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Abstract The Tanami region of northern Australia has
emerged over the last two decades as the largest gold-
producing region in the Northern Territory. Gold is hosted
by epigenetic quartz veins in sedimentary and mafic rocks,
and by sulfide-rich replacement zones within iron forma-
tion. Although limited, geochronological data suggest that
most mineralization occurred at about 1,805-1,790 Ma,
during a period of extensive granite intrusion, although
structural relationships suggest that some deposits predate
this period. There are three main goldfields in the Tanami
region: the Dead Bullock Soak goldfield, which hosts the

Editorial handling: L. Meinert

D. L. Huston (P<) + T. P. Mernagh - A. Lambeck * A. Cross -
G. Fraser - N. Williams * K. Worden - T. Meixner * B. Goleby *
L. Jones * P. Lyons - D. Maidment

Geoscience Australia,

GPO Box 378, Canberra, ACT 2601, Australia

e-mail: David.Huston@ga.gov.au

L. Vandenberg - A. Crispe
Northern Territory Geological Survey,
P.O. Box 8760, Alice Springs, NT 0871, Australia

A. S. Wygralak
Northern Territory Geological Survey,
GPO Box 3000, Darwin, NT 0801, Australia

L. Bagas

Geological Survey of Western Australia,
100 Plain St,

East Perth, WA 6009, Australia

L. Bagas

Centre for Exploration Targeting,
University of Western Australia,
Crawley, WA 6004, Australia

world-class Callie deposit; The Granites goldfield; and the
Tanami goldfield. In the Dead Bullock Soak goldfield,
deposits are hosted by carbonaceous siltstone and iron
formation where a late (Ds) structural corridor intersects an
early F; anticlinorium. In The Granites goldfield, deposits
are hosted by highly sheared iron formation and are
interpreted to predate Ds. The Tanami goldfield consists
of a large number of small, mostly basalt-hosted deposits
that probably formed at a high structural level during Ds.
The Ds structures that host most deposits formed in a
convergent structural regime with o, oriented between E—
W and ENE-WSW. Structures active during Ds include
NE-trending oblique thrust (dextral) faults and ESE-trend-
ing (sinistral) faults that curve into N- to NNW-trending
reverse faults localized in supracrustal belts between and
around granite complexes. Granite intrusions also locally
perturbed the stress field, possibly localizing structures and
deposits. Forward modeling and preliminary interpretations
of reflection seismic data indicate that all faults extend into
the mid-crust. In areas characterized by the N- to NW-
trending faults, orebodies also tend to be N- to NW-
trending, localized in dilational jogs or in fractured,
competent rock units. In areas characterized by ESE-
trending faults, the orebodies and veins tend to strike
broadly east at an angle consistent with tensional fractures
opened during E-W- to ENE-WSW-directed transpression.
Many of these deposits are hosted by reactive rock units
such as carbonaceous siltstone and iron formation. Ore
deposition occurred at depths ranging from 1.5 to 11 km
from generally low to moderate salinity carbonic fluids with
temperatures from 200 to 430°C, similar to lode—gold fluids
elsewhere in the world. These fluids are interpreted as the
product of metamorphic dewatering caused by enhanced
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heat flow, although it is also possible that the fluids were
derived from coeval granites. Lead isotope data suggest that
lead in the ore fluids had multiple sources. Hydrogen and
oxygen isotope data are consistent with both metamorphic
and magmatic origins for ore fluids. Gold deposition is
interpreted to be caused by fluid unmixing and sulfidation
of host rocks. Fluid unmixing is caused by three different
processes: (1) CO, unmixing caused by interaction of ore
fluids with carbonaceous siltstone; (2) depressurization
caused by pressure cycling in shear zones; and (3) boiling
as ore fluids move to shallow levels. Deposits in the Tanami
region may illustrate the continuum model of lode—gold
deposition suggested by Groves (Mineralium Deposita
28:366-374, 1993) for Archean districts.

Keywords Lode—gold - Tanami - Paleoproterozoic -
Mineral system

The Tanami region: a history of discovery, mining,
and the evolution of genetic models

The Tanami region (Figs. 1 and 2) has emerged as an
important Paleoproterozoic gold provinces over the last two
decades. Although gold prospects were identified as early
as 1900 (Davidson 1905), production was sporadic until the
mid- to late 1980s with total production of about 540 kg
(Plumb 1990). Since the mid-1980s, mines were developed
in The Granites (1986, Mayer 1990), Tanami (1987,
Nicholson 1990), Dead Bullock Soak goldfields (1990,
Smith et al. 1998), and at the Groundrush (2001), Minotaur
(2003) and Coyote (2006) deposits. In addition, significant
resources have been identified at the Oberon, Crusade,
Sandpiper and Kookaburra prospects (Fig. 2).

Before the late 1930s, exploration in the Tanami region
was limited to prospecting, with a minor gold rush in the
Tanami district from 1908 to 1913 (Nicholson 1990; Mayer
1990). Between the late 1930s and early 1980s, activity was
limited to geophysical surveys in The Granites and Tanami
goldfields (Hossfeld 1940a,b; Daly 1962), with sporadic
exploration and very limited gold production. Modern
exploration commenced in the early to mid-1980s around
known prospects in The Granites and Tanami goldfields.
This exploration yielded rapid results, with development of
mines less than 5 years after exploration commenced. In
1988, initial exploration in the Dead Bullock Soak goldfield
returned near-surface grades up to 10 g/t. By June 1989, a
resource of 0.6 Mt grading 3.3 g/t Au was defined at the
Triumph Hill and Dead Bullock Ridge deposits, with mine
development commencing in 1990 (Smith et al. 1998).

The most significant discovery in the Tanami region was
the Callie deposit. This deposit was discovered in 1991
under shallow (7 m) cover, approximately 2 km to the west
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of the Triumph Hill and Dead Bullock Ridge deposits.
Based on the recognition that deposits in the Dead Bullock
Soak goldfield were located within the axial corridor of a
major anticlinorium, vacuum drilling to bedrock yielded a
sinuous bedrock gold anomaly (>50 ppb) with a peak of
7 ppm (Smith et al. 1998).

Two of the most recent discoveries in the Tanami region
highlight two factors that have hindered exploration: land
access and regolith cover. The outcropping Groundrush de-
posit was discovered only 7 weeks after initial sampling after
the miners were granted land access, and the Coyote deposit
was discovered under 10—40 m of transported overburden.

The models for the genesis of gold deposits in the Tanami
region have evolved over the two decades of modern
exploration. Initial models for the genesis of deposits in The
Granites goldfield invoked syngenetic gold deposition asso-
ciated with submarine hot springs (Ireland and Mayer 1984),
in line with genetic concepts prevalent at the time (e.g.,
Hodgson and MacGeehan 1982). Although an epigenetic
origin for deposits in the Tanami region is now generally
accepted, debate about the role of magmas in ore genesis still
exists. Some recent authors have inferred that the ore-
forming fluids were metamorphic in origin (Mayer 1990;
Nicholson 1990; Smith et al. 1998), although perhaps driven
by a granitic intrusion. Alternatively, Wall and Taylor (1990),
Tunks and Marsh (1998), and Wall (2005) invoked a mixed
magmatic-metamorphic origin for the gold, with the fluids
derived from the thermal aureole of nearby granites.

The tectonic setting and timing of gold mineralization
in northern Australia

Gold deposits in northern Australia along with gold
deposits in the Trans-Hudson Orogen of North America
are the main contributors to a major Paleoproterozic
concentration of gold deposits. Collectively, these deposits,
which produced in excess of 2,100 tonnes (70 MOz) of
gold (Goldfarb et al. 2001: reserves and production), have
been constrained to between ~1,820 and ~1,730 Ma
(Goldfarb et al. 2001; as updated using geochronological
data from Sener et al. 2005; Cross et al. 2005; Morelli et al.
2005; Rasmussen et al. 2006; Bagas et al. 2006). Based on
xenotime sensitive high resolution ion microprobe
(SHRIMP) U-Pb data and *°Ar/°Ar data of Fraser
(2002), Sener et al. (2005) proposed a single gold event
in northern Australia at 1,750-1,730 Ma, extending from
the Ashburton basin in the West Australian Craton to the
Tanami and Pine Creek regions in the North Australian
Craton. More recent data (Cross et al. 2005; Rasmussen et
al. 2006; Bagas et al. 2006; see discussion below) suggest
that this is not a single event, with most gold mineralization
in the Tanami and Pine Creek regions occurring synchro-
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Fig. 1 Map showing major crustal elements of the northwestern North Australian Craton. The boxed area shows the location of Figs. 2 and 3

nously (within error) between ~1,805 and ~1,780 Ma, (Blake et al. 2000) and Maud Creek event, respectively
possibly related to the same tectonic event. (Stuart-Smith et al. 1993; new age constraints from

The first thermotectonic event shared by the Tanami,  Jagodzinki 1998), and produced north to north—east trend-
Halls Creek, and Pine Creek regions is bracketed between  ing folds and fabrics. These structural orientations are
~1,835 and ~1,825 Ma. In the Halls Creek and Pine Creek  consistent with the interpretation of Sheppard et al. (1999,
regions, this event is known as the Halls Creek Orogeny  2001) that this event marks the docking of the Kimberley
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Craton onto the North Australia Craton (Fig. 1); deforma-
tion in the Tanami and Pine Creek regions may reflect
migration of stresses caused by collision. In the Tanami
region, the Tanami Event is characterized by southeast to
east trending folds (Crispe et al. 2006; see below),
orientations different to those of similar age structures in
the Halls Creek and Pine Creek regions. This difference is
likely the result of later folding and perturbations in the
stress field caused by the location of the Tanami region
south of the main collision zone (Fig. 1).

Between ~1,835 and ~1,795 Ma, all three regions are
characterized by extensive magmatism (Stuart-Smith et al.
1993; Blake et al. 2000; see below), with magmatism in the
Halls Creek and Pine Creek regions beginning earlier than
that in the Tanami region. Folding accompanied granite
intrusion in the Halls Creek, Pine Creek, and Tanami
regions (Blake et al. 2000; Stuart-Smith et al. 1993; Crispe
et al. 2006). Locally voluminous mafic magma was
emplaced in extensional basins towards the end of this
period in the Tanami and Halls Creek regions and in the
Kimberley Basin (Crispe et al. 2006; Blake et al. 2000).
This magmatism may be associated with post-collisional
extension after docking of the Kimberley region.

Available data suggest that gold mineralization took
place near the end (Tanami region) or after (Pine Creek
region) this period of magmatism and post-collisional
extension. Although not well-constrained (see below),
structural data from the Tanami region are consistent with
gold forming in an ENE-WSW-directed convergent tecton-
ic setting, possibly involving a component of oblique
transcurrent movement. The implied change in tectonic
stresses may have been caused by changes in far field stress
to the south. Many of the deposits in the Pine Creek region
are associated with northwest-trending strike—slip faults
(e.g., Pine Creek Shear Zone) that were active during the
Shoobridge Event, which, with an age of ~1,780 Ma
(Stuart-Smith et al. 1993), coincides with the age of
mineralization. These faults could also have formed in an
oblique transcurrent tectonic regime. If this is the case, a
change in tectonic environment to a transpressive environ-
ment along the suture between the Kimberley region and
the North Australian Craton may have triggered gold
mineralization.

Geology of the Tanami region

As Crispe et al. (2006) and Cross and Crispe (2006)
describe the characteristics, relationships, and ages of
supracrustal rock units and granites in the Tanami region,
only a summary based on the above references is provided
herein. Figure 2 shows the distribution of geologic units
and regional faults, and Table 1 summarizes the character-

istics of the rock units and structural elements in the context
of the geologic evolution of the Tanami region.

The oldest rocks in the Tanami region are high-grade
metasedimentary' rocks and leucogranites of Neoarchean
age (~2,514+£3 Ma) that occur within the Billabong
Complex (located to the east of Fig. 2) and, possibly, the
Browns Range Dome. Archean rocks have a very limited
extent in the Tanami, although Nd isotope data suggest a
more extensive distribution at depth (Page et al. 1995).

The oldest known Paleoproterozoic rocks are the Bald
Hill sequence in Western Australia. This unit, which
contains basalt and turbiditic rocks, was intruded by
dolerite, which may have fed basalt flows, and minor, high
level rhyodacite, which has been dated at 1,864+3 Ma
(D. Maidment, unpublished data).

The most extensive unit is the 1,838+6-Ma (Cross et al.
2005) Tanami Group, which is subdivided into the basal
Dead Bullock and overlying Killi Killi Formations. Gra-
phitic units and banded iron formation of the Callie
Member of the Dead Bullock Formation host most lode—
gold deposits in the Tanami region. The Killi Killi
Formation, which consists of turbiditic siliciclastic rocks,
also hosts gold but is less extensively mineralized. Dolerite
sills, some of which have peperitic contacts with the
enclosing sedimentary rocks, intrude the Tanami Group.

Although the poor exposure precludes definitive state-
ments, the Dead Bullock Formation seems to be restricted
to the eastern and central part of the Tanami region, barely
extending over the border into Western Australia (Fig. 2).
This suggests that the Tanami basin was deepest in the east-
central part of the basin, a hypothesis supported by
provenance data from the coarser-grained Killi Killi
Formation, indicating that it was sourced from the
Kimberley region to the west (Cross and Crispe 2006).
Crispe and Vandenberg (2004) suggest that the Supplejack
Fault Zone, which is located in the eastern part of the
Tanami basin, may have been active during development of
the basin. As the Dead Bullock Formation is not known
east of this fault, it may have formed the eastern margin of
the deepwater depocenter into which the Dead Bullock
Formation was deposited.

The close association of many deposits and prospects
with carbonaceous and Fe-rich units in the Tanami Group
suggests that the original architecture of the Tanami basin
influenced the later lode—gold mineral system. Either the
unusual composition of these fine-grained rocks localized
gold deposition or structures developed during basin
formation were reactivated during later lode—gold events.

Rocks of the Tanami Group have been affected by the
~1,830-Ma Tanami Event (D;—M,), which involved dis-

! Only rocks of amphibolite grade or higher are referred to using the
prefix “meta-.”
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Mt. Winnecke Formation Coarse-grained quartz sandstone

and granular conglomerate; ~1,825 Ma based on

interbedded rhyolite

Tanami Event (D;) Asymmetric, disharmonic folds with

1,835-1,825

wavelengths to 1 km; greenschist to mid-amphibolite
facies metamorphism with highest grades to southeast.

Introduction of some gold?

Dolerite sills Intruded Dead Bullock Soak and Killi Killi
Formations; peperitic textures locally developed

Tanami Group

~1,840

Killi Killi Formation Turbiditic sandstone and siltstone;

maximum depositional age ~1,840 Ma

Dead Bullock Formation Siltstone and sandstone

(Ferdie Member: ~1,838 Ma) fining into graphitic

siltstone and BIF (Callie Member)

Basalt and dolerite sills Basalt interbedded with turbidites
Felsic sill High-level quartz porphyry associated with

dolerite sills

Bald Hill sequence Turbiditic sandstone and siltstone

~1,865

Barramundi Orogeny Upper amphibolite facies

~1,880

metamorphism affecting Billabong Complex

Billabong Complex Leucogranite

Billabong Complex Meta-arkose

~2,510

harmonic folding with wavelengths of macrofolds of ~1 km
and regional greenschist to amphibolite facies metamor-
phism. The Tanami Event was followed by deposition of
sandstone, siltstone, and felsic volcanic rocks of the
~1,820-Ma Ware Group. The Ware Group was accompa-
nied by the intrusion of the high-level Winnecke Grano-
phyre. These volcanic and intrusive rocks comprise the
Birthday magmatic suite.

Between 1,820 and 1,790 Ma, the Tanami region
experienced a complicated history involving two periods
of compressional deformation (D, and Ds), the develop-
ment of a post-Ds rift filled with turbiditic sedimentary
rocks and basalt of the Mount Charles Formation, the
intrusion of the Grimwade and Frederick magmatic suites,
and N-S directed (D;) and WSW-ENE-directed (Ds)
shortening (Crispe et al. 2006). Most of the lode—gold
deposits in the Tanami region are associated with Ds shear
zones and fault systems. It is possible that some or all of
these events are related to progressive deformation, but data
to test this hypothesis were not available at the time of
writing.

Seismic data (Goleby et al. 2006) and inversion and
forward modeling of potential field data (Vandenberg and
Meixner 2003; Meixner and Lane 2005) indicate that
granite complexes at the surface have high aspect ratios
and maximum thicknesses of 5-7 km. The same data
preclude the existence of large granite bodies deeper in the
crust.

The grade of metamorphism tends to increase from
northwest to southeast (Vandenberg et al. 2001; Fig. 3),
with gold deposits known in all metamorphic facies.
Although the highest-grade metamorphism occurred during
the Tanami Event (Scrimgeour and Sandiford 1993;
Vandenberg et al. 2001), contact aureoles commonly
develop around granites (Fig. 3). These thermal aureoles,
which are characterized by hornfels and the growth of
metamorphic minerals such as andalusite (chiastolite),
almandine, cordierite and biotite, extend up to 5 km (mostly
tens to hundreds of meters) away from granitoid contacts
at surface (Fig. 3; Tunks 1996; Wygralak et al. 2005;
Crispe et al. 20006).

The older stratigraphic units are overlain by the Pargee
Sandstone, which itself is unconformably overlain by
sandstone, siltstone, shale, and carbonate of the Birrindudu
Group. The age of the Pargee Sandstone is constrained by a
1,758+ 15-Ma maximum depositional age (Cross and Crispe
2006) and a 1,632+3-Ma age of xenotime associated with
epigenetic REE-Th—U mineralization (Vallini et al. 2006).

Late brittle faults (Dg,), including the WNW-trending
Tanami and Mongrel Faults cut all units in the Tanami
region. A number of zircon U-Pb discordia in samples from
the western Tanami yield lower intercepts at 550-600 Ma
(D. Maidment, unpublished data), indicating a thermal
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event at this time. This age corresponds to the King
Leopold Orogeny in the Halls Creek region and Kimberley
Craton (Blake et al. 2000). Faults associated with this
orogeny have a similar orientation and offset to the Tanami
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and Mongrel Faults (Fig. 2), suggesting a King Leopold age
to some Dg, structures, although the age of other Dg.
structures may be as young as the Alice Springs Orogeny
(450-300 Ma; c.f. Haines et al. 2001).



Miner Deposita (2007) 42:175-204

183

Mineral deposits of the Tanami region

Like the Yilgarn and Superior cratons and many other
lode—gold provinces (Hodgson 1993), gold is hosted by a
variety of rock types. However, unlike many of these
provinces, the majority of gold in the Tanami region is
hosted by sedimentary rocks (including iron formation),
with mafic rocks (basalt and dolerite) as the other
significant host. Table 2 summarizes the characteristics of
these deposits and other significant prospects. Figure 4
shows the relative importance of various host rocks to gold
mineralization.

Deposits hosted mainly by sedimentary rocks

Two of the three major goldfields within the Tanami region,
The Granites and Dead Bullock Soak, are hosted exclu-
sively by carbonaceous or iron-rich sedimentary units.
Other isolated deposits, including Oberon, Coyote, and
Minotaur, are also hosted by sedimentary rocks. In total,
these deposits comprise 77% of the Tanami gold resource,
with carbonaceous sedimentary rocks containing 61% and
banded iron formation containing 16% (Fig. 4).

Deposits hosted by carbonaceous rocks

Fine-grained, clastic, carbonaceous, sedimentary units in
the Dead Bullock Soak and Killi Killi Formations are the
most important host of gold in the Tanami region. The most
significant deposit of this type is the Callie deposit (Fig. 5),
which has a total resource of 188 tonnes of gold (Table 2).
This deposit is localized within carbonaceous siltstone
where Ds structural corridors intersect anticlinal closures
in the D; Dead Bullock Soak Anticlinorium (Smith et al.
1998; Voulgaris and Emslie 2004: Fig. 5a,b). As a
consequence, the ore shoots have a regular plunge of about
45° to the east. Although stratabound in general character,
the mineralized zone transgresses up stratigraphy down
plunge. The host sequence, which is characterized by
carbonaceous siltstone, includes a distinctive unit up to
22 m thick termed the Callie Boudin Chert (Williams
2006). This unit, which is characterized by chert “boudins”
up to 3 cm in thickness (Fig. 6a), is interpreted as a nodular
chert formed along a maximum flooding surface and the
enclosing carbonaceous siltstones as sedimentary rocks
formed in a deepwater, sediment-starved distal fan envi-
ronment (Lambeck 2004).

At Callie, sheeted, planar to weakly boudinaged quartz
veins up to 200 mm thick host free gold with variable
carbonate, chlorite, biotite, feldspar, and sulfide minerals
(Table 2). These veins dip 63° to 160° and define a series of
E-W-trending D5 corridors. Individual corridors can exceed
100 m in width and obliquely cut the D; Dead Bullock

Soak Anticlinorium (Fig. 5a; Voulgaris and Emslie 2004;
Williams 2006).

The most significant effect of ore-related alteration at
Callie is pervasive bleaching, which is caused by the
destruction of carbonaceous material in the host rocks. Ore
veins are generally surrounded by a narrow zone of wall
rock alteration that varies with depth, with chlorite being
progressively replaced by biotite as the dominant phyllo-
silicate (Smith et al. 1998). The Ferdies Member, which
underlies ex-carbonaceous siltstone of the gold-bearing
Callie Member, comprises fine-grained sandstone and
siltstone with magnetite content up to 50% (Voulgaris and
Emslie 2004; Williams 2006). Many of the sills that
punctuate the stratigraphic sequence in the Dead Bullock
Soak goldfield are extensively carbonated.

Although not as well-studied, the Oberon prospect
shares many characteristics with the Callie deposit. It is
hosted by carbonaceous siltstone within the Killi Killi
Formation, and a significant proportion of the mineralized
rock is hosted within the axial zone of a preexisting (D)
anticline (Wygralak et al. 2005). The vein paragenesis is
similar to Callie, with gold hosted by quartz—K—feldspar—
carbonate—pyrite veins with chlorite-bearing wall rock
alteration zones. The Oberon prospect is also characterized
by pervasive decarbonization and bleaching of the host rock
(Table 2; Wygralak et al. 2005).

The other important deposit hosted by clastic sedimen-
tary rocks is the Coyote deposit. Mineralization within this
deposit is hosted mainly along the sheared south limb of a
D, anticline (Fig. 7a). Ore lenses, which consist of quartz
vein arrays, plunge 10-15° to the west. Although the
Coyote ore shoots are hosted by a turbiditic sandstone-
dominated package, in detail, most veins occur within
siltstone interbeds (Bagas et al. 20006).

In the nearby Bald Hill area (Bagas et al. 20006), a
number of prospects are localized within the folded Bald
Hill sequence. This sequence, although N-trending, is
folded by a series of WSW-plunging folds (Fig. 7b), with
mineralization related to E- to SE-trending faults. Timing of
auriferous veins relative to structural elements indicates a
pre- to syn-D; timing for these prospects.

The smallest deposit hosted by clastic sedimentary rocks
is the Tregony deposit, which is hosted by graywacke and
shale of the Killi Killi Formation. This prospect differs from
the other deposits in that it is hosted by N-striking veins in
NW-trending dilational jogs related to a regional shear zone
(Table 2; Wygralak et al. 2005; Ord River Minerals 2005).

Deposits hosted by iron-rich sedimentary rocks
Iron-rich sedimentary rocks near the stratigraphic top of the

Dead Bullock Formation host mineralization in the Dead
Bullock Soak (Figs. 3c and 5a) and The Granites (Fig. 8)
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Data source(s)

Ore fluid characteristics

Vein paragenesis and alteration

Structural context®

Host rock and stratigraphic context®

Production and
remaining resource®

Table 2 (continued)

Deposit

@ Springer

Deposits hosted by other rock types

Wygralak et al. (2005)

N/A

Three vein sets are present: (1) quartz—

Mineralized veins are controlled by

The mineralized zone is hosted by

N/A

Galifrey

albite; (2) quartz—carbonate + pyrite;

sinistral (Ds?) shears.

tonalite and the Killi Killi Formation.

and (3) quartz—chlorite + sericite +

pyrite.

#As of 31 December 1996, for BIF-hosted deposits in Dead Bullock Soak goldfield; 30 June 2001 for the Callie, Oberon, Minotaur and Groundrush deposits; June 2002 for deposits in

the Tanami goldfield (including deposits in the Jims Find and Pendragon areas); 31 December 2002 for The Granites goldfield; and 30 January 2004 for the Coyote, Kookaburra and Sandpiper

deposits. Resource data for the Crusade and Tregony prospects were calculated in 1996 and 2000, respectively. Data is drawn from the Registry of Australian Mining 2003-2004, from

company data releases and from Smith et al. (1998). The last source was used for deposits in the Dead Bullock Soak goldfield (except Callie) as more recent data grouped production from this

goldfield with that from The Granites goldfield. Phil Ferenczi (NTGS) and Mike Huleatt (GA) synthesized some data presented.

® The structural and stratigraphic nomenclature used herein is that of Crispe et al. (2006). Mine-scale structural and stratigraphic schema (e.g., Smith et al. 1998) have been generalized to fit into this

nomenclature.

goldfields and at the Minotaur deposit. These iron-rich
rocks comprise chert interlayered with amphibole (horn-
blende and/or cummingtonite)-rich rock with variable
amounts of chlorite, magnetite and, at The Granites, garnet
(Table 2; Mayer 1990; Smith et al. 1998; Wygralak et al.
2005). Massive carbonate is locally preserved at The
Granites goldfields and at the Villa deposit in the Dead
Bullock Soak goldfield, leading to the interpretation that
these iron-rich rocks are metasomatized sulfide, carbonate,
or silicate facies banded iron formation (BIF; Mayer 1990;
Smith et al. 1998). The BIF host rocks occur in pelitic to
semipelitic sequences that are locally mineralized adjacent
to some deposits. In The Granites goldfield, the surround-
ing rocks are decarbonized below the ore host, but graphitic
above (Mayer 1990).

In the Dead Bullock Soak goldfield, the highest gold
grades in BIF-hosted deposits are in parasitic folds,
particularly anticlinal fold closures, in the D; Dead Bullock
Soak Anticlinorium (Figs. 3¢ and 5a; Table 2; Smith et al.
1998). This contrasts with deposits in The Granites
goldfield, where ore lenses have a tabular form (Fig. 8b),
are not localized in fold closures and are controlled by
layer-parallel shears (Adams et al. 2006).

Structural relationships highlighted by Mayer (1990),
Adams (1997), and Adams et al. (2006) suggest that some
gold was introduced early (during D;) in The Granites
goldfield, with a secondary period of gold mineralization
during their D3 (equivalent to Ds). Adams (1997) indicate
that most gold-related pyrrhotite, arsenopyrite, and pyrite
was developed and flattened within the S; fabric, indicating
a pre- to syn-D; timing of sulfide and gold mineralization.
Moreover, Scrimgeour and Sandiford (1993) indicate that
alteration selvages around auriferous veins were metamor-
phosed during emplacement of ~1,795 Ma granites and
suggest gold veins were boudinaged during D;/M; granite.
However, Vandenberg et al. (2001) interpret that all gold
was introduced during Ds. Insufficient data exist to resolve
this conundrum.

In addition to quartz-only veins, gold also occurs in
chlorite bands within quartz—chlorite veins and as grains
associated with sulfide and arsenide minerals disseminated in
BIF (Table 2; Mayer 1990; Smith et al. 1998; Wygralak et al.
2005). In The Granites goldfield, the highest tenor gold is
associated with sulfide-rich amphibole schist and with
carbonate-rich facies BIF. Although the host rock as a whole
contains less than 5% sulfide, the amphibole schist typically
contains 7-15% sulfide, predominately pyrrhotite, pyrite,
and arsenopyrite (Mayer 1990). Even though the BIF-hosted
deposits in the Dead Bullock Soak goldfield are not as
sulfide-rich, Smith et al. (1998) noted a close association
between gold and arsenopyrite abundance in the host rock.

The Minotaur deposit (location to east of Fig. 2) is
hosted by iron formation correlated with the host unit in
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Fig. 4 Pie diagram showing Other (21)
relative contribution to ==t |
global gold endowment of the
Tanami region by host rock / Mafic

rocks

I 77

|' | Sedimentary
| rocks (167 t)

"\ BIF

(501 /

The Granites goldfield. Gold mostly is present in chloritic
fractures and is associated with arsenopyrite and pyrrhotite.
It also is present in quartz—feldspar veins in metasedimen-
tary rocks underlying the host unit. Although the deposit is
associated with a D anticline, detailed structural relation-
ships are unclear (Wygralak et al. 2005).

Deposits hosted mainly by mafic igneous rocks

Mafic igneous rocks are the third major host to gold in the
Tanami region, accounting for up to 23% of total gold
resources (Fig. 4). Of this 23%, the bulk (14% of the grand
total) is from the Tanami goldfield, with the Groundrush
deposit contributing a further 6%, and the small Crusade
deposit contributing the rest (Table 2). Although mafic
igneous rocks contain most of the gold, other rock types,
including clastic sedimentary rock and dacite (Table 2),
host significant gold in some of these deposits.

The Tanami goldfield

The Tanami goldfield (Fig. 9) differs in many ways from
other gold deposits in the Tanami region. This goldfield
consists of over 40 individual deposits in a 15-km long
zone within the Mount Charles Formation (Fig. 2). This
unit, which has a poorly constrained age of 1,800—1,790 Ma,
is interpreted to have formed in a post-D; continental rift
(Tables 1 and 2; Tunks and Marsh 1998; Vandenberg et al.
2001; Wygralak et al. 2005; Tunks and Cooke 2006; Crispe
et al. 2006). The Pendragon area, 40 km west, contains
similar deposits. The hosts to the deposits underwent, at
most, pumpellyite—prehnite metamorphism.

The average deposit in the Tanami goldfield contained
less than 1.3 tonnes of gold, and only a handful contained
more than 3.0 tonnes. Of these, the largest was the
Hurricane-Repulse deposit, which contained 13 tonnes, or
slightly more than 25% of the Tanami goldfield total
(Wygralak et al. 2005). The three orebodies within this
deposit (Fig. 9b) illustrate many of the characteristics of the
Tanami goldfield as a whole.

The Hurricane-Repulse deposit consists of auriferous
quartz veins and stockworks that were hosted by interbed-
ded basalt, siltstone, and sandstone, with the Repulse
(northern) and Gap (central) orebodies hosted by basalt.
The Repulse orebody is hosted by brecciated basalt where it
is cut by a steeply NNE-dipping D5 fault near the upper
contact with sedimentary rocks. The Gap orebody is located
where east-dipping D5 faults intersect basalt (Wygralak et
al. 2005). The siting of ore shoots at the intersection of Ds
structures with basalt is typical of most deposits in the
Tanami goldfield. These structures and their associated
orebodies have three discrete orientations (350-000°, 020—
040°, and 060—070°), all dipping moderately to steeply to
the east and southeast (Tunks and Marsh 1998). These Ds
structures include both reverse and small displacement
wrench faults (Tunks 1996; Vandenberg et al. 2001;
Wygralak et al. 2005).

The southern Hurricane orebody differs from most
others in the Hurricane-Repulse deposit and the Tanami
goldfield in that it is hosted by sedimentary rock. This
orebody is localized where a gently E-dipping fault system
intersects sedimentary rocks dipping moderately to the
northwest (Fig. 9b: Wygralak et al. 2005), forming three
sub-horizontal lenses hosted by siltstone. Erratic, high-
grade zones are present at the base of the host unit, just
above the underlying basalt. High-grade (to 23% Cu)
chalcopyrite-rich zones are locally present in the Hurricane
orebody, but appear to cross-cut gold-bearing veins.

Tunks (1996) described a very complex alteration and
vein paragenesis (Table 2), which is typical of the para-
geneses of Tanami goldfield deposits. Significant gold
mineralization is restricted to quartz + sericite and carbon-
ate-quartz veins and breccias associated with Ds faults. The
veins also contain variable pyrite, chalcopyrite, chlorite, and
feldspar, and are locally characterized by epithermal-like
textures, including comb, colloform, lattice blade, ghost
sphere, and flamboyant textures (Adams 1920) as well as
chalcedonic quartz (Fig. 6b,c; Wygralak et al. 2005).

Tunks (1996) described pervasive chlorite—carbonate
alteration assemblages through the Tanami goldfield, which
he interpreted as the outer assemblage associated with gold
mineralization. A sericite—quartz £ pyrite = carbonate
assemblage affects the vein host rock up to 1 m from
individual veins and 10 m from stockworks.

The Groundrush deposit

The Groundrush deposit is hosted by a thick, foliated
dolerite dike that intruded steeply SW-dipping graywacke
of the Killi Killi Formation (Fig. 7c). Gold is associated
with steeply west-dipping, anastomosing quartz veins that
form lodes 10-30 m wide. The dolerite, graywacke, and
possibly, the veins are cut by a tonalite dike. The veins are
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<« Fig. 5 Geology of the Dead Bullock Soak goldfield. a Geological plan
of goldfield, b cross section of Callie deposit (location shown as B-B’
in a), and ¢ cross section of Villa deposit (located 350 m east of the
eastern margin of ¢; modified after Smith et al. 1998; Voulgaris and
Emslie 2004)

typically <10 cm wide and contain accessory arsenopyrite,
pyrite, pyrrhotite, chalcopyrite, and K—feldspar. Narrow
(<2 mm) alteration zones associated with these veins are

.‘3{‘ F-'

Fig. 6 Photographs of rock textures from the Tanami region. a Callie
boudin chert, b comb-textured quartz from the Tanami goldfield, and
¢ photomicrograph of ghost spheres in vein quartz from the Tanami
goldfield

dominated by sericite. However, the dolerite dike has been
chloritized in the lode zones (Wygralak et al. 2005).

Deposits hosted by other rock types

Although resources have not been calculated outside
sedimentary and mafic rocks, a few prospects have been
identified in other rock types. The most significant of these
prospects is the Galifrey prospect (Fig. 2), which is hosted
by Grimwade Suite tonalite and graywacke of the Killi Killi
Formation. Gold is associated with quartz-carbonate—pyrite
veins and stockworks within gently dipping, tensional
fractures. The host rocks were pervasively altered to a
quartz—sericite—dolomite + pyrite assemblage (Wygralak et
al. 2005). The 1,802+8-Ma Twin Bonanza porphyritic
monzogranite also contains gold in thin, quartz-filled
fractures (Dean 2001).

The age(s) of mineralization

Like many other gold provinces, the age(s) of mineraliza-
tion in the Tanami region are poorly constrained, with little
robust geochronological data available. Rather, the age of
mineralization has generally been inferred based on
geological relationships. For instance, some auriferous
veins and sulfidic schist at The Granites goldfield (Mayer
1990; Adams 1997) were deformed early (D;), yet
auriferous veins at Callie are planar and inferred to have
formed relatively late in the structural history (Ds: Table 2;
Smith et al. 1998). Moreover, at The Granites, some gold is
also inferred to have been introduced during Ds (Adams et
al. 2006). In the Tanami goldfield, mutually crosscutting
relationships between ores and felsic dykes that are
compositionally similar to granites in the nearby Frankenia
granite complex, suggest a syn-granite age for mineraliza-
tion (Tunks 1996). Phases of this granite complex have
been dated at 1,805+5 Ma (Smith 2001).

Although gold deposition is generally inferred to be
coincidental with the deposition of the host quartz veins, in
some instances, gold paragenetically fills cracks within the
veins. This relationship is best developed at the Coyote
deposit (Table 2; Bagas et al. 2006), where it appears to be
ubiquitous. Although gold can occur in fractures at the
Callie deposit, it is more commonly intergrown with quartz,
suggesting coincidental deposition.

With the use of these relationships and the perceived
close association of some deposits with granite com-
plexes, genetic models, including syngenetic gold (e.g.,
Ireland and Mayer 1984) and thermal aureole/granite-
related models (Wall and Taylor 1990), have been
developed, with implicit ages for mineralization. Howev-
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Fig. 7 Geology of selected prospects in the Tanami region. a Long
section of the Coyote (modified from Tanami Gold NL data), b plan
showing the association of gold prospects in the Bald Hill area with

er, until recently, no geochronological data have been
collected to test these models. Fraser (2002) suggested
that ~1,720 Ma “°Ar/*°Ar ages derived from biotite hosted
by auriferous quartz veins at Callie reflected the possible
age of mineralization. However, preliminary SHRIMP
analyses of hydrothermal xenotime paragenetically asso-
ciated with gold gives ages of 1,803+19 and 1,791+8 Ma

@ Springer

04-122-3

folds in the Bald Hill Sequence (after Hassan 2002), and ¢ cross
section of the Groundrush deposit (after Wygralak et al. 2005)

at Callie and Coyote, respectively (Cross et al. 2005;
Bagas et al. 20006).

Overall, most geochronological data point to an age of
around 1,800-1,790 Ma for late (Ds) gold in the Tanami
region. The absolute age of the apparently earlier gold
event (D, at The Granites and in the Bald Hill area) is not
constrained.
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Fig. 8 Geology of The Granites goldfield. a Geological plan of the goldfield, and b cross section of the East Bullakitchie deposit (modified after

Wygralak et al. 2001 and Mayer 1990)

Structural controls on D5 gold deposits

Figure 2 differentiates faults that formed mainly during D¢
and later deformation events and faults that were active
during Ds. The former faults tend to be linear, through-
going structures trending WNW to NW, whereas the latter
faults tend to be more sinuous, commonly bending into a
northerly trend in the northern part of the Tanami region.
These latter faults, which include the Bluebush, Supple-
jack, and Black Peak Fault Zones, are most closely
associated with Ds gold mineralization. The Groundrush
deposit and prospects to the north are associated with the
Supplejack Fault Zone, deposits in the Tanami goldfield
are associated with second- and third-order structures
related to the Black Peak Fault Zone, and deposits in the
Dead Bullock Soak goldfield are developed along Ds
structural zones.

Figure 10 is a reconstruction of structural elements,
granite complexes, and gold deposits at the time of D5 after
removal of strike—slip movement on Dg structures. The
distribution, kinematics, and orientations of the faults were
constrained by forward modeling of potential field data
(Vandenberg and Meixner 2003), preliminary seismic
reflection data (Goleby et al. 2006), and outcrop observa-
tions. Strike—dip symbols indicate the trends and dips of
quartz veins or ore shoots in major deposits.

Like major Ds faults, the orientation of the deposits
varies systematically with respect to the Coomarie and
Frankenia granite complexes. To the northeast of these

complexes, the deposits trend northerly, subparallel to the
strike of major Ds faults in the area, whereas to the
southeast the deposits trend easterly, at a moderate angle to
the major faults (Fig. 10a). Geophysical data indicate that
the D5 structures tap the mid-crust to a depth of at least 10—
15 km. However, owing to limited outcrop, the structural
regime at the time of mineralization is largely conjectural,
and the following discussion must be considered as a
working hypothesis.

The Ds fault system consists of a network of thrust and
oblique-slip thrust faults that are consistent with an overall
convergent regime with the principal stress direction (o)
oriented between ENE-WSW and E-W (Fig. 10b). The
Frankenia and Coomarie granite complexes may have acted
as buttresses, localizing faults into supracrustal units
between or around the complexes.

In the northern part of the Tanami region, deposits
parallel the trends of faults, possibly in subordinate thrust-
related structures (e.g., ramp-related anticlines). In the
south, however, the deposits are mainly oriented ENE to
E, at a low to moderateangle to major Ds structures. The
best example of this relationship is at the Callie deposit,
where the orientation of tension veins arrays within vein
corridors is consistent with ENE-directed shortening,
possibly related to local WNW-trending transpressional
shear (Fig. 10c).

Tunks and Cooke (2006) proposed that the range in
orebody orientations in the Tanami goldfield relate to
Reidel geometry developed in a local SE-directed compres-
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Fig. 9 Geology of the Tanami goldfield. a Geological plan of the goldfield, b sections of Hurricane-Repulse deposit (modified after Wygralak

et al. 2005)

sional environment related to the Black Peak Fault.
Alternatively, the Black Peak Fault may have acted as a
SE-dipping oblique thrust (dextral) during regional ENE-
WSW to E-W shortening (Crispe and Vandenberg 2006).
The mineralized structures may have formed as subsidiary
structures accommodating strain in the hanging wall to the
Black Peak Fault as this fault localized deformation around
a large granite-cored domain. Granite complexes have
influenced the geometry of Ds structures at the regional
and local scales. Relatively small granites at The Granites
goldfield may have influenced the local structural architec-
ture and, thereby, the location and orientation of the
deposits.

Although major Ds structures were conduits of ore
fluids, gold deposits did not form within these structures
because high fluid fluxes overwhelmed the chemical or
physical ability of these major conduits to deposit gold.
Rather, ore was deposited along related second- and
third-order structures where lower fluid fluxes and lower

@ Springer

water/rock ratios allowed deposition. Such relationships
are common in other lode—gold provinces (e.g., Groves
et al. 1989).

As outlined above and discussed by Adams et al.
(2006) and Bagas et al. (20006), structural relationships
suggest an early (D) period of gold mineralization at The
Granites and in the Bald Hill area. If this interpretation is
correct, this gold event was associated with the ca. 1,830-
Ma Tanami Event, the earliest orogenic event recognized in
the Tanami region.

The ore fluids and their sources

Fluid inclusion studies (Mernagh and Wygralak 2006)
indicate that gold mineralizing fluids ranged in temperature
and salinity from 190 to 430°C and 4 to 14 eq wt% NaCl,
and contained significant amounts of CO,. With the
exception of Groundrush, evidence of phase separation
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Fig. 10 Generalized diagrams for the Tanami region showing a the
relationship of major Ds fault/shear zones to major granite batholiths
and the orientation of important veins and ore shoots (after effects of
D¢ have been removed). Panel b shows schematic distribution of
structural elements and components of proposed structural model, and
¢ strain ellipse showing how east- to ENE-trending tensional veins can
form in the proposed structural model. The orientations of pre-Ds
deposits (The Granites goldfield and Bald Hill areas) are shown for
completeness

was noted in all deposits. Estimated depths of formation
range from 1.5-5.6 km at the Tanami goldfield to 5.6—
11 km at Groundrush (Table 2). Ore fluids in the Tanami
goldfield contained lower quantities of CO, and formed
veins with textures similar to those of epithermal veins
(Fig. 6b,c). Although not common, these textures are
widespread and closely related to gold. The origin of the
Tanami goldfield fluids is debatable: alternatives include
the epizonal portion of a lode—gold mineral system
(Hagemann et al. 1992; Groves 1993) or a true low-
sulfidation epithermal origin. The former interpretation is
preferred since carbonic inclusions, which are atypical of
epithermal veins (Bodnar et al. 1985), are present.

Based on oxygen and hydrogen isotopes of vein quartz
and fluid inclusions, Wygralak et al. (2005) could not
distinguish unambiguously the origin of the ore fluids.
They demonstrated that the fluids from Callie and the
Tanami goldfield overlap the fields of metamorphic and
magmatic waters, but that the fluids from The Granites
goldfield (based on one dD determination) overlap only the
magmatic field. However, this latter interpretation is based
mainly on bulk fluid inclusion 0D analyses, and Adams
(1997) prefers a metamorphic origin for The Granites ore
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Fig. 11 2°"Pb/***Pb vs °Pb/***Pb diagrams showing the lead isotope
characteristics of galena, K—feldspar, and arsenopyrite from gold
deposits and granitic rocks in the Tanami region. a All data and
b detailed relationship of ore lead to granite K—feldspar lead.
Diamonds and ellipses indicate K—feldspar analyses, squares indicate
galena analyses, and circles indicate arsenopyrite analyses. Open
symbols indicate analyses of minerals from granites, light gray sym-
bols indicate analyses from the Groundrush deposit, dark gray
symbols indicate analyses from the Coyote and nearby deposits, and
black symbols indicate analyses from the Callie deposit. The /ines in
a indicate arrays defined by disseminated arsenopyrite and ore-related
K—feldspar from the Groundrush deposit and by disseminated
arsenopyrite and ore-related galena from the Coyote and nearby
deposits. In b, the ellipses indicate 20 uncertainties for conventional
analyses, and the small symbols indicate double spike and ICP-MS
analyses for which the 20 uncertainties are of similar size to the
symbol. In a, the 20 uncertainties are smaller than the symbols, except
for single spike analyses. The modeled lead isotope evolution curves
in (b) are modified from the model of Cumming and Richards (1975)
by changing € (to 0.07228x 10~ year ') to fit a K—feldspar analysis of
the Inningarra Granite (1,815+4 Ma; age from Smith 2001). The K-
feldspar analysis of the Inningarra granite was selected as a local
control on the model as it is the least disturbed (i.e., least radiogenic)
analysis of a total of seven granite K—feldspar analysis (Table 3)
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fluids. Hence, available data cannot distinguish between
metamorphic and magmatic origins for the ore fluid, a
conundrum faced in many lode—gold provinces (Groves et
al. 2003).

Although it is not possible to directly track the source of
gold, the sources of lead and sulfur, which are commonly
closely related to gold, can be constrained in some cases.
Data in Table 3, which summarizes published sulfur isotope
data (Tunks 1996; Adams 1997; Wygralak et al. 2005;
Tunks and Cooke 2006; Adams et al. 2006), indicate that
with one important exception ore-related sulfides from the
Tanami region have a relatively restricted range in §°*S,
with most analyses between 4 and 10%o. The exception is
the late-stage (syn- to post-Ds) sulfides at The Granites,
which are characterized by lower 5°*S of =2 to 4%o (Adams
et al. 2006). Differences in °*S characteristics between this
stage and the earlier stage (syn-D;) support the interpreta-
tion of two mineralizing events at The Granites goldfield.
Differences in 0°*S signatures may indicate two discrete
sulfur sources.

Like hydrogen and oxygen isotopes of the ore fluids,
sulfur isotopes are not diagnostic of a particular sulfur
source. The 6°*S range of the Tanami region ore-related
sulfides overlaps the extended range for magmatic sulfur
identified by Ohmoto (1986). It is also consistent with the
range of &°*S reported in Paleoproterozoic sedimentary
rocks (e.g., Canfield and Raiswell 1999). Hence, as also
suggested by Adams et al. (2006), the sulfur isotope data
are not diagnostic of a particular origin for the ore sulfur.

In contrast, lead isotopes constrain the source of lead in
the Tanami mineral system (Table 4; Fig. 11). Wygralak et

al. (2001) compared the lead isotope composition of
disseminated sulfide in mafic wall rocks of the Groundrush
and Carbine (Tanami goldfield) deposits with those of K—
feldspar from Tanami granites. The sulfide data, along with
whole rock data from altered wall rock from Groundrush,
defined an array that passed above the granite K—feldspar
field in *°’Pb/***Pb vs *°°Pb/***Pb space, leading Wygralak
et al. (2001) to conclude that the lead in the disseminated
sulfide (and therefore the gold in the deposits) had a
different source to the lead in the granites.

However, new data from the Groundrush, Coyote, and
Pebbles deposits (Table 4) suggest more complicated lead
isotope relationships (Fig. 11a). Gold-related galena from
the Coyote and Pebbles deposits, along with galena that
paragenetically brackets gold at the Callie deposit, has
broadly similar lead to that from regional granites. In detail,
gold-related lead from these deposits is only slightly more
evolved than lead from granite K—feldspar (Fig. 10b).
Moreover, disseminated arsenopyrite from the Coyote
deposit defines a trend that projects into the field-defined
granite K—feldspar and gold-related galena.

At the Groundrush deposit, however, a trend defined by
disseminated arsenopyrite projects above the granite K-
feldspar field (as originally noted by Wygralak et al. 2001)
but through the composition of gold-related K—feldspar.
These data, combined with data from the Callie, Coyote, and
Carbine deposits, suggest multiple provincial sources of
gold-related lead in the Tanami region. Although similarities
in lead isotope character of galena from the Callie and
Coyote deposits could be interpreted to indicate a direct or
indirect magmatic component to ore lead, data from the

Table 3 Summary of sulfur

isotope data from gold depos- District/deposit/paragenetic stage

Mineral Range in 6**S (%)  Number of analyses

its of the Tanami region

Tanami (mostly Hurricane-Repulse with some from Carbine)

Diagenetic
Stage II (pre-ore)

Stage IV (ore); in sedimentary rocks

Stage IV (ore); in basalt
Dead Bullock Soak
Callie; disseminated in wall rock

Data for this table were taken
from Tunks (1996: Tanami
goldfield), Adams (1997: The
Granites goldfield), and
Wygralak et al. (2005: all
goldfields).

C Conventional analysis, LA
laser ablation analysis
*Includes three analyses of

(poor analyses)®

Tarrant; bedded
The Granites

Syn-D
Wygralak et al. (2005) from Syn Dl
Carbine i
Syn-D,

® These analyses are of powder
that contains significant silicate
contamination.

“Includes two analyses of
Wygralak et al. (2005) from
Quorn

Syn-to post D3
Syn-to post D3
Syn-to post D3

Triumph Hill; disseminated in wall rock

Colliwobble Ridge; disseminated in wall rock
Colliwobble Ridge; in ore-stage vein

Pyrite 17.8-19.2 1(C) &7 (LA)
Pyrite 31.7-37.2 1 (C) & 7 (LA)
Pyrite 6.8-10.6 6 (C) & 24 (LA)*
Pyrite 9.2-12.3 24 (LA)
Arsenopyrite  8.8-9.5 3(C)
Arsenopyrite  1.0-2.0 2(0)
Arsenopyrite 6.4 1 (C)
Pyrite 3.9 1 (O)
Pyrrhotite 6.0-6.6 2(0)
Arsenopyrite  6.4-8.5 33 (C)
Pyrrhotite 42-73 31 (C) & 3 (LAY
Pyrite 5.9-17.4 (mostly 4 (LA)

5.9-8.6)
Arsenopyrite  1.8-3.6 2 (C)
Pyrrhotite —2.3104.0 13 (C) & 2 (LA)
Marcasite 22 1 (LA)
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Groundrush and Carbine deposits are inconsistent with this
interpretation. A more likely scenario is that the lead was
leached from local sources, including granites in some cases.

The site of metal deposition

Most gold mineralization in the Tanami region is hosted by
carbonaceous sedimentary rocks, iron formation, and
basalt/dolerite, which have significantly different chemical
and physical properties. In the following section, gold
depositional mechanisms for each of these hosts are
explored to identify the most important characteristics of
these rocks for gold deposition.

Deposits hosted by carbonaceous, fine-grained sedimentary
rocks

Carbonaceous sedimentary rocks in the Dead Bullock
Formation host most of the known gold resource in the
Tanami region. At the world-class Callie deposit, gold is
localized where Ds corridors of sheeted, quartz veins
obliquely cut a F; anticlinorium. Mineralization is best
developed in anticlinal fold closures where the host rocks
have been bleached and decarbonized. Rocks below the ore
zone are magnetite-rich. Other, smaller, deposits hosted by

fine-grained clastic sedimentary rocks share many of these
characteristics. The conjunction of all of these character-
istics may be the main reason for the large gold
accumulation at Callie. Figure 12 illustrates a genetic
model for the formation of the Callie deposit based on the
above characteristics.

Ground preparation

At Callie, the D5 structural corridor, which acted as a fluid
conduit, is subparallel to the F; axial plane and at a low
angle to bedding along fold limbs. However, in anticlinal
and synclinal closures, this corridor is at a high angle to
bedding (Fig. 12a). Bedding along fold limbs focused fluids
into anticlinal closures (Fig. 12b) where the high angle of
bedding to fluid flow enhanced ore depositing chemical
reactions. The fluids were focused away from synclinal
closures, accounting for the lower abundance of gold in
these positions. The coincidence of an E-plunging F,
anticlinorial closure and the ENE-trending Ds structural
corridor may have been essential to form the Callie deposit.
Other sediment-hosted deposits in the Tanami region,
including Oberon, also are localized within preexisting
anticlines, and preliminary seismic data (Goleby et al.
2006) suggest that the Groundrush deposit is associated
with a thrust-related ramp anticline.

Fig. 12 Schematic diagrams il-
lustrating the proposed genetic e NG \
model for the Callie (and other
carbonaceous siltstone-hosted)
deposit. a Plan at time of min-
eralization, b cross section at
time of mineralization, ¢ log
for—pH diagram showing possi-
ble evolution paths of hydro-
thermal fluids, and d log fo—
acg diagram showing possible
evolution paths of hydrothermal
fluids. The solid arrows in ¢ and
d illustrate the hypothesized
evolution of the hydrothermal
fluid during decarbonization,
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In addition to structural preparation, carbonaceous rocks
were also essential for gold deposition as the ores occur in
the first carbonaceous units in the stratigraphy. Deepwater,
sediment-starved conditions (Lambeck 2004) allowed the
deposition of carbonaceous matter and iron-rich sediments
in the Callie Member before progradation of turbiditic
sandstone of the Killi Killi Formation. The chemical
reactivity of these deepwater rocks predisposed them to
host later gold mineralization.

Gold mineralization

The presence of magnetite (Williams 2006) below the
Callie deposit suggests that the ore fluids were initially
oxidized relative to graphite stability. G. Morrisson (in
Smith et al. 1998), who initially recognized decarbonization
as an important control on gold deposition at this deposit,
inferred that reduction of the fluid associated with the
oxidation of carbonaceous material as the main cause of
gold deposition (e.g., Fig. 12c). Another consequence of
decarbonization is the conversion of carbonaceous material
to CO,, which initially dissolved into the ore fluid:

C 4 2H,0 — CO,(aq)+2H,(g) (1)

In the presence of sufficient carbonaceous material, the
fluid eventually saturated in CO, and unmixed as suggested
from fluid inclusion evidence (Mernagh and Wygralak
2006). As a consequence, H,S and H, in the fluid
partitioned into the gas phase and gas pressure built up.
H,S loss into a gaseous phase, which decreased the
concentration of aqueous H,S in the ore fluid, possibly
caused gold deposition (Fig. 12d). CO, unmixing (caused
by decarbonization) is a more efficient mechanism for gold
deposition than reduction of the ore fluids (e.g., compare
paths on Fig. 12d), although both processes probably
contributed to gold deposition. Loss of H, oxidized the
ore fluid, continuously reinvigorating the reaction with
carbonaceous material and CO, production.

The build up of gas pressure, combined with the
prevailing stress conditions, eventually caused rock failure.
Failure increased permeability, resulting in sheeted, dila-
tional quartz veins. Permeability was also enhanced by
volume loss caused by the removal of carbonaceous
material by hydrothermal reaction, as suggested by Smith
et al. (1998).

Deposits hosted by iron-rich sedimentary rocks

Iron-rich sedimentary rocks, some of which qualify as iron
formation, are important hosts to lode—gold deposits, both
in Archean and Proterozoic rocks. In both The Granites and
Dead Bullock Soak goldfields, the host iron-rich unit is also
enriched in sulfide (to 15%, including arsenopyrite,

pyrrhotite, and pyrite) within ore zones. Gold occurs both
in veins and in the host rock associated with disseminated
sulfide minerals. Similarities of these characteristics to
other Proterozoic iron-rich sediment-hosted deposits (e.g.,
Homestake and some Pine Creek deposits: Partington and
Williams 2000) suggests similar depositional mechanisms.

Phillips and Groves (1983) and Bohlke (1988) argued
that the depositional mechanism for gold in lode deposits
hosted by iron-rich rocks (e.g., BIF and mafic igneous
rocks) was sulfidation of the rock, which causes H,S loss
from the fluid:

FeOrock+H2S(aq) — FeS + H,O (2)

Similar, though more complicated, reactions can be written
for pyrite and arsenopyrite, all of which remove H,S from the
ore fluid. Loss of H,S destabilizes gold thiocomplexes,
leading to gold deposition. Given the abundance of replacive
sulfide in the host rocks, this mechanism probably dominates
gold deposition in BIF-hosted deposits.

In the Dead Bullock Soak goldfield, the main structural
control on the ores is the intersection of the Ds structural
corridor with F; flexures and anticlinal closures. However,
in The Granites goldfield, mineralization was localized by
layer-parallel shears that focused on ore fluids. Although
ore depositional mechanisms were probably similar in both
The Granites and Dead Bullock Soak goldfields, a number
of structural sites, including anticlinal closures, flexures,
structurally thickened zones, or extensively sheared zones
are suitable sites for ore-forming reactions.

Deposits hosted by mafic rocks

Iron-rich mafic rocks are some of the best hosts to lode—
gold ores, hosting giant deposits in the Yilgarn (e.g., the
Golden Mile) and other lode—gold districts around the
world. Like iron-rich sedimentary rocks, wall rock sulfida-
tion reactions have been inferred as the main mechanisms
of gold deposition (e.g., Phillips and Groves 1983), and the
relative competence of mafic rocks may have localized
structures that focused fluid flow (Hagemann and Cassidy
2000). In the Tanami region, mafic rocks host a significant
proportion of known gold, although wall rock sulfidation
may not have been the cause of gold deposition.

The Groundrush deposit

The Groundrush deposit is relatively sulfide-poor, both in
the veins and particularly the wall rock, where sulfide
abundance rarely exceeds 1%. Despite being iron-rich and
having high Fe/(Fe+tMg) (0.59-0.83, n=4), both of which
favor wall rock sulfidation (Bohlke 1988), sulfidation of
this rock was not the main mechanism of gold deposition.
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An alternative mechanism could be the reduction of the ore
fluids (e.g., Fig. 12c) that would be accompanied by
oxidation of the host rocks, for which there is no evidence.
Hence, it is unlikely that chemical reactions with the wall
rock caused gold deposition at Groundrush.

A third alternative mechanism for gold deposition is
depressurization associated with structural movement along
shear zones. Sibson et al. (1988) have suggested that faults
can act as valves, producing cyclical variations in fluid
pressure from supralithostatic to hydrostatic. Figure 13
shows that deeper deposits such as Groundrush and Coyote
are characterized by fluids with low CO,/CHj, ratios. These
CHy-rich fluids are more susceptible to unmixing as CHy is
less soluble in aqueous fluids than CO, (Naden and
Shepherd 1989). Massive rocks like dolerite (Groundrush)
and poorly bedded sandstone (Coyote) may have facilitated
these processes given their high competence. It may be that
for more reduced CHy-rich fluids, pressure decrease is a
more effective mechanism for gold deposition, particularly
at deeper levels in the crust.

The Tanami goldfield

The Tanami goldfield deposits differ from other deposits in
the Tanami region in terms of the low pressure at which
mineralization occurred, the CO,-poor character of the ore
fluids, and the low metamorphic grade of the host rocks.
These characteristics and epithermal-like textures in the
veins suggest that the Tanami goldfield deposits formed at a
high crustal level.

Sericitic alteration assemblages, which can extend up to
10 m from ore shoots, are commonly strongly pyritic. This
assemblage and high Fe/(Fe+Mg) of unaltered basalt (0.52—
0.63, n=9) suggest that sulfidation of the host rock may
have been an important depositional mechanism (Bohlke
1988). Fluid mixing trends (Mernagh and Wygralak 2006)
suggest that the ore fluid mixed isothermally with an
ambient, high-salinity fluid, raising a second possible
depositional mechanism. The presence of high-level vein
textures and fluid inclusion evidence of coexisting vapor
and brine (Tunks 1996) suggest that a third mechanism of
gold deposition was boiling.

The fault array, whether a Reidel array (Tunks and Cooke
2006) or subsidiary faults developed in the hanging wall to
an oblique thrust faults (Crispe and Vandenberg 2006), acted
as a local plumbing system, with the mechanical and
chemical properties of rock units determining the hosts to
gold. Discrete fault planes are best developed in more
competent basalt and sandy units, whereas siltstone layers
are chaotically disrupted and sheared (Crispe and Vandenberg
2004). The discrete faults in the basalt would have focused
fluids into this chemically receptive unit, resulting in the bulk
of the gold being hosted by basalt.

@ Springer
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Fig. 13 Relationship between fluid CO,/CH,4 ratios and depth for
lode-gold deposits of the Tanami region (data from Mernagh and
Wygralak 2006)

A genetic model for gold in the Tanami region

Figure 14 illustrates important features of the Tanami
mineral system, highlighting the interplay between mag-
matic, metamorphic, deformation, and mineralizing pro-
cesses that were critical to form Tanami lode—gold deposits.
At a regional scale, essential factors include an elevated
heat flow, which drove granite intrusion and fluid flow, a
convergent deep-seated structural architecture that tapped
the mid-crust, and the presence of granite buttresses that
perturbed the stress field to localize faults.

Available data suggest that most deposits in the Tanami
region formed during the latter part of a long-lived
magmatic event that affected much of northern Australia.
This relationship is consistent with the thermal aureole model
proposed by Wall and Taylor (1990) and Wall (2005) in
which gold deposits are localized within thermal aureoles of
syn-ore granites. In this model, the ore fluids are sourced
from dehydration reactions caused by contact metamorphism
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during granite intrusion. Alternatively, relationships in the
Tanami region are also consistent with the model of Stiwe
(1998), where emplacement of granites and gold minerali-
zation are both products of Barrovian metamorphism in
which both processes are the result of prograde metamorphic
devolatilization and partial melting deeper in the crust.

Lead isotope data suggest that lead in the auriferous
veins was derived from either granites or a similar source
to the granites. Elevated heat flow, which produced
granite melts at mid-crustal levels, would have also
produced a regional metamorphic gradient. Consequently,
metamorphic devolatilization at the greenschist-amphibo-
lite transition would have produced large quantities of
potential ore fluids (black, heavy arrows in Fig. 14). If
these fluids were produced from rocks with the same
isotopic signature as those that produced the granite melts,
ores deposited from the fluids would have the same lead
isotopic signature as the granites. The granites and
auriferous fluid generation are symptoms of “deep-later”
metamorphism (cf. Stiiwe 1998).

As no definitive evidence discounts a direct granite
source for the ore fluids and all isotopic data are
consistent with such a source, Fig. 14 also illustrates the
paths of possible magmatic—hydrothermal fluids (gray,

heavy arrows). Sources for such fluids include major
granite bodies exposed at the surface or much smaller
bodies at depth. Like metamorphic fluids, magmatic—
hydrothermal fluids would likely have been focused along
D5 faults/shears or preexisting anticlinoria (Fig. 14).
Experimental and theoretical studies suggest the solubility
of CO; in silicic melts increases with increasing pressure.
As a consequence, deeper magmas evolve more CO,-rich
fluids than shallower magmas (Lowenstern 2001), sug-
gesting deeper granites are a more likely source of CO,-
rich fluids typical of the Tanami region and other lode—
gold provinces.

In any case, granites may have also played an important
role in determining the geometry of the Ds structural
architecture. The north-trending faults are localized be-
tween and around the two major granite complexes, which
acted as buttresses (Fig. 14). This architecture probably
localized and preserved the high-level Tanami goldfield. In
addition, The Granites goldfield and other smaller deposits
are localized around smaller granite intrusions that may
have perturbed the local stress field, forming structures that
focused local fluid flow. Most importantly, the development
of a network of thrust faults within an overall convergent
regime tapped the mid-crust.

East

West

Zone of

——> Ore fluids

Pre - to syn - Ds faulls

—> Meteoric fluids

Amphibolite

Zone of
migmatisation

F=—=1
Mt Charles Formation (1800-1790 Ma): Basalt and turbiditic sediments

Ware Group (1825-1815 Ma): Sandstone, conglomerate, siltstone
and felsic volcanic rock

Killi Killi Formation (-1840 Ma): Turbiditic sandstone

Dead Bullock Formation (- 1840 Ma)
Callie Member: Carb i and iron
Ferdie Member: Siltstone and fine-grained sandstone

Basement (2520-1880 Ma): (Meta) sediments

& Ore Zone Granite

——> Metamorphic fluids
Magmatic-hydrothermal
!Iui&s :

Fig. 14 Schematic diagram illustrating gold mineral systems in the Tanami region. Sections are based broadly on reflection seismic data (Goleby
et al. 2006) and on inversion and forward modeling of potential field data (Meixner and Lane 2005; Vandenberg and Meixner 2003)
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Local essential factors may differ spatially depending
upon where in the regional architecture deposits formed. To
the south and west of the Coomarie and Frankenia granite
complexes, the deposits seem to form in second or third
order, east-trending tensional vein arrays, particularly where
these zones cut preexisting east-trending anticlinoria. Many
deposits occur where these zones cut local anticlines or
structurally complex/thickened zones in carbonaceous
sediment rocks or iron formation (Fig. 12). As these
features are most common in the Callie Member of the
Dead Bullock Formation, this unit contains the largest gold
resource. However, ore deposition also occurs in low-
pressure zones within competent units such as sandstone of
the Killi Killi Formation at the Coyote deposit.

Between and to the north of the granite complexes, the
deposits appear to occur in second-order faults, dilational
jogs, or zones of competency contrast that are commonly
subparallel to the trend of the regional faults. Pressure
drops, associated with pressure cycling in fault zones or the
approach of ore fluids to the paleosurface, initiated boiling
or effervescence, causing gold deposition. Chemical pro-
cesses appear to be less important as depositional mecha-
nisms in this area, although wall rock sulfidation or mixing
of the ore fluids with an ambient high-salinity fluid may
have assisted gold deposition in the high-level Tanami
goldfield (Mernagh and Wygralak 2006).

The current understanding of the Tanami mineral system
suggests that it is consistent with the continuum model
originally proposed by Groves (1993). Fluid inclusion data
suggest that mineralization occurred at depths from 1-2 km
to as great as ~11 km (Mernagh and Wygralak 2006). In
general, the deeper deposits (e.g., Groundrush) tend to be of
higher temperature and more reduced (i.e., more abundant
pyrrhotite and higher CH,4/CO,) than the shallower depos-
its, and the shallowest deposits (e.g., Tanami goldfield)
generally have low levels of carbonic gases. These
variations are consistent with those that might be expected
at different crustal levels in a continuum model.

Gold mineralization in the Tanami region appears to be
associated with the D; and Ds deformation events. D,
which was the result of the Tanami Event, is interpreted by
Crispe et al. (2006) to be an inboard response to the
collision between the Kimberley and North Australian
Craton. The tectonic driver to Ds is unclear, but may be
related to the shift from tectonism on the northwest margin
to the southern margin of the North Australia Craton, which
Crispe et al. (2006) inferred to have occurred at about
1,800 Ma.
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