogues on
the sea floor (i.e., “black smoker” deposits).

In general, VHMS deposits consist of Zn-Pb-Cu-bearing
massive sulfide lenses underlain by chlorite- and/or sericite-
bearing alteration zones that commonly contain Cu. The
presence of significant Cu (and Au) in the ore assemblage dis-
tinguishes these deposits from Mount Isa- and Mississippi
Valley-type deposits. The scale of VHMS systems also differs
from that of other Zn-Pb-Ag ore-forming systems. Ore-form-
ing systems that form VHMS deposits operate on scales of, at
most, several tens of kilometers, whereas Mississippi Valley-
type systems, for example, operate at scales of hundreds to
thousands of kilometers (Anderson and Macqueen, 1987).
Figure 4 schematically illustrates important components of
the VHMS ore-forming system.
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Fi1c. 1. Spatial distribution of Zn resources in Australia (based on Table 2). Abbreviations: BHT = Broken Hill-type,
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The basin

VHMS deposits occur only in submarine volcanic settings,
most commonly in back-arc basins, including ophiolites and
ensialic rifts. Many of the largest VHMS deposits occur in en-
sialic rifts, including the Bathurst district in New Brunswick
(van Staal et al., 2003) and the Iberian Pyrite Belt (Tornos,
2006). The Mount Read volcanic belt in Tasmania, host to
several world-class VHMS deposits, also developed on conti-
nental crust (Crawford and Berry, 1992). Black smoker de-
posits, modern analogues of ancient VHMS deposits, have
been discovered in medial rift valleys of mid-ocean ridges, in
back-arc rift zones and in the summit calderas of arc volcanos
(Hannington et al., 2005). Black smoker and VHMS deposits
form rift settings, albeit oceanic, back-arc, or ensialic envi-
ronments. Rifts are characterized by high heat flow and ex-
tensive magmatism, which drive convective fluid flow within
the crust.

The heat source

Fluid inclusion data and measurements of modern venting
fluids indicate that the ore fluids that formed VHMS deposits

were 200° to 350°C (de Ronde, 1995). The production of
such hot fluids in the upper part of the crust requires high
heat flow. Subvolcanic intrusions are inferred as the heat
source that drove fluid circulation in many VHMS systems
(Galley, 2003). Figure 5 illustrates the relationship between a
subvolcanic intrusive complex, regional-scale alteration zona-
tion, and mineral deposits in the 3.24 Ga Panorama district in
the Pilbara. A similar relationship between subvolcanic intru-
sions and regional alteration patterns exists in other districts
around the world, and, in may cases, a temporal link between
VHMS ore-forming systems and subvolcanic intrusions has
been established (Galley, 2003; Franklin et al., 2005). Where
links between VHMS systems and subvolcanic intrusions
have been established, the intrusions generally have a trond-
hjemitic or tonalitic composition and a sill-like shape.
Granitic (e.g., Panorama) and dioritic intrusions are the heat
source in some districts. In most districts, the intrusion is
polyphase, has a thickness of 1 to 3 km, and intrudes 1.5 to 3
km below the ore position. However, a genetic link to intru-
sions has not been demonstrated in many of the world’s
largest VHMS districts, including the Mount Read Volcanics
of Tasmania.
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TABLE 3. Endowment of Zn, Pb, and Ag with Geologic Time in Australia!

Age (Ga) Zn (Mt) Pb (Mt) Ag (t)

3.4-3.5
3.3-34
3.2-3.3
3.1-3.2
3.0-3.1
2.9-3.0
2.8-2.9
2.7-2.8
2.6-2.7
2.5-2.6
2.4-25
2.3-2.4
2.2-2.3
2.1-2.2
2.0-2.1
1.9-2.0
1.8-1.9
1.7-1.8
1.6-1.7
1.5-1.6
1.4-1.5
1.3-14
1.2-1.3
1.1-1.2
1.0-1.1
0.9-1.0
0.8-0.9
0.7-0.8
0.6-0.7
0.5-0.6
0.4-0.5
0.3-0.4
0.2-0.3
0.1-0.2
0.0-0.1
Total known
Unknown

0.09 0.02 120

0.50 0.03 169

2.51 4,960

0.48 0.02 553

0.06 197
0.00 0
70.18 123,900
1.93 5,000

0.22
0.25
90.67
12.85

0.10
20.91
8.90
0.12

0.04 60
8.50 18,100
5.56 5,350
0.00 73

0.07
137.68
0.57

0.06
86.51
3.06

1,860
160,400
1,080

! Endowment is defined as total production and geologic resources

The “plumbing” system

District-scale alteration zones in VHMS districts tend to be
semiconformable, although high-temperature semiconform-
able zones become transgressive, where they define fluid
pathways to the site of mineral deposition (Galley, 1993;
Brauhart et al., 1998). Table 5 summarizes the characteristics
of regional alteration facies for well-described districts. Of the
assemblages described, albitic zones in the volcanic pile just
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FIG. 2. Temporal distribution of Zn resources in Australia (based on Table
3).
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above the magma chambers, K-feldspar-bearing zones near
the top of the volcanic pile, and epidote- and/or hematite-
bearing zones near the base of volcanic pile are consistently
developed, whereas feldspar-destructive zones and intensely
silicified zones are less common. In the Snow Lake and
Panorama districts, alteration assemblages near the base of
the volcanic pile are associated with an increase in
Fe;03/FeO. Huston et al. (2001) suggested this change could
be related to inorganic sulfate reduction and that the devel-
opment of epidote- and/or hematite-bearing assemblages
may reflect this process. Metal leaching has been recorded at
depth in the volcanic pile (Fig. 5¢) in five districts. However,
variations in FesO3/FeO and base metal abundances have not
been measured in most districts, so they may be more com-
mon than indicated in Table 5.

District-scale alteration zones in VHMS districts also can
be mapped using oxygen isotopes. In districts where regional
0180 variations have been mapped there is an 80-depleted
zone at or near the base of the volcanic pile (where defined),
commonly above a subvolcanic intrusion. In some cases, 150
is enriched at the top of the volcanic pile or in the hanging
wall to individual VHMS deposits (cf. Huston, 1999; Brauhart
et al., 2000).

Brauhart et al. (2000) estimated the temperature of hy-
drothermal alteration in the Panorama district by assuming a
value for 0150 of the altering fluids. These calculations indi-
cate that regional variations in 680 data result from an in-
crease in temperature from the top to the base of the volcanic
pile as a consequence of heating by the subvolcanic intrusion.
Hence, 0180 variations can be used as a proxy for alteration
temperatures, with high values indicating low alteration tem-
peratures and low values indicating high temperatures.

Deposit-scale alteration zones are transgressive, texturally
destructive, contain feldspar-destructive assemblages of chlo-
rite, sericite, and quartz, and are characterized by Na and 15O
depletions and Fe and Mg enrichments. The morphology of
these proximal zones is variable (Franklin et al., 1981). Where
the substrate to the deposit is coherent, these zones tend to
be narrow. For example, at the Hellyer deposit in Tasmania
(Gemmell and Large, 1992), which is underlain by massive
andesite, the proximal zone is only 150 m wide (Fig. 6a) and
extends to a depth at least 500 m below the ore lens. In con-
trast, at the nearby Rosebery deposit, the ore lenses are un-
derlain by pumice breccia (Large et al., 2001), which has
been altered in a zone that extends at least 500 m laterally be-
yond the boundaries of the ore lenses (Fig. 6b). Many VHMS
deposits in Australia are characterized by volcaniclastic sub-
strates and laterally extensive proximal alteration zones.

The regional and proximal distribution of alteration facies
in VHMS districts defines flow paths of hydrothermal fluids
through the ore-forming system. As chloritic alteration as-
semblages generally form by interaction of the rocks with
high-temperature ore fluids (Franklin et al., 1981; Ohmoto et
al., 1983), the distribution of this facies records the passage of
such fluids. The presence of semiconformable chloritic zones
at the base of the volcanic pile in the Panorama district
(Brauhart et al., 1998) suggests that high-temperature fluid
flow was subhorizontal through much of the Panorama dis-
trict. Franklin et al. (1981) termed this part of the ore-form-
ing system the “reaction” zone, noting that many important
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chemical reactions occur within this zone. Because of the
large quantity of fluid reacting with rocks, the reaction zone
approaches equilibrium with the altering fluid. Phase separa-
tion is also an important process within the reaction zone.
This process, which is interpreted to occur hundreds to thou-
sands of meters below the sea floor, appears to be common in
modern systems (e.g., Butterfield et al., 1990; Von Damm,
1990). Condensation of brine as a result of supercritical phase
separation is an important mechanism causing variable salin-
ity in VHMS ore fluids (e.g., de Ronde, 1995).

At a point determined partly by permeable zones related to
synvolcanic faults (e.g., Vearncombe et al., 1998), fluids in the
reaction zone flow up stratigraphy, forming transgressive high-
temperature alteration (or “discharge”) zones that extend to
deposits at or near the sea floor. Although semiconformable
reaction and transgressive discharge zones are mapped in a
number of ways, the lower temperature “recharge” zone
(Franklin et al., 1981) is difficult to map. Alteration, geo-
chemical, and oxygen isotope mapping do not define zones
consistent with downward moving, low-temperature fluid flow
in the Panorama and other districts. Hence, recharge may be
diffuse and not involve narrow zones of high fluid flux.

The interpreted flow pattern is that of convection cells
developed below the sea floor in permeable volcano-sedi-
mentary rocks heated by a subvolcanic, sill-like intrusion.
For homogeneous permeability, the surface spacing of up-
flow zones associated with cells is 3.8 times the depth to in-
trusion (Lapwood, 1948), which is the approximate spacing

of transgressive alteration zones observed at Panorama. This
geometric relationship may explain the systematic spacing of
deposits in many VHMS districts (Solomon, 1976).

Due to complex interrelationships of rock units and the oc-
currence of synvolcanic faults, the permeability structure of
subaqueous volcano-sedimentary complexes is highly hetero-
geneous. Fluid flow and ore deposition may be controlled by
local structures and volcanic facies changes (Doyle and Hus-
ton, 1999). Systematic variations in thicknesses of the host
unit or massive sulfide, or in metal zonation may indicate lo-
cations of these faults. The permeability of the units underly-
ing VHMS deposits controls the morphology of deposits in
addition to the morphology of the underlying proximal alter-
ation zones. Moundlike deposits with pipelike stringer zones
develop over impermeable lavas (e.g., Hellyer); whereas blan-

TABLE 4. Endowment of Zn, Pb, and Ag by Deposit Type in Australia!

Deposit type Zn (Mt) Pb (Mt) Ag (t)
MIT 77.09 34.44 61,890
BHT 26.25 33.92 65,600
VHMS 16.52 5.03 19,730
MVT 10.68 5.89 4 888
Other 7.71 10.29 9,359

Abbreviations: BHT = Broken Hill type, MIT = Mount Isa type, MVT =
Mississippi Valley-type
! Endowment is defined as total production and geologic resources
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ketlike deposits with laterally extensive alteration zones form
over permeable volcaniclastic units (e.g., Rosebery; Fig. 6).

The sources of ore-fluid components

In most models of VHMS systems, ore fluids and chloride
derive from circulating modified seawater, ore metals are
leached from the rocks through which the seawater circu-
lates, and sulfur originates from both sources (e.g., Franklin
etal., 1981). In a number of cases, a significant magmatic-hy-
drothermal input has been inferred from geologic relation-
ships (e.g., Large et al., 1996a), melt inclusions in associated
volcanic rocks (Yang and Scott, 1996), and local occurrence of
advanced argillic alteration assemblages (Sillitoe et al., 1996).
The importance of magmatic-hydrothermal water in VHMS
ore-forming systems is not constrained and may vary from
district to district.

Source of water: The 6150 of VHMS ore fluids varies from —2
to 4 per mil and D varies from —40 to 5 per mil (Huston, 1999).
These compositions do not correspond uniquely to a particular
fluid but have compositions that are intermediate between sea-
water (0D ~0%o, 6150 ~0%o) and magmatic waters (0D = —30
to —=60%o, 0150 = 5.5-9.5%0: Taylor, 1986). The shifts in 0180
away from seawater can be accounted for by water-rock inter-
actions in the circulation cell, but such reactions cannot account
for variations in 0D. The 0D data could indicate up to 25 per-
cent magmatic-hydrothermal fluid in some systems (i.e., those
with low 0D), but these same variations could also be caused by
phase separation in the reaction zone.

Source of chloride: The chlorinity of VHMS fluids is typi-
cally elevated relative to seawater (e.g., de Ronde, 1995). This
implies that unmodified seawater is not the sole source of
chloride in VHMS fluids; either phase separation occurred in
the reaction zone or high-salinity magmatic-hydrothermal
fluids were incorporated into a seawater-dominated ore fluid.

Source of sulfur: The 03*S values of sulfide minerals from
Phanerozoic VHMS deposits are generally between those of
coeval seawater sulfate and juvenile or magmatic sulfur. This
has been interpreted to indicate that the sulfur was a mixture
from these two sources (e.g., Solomon et al., 1988), with the
seawater inorganically reduced in the reaction zone and juve-
nile or magmatic sulfur leached from the volcanic rocks or
contributed directly from a subvolcanic magma. In euxinic
basins, biogenically reduced seawater sulfate may also be im-
portant. In contrast, §34S values of sulfide minerals from Pro-
terozoic and Archean deposits are always close to the mag-
matic value of 0 per mil (Huston, 1999). This has been
interpreted to indicate that magmatic sulfur (either dissolved
from volcanic rock or derived from magmatic outgasing) is
the major source of sulfur in these older deposits (cf. Eastoe
et al., 1990), although Archean seawater sulfate also had low
034S values (Huston, 1999).

Sources of metals: In the 1970s and 1980s a consensus grew
that metals were leached from the underlying volcanic strata
with minimal magmatic contribution (cf. Franklin et al., 1981;
Ohmoto et al., 1983). This model was supported by Pb iso-
tope data and limited geochemical evidence for leaching
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(Table 5) but was challenged by a number of workers (e.g.,
Sawkins, 1982; Stanton, 1990) who advocated derivation of
metals from crystallizing magmas. Data from regional alter-
ation studies (Table 5) indicate that large quantities of metals
were stripped from volcanic rocks in some districts. Brauhart
et al. (2001) showed that the amount of Zn stripped from the
underlying rocks exceeded the amount of Zn present in de-
posits of the Panorama district by nearly an order of magni-
tude, with excess metal interpreted to have been lost to sea-
water. It is likely that in most districts, a large, if not
predominant, portion of the metal was stripped from volcanic
rocks, although there is evidence to suggest a magmatic-hy-
drothermal component in some districts.

The site of metal deposition

The primary mechanism of ore deposition in VHMS de-
posits is rapid cooling when ore fluids mix with seawater at or

near the sea floor. Consequently, VHMS deposits commonly
form at specific stratigraphic horizons during periods of vol-
canic quiescence that allow accumulation of sulfide at or near
the sea floor.

Trapping of metals: The term “black smoker” stems from
very fine grained hydrothermal minerals in buoyant hy-
drothermal plumes that precipitate when venting fluids
rapidly cool upon mixing with seawater (Fig. 7a). Although
sulfides precipitate, they do not accumulate efficiently on the
sea floor. Less than 10 percent of the metals in the venting
fluid are retained in the growing sulfide mound (Converse et
al., 1984); the rest are dispersed in the buoyant plume. Be-
cause of this poor depositional efficiency, black smoker vent-
ing does not appear to be the most efficient mechanism for
forming large VHMS deposits. Two possible, more efficient,
mechanisms include the formation of a brine pool (Fig. 7b)
and mineral precipitation below the sea floor (Fig. 7c).
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TABLE 5. Characteristics of Regional Alteration Zones in Volcanic-Hosted Massive Sulfide Deposits (based partly on compilation of Galley, 1993)

District

K-feldspar—

bearing zones

Albite-bearing
zones

Feldspar-

destructive zones

Epidote + hematite-
bearing zones

Silicified zones

Primary references

Troodos, Cyprus

Iberian Pyrite Belt

Bergslagen,
Sweden

Snow Lake,
Manitoba

Noranda, Quebec

Matagami, Quebec

Manitouwadge,
Ontario

Panorama,
Western Australia

Present in upper
part of sheeted
dike swarn

Erratically
developed near
top of volcanic
sequence

Present at top
of volcanic pile

Not reported

Not reported

Not reported

Presence is
indicated in alkali
geochemistry but
spatial distribution
not described

Semiconformable
zone at top of
volcanic pile

Present in lower
part of sheeted
dike swarm

Not pervasive;
concentrated in
permeable zones
lower in volcanic
sequence

Present toward
base of volcanic
pile; chloritic
toward top;
depleted in Fe,
Mn, Zn, Pb, and Ba

Silicified zones
commonly
albitized

Broad, regional
semiconformable
zone

Extensively
developed in
footwall basalt

Presence is
indicated in alkali
geochemistry but
spatial distribution
not described;
trondhjemite is
Na enriched

Semiconformable
zone near base of
volcanic pile that
extends down into
the subvolcanic
intrusion; loss of
Zn, Pb, Cu, and S,
and increase in
FesO3/FeO

Not reported

Not reported

Not reported

Semiconformable
quartz-biotite +
staurolite +
chlorite zones with
local loss of Zn,
Pb, Cu, and Mo
and increase in
FeoOy/FeO

Not reported

Not reported

Semiconformable
orthoamphibole-
cordierite-garnet
gneiss in volcanic
pile just above
the contact with
trondhjemite
intrusion

0.5 km thick,
semiconformable
zone just above
the base of the
volcanic pile;
loss of Zn, Pb,
Cu, Mo, and S,
and increase in
FesO3/FeO

Extensive epidote-
quartz-chlorite zones
underlie and crosscut
overlying feldspar-
bearing zones;
depleted in base metals

Epidote present in
albitic zones down
section

Not reported

Conformable epidote
zones associated with
Zn loss and increase
in FeaOs/FeO;
discrete epidote-
hematite zones in
Sneath Lake pluton
below Cu-rich
Anderson Lake and
Stall Lake deposits

Epidote-quartz
assemblages overprint
silicified zones and
increase toward center
and base of volcanic
complex in association
with major dike swarm

Epidote in veinlets
and as patches in
footwall basalt

Not reported

Local epidote-
hematite zones
toward base of
volcanic pile

Not reported

Not reported

Not reported

Extensive semi-
conformable
zones with local
loss of Zn, Pb,
and Mo and
increase in

FeaOy/FeO

Semiconformable
zones at several
stratigraphic
positions

Silicification
accompanies
albite alteration

Not reported

Not reported

Schiffman and
Smith (1988)

Munha and
Kerrich (1980)

Lagerblad and
Gorbatschev (1985)

Bailes and Galley
(1991, 1996);
Skirrow and
Franklin (1994);
D. Huston,
unpub. data

Gibson (1989)

MacGeehan (1978)

Zaleski and
Peterson (1995)

Brauhart et al.
(1998, 2001);
Huston et al.
(2001)

Work at the

Rosebery (Allen, 1994) and Kidd Creek
(Bleeker, 1999; Hannington et al., 1999) deposits suggests
that these large deposits formed, at least in part, by replace-
ment of the host units (Doyle and Allen, 2003). Hydrother-
mal-seawater mixing occurred in clastic rocks (e.g., coarse
volcaniclastic rocks or sandstones) that formed permeable

zones below the sea floor, more effectively trapping precipi-
tated sulfides.

Alternatively, Solomon and Khin Zaw (1997) suggested that
the Hellyer deposit formed in a brine pool. They argued that
initially buoyant fluids, which formed by mixing of saline (to
15% NaCl) ore fluid with seawater, became more dense than
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ation zones underlying the (a) Hellyer and (b) Rosebery volcanic-hosted mas-
sive sulifde deposits (modified after Gemmell and Large, 1992, and Large et
al., 2001). In (a) SEZ = the stringer envelope zone, Se = the sericitic alter-
ation zone, Cl = the chloritic alteration zone, CI-C = the chlorite-carbonate
alteration zone, and Si = the siliceous alteration zone.

seawater upon cooling. Such a fluid would then form a brine
pool, trapping all metal from the original venting fluid. Al-
though this mechanism is controversial and buoyancy reversal
has not been observed in modern systems, it is potentially an
efficient method of trapping sulfides.

Zone refining: Within the massive sulfide lens ore deposi-
tion is complex and dominated by “zone refining” (Eldridge
et al., 1983). In this process, progressively hotter fluids re-
place the base of the sulfide lens with higher temperature
mineral assemblages. Zn-rich ore formed at low tempera-
ture is progressively replaced by Cu-rich and then pyritic
ores to produce the pyrite = Cu - Zn-Pb + Ba zonation
characteristic of these deposits. Metals removed in this
process move upward, where they are either trapped or lost
via black smoker-type venting. In this manner a massive sul-
fide lens grows from the base and from the top. Fluid inclu-
sion data suggest that Zn, Pb, and Ag are precipitated in the
range of 200° to 300°C (e.g., Pisutha-Arnond and Ohmoto,
1983). If the fluid temperature exceeds 300°C, Cu-bearing
ores form at the base of the sulfide lens. Sustained high-
temperature fluid flux can actually move Zn, Pb, and even
Cu out of the sulfide lens, leaving a massive pyrite body (cf.,
Hannington et al., 1998).

Water depth: Morton and Franklin (1987) classified VHMS
deposits into two types based on morphology and the charac-
ter of the host sequence. Moundlike deposits with pipelike al-
teration zones overlying a coherent substrate were termed
Noranda-type (similar to Hellyer) and inferred to form in
deep water. Blanketlike deposits with diffuse alteration zones
overlying a fragmental substrate were termed Mattabi-type
and inferred to form in shallow (i.e., <500 m) water depths.
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Cas (1992), on the other hand, argued that all VHMS deposits
must have formed in relatively deep (i.e., >500 m) water to
prevent boiling of the hydrothermal fluids.

In situ boiling changes the dynamics of ore deposition, and
the depth of boiling changes with the temperature and gas
content of the ore-forming fluid. For instance, a 200°C fluid
of seawater salinity boils at a depth of about 200 m, whereas
at 350°C fluid boils at a depth of 1,700 m (Huston and Cas,
2000). Hence, for a low-temperature deposit, depths in ex-
cess of 200 m might be considered deep, whereas for a high-
temperature deposit, a depth of 1,700 m might be considered
shallow. Most modern black smokers occur at water depths
that are sufficient to prevent boiling (e.g., >1,300 m: Huston
and Cas, 2000; Hannington et al., 2005), although some oc-
currences in shallow volcanic arcs are boiling. Some of these
may be the sea-floor manifestation of VHMS-related epither-
mal vein deposits below the sea floor. Deposition in shallow-
water parts of the VHMS system may not have typical VHMS
characteristics (i.e., stratiform massive sulfide) but may be
more akin to epithermal deposits in form and, possibly, in
metal assemblages and zonation.
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The outflow zone

Depositional environments and mechanisms also affect
how and where spent fluids interact external to the deposi-
tional environment. For instance, fluids from black smoker
venting can form exhalites that extend for tens of kilometers
along mineralized horizons lateral to black smoker deposits
(Fig. Ta; Spry et al., 2001). However, if the fluids were suffi-
ciently saline to form a brine pool, all hydrothermal precipi-
tates will be trapped in a restricted area. Although “exhalites”
should be less extensive (Fig. 7b), metalliferous sediments in
the Atlantis II brine pool extend many kilometers (Pottorf
and Barnes, 1983). If deposits form below the sea floor, ex-
halite, if formed, will develop on the sea floor at a higher
stratigraphic position (Fig. 7c).

According to Spry et al. (2001), and references therein, the
most common form of exhalite in VHMS deposits is iron for-
mation. Another less common type of exhalite is tourmalinite.
These exhalites commonly mark the stratigraphic position of
VHMS deposits and geochemical variations within them can
be used as a vector to ore. However, exhalites do not appear
to be common in Australia. In many Australian deposits spent
fluids have interacted with the overlying rocks to form hang-
ing-wall alteration zones. These zones tend to be more subtle
than the footwall zones and can be enriched in more volatile
elements. An extensive zone of Hg and Sb enrichment has
been demonstrated in the hanging wall to the Rosebery de-
posit (Smith and Huston, 1992; Large et al., 2001), and en-
richment of Sb and As also has been demonstrated in the
hanging wall of the Kangaroo Caves deposit in the Panorama
district (Hill, 1997).

If a sulfide lens is buried, continued hydrothermal activity
may lead to the formation of stacked ore lenses. In Australia,
this relationship is best illustrated at the Que River deposit,
where the S lens was overprinted by hydrothermal fluids that
formed the P lens, some 130 m higher up in the stratigraphy
(Large et al., 1988).

Postdepositional modifications

One of the most important postdepositional processes that
can affect preservation of VHMS deposits is sea-floor weath-
ering. This process, which has been documented in extinct
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black smokers (Hannington et al., 1995), destroys sulfide ac-
cumulations unless these accumulations are protected either
by rapid covering by later sediments or by an anoxic water
column (Goodfellow et al., 1986). Deposition either below
the sea floor or in a brine pool may also prevent weathering
when ore formation ceases.

Broken Hill-Type Ore-Forming Systems

Although not as common as VHMS deposits, Broken Hill-
type deposits are more important due to their large size. Of
the five deposits in Table 1, two (Broken Hill and Canning-
ton) are world-class. The Broken Hill deposit is the largest
Zn-Pb-Ag accumulation on Earth. However, Broken Hill-
type districts are also characterized by numerous small occur-
rences. The Broken Hill district contains an abundance of
such showings (Fig. 8); the second largest deposit in the dis-
trict, the Pinnacles deposit, contains two to three orders of
magnitude less Zn, Pb, and Ag than Broken Hill. The pro-
posed origins of Broken Hill-type deposits include syngenetic
or diagenetic deposition (King and Thomson, 1953; Laing et
al., 1978; Haydon and McConachy, 1987; Stevens, 2003) and
syn- or posttectonic replacement (Ehlers et al., 1996; Hobbs
et al., 1998; Gibson and Nutman, 2004). As the Broken Hill
ores underwent folding and high-grade metamorphism
(Lawrence, 1973), we consider the only viable origins to be
pretectonic and prefer deposition at or just below the sea
floor (Fig. 9). However, Gibson and Nutman (2004) inferred
that the Broken Hill deposit formed in the lower plate of an
extensional detachment surface that developed no more than
10 m.y. after deposition of the host rocks. Many of the fea-
tures described here, which are based on the Broken Hill and
Cannington districts, are also relevant to the alternative syn-
or posttectonic models, particularly that of Gibson and Nut-
man (2004).

Broken Hill-type deposits have many similarities to
VHMS deposits, including associations with volcanic rocks,
the presence of Ag, Sb, Cu, As, Bi, and Au in the ores (Table
6) and an association with rocks interpreted as exhalites, fea-
tures that set them apart from Mount Isa- and Mississippi
Valley-type deposits. The main characteristic that defines
Broken Hill-type deposits as a class is high metamorphic

TABLE 6. Geochemical Characteristics of Ore Lenses from Broken Hill-Type Deposits

100 Zn 100 Cu

Lens Pb (%) 7n (%) Ag (ppm) Cu (%)  Au(ppm) Bi(ppm) Sb (ppm) F (%) Z/n +Pb Cu+7Zn+Pb
Broken Hill

No. 3 7.8 11.9 169 0.14 2 418 1.10 60 0.71

No. 2 16.4 12.4 118 0.14 10 413 1.35 43 0.48

No. 1 9.6 22.4 53 0.09 28 372 0.34 70 0.28

A lode 4.3 10.4 31 0.12 48 67 0.06 71 0.81

B lode 4.3 12.5 33 0.20 37 113 0.11 74 1.18

C lode 2.4 5.0 34 0.13 68 1.73
Cannington

Broadlands 11.5 1.7 430 0.018 0.03 505 1.53 13 0.14

Burnham-Nithsdale 14.8 2.3 820 0.051 0.08 680 5.06 14 0.30

Colwell 2.0 12.4 84 0.110 0.27 58 0.28 86 0.76

Notes: Data from Johnson and Klingner (1975), and Walters and Bailey (1998); data for Burnham-Nithsdale is average of data quoted for the Burnham

and Nithsdale lenses
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the sea floor), and the outflow zone (water column).

grade (amphibolite or higher). Walters (1996) identified a
number of Broken Hill-type characteristics, including (1)
“skarnlike” mineralogies, (2) stacked ore lenses with low as-
pect ratios, (3) large-scale, unfocused proximal alteration
halos, and (4) S-poor iron mineralogy.

The basin

In Australia, Broken Hill-type deposits occur in dominantly
sedimentary basins that have been overprinted by high-grade
(upper amphibolite to granulite) metamorphism. These
basins, which include the Broken Hill block and the Eastern
succession of the Mount Isa inlier, are dominated by silici-
clastic sedimentary rocks, with minor but genetically impor-
tant felsic volcanic rocks, granites, and tholeiitic mafic sills
(Willis et al., 1983; Beardsmore et al., 1988). Carbonate rocks
in these packages are rare. The Willyama Supergroup, which
hosts Broken Hill, and the Maronan Supergroup, which hosts
Cannington, was deposited in rifts, with an ensialic setting
proposed at Broken Hill (Willis et al., 1983; Beardsmore et
al., 1988). The geochemistry of mafic sills at Broken Hill led
James et al. (1987) to infer a depleted mantle source, possibly
in a propagating rift setting. James et al. (1987) also suggested
that the presence of felsic rocks required significant crustal
involvement in the rift.

The heat source

Although not as extensive as in VHMS systems, active vol-
canism and magmatism were present during ore formation
and were probably essential to form Broken Hill-type de-
posits. The Broken Hill orebody is hosted by nonvolcanic
metasedimentary rock within the 1686 + 3 Ma Hores Gneiss,
which is interpreted from petrographic studies to be mainly
volcanic in origin (Page and Laing, 1992; Page et al., 2000a;
Stevens and Barron, 2002). Moreover, felsic sills such as the
Rasp Ridge Gneiss (1682 + 3 Ma: Page et al., 2000a) were

emplaced at about the same time as the Hores Gneiss and the
orebody. Extensive tholeiitic amphibolite and mafic granulite
occur stratigraphically below the Broken Hill deposit but do
not extend into the overlying Sundown Group. The ages of
these mafic bodies (1690-1670 Ma: Donaghy et al., 1998;
Nutman and Ehlers, 1998) overlap with the emplacement
ages of the felsic sill rocks, the volcanic rocks, and the ore-
body, and some intrude the Rasp Ridge Gneiss.

The ca. 1676 Ma Soldiers Cap Group (Page and Sun, 1998),
which hosts the Cannington deposit, contains significant am-
phibolite and metabasalt along with minor felsic volcaniclas-
tic units, within a sequence dominated by metapelite and
metapsammite (Beardsmore et al., 1988). Although volumet-
rically minor, volcanic rocks and their subvolcanic equivalents
appear to be an important component of the Broken Hill-type
system. Paired felsic-tholeiitic magmatism, together with an
inferred basin deepening (Stevens et al. 1988), suggest a rift
environment with a high geothermal gradient, possibly asso-
ciated with a deep-seated heat source that may have driven
Broken Hill-type ore-forming systems.

The plumbing system

Although high-grade metamorphism and complex struc-
tural histories have obscured regional evidence of plumbing
systems at Broken Hill and Cannington, stratiform, albite-
rich rocks are known in both areas. At Broken Hill, regionally
extensive, stratiform albite-rich zones with high Fe;Os/FeO
occur about 500 to 2,000 m stratigraphically below the ore po-
sition (Huston et al., 1998). Although these rocks have been
interpreted as metamorphosed evaporitic tuffs (Plimer,
1977), the detrital character and age range of their contained
zircons indicate a probable origin as detrital sediments. The
distribution and mineralogy of these rocks are similar to re-
gional albite-bearing zones that form high-temperature reac-
tion zones in VHMS ore-forming systems, and Vernon (1969)
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interpreted them as metasomatic products. Extensive albite-
bearing alteration zones are also present in the Cannington
region, where they overprint rocks of the Fullarton River
Group that occur stratigraphically below the ore position. Al-
though most of this alteration appears to be syntectonic or re-
lated to the intrusion of the Williams batholith (Wyborn,
1998), de Jong and Williams (1995) noted that some of the al-
bitic alteration cannot be related to ductile structures, and
Rubenach and Barker (1998) observed early albitite veins
overprinted by S, fabrics. Although not definitive, these rela-
tionships raise the possibility that some of this alteration
could be an early albitization event associated with the Can-
nington ore—forming system.

Cartwright (1999) presented whole-rock 0180 data for the
Broken Hill block that showed a regional decrease in 650,
with the lowest values broadly associated with Pb-Zn mineral-
ized zones. Similarities with whole-rock 480 patterns in
VHMS districts led Cartwright (1999) to infer a model
whereby circulating seawater, driven by granites, caused the
isotopic variations and mineralization in the Broken Hill Block.

Like VHMS deposits, changes in sedimentological or vol-
canic facies appear to localize ore. At Broken Hill there is a
major facies change across the Broken Hill antiform and a
substantial stratigraphic thickness change in the immediate
vicinity of the orebody (Fig. 10). These changes may relate to
the presence of a growth fault. As in VHMS systems, the lo-
calization of ore is largely controlled by structures that were
active during mineralization.

Focusing of the ore fluids at Broken Hill may also have
been aided by aquicludes at depth. The Broken Hill Group is
predominantly pelitic, and the sillimanite-biotite-rich pelites
were probably originally chloritic, clay-rich sediments. These
sediments could have constrained fluid flow to the Thackaringa
Group, where the albite-rich zones are best developed. The
presence of a growth fault would have focused fluid flow up-
ward from this inferred aquifer. The small occurrences char-
acteristic of Broken Hill-type districts may represent break-
outs where minor faults have breached the impermeable
sediments at the base of the Broken Hill Group.

In the footwall of the Broken Hill deposit, Plimer (1979)
recognized an extensive proximal alteration zone that is char-
acterized by siliceous rock, such as garnet quartzite, and en-
closes all ore lenses except three lenses (Fig. 10). Chemical
changes associated with this zone, which can extend up to 500
m from ore zones, include losses of Na, Ca, Sr, and Mg and
gains in K, Rb, Mn, Pb, and S (Plimer, 1979). Quartzose bi-
otite-sillimanite schist and feldspathic psammite with abun-
dant almandine garnet, which extend up to 250 m from the
lodes, are interpreted as the proximal alteration zone at Can-
nington (Walters and Bailey, 1998). Chapman and Williams
(1998) indicated that these rocks have lost Na, K, and Rb but
gained Ca, P, Mn, Fe, Pb, and Zn. The geochemistry and form
of these zones are similar to the more diffuse, sericitic alter-
ation zones characteristic of Rosebery-type VHMS deposits.

The sources of ore-fluid components

Although high-grade metamorphic overprints make it dif-
ficult to establish the composition of Broken Hill-type ore
fluids, Pb and S isotopes constrain the sources of ore-fluid
components. 03S values are in the range of 0 + 4 per mil
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(Parr and Plimer, 1993), which could reflect mixtures from
several sources, including reduced seawater sulfate and or-
ganic S. However, the simplest explanation would be deriva-
tion of S from magmatic emanations (Parr and Plimer, 1993)
or indirectly via leaching of magmatic rocks, including do-
lerite sills and dikes.

Figure 11 shows the Pb isotope composition of the Broken
Hill and Cannington ores compared to ores from Mount Isa-
type deposits in north Australia. The Broken Hill-type de-
posits fall on a growth curve that is more primitive than
Mount Isa-type deposits, which can be interpreted as result-
ing from an unusually primitive source of Pb with a large
mantle input (e.g., Hobbs et al., 1998) or a highly evolved
source of Pb for Mount Isa-type deposits. Figure 11 incorpo-
rates a number of Proterozoic VHMS deposits that have sim-
ilar or more primitive Pb isotope compositions. This suggests
that the source of Pb in Broken Hill-type deposits may be in-
termediate between the evolved crustal source seen in Mount
Isa-type deposits and the primitive signature observed in
some VHMS deposits, consistent with tectonic models invok-
ing an ensialic-rift setting.
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Regionally, many rock units in the Broken Hill region have
elevated Zn and Pb concentrations relative to average crustal
abundances. The only rocks with low base metals (<10 ppm
Cu, Pb, and Zn) are albite-rich rocks in the Lady Brassey and
Himalaya Formations (Huston et al., 1998: Fig. 12), making
them a potential leached source rock for metals in the Broken
Hill orebody. As these rocks also have high Fe;O3/FeO, they
may be analogous to the high-temperature reaction and
leaching zones observed in VHMS ore-forming systems. The
model of Gibson and Nutman (2004) also highlights these
rocks as potential source rocks.

In the Broken Hill block and nearby Olary block, cale-sili-
cate rocks are known stratigraphically below the Broken Hill
ore position (Willis et al., 1983; Page et al., 2000a). These
units have been interpreted as a metamorphosed evaporite
sequence (Cook and Ashley, 1992), which may have been a
source of chloride for the Broken Hill system.

The site of metal deposition

Both major Broken Hill-type deposits in Australia consist of
a series of stacked lenses with Ag, Sb, and F abundances in-
creasing stratigraphically upward, and Au, Bi, and Cu abun-
dances decreasing (Table 6; Johnson and Klingner, 1975; Wal-
ters and Bailey, 1998). These patterns are similar to those in
VHMS deposits (Eldridge et al., 1983; Smith and Huston,
1992), so zone refining also may have been important in Bro-
ken Hill-type deposits.

Stacking of ore lenses suggests that Broken Hill and Can-
nington were the sites of long-lived and episodic hydrother-
mal vents. Major Broken Hill-type deposits probably formed
either in a brine pool or by subsea-floor replacement (Fig.
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Fi1c. 12. Plots of Zn concentrations and FesOs/(FesO3 + FeO) vs. NaosO
abundances, showing decreases in Zn concentrations and increases in
FesO3/(FeaOs + FeO) in quartz-albite rocks relative to other rocks in the
Broken Hill district.

7b-c; Stevens et al., 2004), both of which retain metal effi-
ciently. A modern analogue for Broken Hill-type deposits may
be the Atlantis II Deep in which metalliferous sediments are
accumulating in a brine pool (Pottorf and Barnes, 1983).

Based on the relatively S poor nature of the ores, Large et al.
(1996b) proposed that Broken Hill-type deposits formed when
oxidized, HsS-poor ore fluids exhaled into a reduced basin.
However, the narrow range of 6**S values is inconsistent with
oxidized ore fluids. The S-poor character of the ores may relate
to other processes, including metamorphism (see below).

The outflow zone

Broken Hill-type deposits are commonly associated with
rock types, including quartz-gahnite rock, banded iron for-
mation (BIF), and tourmalinite, which have been interpreted
as exhalites (e.g., Plimer, 1984). These rocks are present
throughout the Broken Hill Group and do not have a specific
association with the ore horizon (e.g., BIF is present both
stratigraphically above and below, but not at, the Broken Hill
ore horizon). However, the BIF are characterized by elevated
base metals proximal to lodes (Stanton, 1976).

In the Cannington region, the Pegmont deposit is associ-
ated with a finely laminated Fe-rich metasedimentary unit.
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Studies by Vaughan and Stanton (1986) indicated that base
metal and magnetite abundances in this unit increase toward
ore, with garnet and Fe sulfides becoming more important
laterally away from ore.

Postdepositional modifications

As with VHMS deposits, the presence of a local anoxic en-
vironment may have been required to prevent sea-floor oxi-
dation of Broken Hill-type ores (Goodfellow et al., 1986).
Moreover, high-grade metamorphism (amphibolite to gran-
ulite facies), metasomatism, and deformation have affected
the morphology and architecture of Broken Hill-type de-
posits, coarsening the ores, converting original alteration as-
semblages to metamorphic mineral assemblages, partially
melting ore minerals (i.e., to produce Pb-rich “droppers:”
Lawrence, 1967; Mavrogenes et al., 2001), and remobilizing
and upgrading ore into high-grade zones (e.g., Plimer, 1987;
Bodon, 1998). Breakdown of pyrite to pyrrhotite and liquid
sulfur above 743°C (Kullerud and Yoder, 1959) may account
for the predominance of pyrrhotite over pyrite as the main Fe
sulfide and the S-poor character of granulite-facies Broken
Hill-type ores.
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Mississippi Valley-Type Ore-Forming Systems

Mississippi Valley-type deposits are epigenetic but generally
strata-bound deposits hosted mainly by marine carbonate suc-
cessions in platform sequences overlying continental crust as in
the intracratonic sag basins of North America (e.g., Viburnum
Trend and the Old Lead Belt: Sangster, 1990; Leach et al.,
2005) and in the intracratonic rifts of the Paleozoic Canning
basin of Western Australia. These deposits are mostly found
along the southern flanks of the Lennard shelf and the Broome
platform adjacent to basinal sediments of the Fitzroy trough
and Willara subbasin. The other principal deposits lie in time-
equivalent rocks of the Bonaparte basin.

Although individual Mississippi Valley-type deposits world-
wide tend to be small (generally <1 Mt Pb + Zn), some districts
contain up to 10 Mt of metal (Sangster, 1990). In the Lennard
shelf all deposits except one contain less than 1 Mt metal, with
a total of 4.5 Mt of metal in the entire district (Tables 1-2). The
Admiral Bay deposit on the southern flank of the Broome plat-
form may have a total resource exceeding 10 Mt Pb + Zn (Mc-
Cracken et al., 1996), but this is poorly constrained.

Figure 13 illustrates a system model for Mississippi Valley-
type deposits based on the Canning basin. This model differs
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from analogous systems in North America because of the im-
portance placed on fluid migration along faults.

The basin

The links between Mississippi Valley-type mineralization
and their source rocks are usually poorly defined, owing to
the difficulty in determining the stratigraphic, structural, and
timing relationships between host rocks in intracratonic set-
tings far from the possible depocenters of the source rocks.
This is further complicated by the presence of multiple basins
and their long and complex geologic histories.

Deposits on the edge of basins that contain significant gray
to white carbonate and mostly green to gray or black
mudrocks with quartz sandstone (e.g., Canning and Bona-
parte basins) show the closest links to possible source rocks.

HUSTON ET AL.

Iron in these basins is present mostly in pyrite. Evaporites de-
posited in a marine environment are also common, whereas
red beds are subordinate and tend to be deposited in shallow,
mostly marine environments fringing the basin. Hence the
basin packages could be loosely classified as weakly reducing.

Wallace et al. (1991) linked the deposits of the Canning
basin to the evolution of the adjoining depocenters. The Can-
ning basin, which flanks the southwest edge of the Protero-
zoic Kimberley block, consists of three northwest-trending
platforms separated by two subbasins (Fitzroy trough and
Willara subbasin: Fig. 14: Kennard et al., 1994). The bound-
aries between the subbasins and platforms are marked by syn-
depositional normal faults. The subbasins are half grabens,
with the thickest accumulations of sediments on northeast
margins. These accumulations are controlled by extensional
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faults (Drummond et al., 1991), which are offset by north-
east-trending transfer zones. Spatial variations in Pb isotope
systematics (Vaasjoki and Gulson, 1986) and in hydrocarbon
biomarkers in fluid inclusions (Etminan and Hoffman, 1989)
suggest that the transfer zones compartmentalized fluid flow
(Dérling et al., 1996). The Mississippi Valley-type deposits of
the Canning basin are localized on the edge of carbonate plat-
forms along or near these basin-bounding faults or transfer
zones (Fig. 14), which also controlled paleohighs adjacent to
the deepest parts of the adjoining subbasins. The paleohighs
lie on the upthrown leading edge of extensional tilt blocks of
basement (Dorling et al., 1996).

Extension to form the Paleozoic Canning basin began at
~490 Ma, with sedimentation in three tectonically driven
megasequence cycles. Rocks of the basal megasequence
(490410 Ma) are dominated by carbonates, mudstones, and
lesser evaporites in areas of low accommodation rates (shelves
and platforms: Kennard et al., 1994; Romine et al., 1994). In
areas of high-accommodation rates (half-graben depocen-
ters), shales and siltstones with variable carbonate and or-
ganic carbon contents dominate. The Admiral Bay deposit is
hosted by the platform facies (McCracken et al., 1996) that
forms part of the basal megasequence which was terminated
by the 410 to 400 Ma Prices Creek compression.

Deposits on the Lennard shelf are hosted by the Pillara and
Nullara Limestones in the second megasequence, which was
deposited between 400 and 326 Ma and was terminated by the
Meda transpression at 326 to 320 Ma. In areas of low-accom-
modation rates (Lennard shelf and Broome platform), carbon-
ate deposition dominated this megasequence, but fine-grained
turbiditic siliciclastic units, up to 6 km thick, dominated the
high-accommodation Fitzroy trough (Kennard et al., 1994).

The Bonaparte basin (Fig. 1) comprises a major rift-sag se-
quence between the Kimberley and the Proterozoic Sturt
blocks. The southern end laps onto the Proterozoic Halls
Creek mobile zone, which provided a basement of major
strike-slip fault zones that influenced local basin geometry.
After an initial Cambrian-Ordovician intracratonic sag phase,
which included deposition of evaporites, northwest-oriented
rifting occurred in the Late Devonian-early Carboniferous
followed by thermal subsidence in the late Carboniferous-
Early Triassic (O’Brien et al., 1996). Most extension and sed-
imentation occurred offshore with up to 15,000 m of Cam-
brian to Cretaceous sediments in the Petrel subbasin to the
north (Gunn and Ly, 1989). Only the southern tip of the basin
lies onshore where carbonate and coarse clastic rocks of Late
Devonian to early Carboniferous age (375-325 Ma) were de-
posited in continental, shelf, and reef environments (Mory
and Beere, 1988) coeval with up to 3,000 m of fine-grained
siliciclastic marine sediments in the adjoining Petrel sub-
basin. Carbonates of the shelf and reef complex (~350 Ma) lie
on a paleohigh controlled by an arch in the basement, and
they host the Sorby Hills Pb-Zn deposits (Lee and Rowley,
1990).

The Mississippi Valley-type deposits in the Canning and
Bonaparte basins are up to 55 m.y. younger than their host
rocks. On the Lennard shelf, Rb-Sr dating of sphalerite indi-
cates an age of 357 + 3 Ma (Christensen et al., 1995), 5 to 15
m.y. younger than the host rocks. The paragenetic relation-
ship of base metal sulfides to diagenetic carbonate cements
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indicates that mineralization occurred during the first period
of burial diagenesis, which corresponds to maximum subsi-
dence during late extension prior to initial unroofing (Mc-
Manus and Wallace, 1992). At the Admiral Bay deposit, Mc-
Cracken et al. (1996) indicated an age for mineralization of
425 to 410 Ma based on the relationship of the sulfides to ce-
ment chronology. This age, which is 40 to 55 m.y. younger
than the host carbonates, corresponds to the final stages of
the main subsidence in the Willara subbasin, just prior to ex-
humation during the Prices Creek compression. Although the
timing of mineralization in the Bonaparte basin is not pre-
cisely defined, it overlaps with saddle dolomite (Ringrose,
1989) indicating temperatures characteristic of deep burial. It
appears to be coeval with development of a local basin edge
unconformity during the maximum rate of rifting in the early
Carboniferous (cf. Mory and Beere, 1988). This unconformity
may have been a response to movement in the Halls Creek
mobile zone (Mory and Beere, 1988). In all three areas in
Australia where significant Mississippi Valley-type deposits
are known, mineralization is tied to the advanced stages of
rifting, just before a change in structural regime that reacti-
vated basinal faults, opening structural and stratigraphic seals
to allow fluid escape toward paleohighs near the basin edge.

The heat source

The formation of Mississippi Valley-type deposits is not as-
sociated with contemporaneous magmatism. Volcanism and
plutonism are not known at ca. 410 to 355 Ma in the Canning
or Bonaparte basins. Low-temperature Mississippi Valley-
type ore fluids (80°-200°C: Etminan and Hoffman, 1989)
could be produced by normal geothermal gradients during
basin evolution (Garven et al., 1993).

The plumbing system

In the Canning basin, stratal architecture probably con-
strained horizontal fluid migration within depocenters fol-
lowed by vertical fluid flow along both the subbasin-bounding
normal faults and transfer zones onto the shelf areas, where
fluid flow was concentrated in faults (Rasmussen et al., 1997).
The largest deposits are concentrated in the eastern Lennard
shelf where the major mineralized fault systems coincide with
the major boundary between the shelf and the Fitzroy trough.
In contrast, only minor deposits are known inboard of the
shelf-trough boundary within the western Lennard shelf
(Mubhling, 1994). Deposits in the Lennard shelf are localized
in or near these faults (Fig. 14: Dorling et al., 1996), and
subeconomic base metal deposits also occur in these faults
(Vearncombe et al., 1995), indicating that ore fluids passed
along them. At the Pillara (Blendevale) deposit the ores are
concentrated in fault and crackle breccias along two synthetic
normal faults that form a small graben (Fig. 15a: Vearncombe
et al., 1996). At Goongewa (Twelve Mile bore), the ore lenses
are within dolomitized limestone in the hanging wall of the
Cadjebut fault (Fig. 15b: Murphy, 1990; Bradley, 1994). Even
the stratiform Cadjebut (Fig. 15¢) orebody is located within 2
km of the Pinnacle fault, which forms the boundary between
the Lennard shelf and Fitzroy trough (Fig. 14). The Kapok
deposit is hosted within the Cadjebut fault, a major splay
from the Pinnacles fault that passes close to the Cadjebut de-
posit, and Tompkins et al. (1997) indicated that this fault
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channeled ore fluids into the Cadjebut deposit. Structural
and carbonate cement studies show that all of the economic
deposits in the Lennard shelf formed during reactivation of
synsedimentary basin rift faults and transfer zones.

A strong structural control on mineralization is also present
at the Admiral Bay deposit. The mineralized lenses are local-
ized about the Great Sandy accommodation zone, which is or-
thogonal to the main Admiral Bay fault, and separates the
Broome platform from the Willara subbasin (Fig. 15d: Mc-
Cracken et al., 1996). Changes in unit thickness confirm that
the Admiral Bay fault and the accommodation zone were ac-
tive during sedimentation and controlled the development of
the algal bioherm upon which the Admiral Bay deposit is cen-
tered. The bioherm was also the focus for basin fluids that
produced footwall alteration (quartz, siderite, gypsum, mag-
netite, hydrocarbons, fluorite, dolomite, and barite) in pri-
mary and fracture porosity (McCracken et al., 1996).

Although there is an association between Mississippi Val-
ley-type deposits and syndepositonal structures in the Can-
ning basin, timing constraints indicate that mineralization
postdated deposition of the host rocks and was controlled by
the reactivation of these faults. The Admiral Bay deposit is lo-
cated where the Admiral Bay fault has been displaced by the
Great Sandy accommodation zone (Fig. 14). This intersection
produced a relay ramp which has controlled the geometry of
permeable facies. The combination of the fault and the relay
ramp has focused migrating basinal fluids. The accommoda-
tion zone offsets the Admiral Bay fault and leads back into the
Willara subbasin where it lies on one edge of a major de-
pocenter within the basin (Romine et al., 1994; McCracken et
al., 1996). This position in the basin framework is analogous
to that of the Pillara deposit, which also lies in an accommo-
dation zone linked to a major depocenter, supporting the con-
cept that ore fluids passed along faults from thick sediment
packages in nearby depocenters (Dérling et al., 1998). The
role of regional structures in controlling fluid flow distin-
guishes Mississippi Valley-type systems in the Canning basin
from most others in the world. In other systems, stratigraphic
aquifers, particularly basal sandstones, are inferred as fluid
pathways (Sverjensky, 1984; Garven, 1995) and regional faults
are not generally considered as fluid pathways. The mineral-
ization in the Bonaparte basin also occurs close to faults, some
of which are synsedimentary (Rowley and Lee, 1986), how-
ever there is little information on the role of regional faults or
stratigraphy during mineralization.

Four mechanisms have been proposed as drivers of fluid
flow in Mississippi Valley-type systems: (1) overpressuring
caused by compaction of sediments (e.g., Sharp, 1978), (2) hy-
draulic forcing caused by tectonic uplift in a foreland basin
(e.g., Garven and Freeze, 1984), (3) orogenic compression of
the source basin (e.g., Oliver, 1986), and (4) gas expulsion
(Eisenlohr et al., 1994). Vearncombe et al. (1996) reviewed al-
ternative drivers for the Lennard shelf deposits and concluded
that overpressuring caused by sediment compaction was the
only viable mechanism. They argued that topographic relief
and basin compression are not likely as the Alice Springs
orogeny, the only local or regional orogenic event of similar
age to mineralization, was centered over 1,500 km to the east-
southeast and could not have driven fluid flow north from sub-
basins onto shelves in the Canning basin. Eisenlohr et al.
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(1994) suggested that a drop in sea level triggered gas expul-
sion that may have driven fluid flow, but the timing of this
event postdates both mineralizing events in the Canning basin.

Overpressuring probably occurred during the Pillara exten-
sion (ca. 375 Ma), which caused major rifting, rapid subsi-
dence, and sedimentation in the Fitzroy trough. This event
would have depressed source sediments (including evapor-
ites) into higher temperature regimes creating warm saline
brines trapped under regional stratigraphic and structural
seals. The age of mineralization determined by Christensen et
al. (1995) for the Lennard shelf deposits corresponds to the
ca. 354 Ma Red Blulf extensional event, which was developed
along the southern margin of the Fitzroy trough (Kennard et
al., 1994). Block tilting associated with this event could have
breached regional seals and expelled basinal brines from the
Fitzroy trough along reactivated faults onto the Lennard
shelf. The formation of the Lennard shelf Mississippi Valley-
type deposits most likely were triggered by relatively short-
lived regional stress changes during a period of overall ther-
mal subsidence.

The Admiral Bay deposit was formed during the last stages
of thermal subsidence (McCracken et al., 1996) just prior to
and overlapping the transpressional Prices Creek event, at
410 to 400 Ma. The change in regional stress regime opened
the synsedimentary faults allowing the overpressured fluids to
reach the trap site.

The source(s) of ore-fluid components

Fluid inclusion data from the Canning basin and Sorby
Hills deposits indicate that, like worldwide Mississippi Valley-
type deposits, the ore fluids were low-temperature (70°-
110°C) and highly saline (5-25 wt % NaCl equiv: Etminan
and Hoffman, 1989; Lee and Rowley, 1990; Dérling et al.,
1998). Because of similarities in temperature and composi-
tion with oil field brines, it is now generally accepted that
Mississippi Valley-type ore fluids are expelled basinal brines
(cf. Anderson and Macqueen, 1987). Studies of diagenetic ce-
ment stratigraphy, Pb-Zn mineralization, and hydrocarbons in
the Canning basin show that Pb-Zn mineralization was an in-
tegral part of the burial history of the carbonate host and de-
velopment of the basin, entering the Lennard shelf contem-
poraneously with hydrocarbons (McManus and Wallace,
1992; Wallace et al., 2002).

Basinal brines form during diagenesis from seawater or
evaporative brines buried with sediments. Seawater, evapora-
tive brines, and dissolved halite provide the chloride for metal
complexing (Hanor, 1996), and clastic basinal sediments pro-
vide Zn, Pb, Fe, and other ore metals. Hanor (1996) showed
that in basinal brines Zn abundances increase with chlorinity,
particularly above 10 to 20 percent, where Zn abundances
rise exponentially from <1 to >>100 ppm.

Zinc concentrations decrease with increasing HsS concen-
trations in basinal brines (Kharaka et al., 1987; Moldovanyi
and Walter, 1992; Hanor, 1996). Therefore, it is likely that
Mississippi Valley-type ore metals were derived from silici-
clastic units (Hanor, 1994), rather than carbonate units as sili-
ciclastic rocks contain much higher abundances of base met-
als than do carbonates (Table 7), and Fe in siliciclastic rocks
fixes HoS (Hanor, 1996). In brines derived from Fe-poor
carbonates, H>S concentrations can approach 1,000 ppm
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TABLE 7. Abundances of Zn and Pb in Common Rock Types

Rock type Zn (ppm) Pb (ppm)
Gabbro-basalt 80-120 (100) 1.4-8.8 (3.2)
Diorite-andesite 40-100 (100) 3.5-12 (5.8)
Rhyolite 40-120 (100) 1340 (24)
Graywacke 70-120 5-25 (10)
Quartzose sandstone 25-50

Shale 70-200 (110) 18-28 (22)
Black shale 70-170 14-39 (24)
Limestone 3-31 (20) 1-9 (5)

Notes: Data from Wedepohl (1972a, b, 1974a, b); quoted ranges exclude

outliers; numbers in brackets indicate average values

(Wade et al., 1989), which limits the solubilities of base metal,
particularly at low temperature.

Although data for basinal brines suggest that Mississippi
Valley-type ore fluids must have been HsS poor, the amount
of sulfate in the fluid does not affect Zn concentrations.
Hanor (1996) suggested that Zn-rich brines can carry up to
250 ppm SO%. However, the common presence of barite in
the Canning and Bonaparte basin deposits suggest that the
mineralizing fluids must also have been sulfate poor as the
verZ low solubility of barite precludes the transport of Ba and
SO in the same fluid. This suggests that in most deposits,
sulfur was acquired at the depositional site, either from evap-
orites or a second fluid.

Unlike VHMS, Broken Hill- and even Mount Isa-type de-
posits, Mississippi Valley-type deposits in the Canning and
Bonaparte basins, and many elsewhere in the world, are char-
acterized by highly radiogenic Pb (Vaasjoki and Gulson, 1986;
Dérling et al., 1996). Moreover, in the Lennard shelf, Pb iso-
tope ratios vary systematically from southeast to northwest,
with the northwestern deposits, which are smaller and located
farther away from the margin of the Fitzroy trough (Vaasjoki
and Gulson, 1986), characterized by more heterogeneous and
radiogenic Pb (Dérling et al.,, 1996). Vaasjoki and Gulson
(1986) interpreted that the less radiogenic Pb in the Pillara
deposit was derived from feldspar-rich sediments in the
Fitzroy trough produced by erosion of the Paleoproterozoic
Kimberley block, whereas the more radiogenic Pb from the
northwestern deposits was derived locally from the Protero-
zoic hinterland of the Kimberley. Alternatively, the highly ra-
diogenic Pb in these latter deposits could have been derived
from loosely held Pb in Paleozoic sediments.

Three major models have been developed to account for
the movement of metals and sulfur in Mississippi Valley-type
systems: (1) transport of metals and HsS together in a basinal
brine (Sverjensky, 1984); (2) transport of metals and sulfate
together in a basinal brine (Anderson, 1975; Beales, 1975);
and (3) transport of metals in a basinal brine with sulfur de-
rived from sources at the site of deposition, either local rocks
or a second fluid (Beales and Jackson, 1968). Data from the
oil field brines (Hanor, 1996) and the presence of barite in the
Australian Mississippi Valley-type ores are most consistent
with the last model.

The site of metal deposition

In general, mineralization in the Canning and Bonaparte
basins occurs in or close to splays from major basin faults that
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lead onto paleohighs, distinguished by thinning of sedimen-
tary sequences onto underlying basinal sequences or crys-
talline basement. The host carbonate is commonly covered by
an aquiclude of siltstone or shale and underlain by an imper-
meable layer. Both these features are present in other Missis-
sippi Valley-type districts (e.g., Viburnum Trend: Hayes and
Palmer, 1989).

At the orebody scale, Australian Mississippi Valley-type de-
posits occur in (hydrothermal) karsts (Goongewa: Bradley,
1994), by replacement of evaporative sulfate (Cadjebut:
Tompkins et al., 1994), and in hydrothermal solution breccias
in dilatant faults (Pillara: Vearncombe et al., 1996). The com-
mon feature to all depositional environments is open space.
In general, the open space is located in a carbonate wedge be-
tween impermeable zones. Pillara lies in faulted carbonate
enclosed between impermeable granite and basinal shale, the
Cadjebut host is evaporite-dissolution breccia that overlies
impermeable Emanuel Shale (Tompkins et al., 1994; Warren
and Kempton, 1997), and the Goongewa hydrothermal karsts
lie within an upward-converging wedge of slope-facies car-
bonate capped by a silty carbonate and faulted against imper-
meable shale in the footwall of the Cadjebut fault. The Ad-
miral Bay deposit is concentrated in permeable bioclastic
carbonates between silty horizons or in veins. The most im-
portant hosts for the Sorby Hills deposits are breccias on a
local unconformity underlying a siltstone cap (Rowley and
Lee, 1986).

Based on synmineralization stratigraphic reconstructions
and on carbonate cement characteristics, Mississippi Valley-
type deposits in the Canning basin and elsewhere are inter-
preted to have formed at depths of several hundred meters to
2 km (Anderson and Macqueen, 1987; McManus and Wal-
lace, 1992; McCracken et al., 1996). Arne (1996) indicates
that Cadjebut formed at peak burial temperatures for the
host sequence, which is consistent with a depth of 1 to 2 km.

Many Mississippi Valley-type deposits are closely associated
with organic matter in the host rocks or hydrocarbons in fluid
inclusions (Anderson and Macqueen, 1987). Etminan and
Hoffmann (1989) observed hydrocarbons in fluid inclusions
in all deposits studied in the Canning basin. Variability in hy-
drocarbon contents, from 0 to 100 percent, suggests that the
ores formed in the presence of immiscible aqueous brines
and hydrocarbons. Analysis of steranes and hopanes in the in-
clusions indicates that hydrocarbons were too mature for
their host units, that the hydrocarbons were not sourced from
local oils, and that the hydrocarbon sources differed between
deposits. From these data, Etminan and Hoffman (1989) con-
cluded that hydrocarbons in Mississippi Valley-type deposits
of the Canning basin were sourced deep in the basin. At the
Admiral Bay deposit, bitumen was introduced paragenetically
just prior to base metal sulfides (McCracken et al., 1996), and
hydrocarbons are closely associated with paragenetically early
sphalerite at the Cadjebut deposit (Tompkins et al., 1994).
The presence of hydrocarbons and/or organic matter during
mineralization in most, if not all, of the deposits suggests
these materials may have been important for ore deposition.

Wallace et al. (2002) suggested that sulfate reduction oc-
curred in association with migrated hydrocarbons to produce
reservoirs with HsS within the carbonates which then reacted
with metalliferous brines. A similar model has been suggested
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for the Viburnum Trend deposits by Anderson (1991), who
made the important suggestion that carbonate is essential as
a host rock because it provides a nonoxidizing package which
preserves the reducing properties of the hydrocarbons.

Hydrocarbons and/or organic matter may provide reduced
sulfur directly to the ore system or act as a reductant facilitat-
ing sulfate reduction. Similarities in 634S of ore minerals and
local oils led Kesler et al. (1994) to infer that these oils, which
contain up to 1.8 percent sulfur, provided reduced sulfur in
Mississippi Valley-type districts from central Kentucky and
central Tennessee. However, the 034S values of these districts
are much lower than in other Mississippi Valley-type districts
in North America, and Kesler et al. (1994) inferred that the
sulfide in the high 034S districts was produced by sulfate re-
duction. Limited data suggest that sulfides in Mississippi Val-
ley-type deposits from the Canning basin are also character-
ized by relatively high 63S values. These values, which are
only slightly lower than sulfate minerals in regional evapor-
ites, led Tompkins et al. (1994) to conclude that the sulfur in
the ores was produced by sulfate reduction.

At low temperatures, sulfate reduction can occur by bio-
genic sulfate reduction (BSR) or thermochemical sulfate re-
duction (TSR). As BSR only occurs at temperatures below
80°C (cf. Machel, 2001), below the likely temperature of Mis-
sissippi Valley-type ore fluids, it is not likely to have occurred
at the site of metal deposition. Thermochemical sulfate re-
duction occurs at temperatures above 127°C (Machel, 2001),
and therefore it is potentially a significant process at the site
of ore deposition. It is a kinetically controlled process in
which aqueous sulfate is reduced by reaction with reduced
carbon or other reductants. Reaction rates increase with in-
creasing temperature and decreasing pH, and the reaction
may be catalyzed by a number of species, including HsS and
Mn2+ (Goldhaber and Orr, 1994; Machel, 2001), which may
be present at the site of deposition. In the absence of catalytic
HsS, Goldhaber and Orr (1994) indicated that TSR is too slow
at low temperatures to be geologically important.

Tompkins et al. (1994) and Warren and Kempton (1997)
suggested that the stratiform, banded ores at the Cadjebut
deposit formed by replacement of evaporites including sul-
fate minerals. Evidence cited includes evaporite dissolution
breccias, halite molds (Warren and Kempton, 1997), calcite
pseudomorphs after evaporite minerals, and structures in the
ores similar to those in evaporites (Tompkins et al., 1994).
Ringrose (1989) reported pseudomorphs of gypsum at the
Wagon Pass prospect to the northwest. Tompkins et al. (1994)
and Warren and Kempton (1997) documented regional evap-
orites at the stratigraphic position of the Cadjebut ore lenses
and interpreted the ore textures and similarities in 034S of the
ores and evaporites along strike to indicate that HsS was pro-
vided by TSR of sulfates present in the evaporite horizon that
the ores replaced. Similarly, McCracken et al. (1996) inferred
that the Admiral Bay deposit formed where the ore fluids in-
teracted with evaporitic sulfates in the host Cudalgara Mem-
ber. However, many of the other deposits in the Canning
basin are not associated with evaporative horizons, which sug-
gest that a local evaporative source of sulfur is not essential
for ore deposition. In these cases, it is likely that most or all of
the ore sulfur was either provided by a second fluid or was
carried as sulfate in the ore fluids. HsS in a second fluid may
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have been produced prior to reaching the site of ore deposi-
tion (e.g., by BSR in distal reservoirs, as suggested by Good-
fellow et al., 1993). Alternatively, sulfate in the ore fluid was
reduced by thermal sulfate reduction where the ore fluid in-
teracted with hydrocarbons either in failed traps or migrating
along fault zones.

The outflow zone

Wall-rock alteration marking the outflow zones of Canning
basin deposits occurs in rocks that vary from silty layers with
evaporite dissolution breccias (e.g. Cadjebut: Tompkins et al.,
1994), to grainstone units dolomitized during diagenesis and
burial (Admiral Bay: McCracken et al., 1996), to reef flat
(limestone) and back reef (silty dolomitised) units (Goongewa:
Middleton and Wallace, 2003). The alteration halo at Cadje-
but occurs within the same parts of the stratigraphic units that
host the zones of mineralization, mimicking the banded style
of the sulfides (Tompkins et al., 1994). The alteration halo is
asymmetrical and zoned laterally with barite present adjacent
to the ore zones and marcasite + calcite assemblages more
distal up to 450 m from the ore. Ferroan dolomite has been
documented along mineralization-stage faults and a regional
marcasite halo occurs in fractures and joints in the hanging
wall to the Cadjebut deposit. Middleton and Wallace (2003)
indicated that alteration assemblages were synchronous or
postdated mineralization.

Alteration at Admiral Bay contrasts with that of other Mis-
sissippi Valley-type deposits (McCracken et al., 1996), com-
prising early, strata-bound siderite-hematite-jasper-magnetite-
quartz overprinted by a later stage of ore-related barite-
(saddle) dolomite-fluorite-calcite. The main assemblage that
may define an outflow zone comprises laterally extensive hy-
drothermal (saddle) dolomite which has invaded carbonates
between the lower Pb-rich zone and the upper Zn-rich zone.
Dolomite extends farthest in the permeable grainstones but
the precise extent is not known. This dolomite extends farthest
laterally in the permeable grainstones but the precise extent is
not known. It was emplaced during and after sulfide mineral-
ization (McCracken et al 1996).

At the Pillara deposit, barite + calcite occurs on top of the
deposit at the contact with the impermeable Gogo Forma-
tion, and marcasite + calcite occurs in a halo of fractures in
limestone around the main mineralized fault zones
(Ringrose, 1989). The outflow zone for Pillara thus may have
been where the faults in the host carbonate reached the
topographically highest zone, under a cap of impermeable
Gogo Formation at the south end of the deposit; however,
this contact has been removed by erosion. According to
Ringrose (1989) the barite, calcite and marcasite were de-
posited during and after mineralization.

Mount Isa-Type Ore-Forming Systems

Paleo- to Mesoproterozoic basins of the North Australian
craton contain five world-class Mount Isa-type deposits (Zn +
Pb >7 Mt), making it the richest Zn-Pb mineral province in
the world. Although, Mount Isa-type deposits are large, with
a median size of 17 Mt Zn + Pb, they differ from similarly
sized Broken Hill-type (and VHMS) deposits in the lack of
proximal coeval volcanism, the presence of extensive carbon-
ates in the time-equivalent basin {ill, and the low abundances
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of Cu and, particularly, Au in the ores. However, the Mount
Isa-type ore-forming system (Fig. 16) has a number of simi-
larities with the Mississippi Valley-type ore-forming system.

The basin

Mount Isa-type deposits are hosted by pyritic and carbona-
ceous dolomitic siltstones in the uppermost of three ~1790 to
1575 Ma superbasins in northwestern Queensland and in the
Northern Territory. Siliciclastic sedimentation, bimodal vol-
canism, and felsic magmatism dominate the lower two super-
basins. Shallow-water platform and ramp carbonate rocks,
deeper water and variably dolomitic siltstone and shale, and
organic matter-rich shale dominate the upper superbasin
(Jackson et al., 1987, 2000; Southgate et al., 2000a: Fig. 17).

Southgate et al. (2000b) suggested that the Mount Isa and
Hilton-George Fisher deposits are located in the depocenter
of the Isa superbasin. This superbasin, which was dominated
by relatively deep water, laminated dolomitic siltstone facies
during sedimentation, shallows to the west and north, chang-
ing to lithofacies dominated by quartzose sandy dolomite and
sandstone. They concluded that the Isa depocenter formed as
a dilational jog in a north-trending strike-slip structural
regime. The HYC deposit is also hosted by dolomitic siltstone
(Bull, 1998) within the deepest part of a small pull-apart basin
associated with the Emu fault, which, during mineralization,
was a sinistral strike-slip fault (Korsch et al., 2004). These ob-
servations suggest that Mount Isa-type deposits formed in
subbasins or basins developed in dilational jogs or pull-aparts
associated with major strike-slip faults.

These intracratonic, extensional basins are thought to have
initiated and evolved in response to far-field tectonic events
along the southern margin the North Australian craton. In
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detail, however, the local geometry of the subbasins that host
the ore deposits are controlled by wrench tectonics (South-
gate et al., 2000b). Although volcanic rocks are present at
depth, their absence from the ore-hosting Isa superbasin sug-
gests that Mount Isa-type systems were not driven by coeval
magmatism.

The heat source

Fluid inclusion data (Muir et al., 1985; Rohrlach et al.,
1996; Cooke et al., 1998; Polito et al., 2006a, b) suggested that
the temperatures of ore fluids were low, between 70° and
240°C. Hydrological modeling of the McArthur basin (Gar-
ven et al., 2001) suggests that {luids with temperatures in ex-
cess of 110°C can be produced by a heat flow of 70 m W/m2,
which is typical for continental crust. If so, this suggests that
ambient or slightly elevated heat flow is sufficient to form
Mount Isa-type deposits and that a specific heat source, such
as a granite intrusion, is not needed.

The plumbing system

At the HYC (Williams, 1978a) and Century (Broadbent et
al., 1998) deposits, major synmineralization faults are thought
to have channeled fluids into the ore environment. However,
the sizes of Mount Isa-type deposits suggest that ore fluids
drained deep reservoirs in the underlying basins. Hiatt et al.
(2003) and Polito et al. (2006b, c¢) have shown that during
deep burial unstable mineral grains present in proximal flu-
vial facies interact with basinal fluids to generate secondary
porosity and fertile basinal brines. Determining flow paths of
the ore fluids is difficult, as the fluids were probably in chem-
ical equilibrium with, and buffered by, rocks within the host
basins.
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FIG. 17. Correlation between sequence stratigraphy, tectonic events, and
mineralizing events in the North Australian craton. APWP = Australian polar
wander path. Modified after Southgate et al. (2000a).

Because of their unusual chemical and mineralogical com-
position relative to the sedimentary rocks that make up most
of the basins, volcanic rocks that may be present are more
likely to be altered during the passage of the ore fluids. Cooke
et al. (1998) documented widespread potassic metasomatism
in dolerite from the Settlement Creek and Gold Greek Vol-
canics in the Mallapunya dome area (~50 km south of HYC).
These units are located near the top of the Tawallah Group,
which underlies the McArthur Group, host to the HYC de-
posit. Paleomagnetic data indicate that this alteration oc-
curred at 1640 Ma (M. Idnurm in Cooke et al., 1998), coinci-
dent with the HYC deposit. Two mineral assemblages are
present, the first characterized by orthoclase-quartz + sericite
+ hematite + dolomite + anatase + barite. In addition to K en-
richment, an important characteristic of this assemblage is
very high FesO3/FeO. The second assemblage is character-
ized by chlorite-orthoclase-quartz but not by high Fe2Os/FeO
(Cooke et al., 1998). Similar alteration assemblages affect the
volcanic rocks in the Tawallah Ranges, the Scrutton Ranges,
and the Bauhina Downs region (all west of HYC: Jackson et
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al., 1987; Pietsch et al., 1991; Haines et al., 1993), suggesting
that this potassic alteration is regionally extensive. D. Rawl-
ings (pers. commun., 2002) suggested that many of these
zones are fault controlled, as indicated by hand-held y-ray
spectrometric data from the Mount Isa and McArthur re-
gions. This alteration is the most obvious manifestation of re-
gional fluid flow associated with Zn-Pb-Ag metallogenesis in
the Batten trough. In the Mount Isa Western succession, the
Fiery Creek and Peters Creek Volcanics also have been ex-
tensively altered by potassic alteration assemblages with high
Fe203/FeO (Hutton and Wilson, 1984).

As noted above, hydrological modeling of the McArthur re-
gion (Garven et al., 2001) and the Lawn Hill platform (Yang
et al., 2006) suggests that fluid flow responsible for the HYC
and Century deposits could have been driven by normal heat
flow. Yang et al. (2006) suggested that fluid flowed within
sandstone/volcanic packages and along the Termite Range
fault to the Century deposit. Similarly, Garven et al. (2001)
modeled fluid flow down the Tawallah fault zone, along an
aquifer at the top of the Tawallah Group (including the Set-
tlement and Gold Creek Volcanics) and then up the Emu
fault to form the HYC deposit. Both studies highlighted the
importance of deeply penetrating faults in promoting fluid
flow, although recent seismic studies (Korsch et al., 2004) in-
dicate that the Tawallah fault is a thrust fault with a geometry
different from that used by Garven et al. (2001).

Alternatively, the flow of basinal brines may have been dri-
ven by overpressuring of brine reservoirs and triggered by ex-
tension (Vearncombe et al., 1996) or other tectonic distur-
bances (e.g., Scott et al., 2000), analogous with models of
fluid flow in Mississippi Valley-type systems. For the Century
deposit, Zhang et al. (2006) modeled brine flow associated
with structural inversion of the Isa superbasin at ~1570 Ma.
Their modeling indicated that fluid flow would occur in major
aquifers and up basin-scale faults. The released brine could
have produced the observed alteration of volcanic rocks, ei-
ther during its residence in the reservoir or during expulsion.
In such a model, fluid flow would be localized by extensional
faults.

Both the buoyancy- and tectonic-driven models focus fluid
flow through sandstone-dominated aquifers. Polito et al.
(2006a, b) suggested that in both the McArthur and Isa
basins, ore-related fluid flow occurred during peak diagenesis
within “dirty” sandstones, whereas clean, quartzose sand-
stones that had been cemented by silica during early diagen-
esis were aquicludes at this time. The Settlement and Gold
Creek Volcanics, which show extensive orthoclase-hematite
alteration and base metal depletion (see below), are in-
terbedded with “dirty” sandstone (Polito et al., 2006b).

The source(s) of ore-fluid components

Characterization of the fluids that formed Mount Isa-type
deposits has been difficult, partly because of the fine-grained
nature of the ores. Indirect studies of satellite deposits (e.g.,
Muir et al., 1985; Rohrlach et al., 1996) suggested low tem-
peratures between 70° and 180°C. More recent fluid inclu-
sion studies of regional alteration zones and aquifers suggest
a temperature range of 100° to 240°C (Cooke et al., 1998;
Polito et al., 2006b) and salinities higher than 20 wt percent
NaCl equiv. These results have been confirmed by studies at
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the Century deposit (Polito et al., 2006a), where a pressure-
corrected temperature of 120° to 160°C and a salinity of 22
wt percent NaCl equiv are indicated. These results contrast
with the temperature of 250° to 400°C suggested from the
maturity of polycyclic aromatic hydrocarbons by Chen et al.
(2003). The lower temperature is supported by the general
lack of Cu in the ores.

Mount Isa-type ore fluids are generally thought to be basi-
nal brines because the ores occur in major sedimentary basins
that lack significant synore magmatism and because of the
low temperatures of the ore fluids and analogies with Missis-
sippi Valley-type ore-forming systems (e.g., Sangster, 1990;
Rohrlach et al., 1996; Broadbent et al., 1998). The most likely
source of sulfur and chloride are evaporitic units that are pre-
sent through much of the McArthur basin and the Western
succession of the Mount Isa inlier (Neudert and Russell,
1982; Jackson et al., 1987; Sami et al., 2000). Derivation of
sulfur from evaporitic sources would suggest that the ore flu-
ids carried the sulfur as sulfate (cf. Williams, 1978b; Cooke et
al., 1998).

Lead isotope data indicate that Pb in the HYC, Century,
Hilton-George Fisher, and Mount Isa deposits was derived
from a homogeneous source (Fig. 11). Each deposit is char-
acterized by tightly constrained isotopic ratios, and all four
deposits plot on an evolution curve with a u value ~12.9 (u =
238U/204Pb integrated to present), which is significantly higher
than that of Broken Hill-type deposits.

In the McArthur basin, Cooke et al. (1998) showed that or-
thoclase-quartz + hematite-altered rocks from the Settle-
ment Creek and Gold Creek Volcanics have lost Zn (110-230
ppm), Pb (37-78 ppm), and locally Cu (to 35 ppm). Although
absolute mass losses cannot be calculated, both mafic and fel-
sic rocks from potassically altered Fiery Creek Volcanics in
the Western succession of the Mount Isa inlier also lost sig-
nificant Zn and Pb (Hutton and Wilson, 1984). Although
these volcanic units are relatively thin (commonly <100 m),
they are laterally extensive, and evidence of metal leaching
and alteration is widespread, making them good candidates
for source rocks. Other potential, but untested source rocks,
include the “dirty” sandstones, which Polito et al. (2006b, c)
interpreted as aquifers for peak diagenetic hydrothermal fluid
flow.

The site of metal deposition

Before 1960, Mount Isa-type deposits were interpreted as
having formed by replacement of beds during deformation
(Grondjis and Schouten, 1937). However, after the develop-
ment of syngenetic models for Broken Hill-type and VHMS
deposits, similar models were applied to Mount Isa-type de-
posits (e.g., Solomon, 1965; Lambert and Scott, 1973).
Williams (1978a, b) suggested that the HYC deposit formed
by diagenetic replacement just beneath the sea floor, and
Broadbent et al. (1998) suggested that the Century deposit
formed by replacement during the early stages of basin inver-
sion. More recently other workers have revisited both synde-
formational (Perkins, 1998) and syngenetic models (Large et
al., 1998) for these deposits.

Table 8 summarizes observations considered by recent
workers to indicate the timing of Zn-Pb-Ag mineralization in
Mount Isa-type deposits. Evidence to support a syngenetic
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timing include the fine layering of the ores, particularly at
HYC (e.g., Large et al., 1998), and the presence of ore clasts
within intra-ore mass-flow units at HYC (Ireland et al.,
2004a). Ore banding is a characteristic of all Mount Isa-type
deposits; at the HYC and Century deposits, limited postore
deformation has preserved these textures. Although age con-
straints at HYC are consistent with a syngenetic origin, timing
constraints on the origin of the finely laminated Century ores
suggest that they were emplaced well after deposition of the
sediments. Broadbent et al. (1998) showed that, although
stratiform at the local scale, overall the orebodies are trans-
gressive. Moreover, Pb isotope model ages calculated using
the AGSO-CSIRO model for north Australian basins (Sun et
al., 1996) indicated an age of ca. 1567 Ma based on least ra-
diogenic (i.e., oldest) analysis from Broadbent et al. (1998),
which is 28 m.y. younger than the ~1595 Ma (Page et al.,
2000b) age of the host unit of the ores. These constraints sug-
gest that the fine laminations that characterize Mount Isa-
type ores may not necessarily indicate a syngenetic origin.
Hinman (1996) and Chen et al. (2003) proposed that HYC
ores formed by styolitic replacement, a mechanism that
would account for the preservation of finely laminated tex-
tures in Mount Isa-type ores. Ireland et al. (2004a) docu-
mented the presence of ore clasts within intra-ore mass-flow
units and suggested that the ores were emplaced within 1 m
of the sea floor. However, they also documented scouring by
the mass-flow units of up to 4-m depth (their fig. 8), which
suggests that the clasts could have been derived from several
meters below the sea floor.

In order for saline brines to migrate laterally through uncon-
solidated muds just below the sea floor, a mechanism for such
migration is required. Fisher et al. (2003) and Barnicoat et al.
(2005) suggested that in semiconsolidated sediment, fault per-
meabilities decrease dramatically near surface. When upwardly
migrating fluids encounter these zones of low permeability,
they are forced to migrate laterally into the wall rock.

Textural evidence, indicating that the ore sulfides were de-
posited during or, mostly, after early pyrite and after the for-
mation of nodular carbonate, has been cited to indicate a di-
agenetic and/or epigenetic origin of mineralization. Most
workers (Williams, 1978a; Eldridge et al., 1993; Large et al.,
1998; Ireland et al., 2004a) agreed on the relationship be-
tween pyrite and base metal sulfides, although there is dis-
agreement as to the origin of the pyrite. Williams (1978a) and
Eldridge et al. (1993) interpreted the textures and sulfur iso-
tope characteristics of this pyrite to indicate a diagenetic ori-
gin and, therefore, a diagenetic timing for base metal intro-
duction. Ireland et al. (2004b, fig. 11) show that this early
pyrite paragenetically postdates nodular carbonate that dis-
places siltstone laminae. This timing relationship requires
that the early pyrite was emplaced after deposition of the host
sediments and not syngenetically. Thus, critical evidence in
support of a diagenetic and/or epigenetic origin includes tex-
tures which indicate that base metal mineralization was syn-
chronous with or postdated diagenetic pyrite and nodular
dolomite (Williams, 1978a; Eldridge et al., 1993; Hinman,
1995, 1996; Chen et al., 2003; Ireland et al., 2004b), mineral-
ized zones that transgress stratigraphy, and, in the case of the
Century deposit, geochronological evidence that mineraliza-
tion postdates the age of the host rock by ~30 m.y. We do not
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TABLE 8. Observational and Theoretical Constraints on Genetic Models of Mount Isa-Type Deposits

Syngenetic model

Diagenetic/epigenetic model

Observational constraints
Ore lenses crosscut stratigraphy at
Century (Broadbent et al.,, 1998)

Geochemical halos at HYC
(Large et al., 2000)

Mass-balance limitations: alteration
mass changes at HYC

Ore-bearing sedimentary breccias
and sedimentary scouring at HYC
(Ireland et al., 2004a)

Lead isotope model age for
mineralization at Century

Laminated sulfide textures at
HYC and Century (Broadbent
et al., 1998; Large et al., 1998)

Timing of sphalerite and galena
deposition at HYC (Williams, 1978a;
Eldridge et al., 1993; Large et al.,
1998)

Theoretical constraints
Pyrite abundance in ores (W.
Goodfellow, pers. commun., 2005)

Fluid behavior at trap site (W.
Goodfellow, pers. commun., 2005)

Broadly crosscutting relationship of ores could be
explained by movement of vent during the life of
the ore-forming system

Enrichment of Tl up to 200 m above ore zones
could result from low-temperature fluid flow after
main-stage mineralization

Comparison of siltstone bands interlayered with ore
laminates indicates insignificant loss of carbonate
within ore zone (Irelend et al., 2004b)

Reworking of ore clasts into sedimentary breccias
indicates mineralization occurred at or near
sea floor

Not consistent

Finely laminated, ore-bearing sediments are
consistent with deposition from water column

Not consistent

Model consistent with high abundances of
pyrite in ores

Likelihood of brine reaching neutral buoyancy
at seaf loor is low; neutral and then negative
buoyancy may be achieved by double-diffusive
splitting (cf. Turner and Gustafson, 1978)

Broadly crosscutting ore lenses to stratigraphy most
simply interpreted to indicate emplacement after
sedimentation

Thallium anomalies up to 200 m above ore zones
indicate fluid flow well after deposition of ore-hosting
sediments

Comparison with average, unmineralized Barney
Creek Formation indicates significant carbonate
dissolution within ore zones (Hinman, 2001)

Scouring of sediments to a depth of 4 m could
incorporate ore clasts formed in a shallow diagenetic
environment into sedimentary breccias; this places
maximum depth of mineralization

Lead model age of ~1566 Ma (calculated from least
radiogenic data of Broadbent et al. [1998] using
AGSO-CSIRO model [Sun et al., 1996]) is ~30 m.y.
younger than age of host sedimentary rocks (~1595
Ma: Page et al., 2000)

Laminated ores can be produced by replacement of
sedimentary layering; Hinman (1996) suggested the
ores are stylolaminated; laminated ores at the Century
deposit are ~30 m.y. younger than their hosts

Deposition of base metal sulfides after diagenetic
pyrite indicates ore formation after sediment was
deposited

Preserved amount of organic matter insufficient to
produce observed quantities of pyrite in some ores if
pyrite formed diagenetically; however, high
abundances of pyrite are also present several kms
lateral from Mount Isa ore zones in Urquhart Shale,
and the amount of organic matter presently in host
rocks probably do not reflect total amount available
during mineralization

Likelihood of brine reaching neutral buoyancy just
below seaf loor is low; however, modeling by Fisher
et al. (2003) suggests that the very upper portions of
faults are highly impermeable, which would force
fluid flow laterally into consolidating sediments

Notes: Observations and data that we consider not to constrain models include stable isotopes and the distribution of carbonate nodules (Eldridge et al.,
1995; Chen et al., 2003; Ireland et al., 2004b).

consider that the advanced evidence supports a definitive
syngenetic model and that the presence of ores which predate
deformation. For example, Chapman, 2004, precludes a syn-
tectonic timing. Mount Isa-type ores most likely formed at
depths ranging from a few meters (Hinman, 1996) to a few
kilometers (Polito et al., 2006a) below the surface.

The pyritic and/or pyrobitumen-bearing dolomitic siltstones
and shales that host Mount Isa-type deposits (Broadbent et
al., 1998; Painter et al., 1999) are now considered to represent
the deepest parts of sedimentary basins (Large et al., 1998;
Southgate et al., 2000a), although earlier workers (Williams
and Logan, 1981; Neudert and Russell, 1982) inferred a

shallower, locally emergent environment. A euxinic environ-
ment for the deposition of these fine-grained rocks is re-
quired for the deposition of base metals from oxidized, HsS-
poor ore fluids.

As in Mississippi Valley-type systems, low-temperature flu-
ids responsible for Mount Isa-type deposits can only transport
significant metals if they are HsS poor and saline, and a
source of HsS at the site of ore deposition is required to pre-
cipitate base metals. The HsS can be from reduction of sul-
fate carried by the ore fluid or HsS already at the depositional
site, either in the rocks or in a second fluid. Although most
evidence suggests that fluids responsible for Mount Isa-type
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deposits lacked HsS (cf. Cooke et al., 2000), small amounts of
HsS at the depositional site can catalyze TSR. Sources of cat-
alytic HsS include HsS in reduced pore fluids in shallow dia-
genetic environments (e.g., HYC) and sour gas in deeper en-
vironments (e.g., Century). In shallow environments, BSR
may have contributed catalytic H»S. Alternatively, Mn2+,
which is highly enriched in shales underlying the HYC de-
posit (Large et al., 2000), may have catalyzed thermal sulfate
reduction. Logan et al. (2001) argued that biogenic and ther-
mal sulfate reduction may have been important at different
parts of the brine pathway.

Diagenetic pyrite also may have been a source of reduced
sulfur. All Mount Isa-type deposits are characterized by vari-
able 034S (Broadbent et al., 1998; Painter et al., 1999), with
the HYC deposit having a range in excess of 50 per mil (Smith
and Croxford, 1973; Eldridge et al., 1993). In contrast, at
HYC sphalerite and galena have a 434S range of only -5 to +8
per mil, leading Eldridge et al. (1993) to conclude that base
metal sulfides did not acquire sulfur from earlier pyrite.
Broadbent et al. (1998) indicated that pyrite was cogenetic
with base metal sulfides and, therefore, could not have been
a source of sulfur for ore sulfides. Painter et al. (1999) sug-
gested that early-formed pyrite and base metal sulfides at
Mount Isa have a similar sulfur source, which they inter-
preted to be marine sulfate reduced by theremal sulfate re-
duction. Both at HYC and Century, 0**S of base metal sul-
fides are 5 to 25 per mil lower than those of evaporitic sulfates
in the McArthur basin (Muir et al., 1985; Eldridge et al.,
1993; Broadbent et al., 1998). This fractionation is consistent
with that expected from open-system theremal sulfate reduc-
tion (cf. Williams, 1978b; Broadbent et al., 1998). Pyrobitu-
men is present throughout the paragenesis of the Century de-
posit (Broadbent et al., 1998), and Machel (2001) noted that
high-temperature bitumens are common products of there-
mal sulfate reduction. Therefore, it seems likely that theremal
sulfate reduction probably produced HsS for base metal de-
position from sulfate in the ore fluids.

If thermal sulfate reduction of hydrothermal sulfate was the
main source of HsS, a large amount of reductant was needed
at the site of ore deposition. Based on a broad correlation be-
tween Zn and S (Croxford and Jephcott, 1972), the HYC de-
posit contains about 28 Mt of sulfur, of which more than 8 Mt
occurs in base metal sulfides. To reduce enough sulfate to
form the base metal sulfides, at least 3 Mt of organic carbon
would be required, assuming the sulfate reduction is caused
by oxidation of carbon from the -4 to the +4 valence state. It
is difficult to envisage this amount of carbon being available
in the water column, particularly in a restricted brine pool as
suggested by Large et al. (1998). This amount of carbon
would be readily available in an organic-rich mud and/or silt-
stone. These calculations illustrate the importance of a large
reservoir of organic carbon at the trap site.

The outflow zone

Outflow zones associated with Mount Isa-type deposits are
extensive. Lambert and Scott (1973), Smith (1973), and Large
et al. (2000) have shown that the HYC deposit is characterized
by halos of Zn, Pb, Cu, Ag, Tl, Hg, and Mn enrichment, with
anomalous Zn, Pb, and Tl observed 15 km and Mn-rich car-
bonates present 23 km laterally from the deposit. Anomalous

HUSTON ET AL.

Tl extends 200 m above and 100 m below the ore lenses. Large
et al. (2000) interpreted the anomalies lateral as “leakage” of
metals from a brine pool into the overlying water column with
deposition into laterally equivalent sediments. The Mn in car-
bonate is interpreted as the result of interaction of the ore
brines with the underlying muds. Alternatively, the base metal
enrichment could result from either lateral fluid flow (e.g., in
a diagenetic model: Williams, 1978a, b) or mark the position
of a condensed section and sediment starvation. Thallium
anomalies in overlying sediments suggest that expulsion of
fluid continued well after deposition of the ore hosts.

Comparison with Global Ore-Forming Systems

Although Australian VHMS and Mississippi Valley-type de-
posits are broadly similar to these types of deposits around
the world, Broken Hill- and Mount Isa-type deposits are
largely an Australian phenomenon. Broken Hill-type deposits
are known in southern Africa and Scandinavia, but recog-
nized Mount Isa-type deposits are restricted to Proterozoic
basins of northern Australia. Traditionally both Broken Hill-
and Mount Isa-type deposits have been grouped as SEDEX
deposits (Leach et al., 2005).

Analogues to Broken Hill-type deposits are present in the
Aggeneys district, South Africa, and Bergslagen district, Swe-
den (Walters, 1996), both of which are hosted by siliciclastic-
dominated basins that have undergone high-grade (amphibo-
lite to granulite facies) metamorphism. Possible, although
controversial, low-metamorphic grade analogues of Broken
Hill-type deposits are the SEDEX deposits of western
Canada, including those in the Selwyn basin and the Sullivan
deposit. The host basins to these deposits are dominated by
siliciclastic rocks and lack carbonates, and the basin hosting
the Sullivan deposit is intruded by syn-ore tholeiitic sills and
dikes (Turner et al., 1996). Anderson and Goodfellow (2000)
inferred an ensialic rift setting for this basin. Aside from
metamorphic grade, the main difference between Australian
Broken Hill-type deposits and western Canadian SEDEX de-
posits is the abundance and type of Fe-S minerals. This dif-
ference may reflect the high grade of metamorphism, which
stabilizes S-poor Fe-bearing minerals such as pyrrhotite and
magnetite over S-rich pyrite.

In the Bergslagen district, Broken Hill-type deposits coex-
ist with VHMS deposits (Walters, 1996), raising the possibil-
ity that these two classes are part (end members) of a contin-
uum. In the Iberian Pyrite Belt, VHMS deposits are hosted
by an ensialic rift dominated by siliciclastic rocks with subor-
dinate volcanic rocks (Tornos, 2006), a setting that is similar
to that inferred for Broken Hill-type deposits.

Until recently, direct analogues to Mount Isa-type deposits
outside of northern Australia have not been identified (cf.
Cooke et al., 2000). However, the geologic setting and genetic
model for deposits in the 320 Ma (Werdon et al., 2004) Red
Dog district of Alaska are similar to those of Mount Isa-type
deposits. These deposits, which are hosted by black shale and
carbonate turbidites of the Middle Devonian-early Carbonif-
erous Kuna basin, formed below the sea floor when HsS, pro-
duced by BSR, was incorporated into relatively saline (14-19
wt % NaCl equiv), oxidized, and low-temperature (110°-
180°C) ore fluids (Leach et al., 2004) to cause sulfide deposi-
tion (Kelley et al., 2004). This model is very similar to our
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favored model for Mount Isa-type deposits, suggesting that
these deposits are not unique to Australia or Proterozoic
basins.

Some Australian Zn-Pb-Ag mineralizing events do not cor-
respond to global events (Fig. 3). The 2.65 to 2.75 and 1.80 to
1.90 Ga VHMS events of North America and Scandinavia are
represented in Australia by small deposits in the Eastern
Goldfields province and by small deposits in the Halls Creek,
Pine Creek, and Arunta regions. In contrast, mineralizing
events that correlate with the time of the 1.57 to 1.69 Ga
Mount Isa- and Broken Hill-type events are not as strongly
developed elsewhere. Rather, events that produced these
types of deposits were best developed at ~1.45 and 0.3 to 0.5
Ga. The latter was also a period of extensive global Mississippi
Valley-type and VHMS mineralization, which is represented
in Australia by VHMS deposits of the Tasmanides and Mis-
sissippi Valley-type deposits in the Canning basin.

Relationships between Australian Zn-Pb-Ag
Ore-Forming Systems

Comparison of the four major Australian ore-forming sys-
tems suggests that they can be grouped into two “clans,” par-
ticularly when the tectonic setting and make-up of the host
basins are compared. The first clan, which includes the
VHMS and Broken Hill-type systems, occurs in active rifts
with significant volcanism and magmatism. The second clan,
which includes Mississippi Valley- and Mount Isa-type sys-
tems, occurs in cratonic extensional settings that lack signifi-
cant coeval volcanism and magmatism. Basins that host
VHMS and Broken Hill-type systems, which are dominated
by volcanic rocks and clastic sedimentary rocks, contain
minor, if any, carbonate, whereas basins that host Mississippi
Valley- and Mount Isa-type systems contain abundant car-
bonate and siliciclastic rocks. These characteristics and others
(Table 9) can be used to predict the likely type of ore-forming
systems that can be found in a basin.

Effect of basin characteristics on ore fluids
and water-rock reactions

In the VHMS and Broken Hill-type clan, ore fluids are
moderate to high temperature (>200°C) and HsS rich, whereas
in the Mississippi Valley- and Mount Isa-type clan, ore fluids
are low temperature (<200°C) and HsS poor. In the latter
clan, S, if present in the ore fluids, is carried as sulfate. These
differences relate to the tectonic setting and composition of
the host basin.

In submarine rift environments heat is lost to the hydros-
phere by convective hydrothermal circulation of seawater. In
the VHMS ore-forming system, the molar Na/K ratio of the
evolving ore fluid decreases from 46 in seawater to between
eight and 21 in high-temperature, venting black smoker fluids
(data from de Ronde, 1995). Figure 18a shows that as the sea-
water begins to convect, low-temperature fluid-rock interac-
tion converts albite (and other plagioclase feldspar) to K-
feldspar, thereby increasing the Na/K ratio of the fluid.
Together with increasing temperature, this stabilizes albite
over K-feldspar in high-temperature (>250°-300°C) alteration
zones (Fig. 18a). Thus, albitic zones present at depth in
VHMS and Broken Hill-type systems are a consequence of
high-temperature thermal convection in a rifted environment.
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K-feldspar-rich zones near the top of VHMS-bearing volcanic
piles indicate the lower temperature parts of the convective
cell.

Because of the high abundance of mafic volcanic rocks and
derived turbidites in rift environments, the concentrations of
Fe?+ in the system are high. At high temperature this iron re-
duces sulfate in the evolving fluid to HsS but, as a conse-
quence, is itself oxidized. This reaction and albitization break
down mineral phases that host Zn and Pb, depleting the rocks
in these and other metals and releasing them into the ore flu-
ids. The three processes produce the regional Zn-Pb—de-
pleted, albite-hematite and/or magneite + epidote assem-
blages commonly observed in VHMS and Broken Hill-type
systems.

In contrast, the lack of coeval magmatism and lower heat
flows in basins hosting Mississippi Valley- and Mount Isa-type
ore-forming systems produce low-temperature (70°-180°C)
fluids. Goodfellow et al. (1993) and Leach et al. (2005) sug-
gested that Mississippi Valley- and Mount Isa-type deposits
formed preferentially in low paleolatitude basins, which allow
the formation of high-salinity brines through evaporation. At
these temperatures and in fluids with Na/K ratios character-
istic of Mississippi Valley-type ore fluids (Sawkins, 1968), or-
thoclase is the stable feldspar (Fig. 18a). The presence of
abundant carbonate rocks and the lack of mafic volcanic rocks
and derived sediments suggest that basins have limited sup-
plies of Fe?:, thereby limiting sulfate reduction. However,
where significant Fe2+ is present in volcanic rocks, these rocks
are oxidized and metals stripped, producing the Zn-Pb—de-
pleted, orthoclase-hematite assemblages in volcanic units that
may be indicative of Mount Isa-type systems.

Chemistry of the ore fluids and the trap site

As a consequence of the differences in the compositions of
the ore fluids, the sites of metal deposition differ between
ore-forming systems. Figure 18b shows Zn solubility as a
function of temperature and Zs0,/Zn,s. In this diagram pH,
salinity, and mss are constant. Although these parameters
vary, their effect on Zn solubility is less than the effect of vari-
able temperature or Zso,/Z,s.

Roedder (1968) suggeste(f that to form a significant de-
posit, an ore fluid must contain 1 to 10 ppm Zn. Measure-
ments of natural hydrothermal fluids extend the upper limit
to 100 ppm (e.g., de Ronde, 1995). Using a range of 1 to 100
ppm to define a “solubility window” (Fig. 18b), Zn ore fluids
can form under two conditions. At low temperature (T
<200°C), such fluids have to be HsS poor (i.e., high Zs0,/
Z,s). If the fluids are HsS rich, temperatures above 200°C
are required to form ore fluids. This latter fluid is similar to
that formed in active rift environments as part of VHMS and
Broken Hill-type systems, whereas the former is similar to the
ore fluids present in Mississippi Valley- and Mount Isa-type
ore-forming systems.

Evidence from ancient VHMS and modern black smoker
deposits suggests that metal deposition in these, and probably
Broken Hill-type, deposits was caused by rapid cooling of the
ore fluids. Mixing with seawater is an effective way of cooling
ore fluids, so VHMS and Broken Hill-type deposits form at,
or just below the sea floor, leading to the stratiform character
and strong stratigraphic control on these deposits. In contrast,
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TABLE 9. Summary Characteristics of Zn-Pb-Ag Ore-Forming Systems in Australia

Ore-forming system

VHMS

Broken Hill-type

Mississippi Valley-type

Mount Isa-type

Tectonic setting

Boundaries

Size

Composition

Heat source

Plumbing system
Driver

Structural controls

Aquifers
Aquicludes and seals

Regional alteration

Deposit-scale
alteration

Ensialic rifts; back-arc rifts;
ophiolites

Determined by free
convection, rift walls,
synvolcanic faults

To 10 km horizontally,
2-3 km vertically

Mainly volcanic and
siliciclastic rocks rich in Fe2+;
ores are usually associated
with felsic volcanic rocks

Subvolcanic intrusions at

depth of 1.5-3 km

Subvolcanic intrusion

Synvolcanic faults

Not important
Not important

Semiconformable albite +
epidote + hematite zone at
base of volcanic pile

Crosscutting

Source(s) of ore-fluid components

Ore-fluid
characteristics

Water
Chloride
Sulfur
Metals

Site of metal deposition
Environment

Fluid-focusing
mechanisms

Depositional
mechanisms

Factors favoring
efficient trapping

Reduced, HsS-rich,
moderate-high T (200°—
350°C), moderate salinity
(3-7% NaCl)

Seawater, possible
magmatic contribution

Seawater, possible
magmatic contribution

Seawater, leached from
volcanic pile

Leached from volcanic pile,
possible magmatic
contribution

At or just below sea-floor
position, commonly during
quiescent sedimentation

Synvolcanic faults or
changes in volcanic facies

Quenching of fluids caused

by mixing with seawater

Fluid mixing below surface
to form subsea-floor
replacement or brine pools

Ensialic rifts

Rift walls (?)

To 20 km horizontally,
2-3 km vertically.

Mainly siliciclastics with
subordinate felsic volcanic
rocks; basin is rich in Fe2+

High heat flow as indicated
by extensive mafic intrusions

High heat flow associated
with rifting

Synsedimentary faults, as
indicated by sedimentary
facies changes

Specific units may not be
important

Possibly important to focus
fluids in albitic reaction zone

Semiconformable albitites
stratigraphically below
ore position

Crosscutting feldspar-destruc-
tive garnet-quartz zones

Reduced, HsS-rich,
moderate T (200°-300°C),
variable salinity (3-25%
NaCl)

Seawater, basinal brines

Seawater, basinal brines,
evaporates

Seawater, leached
volcanic rocks

Leached from
sedimentary pile

At or just below sea floor

Synsedimentary faults or
changes in sedimentary
facies

Quenching of fluids caused

by mixing with seawater

Fluid mixing below surface
to form subsea-floor
replacement or brine pools

Margins of sedimentary
basins

(Sub)basin-bounding faults;
unconformities with
basement

Possibly hundreds of
kilometers

Mixed carbonate and
siliciclastic rocks

Normal geothermal
gradients

Basin dewatering driven by
overpressuring and local
tectonic events

Basin-bounding and related
faults; possible intersection
with transfer zones

Siliciclastic units at base of
stratigraphy

Required to move fluids from
source region to focusing faults

Unknown

Minor dolomitization

Oxidized, HsS-poor,
low-T (70°-130°C),
variable (high) salinity
(5-25% NaCl)

Basinal brines
Basinal brines, evaporates
Basinal brines, evaporates

Leached from basin
depocenter, only loosely
held metals may be leached

Within open space (faults,
karsts, primary porosity) or
replacing evaporate; possibly
in degraded oil or gas traps

Extensional faults and trans-
fer zones, or intersections
of both (Canning basin)

Thermochemical sulfate
reduction by remnant hydro-
carbons catalyzed by HaS
Efficient focusing into
depositional site (e.g.,

flower structures, aquicludes)

Extensional sedimentary
basins

(Sub)basin-bounding faults;
unconformities with basement

Up to several tens of
kilometers horizontally

Dominantly carbonates in
upper, ore-hosting stratigraphy;
siliciclastic and volcanic rocks
in lower stratigraphy

Geothermal gradient possibly
enhanced by crust with high
heat production

Basin dewatering driven by
far-field tectonic events

Basin-bounding and related
faults; possible association
with wrench subbasins

Dirty sandstone at base of
stratigraphy

Required to transport and
focus fluids in reaction zone

K-feldspar-hematite zones in
volcanic and siliciclastic rocks
at base of basin

Not extensive

Oxidized, HsS-poor, low-T
(100°-240°C), variable (high)
salinity (15-25% NaCl)

Basinal brines
Basinal brines, evaporites
Basinal brines, evaporites

Leached from volcanic and
feldspathic units near base of
basin stratigraphy

Carbonaceous, pyritic,
carbonate-bearing siltstone
and shale in depocenters of
subbasins

Regional faults: extensional or
wrench

Thermochemical sulfate
reduction by organic matter
catalyzed by HsS

Deposition below sea floor in
highly reactive sediment;
aquicludes

Notes: Ttalics indicate characteristics that are critical in forming or localizing deposits or can be used to identify ore-forming systems
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Fic. 18. Diagrams illustrating key aspects of ore-fluid geochemistry in Zn-Pb-Ag ore-forming systems. (a). mx./mg-tem-
perature diagram comparing the stabilities of albite and K-feldspar with the characteristics of high temperature (>300°C)
black smoker fluids (data from de Ronde, 1995) and Mississippi Valley-type ore fluids (data from Sawkins, 1968). (b).
50,/ Zn,s -temperature diagram showing the solubility of Zn. (c) Zso /Z1,s -temperature diagram showing the solubility of
Cu. (d) Salinity-temperature diagram showing the variability of the Zn ratio (100Zn/[Zn + Pb]). Calculations to construct
these diagrams were done using HCh (Shvarov and Bastrakov, 1999) and a database of thermochemical data provided by E.
Bastrakov. Diagram (a) was calculated for a solution with msc = 1.90, which for a pure NaCl solution corresponds to 10 per-
cent NaCl. Diagrams (b) and (c) were calculated at pH = 4.5, mss = 10-25 and 10 wt percent NaCl and assume chloride com-
plexing. The likely concentrations of Zn and Cu in ore-forming fluids are bound by the 1 and 100 ppm contours. Dashed
lines in (c) are stability field boundaries for Cu-Fe-S minerals. The arrow in diagram (d) indicates possible fluid evolution in
time and space for the Mississippi Valley-type ore-forming system (see text).

metal deposition from low-temperature, HaS-poor brines re-
quires a supply of HsS. The various ways in which HsS can be
supplied is the main reason for the range of depositional envi-
ronments in the Mississippi Valley- and Mount Isa-type clan.
Mississippi Valley- and Mount Isa-type deposits formed in sul-
fate-rich evaporites, along faults, in karsts or in organic matter-
rich (dolomitic) siltstone. Metal deposition was mainly, if not
entirely, diagenetic and epigenetic, with the depth of mineral-
ization varying from a few meters to perhaps 2 km. Despite the
range in depositional settings, the presence of hydrocarbons or
organic matter which facilitated thermal sulfate reduction or, in
some cases, directly provided HsS is a common feature of these
systems. A direct link to petroleum systems is indicated for
some deposits (e.g., Etminan and Hoffman, 1989).

The effect of ore-fluid composition on minor metals

Although deposits discussed herein are largely mined for
Zn, Pb, and Ag, Broken Hill-type and, particularly, VHMS de-
posits also produce by- and co-product Au and Cu. Although
some Mississippi Valley- and Mount Isa-type deposits contain
low levels of Cu, they invariably lack Au (Table 1). Like Zn,
the abundances of these metals depend on ore-fluid charac-
teristics, which are ultimately determined by the tectonic set-
ting and composition of the host basin.

Figure 18c shows Cu solubility as a function of tempera-
ture and so,/Zn,s for the same conditions as shown in Fig-
ure 18b. For a so%ubility window of 1 to 100 ppm, two types
of fluids carry enough Cu to form ore. At low to moderate
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temperatures (<250°C), the ore fluids must be HsS poor but
cannot be in equilibrium with pyrite. If pyrite is stable along
the fluid pathways, Cu solubility is suppressed and this is the
main reason for the low Cu contents of most Mississippi Val-
ley- and Mount Isa-type deposits. If the fluids are too oxi-
dized to stabilize pyrite, they can have high concentrations of
Cu, possibly forming sediment-hosted Cu deposits. Such
highly oxidized fluids could be produced in a basin with very
low quantities of reductants such as Fe?*.

Above 250°C, HsS-rich ore fluids in equilibrium with
pyrite and pyrrhotite can carry sufficient Cu for ore forma-
tion. The temperatures required for Cu transport are sub-
stantially higher than those required for Zn transport, and
the calculations suggest that Broken Hill-type deposits,
which are generally Cu-poor, formed at intermediate tem-
peratures (200°-270°C).

One of the most striking differences between the VHMS
and Broken Hill-type clan and the Mississippi Valley- and
Mount Isa-type clan is their gold content. The gold contents
of the Mount Isa- and Lady Loretta-type deposits are similar
to those of unmineralized, background shales (Table 1; Mc-
Goldrick and Keays, 1990; Cooke et al., 2000). McGoldrick
and Keays (1990) suggested that Mount Isa- (and probably
Mississippi Valley-) type ore fluids were not hot enough and
did not contain enough HsS to transport Au. Conversely, the
higher temperature, HoS-rich VHMS (and probably Broken
Hill-type) ore fluids transport significant Au.

Source rock, salinity, and Zn/Pb ratios

The relative abundances of Zn and Pb, usually expressed as
simple ratios (e.g., Pb/Zn) have been extensively studied in
Zn-Pb-Ag deposits (e.g., Stanton, 1962; Lydon, 1977). Huston
and Large (1987) used 100Zn/(Zn + Pb), which they termed
the “zinc ratio.” Australian VHMS deposits have Zn ratios of
60 to 80 and 90 to 100 (Fig. 19), similar to global VHMS de-
posits (Huston and Large, 1987). Mount Isa-type deposits
also have a limited range of Zn ratios, mostly between 66 and
87. However, there is a greater variability within individual
systems, with Pb being enriched in zones proximal to inferred
feeder faults at some Mount Isa-type deposits (Broadbent et
al., 1998; Logan et al., 2001).

In contrast, Zn ratios of Broken Hill- and Mississippi Val-
ley-type deposits vary between and within deposits. At the
Cannington Broken Hill-type deposit, Zn ratios vary from 13
to 86 between lenses (Table 6). In Mississippi Valley-type
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Fic. 19. Histogram showing the range of Zn ratios of the Zn-Pb-Ag de-
posits tabulated in Table 1.
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deposits of the Canning basin, Pb-rich ores are commonly
juxtaposed against Zn-rich ores, with Pb-rich ores close to
feeder faults (e.g., McCracken et al., 1996; Vearncombe et al.,
1996; Tompkins et al., 1997). At the Pillara deposit Zn ratios
increase from values less than 60 along the footwall to values
of 95 to 100 in the hanging wall of fault zones (Vearncombe
et al., 1996).

Huston and Large (1987) argued that Zn ratios of VHMS
deposits are controlled mostly by metal solubilities in the ore
fluid and the metal content of the source rocks. They calcu-
lated that in a typical VHMS ore fluid (0.5-1.5 m NaCl,
150°-250°C) Zn ratios should vary between 58 and 85, values
that match the lower mode in Figure 19. They suggested that
Zn ratios above 90 were a consequence of low abundances of
Pb in the source rocks. Figure 18d, which extends the origi-
nal calculations of Huston and Large (1987) over larger
ranges in temperature and salinity, confirms that for condi-
tions typical of Zn-rich VHMS deposits, these deposits should
have a narrow range of Zn ratios (55-75). However, the Zn
ratio decreases with increasing temperature and, particularly,
salinity of the ore fluids, which may account for the variable
Zn ratios of Mississippi Valley- and Broken Hill-type deposits.
Fluid inclusion data for Mississippi Valley-type deposits of the
Canning basin suggest salinities of 5 to 25 wt percent NaCl
equiv (Dérling et al., 1998), which corresponds to a Zn ratio
range of 25 to 90, consistent with the range observed in the
deposits. Variations in observed Zn ratios in Mount Isa-type
systems are consistent with those estimated for fluids with
salinities (1025 wt % NaCl equiv) and temperatures
(70-200°C) as indicated from fluid inclusion data. Zinc ratios
for Broken Hill-type deposits suggest higher ore-fluid salini-
ties than VHMS fluids, perhaps similar to those measured in
the Atlantis IT Deep (Pottorf and Barnes, 1983) and consis-
tent with the formation of brine pools. Thus, most of the vari-
ation in Zn ratios of Zn-Pb-Ag deposits is caused by variations
in salinities and temperatures of the ore fluids. In most cases,
the metal abundances in the source regions are not impor-
tant, except for the lack of Pb in mafic-rich greenstone belts
that host some VHMS deposits. Zonation in Zn ratios ob-
served in some deposits could be caused by decreases in tem-
perature and/or salinity as ore fluids migrate laterally and mix
with ambient fluids or by temporal changes in the salinity of
the ore fluid as the ore-forming system evolves.

Other ore-forming systems

Although this review has concentrated on the characteris-
tics of the four main ore-forming systems responsible for Zn-
Pb-Ag deposits in Australia (Table 1), a number of other sys-
tems are recognized (Table 1). Of these only the Elura and
Woodcutters-type deposits contribute more than 1 percent of
Australia’s Zn endowment. These deposits are epigenetic, oc-
curring as pipelike bodies emplaced along the axial planes of
anticlines (Fig. 20). At Elura, which is hosted within the tur-
bidite-dominated Cobar basin, siltstone hosts the ores
(Lawrie and Hinman, 1998), whereas at Woodcutters, which
is located in the mixed siliciclastic and carbonate-dominated
Pine Creek inlier, dolomitic mudstone hosts the ores (Flem-
ing et al., 1994). Both deposits formed from moderate-tem-
perature (220°-300°C), moderate-salinity (to 13 wt % NaCl
equiv) fluids and at least locally contain significant gold.



AUSTRALIAN Zn-Pb-Ag ORE-FORMING SYSTEMS: A REVIEW AND ANALYSIS

Section through Elura orebodies

g g Headframe N

Ground surface

Massive sulfide pod
I:I Silicification + semi-massivs

and’or vein sulphide
-l Do high-strain zone with
::1 visibls carbonats spotfing

Bedding

—_ T

=
R
SN
|".'\1'| [ e
Gt |
| Y
N, | ™
| K I". e
| |
W |\
_..-'l | | I| | N
</ Ml R
i |
Pod1  Pod2 Pod3 Pod4 Pods
d 200m
N —

F1c. 20. Cross section of the Elura deposit, New South Wales (modified
after Lawrie and Hinman, 1998).

Based on these characteristics, these deposits belong to the
VHMS and Broken Hill-type clan.

Other minor Zn-Pb-Ag-bearing ore-forming systems in
Australia include skarns, mantos, Irish-type deposits, veins,
and epithermal deposits. With the probable exception of
Irish-type deposits, these all belong to the VHMS and Broken
Hill-type clan in that they formed from moderate- to high-
temperature ore fluids and commonly contain significant Au.

Ore-Forming Systems: Consequences of
the Tectonic Evolution of Australia

The main periods of Zn-Pb-Ag mineralization correspond
closely to major periods of tectonism in Australia. Figure 21
synthesizes the relationship of important Zn-Pb-Ag mineral
deposits and districts to tectonic elements of the Australian
continent. Models of the tectonic assembly of Australia (e.g.,
Myers et al., 1996; Betts et al., 2002) point to possible tec-
tonic drivers of Zn-Pb-Ag ore-forming systems.

Archean evolution

In a broad sense, the Australian continent youngs from
west to east, with major Archean cratons located in Western
Australia, Proterozoic blocks and fold belts in central and
northern Australia, and Paleozoic fold belts along the eastern
seaboard. Myers et al. (1996) inferred that Archean-early Pro-
terozoic building blocks, the West, North, and South Aus-
tralian cratons, were amalgamated in the Proterozoic. The
West Australian craton, which contains the oldest Australian
Zn-Pb-Ag deposits, consists of the 3.5 to 2.4 Ga Pilbara and
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the 3.8 to 2.6 Ga Yilgarn cratons. Although the oldest Zn-Pb-
Ag deposit, the 3.47 Ga Lennons Find VHMS deposit, is in
the Pilbara, the most significant districts, at Golden Grove
(2.95 Ga) and Teutonic Bore (2.69 Ga), are located in the Yil-
garn. Both of these districts are localized along the margins of
rifts defined by Cassidy et al. (2005) and Huston et al. (2005),
using variations in exq and Pb isotopes, respectively. High exq
values and low u values in the rift zones indicate primitive
crust, a characteristic that is shared by the 2.75 to 2.64 Ga
Abitibi subprovince, one of the world’s richest Zn-Pb-Ag
provinces.

Proterozoic evolution

The South Australian craton and highly mineralized North
Australian craton formed mainly in the Paleoproterozoic
around late Archean (~2.5 Ga) nuclei. With the possible ex-
ception of the Cannington and Dugald River deposits, all de-
posits in the North Australian craton formed in rift-sag basins
in the northern part of the craton. This basin system and
many of its contained deposits probably formed in response
to tectonic events along the southern and, possibly, eastern
margins of the North Australian craton (Idnurm, 2000; Scott
et al., 2000). Southgate et al. (2000a) indicated that periods of
Mount Isa-type mineralization correspond to changes in
basin accommodation rates as indicated by regional uncon-
formities and supersequence boundaries in the basin systems.
Figure 17 suggests that the Mount Isa-type mineralization in
the North Australian craton corresponds to bends in the Aus-
tralian polar wander path (APWP), and that the timing of the
two deposits in the western part of the basin system (HYC at
~1640 Ma and Century at ~1570 Ma) correspond to major
orogenies along the southern margin of the North Australian
craton (Liebig and Chewings orogenies, respectively: Scrim-
geouer, 2003). This suggests that at least some Mount Isa-
type mineralizing events were initiated or driven by far-field
orogenies.

Although orogenies of similar age to the Mount Isa-Hilton
(~1654 Ma) and Lady Loretta (~1648 Ma) deposits are un-
known in Australia, these ages correspond to bends in the
APWP (Fig. 17: Idnurm, 2000), suggesting coeval tectonic ac-
tivity. The Mazatzal province in the southwestern United
States, which may have been adjacent to Australia in the Pro-
terozoic (e.g., Burrett and Berry, 2000; Karlstrom et al.,
2001), underwent extensive magmatism (both felsic and
mafic) and metamorphism at this time (Bauer and Williams,
1994; Eisele and Isachsen, 2001). Like Australia, this tecton-
ism was driven by accretion from the south, possibly driving
Mount Isa-type ore-forming systems in the eastern North
Australian basin system and VHMS ore-forming systems
(e.g., United Verde) in the southwestern United States.

The Broken Hill deposit is the only major Zn-Pb-Ag de-
posit in the South Australian craton. The possible age of this
deposit (1.686-1.675 Ma: Page et al., 2000a; Parr et al., 2004)
does not correspond to any major known orogenic event else-
where in Australia, although Claoué-Long and Hoatson
(2005) reported the presence of mafic intrusions and high-
grade metamorphism of this age in the southern North Aus-
tralian craton, and Daly et al. (1998) reported arc-related
magmatism at this time in the western South Australian cra-
ton. Laing (1996) suggested that the Willyama block, which
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hosts the Broken Hill deposit, is the southern extension of the
“Diamantina rift”, a narrow, dismembered, north-trending
rift that extended through the Mount Isa Eastern succession
to the Einasleigh province in the north. This hypothesized
rift, which may be a failed aulocogen, contains all of the
known Broken Hill-type deposits in Australia.

The intensity of Australian Zn-Pb-Ag mineralization in the
period between 1.70 and 1.57 Ga is unique in the world. Al-
though mineralization of similar age is known, for instance, in
southern Africa, the intensity is much less than in Australia.
The correspondence between these mineralizing events and
far-field tectonic events in the North and South Australian

cratons and, possibly, the southwestern United States implies
a close link with accretion along the southern margin of Ro-
dinia. Another factor that might have enhanced mineralizing
processes in the Australia Proterozoic is the high heat flow
through much of Proterozoic Australia at the time of miner-
alization (McLaren et al., 2003). High heat flow would have
enhanced mineralizing processes, even in the relatively low
temperature Mount Isa-type ore-forming system.

Paleozoic evolution

Paleozoic rocks host important deposits in the Tasman fold
belt of eastern Australia and the Canning basin of Western
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Australia. The Tasman fold belt, which is separated from the
Noth and South Australian cratons by the Tasman line (Fig.
21), consists of a series of “suspect” terranes that generally
young from west to east. Coney et al. (1990) identified four
epochs in the evolution of the Tasman fold belt, of which only
the older two have significant known Zn-Pb-Ag deposits.
VHMS deposits formed during the first epoch at two discrete
time intervals: 500 to 480 and 420 Ma. During the first inter-
val, the felsic-dominated Mount Read Volcanic belt, which
hosts the 500 Ma Rosebery and Hellyer deposits, formed as a
postcollisional “relaxation rift” developed on Proterozoic con-
tinental basement (Crawford and Berry, 1992). Deposits of
the Thalanga province formed at 480 Ma, also in felsic-domi-
nated volcanic rocks, although within a rifted-arc environ-
ment (Stolz, 1995). Cambro-Ordovician felsic volcanism is
very restricted in the Tasman fold belt, which is mostly dom-
inated by turbidites and mafic volcanic rocks (Coney, 1992).
The second mineralized interval, which is also dominated by
VHMS deposits (e.g., Woodlawn) in felsic volcanic belts, oc-
curred in Silurian ensialic rifts (e.g., Bain et al., 1987). Dur-
ing the second epoch in the evolution of the Tasman fold belt,
which involved extensive deformation (Coney et al., 1990),
the Elura deposit formed epigenetically during the inversion
of the Cobar basin (Glen et al., 1992).

In the Canning basin, Mississippi Valley-type mineraliza-
tion appears to have been triggered by the local Pryces Creek
and Meda events at 410 and 360 Ma, respectively. Although
the Pryces Creek event does not correspond to a regional
event in northern Australia, the associated Meda transpres-
sion corresponds to the beginning of the Alice Springs
orogeny, suggesting that far-field events caused local defor-
mation and mineralization here, as in the Mount Isa-type
system.

Conclusions

The vast majority of Australian Zn-Pb-Ag resources
formed in three periods: ~2.95, 1.69 to 1.58, and 0.50 to 0.35
Ga. Tectonic events along the southern margin of Rodinia
triggered the 1.69 to 1.58 Ga event, which was by far the eco-
nomically most important. The 0.50 to 0.35 Ga event is
mostly related to crustal growth along the eastern seaboard,
and the ~2.95 Ga event is related to rifting of the Murchison
province. With the exception of the 0.50 to 0.35 Ga event,
these do not correspond to major mineralizing events else-
where in the world.

Ore fluids that form Zn-Pb-Ag deposits can be split into
two groups: high-temperature, reduced fluids-related VHMS
and Broken Hill-type ore-forming systems, and lower tem-
perature, HsS-poor fluids-related to Mount Isa- and Missis-
sippi Valley-type systems. The fluid characteristics are deter-
mined by the tectonic setting and composition of the basin in
which they formed. Higher temperature fluids formed by sea-
water convection in rift basins dominated by Fe2+-rich vol-
canic and immature siliciclastic rock produce reduced, high-
temperature VHMS and Broken Hill-type deposits. Evidence
of such fluids is found in semiconformable, base metal-de-
pleted albite + hematite + epidote alteration zones that occur
1 to 4 km stratigraphically below the ore position.

Lower temperature basinal brines that form Mount Isa-
and Mississippi Valley-type deposits are expelled from
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depocenters in the lower parts of intracratonic extensional
basins dominated by carbonates and mature siliciclastic rocks.
Low heat flow and lack of Fe?* in these basins produces HsS-
poor, oxidized, low-temperature brines, which form base
metal depleted, regional orthoclase-hematite assemblages
several kilometers below ore positions in Mount Isa-
type—bearing basins. The overall characteristics of a basin can
be used to predict the types of deposits it may contain, and
the presence, location, and style of regional alteration zones
can be used to determine if ore fluids formed in a basin and
provide vectors or guides to possible locations of metal accu-
mulation within the basin stratigraphy (Table 9).

In VHMS and Broken Hill-type systems, synvolcanic or
synsedimentary faults, which focus {luids into traps at or
below the sea floor, can be recognized through facies or thick-
ness changes of units. In Mount Isa- and Mississippi Valley-
type systems, (sub)basin bounding faults appear to be fluid
conduits. In some systems the intersection of bounding faults
and transfer zones focused fluid flow. Basins that host the de-
posits also may have formed in dilational jogs within local
wrench fault systems.

Metals precipitate from reduced VHMS and Broken Hill-
type fluids by mixing with seawater. Metals retention at the
trap site is enhanced if mixing takes place either in a brine
pool or below the sea floor in a porous (volcani)clastic
medium. Metals precipitate from oxidized Mount Isa- and
Mississippi Valley-type ore fluids by mixing with HsS pro-
duced by TSR, facilitated by the presence of hydrocarbons
and/or organic matter. This occurs at depths ranging from a
few kilometers to just below the sea floor. Failed petroleum
traps may be effective traps in Mississippi Valley- and Mount
Isa-type systems.
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