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A B S T R A C T

The supergiant Olympic Dam Cu-U-Au-Ag deposit is hosted by the Olympic Dam Breccia Complex within a ca.

1.59 Ga granite. The breccia complex is largely granite-derived but also includes volcanic clasts and domains of

bedded clastic facies. Recently discovered quartz-rich sandstone has a provenance that included

Paleoproterozoic and Archean units represented by zircon populations centered at ca. 2.4 Ga and ca. 1.7 Ga. The

texture, detrital and cement mineralogy, and distribution of detrital zircon ages in the quartz-rich sandstone

closely match those in sandstone of the Pandurra Formation deposited in the regionally extensive intracratonic

Cariewerloo Basin (ca. 1.44 Ga). The age of authigenic apatite (1.44 ± 0.02 Ga) in the brecciated quartz-rich

sandstone is equivalent to the minimum depositional age of the Pandurra Formation. We conclude that the

quartz-rich sandstone is a remnant of the Pandurra Formation, that the Pandurra Formation originally extended

across the Olympic Dam Breccia Complex, and that it was incorporated by tectonic activity at least 150 myr after

initial formation of the breccia complex. Furthermore, we speculate that oxidized U-bearing fluids from the

overlying Cariewerloo Basin may have interacted with the Olympic Dam U resource, consistent with mounting

evidence for substantial post-1.59 Ga remobilization and probable addition of U.

1. Introduction

The supergiant Olympic Dam (OD) Cu-U-Au-Ag deposit (10.1 Gt @

0.78% Cu, 0.25 kg/t U3O8, 0.3 g/t Au, 1 g/t Ag; BHP Billiton, 2016) is

one of the largest known accumulations of metals, particularly U (Reeve

et al., 1990; Ehrig et al., 2012). Olympic Dam is regarded as the flagship

of the IOCG (iron-oxide-copper-gold) deposit class (Hitzman et al.,

1992), although OD is distinct by virtue of its size and being the only

deposit of this class to have economic quantities of U (Hitzman and

Valenta, 2005).

The OD deposit is hosted by a breccia complex (Olympic Dam

Breccia Complex, ODBC) within the ca. 1.59 Ga Roxby Downs Granite

(RDG). Although early research concluded that OD was an unusual type

of sediment-hosted Cu deposit (Roberts and Hudson, 1983), later re-

search has favored a hydrothermal origin and close link to a regional

magmatic event at ∼1.59 Ga (Oreskes and Einaudi, 1990; Reeve et al.,

1990; Johnson and Cross, 1995; Skirrow et al., 2007). In addition, the

ODBC is now recognized to be multi-stage and hydrothermal-tectonic in

origin (Oreskes and Einaudi, 1990; Reeve et al., 1990; McPhie et al.,

2011).

The timing of formation of the ODBC is of paramount importance in

constraining the timing of OD ore deposition and processes of ore

genesis. Until recently, all of the lithological components of the ODBC

(granite clasts, volcanic clasts, bedded clastic facies) have returned ages

of ca. 1.59 Ga (Johnson and Cross, 1995; Jagodzinski et al., 2014) and

the brecciation that generated the ODBC has been considered to have

taken place at around the same time (Reeve et al., 1990; Johnson and

Cross, 1995). However, McPhie et al. (2016) reported the presence of a

brecciated quartz-rich sandstone in the ODBC that has a distinctive

detrital zircon age population and provenance. Here we present addi-

tional data on the context, texture, mineralogy, petrography, detrital

zircon population and diagenetic age of the quartz-rich sandstone. We

test the hypothesis that the quartz-rich sandstone is not the same age as

the other lithological components of the ODBC (i.e. ca. 1.59 Ga), but is

related to other, potentially younger sedimentary formations in the

vicinity of OD. The close correlation demonstrated with one of these

successions indicates that it once directly overlay the ODBC and that

tectonic activity affected the ODBC ∼150 myr after initial formation.
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Furthermore, we speculate that this allowed access (into the ODBC) of

basinal fluids that had the capacity to modify and even upgrade the OD

U resource after 1.59 Ga.

2. Regional setting

Olympic Dam is one of several IOCG deposits and prospects in the

Olympic IOCG Province along the eastern margin of the Gawler Craton

(Skirrow et al., 2007) (Fig. 1). The Gawler Craton comprises Me-

soarchean to Paleoproterozoic deformed and metamorphosed litholo-

gies overlain by largely undeformed and unmetamorphosed Mesopro-

terozoic igneous rocks (Hand et al., 2007). The Mesoproterozoic

igneous rocks include the Gawler Range Volcanics (GRV; ca.

1.595–1.587 Ga) (Jagodzinski et al., 2016) and the Hiltaba Suite

granitoids, which together constitute the voluminous Gawler Silicic

Large Igneous Province (Gawler SLIP) (Allen et al., 2008). The RDG (ca.

1593 Ma; Jagodzinski et al., 2014), which hosts the ODBC, is a member

of the Hiltaba Suite (Fig. 1).

The eastern side of the Gawler Craton is unconformably overlain by

the mostly flat-lying Mesoproterozoic Pandurra Formation (mainly

quartz sandstone) (Cowley, 1993). The Pandurra Formation occurs to

the north, west and south of OD (including at the Acropolis, Emmie

Bluff, Oak Dam and Wirrda Well IOCG prospects; Fig. 1B) but not at OD

(Cowley, 1993). The Pandurra Formation and OD are unconformably

overlain by flat-lying Neoproterozoic to Cambrian sedimentary forma-

tions (∼350 m thick over the ODBC) of the Stuart Shelf (Roberts and

Hudson, 1983; Preiss, 1993). The Stuart Shelf succession includes the

extensive Neoproterozoic Whyalla Sandstone (Preiss, 1987), which is

not preserved, or was not deposited, over the ODBC, but is present over

the Acropolis and Emmie Bluff IOCG prospects (Fig. 1B). The Gairdner

Dyke Swarm (ca. 0.83 Ga) (Wingate et al., 1998) intruded the Pandurra

Formation (Cowley, 1993) and older units in the northeastern Gawler

Craton, including the ODBC (Huang et al., 2015).

3. Olympic Dam deposit geology

The ODBC is surrounded by unbrecciated, weakly sericite-altered to

fresh RDG and mainly consists of variably altered clasts of the RDG.

Hydrothermally altered, brecciated GRV, bedded clastic facies and

mafic dykes are locally abundant (Reeve et al., 1990; McPhie et al.,

2011; Ehrig et al., 2012). The brecciated GRV records the presence of

GRV lavas above the RDG at OD prior to formation of the ODBC

(McPhie et al., 2011; Ehrig et al., 2012). The bedded clastic facies occur

in large domains with faulted and/or brecciated contacts and as dis-

persed clasts. The domains and clasts consist of well-bedded mudstone,

sandstone and conglomerate, and laminated ironstone (McPhie et al.,

2016).

The intensity of hydrothermal alteration and brecciation increases

towards the center of the ODBC resulting in a continuum in breccia

texture and composition from peripheral sericite-altered, granite-rich

breccia to hematite-rich breccia in the center (Reeve et al., 1990; Ehrig

et al., 2012). Several sets of steeply dipping brittle faults have been

identified in the ODBC; these faults were in place pre- and syn-miner-

alization and locally show signs of post-mineralization reactivation

(Fig. 2) (Ehrig et al., 2012).

The majority of the OD ore minerals are disseminated and show a

strong association with the hematite-rich breccia. Copper sulfide mi-

nerals (chalcopyrite, bornite and chalcocite-group) are broadly zoned

from S-poor sulfides (bornite + chalcocite) to Fe-rich sulfides (pyrite

+ chalcopyrite) with increasing depth (Reeve et al., 1990). The dis-

tribution of U minerals (uraninite + coffinite + brannerite) in the de-

posit is complex and not obviously zoned (Ehrig et al., 2012). Textures

of the U minerals suggest there have been multiple episodes of pre-

cipitation and dissolution of U phases (Macmillan et al., 2016).

4. Quartz-rich sandstone in the ODBC

Brecciated quartz-rich sandstone is a very minor component of the

ODBC and has been identified in only two drill holes (Fig. 2) (McPhie

et al., 2016). In both drill holes, the ∼80-m-thick intervals of brec-

ciated quartz-rich sandstone comprise mm- to decimeter-sized frag-

ments of sandstone dispersed in red-brown, hematite-rich sandy matrix

(Fig. 3A-C). In vertical drill hole RD1628, the interval of brecciated

quartz-rich sandstone is immediately below the unconformity with the

Fig. 1. A: Location of Olympic Dam in the Gawler Craton (after Drexel et al., 1993;

McPhie et al., 2011). The map also shows the distribution of the Mesoproterozoic Pan-

durra Formation and the Neoproterozoic Whyalla Sandstone. Shaded area on the inset

map shows the Gawler Craton in South Australia. B: Location of Acropolis, Emmie Bluff,

Oak Dam and Wirrda Well IOCG prospects.
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overlying Neoproterozoic succession and has a lower faulted contact

with bedded clastic facies (Fig. 4). In inclined drill hole RD2751, the

interval of brecciated quartz-rich sandstone is over 400 m below the

unconformity surface and has upper and lower faulted contacts with

hematite-rich breccia of the ODBC (Fig. 4). The interval of brecciated

quartz-rich sandstone in RD2751 is situated below and ∼100 m to the

east of the interval in RD1628.

The quartz-rich sandstone fragments are angular to rounded

(Fig. 3A-C). They are either internally massive or show well-defined

internal bedding; the beds are planar or cross-stratified. The sandstone

is poorly sorted, and mostly composed of fine- to very coarse-grained,

angular to sub-rounded quartz grains with abundant syntaxial quartz

overgrowths (Fig. 5A, B). Quartz grains are monocrystalline and poly-

crystalline; many grains show undulose extinction and contain abun-

dant fluid and mineral inclusions. Minor clastic components include

lithic fragments, muscovite, zircon, tourmaline, Ti-oxide (rutile/ana-

tase), hematite and ilmenite. Some samples have abundant lithic clasts.

The sandstone is cemented by the quartz overgrowths, and the in-

traclast pore space is filled mostly by illite/muscovite, and rarely by

chlorite (clay speciation determined using reflectance spectroscopy, see

supplementary methods and data) and late-stage quartz. Very fine-

grained (ca. 10 µm), bladed hematite coats both detrital grains and

quartz overgrowths, and is disseminated throughout the cement. Apa-

tite is a minor component observed in the pore cement of a few sand-

stone fragments as isolated grains that are between 10–100 µm and

commonly euhedral or clusters of grains that can be over 200 µm

(Fig. 6A). The distribution and grain shape of the apatite suggests it is

an authigenic phase. The intergrowth of apatite with the bladed he-

matite and quartz overgrowths further supports an authigenic origin

(see figures in supplementary data).

The red-brown matrix surrounding the sandstone fragments com-

prises very poorly sorted, very fine- to coarse-grained quartz grains that

are generally more angular and irregular (in some cases, embayed) than

quartz grains in the sandstone fragments (Fig. 5C). Quartz overgrowths

are less common and in many cases have been truncated at grain

boundaries. Minor clastic components in the matrix include lithic par-

ticles, muscovite, tourmaline and Ti-oxide, similar to those observed in

the sandstone fragments. The cement is primarily illite; disseminated

very fine-grained, bladed hematite and Ti-oxide are also present. There

are small patches of matrix and haloes around sandstone fragments

where the cement in the matrix is devoid of hematite (Fig. 5D).

Sulfides, and U and rare earth element (REE) minerals are rare in

the brecciated quartz-rich sandstone, as indicated also in drill hole as-

says which show that economic elements (e.g. U) are mostly below

detection (Fig. 4, see supplementary data). Rare chalcopyrite occurs

with chlorite in some sandstone fragments; xenotime, thorite, monazite,

bastnäsite and synchysite are present only in trace abundances. In

contrast, adjacent lithologies have elevated concentrations of Cu, U and

REE, characteristic of the OD orebody (Fig. 4).

5. Zircon and apatite geochronology

In order to constrain the regional affinities of the quartz-rich

sandstone in the ODBC, we examined the age profile of detrital zircons

within the sandstone fragments and determined the age of authigenic

apatite in the sandstone matrix.

5.1. Methods

5.1.1. Zircon

Sandstone samples were crushed, sieved and panned to produce a

heavy mineral concentrate. After removal of the magnetic fraction with

an NdFeB hand magnet, zircons were handpicked and mounted on 1-

inch epoxy resin disks and polished. The potential introduction of bias

to the detrital zircon age populations through either heavy liquid- or

water-based techniques was determined by Sláma and Košler (2012) to

mostly occur as preferential loss of smaller zircon grains for both

techniques. Mitigation of the tendency to favor larger grains during
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Fig. 2. Map of Olympic Dam Breccia Complex (ODBC) at −350 mRL

(after Hayward and Skirrow, 2010; Ehrig et al., 2012; Clark et al.,

2016) and collars of RD1628 and RD2751 (stars). Granite breccia in

the ODBC is shaded gray relative to Fe content (< 5 wt%, 5–20 wt

%,> 20 wt%), volcanic breccia and bedded clastic facies are shaded

darker gray. Fault traces are shown as black lines, including the

eastnortheast striking Jubilee Fault Zone.
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handpicking was attempted through use of a very fine titanium needle

to pick grains (instead of tweezers) (e.g. Sláma and Košler, 2012).

Zircons were analyzed using Laser Ablation-Inductively Coupled

Mass Spectrometry (LA-ICPMS) at the University of Tasmania (see

supplementary method for details of instrument configuration). Age

calculations and probability density plots were derived using the pro-

gram ISOPLOT (Ludwig, 2008). The reference zircon 91500

(Wiedenbeck et al., 1995) was used as a primary standard for all ana-

lyses, and additional verification involved the secondary zircon stan-

dards Temora (Black et al., 2003), Mud Tank (Black and Gulson, 1978),

Plešovice (Sláma et al., 2008) and occasionally JG1 (Jackson et al.,

2004) and Qinghu (Li et al., 2013).

The quartz-rich sandstone detrital zircon analyses presented here

build on the dataset of McPhie et al. (2016), which was exclusively on

samples from drill hole RD2751. In this study, additional samples from

drill holes RD2751 as well as RD1628 were analyzed (see supplemen-

tary data). The detrital zircon analyses for samples of the other bedded

clastic facies are the same as those presented in McPhie et al. (2016).

Detrital zircons from two quartz-rich sandstone successions in the vi-

cinity of OD, the Pandurra Formation and the Whyalla Sandstone, were

also analyzed for comparison. The Pandurra Formation and Whyalla

Sandstone samples were obtained from exploration drill holes near OD.

The Pandurra Formation samples came from drill holes at the Acropolis

(ACD1, ACD15, ACD18), Emmie Bluff (SAE6), Oak Dam (AD1, AD3)

and Wirrda Well IOCG prospects (WRD21, WRD31) (Fig. 1B). Samples

were taken at intervals throughout the Pandurra Formation to also

track any stratigraphic variation in detrital zircon age populations. The

Whyalla Sandstone samples were collected from the Emmie Bluff pro-

spect (SAE6) (Fig. 1B). Single spot analyses were recorded on zircon

grains. Only those zircon analyses with a discordance of less than 10%

were used for population interpretation on probability density plots.

The Th/U ratios of zircon analyses were calculated for further com-

parison of zircon age populations (see supplementary data).

5.1.2. Apatite

Due to the small size of the apatite grains (< 100 µm), U-Pb ana-

lyses were conducted in situ, on polished mounts, using the same in-

strument and interpretation software as was used for the analyses of the

detrital zircons (see supplement for additional details). The reference

apatite OD306 (Thompson et al., 2016) was used as a primary standard.

The analyses were further verified using secondary apatite standards

401 (Thompson et al., 2016), Kovdor (Amelin and Zaitsev, 2002) and

McClure Mountain (Schoene and Bowring, 2006).

Apatite grains in the sample OD977 (RD2751, 919.6 m) were ana-

lyzed. The ablation profiles of the apatite grains are variably hetero-

geneous; some zones (particularly rims) contain very low U and Pb

(Fig. 6B). The ablation profiles of the analyses were split into eight

segments (of equal duration) to compensate for the heterogeneity and

to improve age calculation statistics (e.g. Davidson et al., 2007;

Kamenetsky et al., 2016).

5.2. Results

5.2.1. Zircon

Of the 630 detrital zircon grains analyzed from the quartz-rich

sandstone fragments, 289 had a discordance of less than 10%. The

detrital zircon age distribution of the quartz-rich sandstone fragments

shows three main populations at ca. 2.55–2.35 Ga, ca. 1.7 Ga and ca.

1.59 Ga, and a minor population at ca. 1.85 Ga (Fig. 7A). Identical

populations of zircons are present in the red-brown matrix. The simi-

larity in zircon age distribution of the quartz-rich sandstone fragments

and enclosing red-brown sandy matrix is consistent with both being

derived from brecciation of a single quartz-rich sandstone protolith.

The other bedded clastic facies in the ODBC have a single popula-

tion of ca. 1.59 Ga detrital zircons (McPhie et al., 2016) (Fig. 7A).

Detrital zircon grains in the Pandurra Formation samples from the

Acropolis, Emmie Bluff, Oak Dam and Wirrda Well prospects (2416

grains analyzed of which 1024 were< 10% discordant) show the same

overall distribution of ages as the quartz-rich sandstone in the ODBC

(Fig. 7A); most single samples also have the same overall distribution of

zircon ages as the quartz-rich sandstone. The similar age distribution is

reflected in the variation in Th/U ratios of the quartz-rich sandstone

and Pandurra Formation (see figure in supplementary data). Five of the

analyzed samples of Pandurra Formation from drill hole AD3 (Fig. 8)

show that the distributions of zircon ages vary uphole: age distributions

in lower samples are dominated by a Mesoproterozoic population

whereas higher samples have larger Paleoproterozoic and Archean

populations (including the appearance of the ca. 1.85 Ga population in

the upper samples) (Fig. 8). The Whyalla Sandstone at Emmie Bluff

(171 grains analyzed of which 81 were<10% discordant) has the same

zircon age populations identified in the quartz-rich sandstone in the
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Fig. 3. A: Interval of quartz-rich sandstone fragments in red-brown matrix, RD2751,

∼890 m. B, C: Clasts of coarse-grained and pebbly quartz-rich sandstone in red-brown

matrix, RD1628, 346.6 m, 352.3 m. D: Interval of Pandurra Formation quartz sandstone

above the Acropolis prospect, ACD15, ∼480 m. E: Pandurra Formation pebbly coarse

sandstone above the Oak Dam prospect, AD3, 537.5 m.
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ODBC, but has additional age populations clustered at ca. 1.2 Ga and

ca. 1.1 Ga (Fig. 7A).

5.2.2. Apatite

The most concordant apatite analyses (n = 19) also have the

highest U concentrations (100–700 ppm) as well as Th, Ce and total Pb

(see supplementary data). The analyses that are more discordant and/or

exhibited mixing with common Pb invariably have lower concentra-

tions of U, Th, Ce and Pb. The apatite analyses have been split into

multiple ablation segments and presented in a Tera-Wasserburg con-

cordia plot (Fig. 9A, B). The majority of the split analyses cluster near

concordia and form a single population which has a 207Pb/206Pb age

peak at ca. 1.44 Ga (Fig. 7B). The remainder of the split analyses scatter

out from the ca. 1.44 Ga population, representing mixing of radiogenic

Pb with common Pb as well as analyses with very low 238U/206Pb ratios.

The majority of the split analyses affected by common Pb and/or with

very low 238U/206Pb ratios are of grain rims that have low counts of
238U, 206Pb and 207Pb, but relatively constant 204Pb (representing

common Pb) (Fig. 6B). The low U and radiogenic Pb counts increase the

influence of common Pb on 238U/206Pb and 207Pb/206Pb ratios. Split

analyses containing elevated Fe (> 10,000 ppm) are interpreted to in-

dicate mixing of apatite with fine-grained hematite and have also been

excluded from the age interpretation. The final intercept age of the

apatite is 1441 ± 15 Ma (MSWD = 3.3, n = 105) (Fig. 9B).
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Note the different vertical scales of the two logs. The interval of

quartz-rich sandstone in RD1628 is at ∼340–420 m and in
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6. Discussion

6.1. Comparison of the quartz-rich sandstone with other bedded clastic

facies in the ODBC

The quartz-rich sandstone and the other bedded clastic facies have

the same maximum age of deposition of ca. 1.59 Ga, based on the

youngest detrital zircon age population. This age reflects the involve-

ment of the Mesoproterozoic Gawler SLIP in the provenance of all the

bedded clastic facies. However, the quartz-rich sandstone contains ad-

ditional zircon populations not present in the other bedded clastic fa-

cies, and had a significantly wider provenance that included Archean

and Paleoproterozoic successions.

In sections through the bedded clastic facies, the facies associations

other than the quartz-rich sandstone occur interbedded with each other

and preserved contacts between them are gradational. In RD2751 and

RD1628, the brecciated quartz-rich sandstone is separated from other

bedded clastic facies by faults or by intervals of hematite-rich or

volcanic breccia. Hence, the available data indicate that the quartz-rich

sandstone was not originally interbedded with the other bedded clastic

facies.

The quartz-rich sandstone is less hydrothermally altered than the

other bedded clastic facies, despite juxtaposition with mineralized he-

matite-rich breccia in the ODBC; hydrothermal minerals are very rare,

apart from pervasive, fine-grained hematite in the red-brown breccia

matrix. The other bedded clastic facies have been variably affected by

texturally destructive hydrothermal alteration (Ehrig et al., 2012) and

contain the same hydrothermal mineral assemblage (e.g. hematite,

sericite, chlorite, Cu sulfide, siderite, barite, fluorite) as the ore zones in

the hematite-rich breccia. McPhie et al. (2016) therefore concluded that

the altered and mineralized bedded clastic facies were present at the

time of formation of the ODBC and the Cu mineralization event.

However, the lower intensity of hydrothermal alteration in the brec-

ciated quartz-rich sandstone suggests it was incorporated into the ODBC

separately, at some time after the main mineralization and alteration

events (Fig. 5C, D).
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Fig. 5. A-D. Quartz-rich sandstone (Olympic Dam). A: Poorly sorted

quartz rich sandstone from a sandstone fragment (crossed polarized

transmitted light, RD2751, 900.7 m). B: Syntaxial quartz overgrowths

on detrital quartz grains in a sandstone fragment (RD1628, 370 m). C:

Red-brown matrix comprising angular, poorly sorted quartz and fine-

grained illite/muscovite and hematite cement (RD2751, 855.0 m). D:

Part of the red-brown matrix with a hematite-poor halo around a

sandstone fragment (off image) (RD1628, 386 m). E, F. Pandurra

Formation. E: Poorly sorted quartz-rich sandstone from Pandurra

Formation above the Oak Dam prospect (AD3, 548.4 m). F: Syntaxial

quartz overgrowths on detrital quartz grains (AD3, 774.1 m). Whyalla

Sandstone G: Poorly sorted to bimodal quartz-rich sandstone from

Whyalla Sandstone above the Emmie Bluff prospect (SAE6, 376.8 m).

H: Carbonate cement between quartz grains in Whyalla Sandstone

(SAE6, 376.8 m).
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6.2. Comparison of the quartz-rich sandstone in the ODBC with potential

correlates

6.2.1. Pandurra Formation

The Pandurra Formation defines the known extent of the in-

tracontinental Cariewerloo Basin (∼42,500 km2) (Cowley, 1993). The

basin has a ∼420 km northwesterly extent and is up to ∼170 km wide;

over 95% of the basin underlies Neoproterozoic and younger sedi-

mentary rocks (Fig. 1). The Pandurra Formation consists of red-bed

quartz sandstone that has a maximum thickness of ∼1200 m recorded

in drill holes from the northern portion of the basin (Keeling et al.,

2012). The current margins of the Pandurra Formation in the area

around OD have been interpreted to be faults, consistent with the

Pandurra Formation having been present above OD originally but

subsequently eroded from the top of an uplifted fault block (Cowley,

1993). Reconstructed sections through the Cariewerloo Basin indicate

extensive post-depositional displacement of the Pandurra Formation on

faults along the eastern basin margin (Cowley, 1993).

The Pandurra Formation sections examined in this study comprise

internally massive or graded, well-defined sandstone beds that are

commonly cross-stratified. The sandstone is typically poorly sorted and

dominated by angular to subrounded fine- to very coarse-grained

quartz. The quartz grains are mono- and poly-crystalline, show un-

dulose extinction, and have numerous mineral and fluid inclusions.

Syntaxial quartz overgrowths are common. Lithic fragments are vari-

ably abundant, comprising up to 50% of some sandstone samples.

Minor detrital grains include muscovite, tourmaline, zircon, hematite,

rutile and altered ilmenite. The diagenetic assemblage includes ubi-

quitous hematite coatings, quartz overgrowths and pore-filling dickite

and illite cements, all of which have been reported in samples of the

Pandurra Formation from other sections (Keeling et al., 2012). Spectral

analyses of samples from>90 drill holes from across the Cariewerloo

Basin indicate that only remnant patches of dickite remain; most dickite

has been altered to illite/muscovite, due to deep burial and/or circu-

lation of warm, acidic to neutral, saline fluids within the Cariewerloo

Basin (Keeling et al., 2015). The detrital mineralogy and diagenetic

cement of the Pandurra Formation are very similar to those in the

brecciated quartz-rich sandstone in the ODBC (i.e. detrital angular to

subrounded, mono- to polycrystalline quartz and lesser lithic fragments,

and diagenetic quartz, illite and minor hematite). However, no apatite

was observed in the Pandurra Formation samples examined in this

study, and apatite has not been reported by other studies of the Pan-

durra Formation.
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The zircon age populations in samples of the Pandurra Formation

analyzed in this study are also very similar to those of the quartz-rich

sandstone in the ODBC (Fig. 7A), and the similar range of Th/U ratios

for each age peak indicates a similar variety of source rocks contributed

to both. A similar distribution of zircon ages has been reported for

samples of the Pandurra Formation from drill holes farther to the

northwest (Peeweena 1 – also known as Red Millers Creek 1) and south

(CSR-PY1) (Fanning and Link, 2003) of OD, and from a drill hole to the

south (Vanguard-1) (Rollison, 2016) of OD. The detrital zircon

populations of drill hole AD3 reveals the appearance (or increasing

proportion) of some Paleoproterozoic and Archean age populations in

younger Pandurra Formation sandstones (Fig. 8) and suggests the flu-

vial drainage network was extended or modified over time and/or

fluvial erosion exposed older basement beneath areas of thin volcanic

cover in the Gawler SLIP (Fig. 8). Rollison (2016) offered a similar

interpretation from the Vanguard-1 drill hole. However, the quantity of

zircons analyzed in this study limits the reliability of this interpretation

(e.g. Andersen, 2005); a more systematic study involving greater

Fig. 8. Log of drill hole AD3 intersecting Pandurra

Formation above the Oak Dam IOCG prospect with prob-

ability density plots of U-Pb ages (< 10% discordant) of

detrital zircons from five samples (depth recorded on plots).

Total analyses per sample and proportion of concordant

analyses are shown (n). Sample sites are indicated by stars.
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numbers of grains is required to more effectively encapsulate the var-

iation in detrital zircon age populations within and between members

of the Pandurra Formation and throughout the Cariewerloo Basin.

The ca. 1.44 Ga age of interstitial authigenic apatite in the brec-

ciated quartz-rich sandstone in the ODBC is interpreted to represent the

timing of diagenesis and therefore the minimum depositional age for

the quartz-rich sandstone. Authigenic apatite has been described in

intracontinental sandstone from the Paleoproterozoic Athabasca and

Thelon basins and the Mesoproterozoic Hornby Bay Basin in Canada

(Gall and Donaldson, 2006; Davis et al., 2008). The lack of recorded

authigenic apatite in the Pandurra Formation and the observation of

apatite in only a few fragments of the brecciated quartz-rich sandstone

in the ODBC suggest apatite is a relatively rare phase in the Cariewerloo

Basin. A whole rock Rb/Sr age of 1424 ± 51 Ma for Pandurra For-

mation siltstone beds in drill hole Peeweena 1 drilled in the northern

Cariewerloo Basin, was interpreted as the minimum age of deposition

(Fanning et al., 1983). This age is supported by unpublished authigenic

illite/muscovite ages of 1426 ± 6 and 1458 ± 11 Ma (40Ar/39Ar; P.

Polito, 2016, pers. comm.) for samples of basal Pandurra Formation in

drill hole HHD1 (1071.6 m and 1046.0 m down hole, respectively),

located ∼40 km southwest of OD. Our result of ca. 1.44 Ga for the

crystallization of euhedral, authigenic apatite in the quartz-rich sand-

stone cement is consistent with available data on the timing of de-

position or early diagenesis/lithification of the Pandurra Formation

(Fig. 7B). Coupled with the consistent detrital zircon age populations

and mineralogy, the Pandurra Formation correlates very strongly with

the brecciated quartz-rich sandstone in the ODBC.

6.2.2. Whyalla sandstone

Another possible protolith for the brecciated quartz-rich sandstone

in the ODBC is the Neoproterozoic Whyalla Sandstone. The Whyalla

Sandstone extends ∼25,000 km2 across the Stuart Shelf; it has a

∼470 km north to northwest extent and is up to ∼170 km east to west

(Fig. 1). This Neoproterozoic sandstone at one time may have extended

across the ODBC and been removed later by erosion, as it is not pre-

served directly over the ODBC. The sandstone is predominantly

medium to very coarse-grained, and composed of well-rounded quartz

grains that are typically bimodal (Fig. 5G) (Williams, 1998). Whyalla

Sandstone from drill hole SAE6 has a similar mineralogy to the quartz-

rich sandstone in the ODBC, however, the bimodal grain size distribu-

tion, rounded grains and carbonate-dominated cement in the Whyalla

Sandstone (Fig. 5G, H) are not characteristics of the quartz-rich sand-

stone. Also, the Whyalla Sandstone (Fig. 7A) contains 1.2–1.1 Ga zir-

cons which are not present in the brecciated quartz-rich sandstone at

OD.

6.2.3. Sedimentary successions related to the GRV

The GRV was present above the RDG at OD prior to formation of the

ODBC (McPhie et al., 2011; Ehrig et al., 2012). Regionally, sedimentary

facies are very minor in the GRV (Blissett et al., 1993; Allen et al., 2008)

though locally, they may be significant, for example, at Prominent Hill

(Bull et al., 2015) and at Roopena (Fresh Well Formation; McAvaney

and Wade, 2015). These successions comprise sandstone and con-

glomerate intercalated with GRV volcanic units, have sedimentary in-

puts from pre-Gawler SLIP lithologies and some contain zircons older

than 1.59 Ga (e.g. Fresh Well Formation; Johnson, 1993). However,

they are dominated by volcanic and metamorphic lithic clasts, distinct

from the quartz-dominated mineralogy of the quartz-rich sandstone in

the ODBC.

6.3. Probable protolith of the quartz-rich sandstone

We conclude that the brecciated quartz-rich sandstone in the ODBC

is most probably part of the Pandurra Formation. In particular, the

components and bedforms are identical to those in quartz sandstone of

the Pandurra Formation; the timing of diagenesis determined for au-

thigenic apatite in the cement of the sandstone fragments is consistent

with the timeframe for deposition and diagenesis of the Pandurra

Formation; the populations of detrital zircons match those in the

Pandurra Formation and clearly distinguish the quartz-rich sandstone

from other bedded clastic facies in the ODBC; and the detrital and ce-

ment mineralogy are closely comparable with those of quartz sandstone

in the Pandurra Formation.

Given that we have found remnants of the Pandurra Formation (ca.

1.44 Ga) within the ODBC (largely ca. 1.59 Ga), and that those rem-

nants are relatively unaltered, the Cariewerloo Basin at one time must

have covered the deposit and remained in place long enough for the

Pandurra Formation to become lithified (i.e. after the diagenetic

changes at ca. 1.44 Ga). If this conclusion is correct, then the Pandurra

Formation was subsequently eroded from the uplifted fault block con-

taining the ODBC, prior to deposition of the Nuccaleena Formation (ca.

635 Ma; Rose and Maloof, 2010), the oldest of the Neoproterozoic units

directly overlying the ODBC (Roberts and Hudson, 1983). The complete

erosion of the Pandurra Formation from above the ODBC implies that

an unknown volume of the ODBC was also eroded at the same time.

6.4. Incorporation of the Pandurra Formation into the ODBC

The brecciated fragments of probable Pandurra Formation occur

just below the unconformity surface at the top of the ODBC (RD1628),

and over 400 m (RD2751) below the unconformity in faulted contact

with hematite-rich breccia and bedded clastic facies. Tectonic activity is

the most likely mechanism for incorporation of Pandurra Formation

into the ODBC. The ODBC includes subvertical northwest-striking faults

Fig. 9. Authigenic apatite U-Pb geochronology A: Tera-Wasserburg concordia plot

showing the fan of split analyses diverging from the ca. 1.44 Ga population due to low U

and Pb grains. The box represents the scale of Fig. 9B. B: Tera-Wasserburg concordia plot

of the filtered data used for age interpretation with an upper intercept of 1441 ± 15 Ma

(MSWD = 3.3, n = 105).
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and northeast- to eastnortheast-striking faults that dip steeply north-

west (Hayward and Skirrow, 2010; Ehrig et al., 2012). The brecciated

Pandurra Formation within the ODBC is near the Jubilee Fault Zone

(JFZ, also referred to locally as Masher’s Fault) (Figs. 2, 10). The JFZ is

a major subvertical, crustal-scale structure that has evidence of re-

activation since the Neoproterozoic; other adjacent fault sets and splays

in the ODBC also show evidence of localized reactivation (Hayward and

Skirrow, 2010; Ehrig et al., 2012). It is noted that the majority of the

preserved southern, steeply dipping portion of the bedded clastic facies

are adjacent to the JFZ (Figs. 2, 10).

The position of the Pandurra Formation remnants and other bedded

clastic facies adjacent to the JFZ suggests this fault zone and/or ad-

jacent faults were involved in the incorporation of these lithologies into

the ODBC. The southern preserved portion of the bedded clastic facies

has an elongate, steeply-dipping geometry (McPhie et al., 2016). The

two drill core intersections of the Pandurra Formation hint at a sub-

vertical geometry (and may be connected, Fig. 10), potentially occu-

pying a single fault. The thorough brecciation of the Pandurra Forma-

tion remnants and weak hydrothermal alteration relative to the other

bedded clastic facies imply the Pandurra Formation was incorporated

separately from the other bedded clastic facies (Fig. 10). As the other

bedded clastic facies are inferred to have been present at the time of

formation of the ODBC (McPhie et al., 2016), they were probably in-

corporated prior to the deposition of the ca. 1.44 Ga Pandurra Forma-

tion.

Incorporation of fragments of Pandurra Formation may have in-

volved propagation of the JFZ, and associated reactivated faults, up-

wards into the overlying sandstone, causing brecciation and local en-

trainment of slices or fragments of sandstone along those faults. The

faults bounding the remnants of Pandurra Formation lack dateable

minerals and therefore the timing of tectonic movement leading to the

entrainment of the sandstone fragments cannot be determined. As a

result, constraints on the timing of incorporation are limited to max-

imum and minimum ages. The preservation of large fragments of the

Pandurra Formation indicates incorporation occurred after lithification

(inferred to be ca. 1.44 Ga), providing a maximum age. The late

Neoproterozoic Stuart Shelf formations above the unconformity have

not been faulted or otherwise incorporated into the ODBC, giving a

minimum age of incorporation of ca. 635 Ma (e.g. Nuccaleena

Formation; Rose and Maloof, 2010). The late Neoproterozoic Stuart

Shelf formations also provide a minimum age for erosion of the Pan-

durra Formation from the top of the ODBC. Post-1.44 Ga faults in the

vicinity of OD define much of the eastern margin of the Pandurra

Formation but do not affect the distribution of the overlying Stuart

Shelf sedimentary formations (Cowley, 1993); the timing of movements

on these faults, however, is presently unknown.

The Musgrave Orogeny (ca. 1.2 Ga; Major and Conor, 1993) and the

Gairdner Dyke Swarm event (0.83 Ga; Wingate et al., 1998) are tectonic

episodes that affected the Gawler Craton within the timeframe en-

visaged for incorporation of Pandurra Formation into the ODBC. The

Musgrave Orogeny was centered on the Musgrave Province over

600 km away, but there is increasing evidence for an associated thermal

pulse throughout much of the Gawler Craton (e.g. Reid et al., 2017),

including fluid circulation in the Cariewerloo Basin (Keeling et al.,

2015). However, no tectonic activity in the Gawler Craton has been

correlated specifically with the Musgrave Orogeny. The intrusion of the

Gairdner Dyke Swarm was associated with significant extension

(Wingate et al., 1998), including at OD (Huang et al., 2015). A spatial

association between Gairdner dolerite dykes and the Pandurra Forma-

tion remnants in the ODBC would be expected if the extension asso-

ciated with the dykes was responsible for incorporation of the Pandurra

Formation. A probable Gairdner dolerite dyke is present 200 m uphole

of the interval of brecciated Pandurra Formation in RD2751; however,

there are no dykes in contact with the intervals of brecciated Pandurra

Formation.

The Pandurra Formation may have been incorporated in much

greater volumes than currently observed, the remnants having poten-

tially been obliterated by brecciation and hematite alteration. Quartz is

the only protolith relic in the most hematite-altered breccia zones. A

search for pre-1.59 Ga zircons in the intensely altered hematite-rich

breccia could reveal the presence of additional Pandurra Formation

quartz-rich sandstone protolith.

6.5. Implications for modification of the U resource at Olympic Dam

Textural relationships among the copper sulfides and the uranium

minerals, and geological constraints on the timing of precipitation of

the copper sulfides have previously been interpreted to indicate that

these minerals co-precipitated at ca. 1.59 Ga (Reeve et al., 1990;

Johnson and Cross, 1995), even though the first attempt to date the U

minerals gave younger ages (Trueman, 1986). Although there is now

evidence of U having been present in OD at ca. 1.59 Ga (Ciobanu et al.,

2013; Apukhtina et al., accepted), continuing studies of U minerals in

the ODBC support the early results of Trueman (1986) and indicate the

U resource has continued to be modified after ca 1.59 Ga (Kirchenbaur

et al., 2016; Macmillan et al., 2016). The earliest identified uraninite

generation in the ODBC has REE signatures consistent with derivation

from a high-temperature magmatic fluid whereas the signatures of later

200 m 

RD2751RD1628S N

Bedded 

clastic 

facies 

Volcanic 

breccia  

(brecciated 

felsic GRV) 

Hematite- and

granite-rich 

breccia 

Brecciated quartz-

rich sandstone/ 

Pandurra 

Formation 

Inferred 

fault 

Current 

unconformity 

Line of 

section 

Fig. 10. Cross-section of the ODBC showing the position of
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generations are more consistent with precipitation from low-T

(< 250 °C) fluids (Mercadier et al., 2011; Macmillan et al., 2016). Post-

1.59 Ga ages of uraninite have generally been attributed to re-

mobilization and reprecipitation of U minerals (Reeve et al., 1990;

Johnson and Cross, 1995). Similarly, the deposit-wide deficit in Pb

relative to the amount of U with an entirely ca. 1.59 Ga age (Trueman,

1986) has been attributed to episodic Pb loss from the deposit (Reeve

et al., 1990). However, the Pb deficit only exists if the entire U resource

is ca. 1.59 Ga in age and is also consistent with post-1.59 Ga addition of

U to the deposit.

The Cariewerloo Basin is a potential source and conduit for post-

1.59 Ga U, given that the Pandurra Formation is now known to have

unconformably overlain the ODBC. The thick continental sandstone of

the Pandurra Formation contained circulating oxygenated, saline,

acidic fluids (Keeling et al., 2012). In addition to fluid movement as-

sociated with diagenesis at ca. 1.4 Ga, extensive fluid circulation in the

Cariewerloo Basin at ca. 1.2 Ga and ca. 0.5 Ga has been inferred from

the distribution and timing of crystallization of illite cements (Keeling

et al., 2015). Such basin-derived fluids are widely implicated in the

formation of unconformity-related U deposits associated with Proter-

ozoic continental basins (Derome et al., 2005; Richard et al., 2012). The

fluids are capable of liberating U from accessory U-bearing phases (e.g.

volcanic glass, zircon, monazite, uranothorite) either in the basin suc-

cession or the underlying basement rocks (Kyser and Cuney, 2008). The

source rocks and basement of the Pandurra Formation include litholo-

gies with anomalous levels of U (e.g. Hiltaba Suite, and GRV to a lesser

extent) (Neumann et al., 2000; Agangi et al., 2010). Hence, U sources

(detrital grains or underlying basement) would have been available to

the fluids circulating in the Cariewerloo Basin.

The geological setting, source rocks and interpreted fluid chemistry

of the Cariewerloo Basin meet the requirements for mobilization of U

by basin fluids (e.g. Kyser and Cuney, 2008). The faults that ruptured

and re-located the Pandurra Formation from its original position above

the ODBC could have also provided a pathway for fluids circulating

within the Cariewerloo Basin into the ODBC (Fig. 11). These fluids may

have upgraded or downgraded the deposit through precipitation or

leaching of U minerals, respectively.

Unconformity-related U deposits are associated with unconformities

that juxtapose reducing basement rocks with oxidized fluids in over-

lying sedimentary basins (Kyser and Cuney, 2008). Reduction of mobile

U6+ by Fe2+ is considered to be a plausible mechanism for the for-

mation of unconformity-related U deposits (Yeo and Potter, 2010).

Within the ODBC, siderite and magnetite are preserved mainly on the

deposit margins and at depth (Ehrig et al., 2012). Both minerals are a

potential source of Fe2+ ions capable of reducing U6+ to immobile U4+

and were likely more abundant throughout the ODBC (Reeve et al.,

1990). Magnetite can transform to hematite in the presence of acidic

fluids, releasing Fe2+ in the process (Otake et al., 2007) but Fe2+ in

magnetite is also capable of directly reducing U6+ (Scott et al., 2005).

Siderite has been experimentally shown to be capable of reducing U6+

to U4+ in neutral and basic conditions (Ithurbide et al., 2010) but no

data exist for acidic conditions.

7. Conclusions

We conclude that the brecciated quartz-rich sandstone in the ODBC
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Fig. 11. A: Schematic reconstruction of the Cariewerloo

Basin overlying the ODBC and RDG. B: Propagation of faults

from the ODBC into the Pandurra Formation may have fa-

cilitated discharge of circulating basinal fluids into the

ODBC. C: Movement along these faults may have entrained

fragments of quartz-rich sandstone into the ODBC from the

overlying Pandurra Formation prior to its erosion.
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is most probably part of the Pandurra Formation due to the positive

comparison of texture, bedforms, detrital and cement mineralogy,

detrital zircon age populations and diagenetic age. The presence of the

Pandurra Formation within the ODBC requires that the Cariewerloo

Basin at one time extended over the ODBC and that tectonic activity

occurred on a scale large enough to brecciate and entrain the sandstone

after ca. 1.44 Ga and before the Pandurra Formation was eroded from

above OD. The potential for generation and circulation of oxidized,

acidic fluids in the Cariewerloo Basin, capable of mobilizing U, raises

the possibility that such fluids contributed to the development or

modification of the world’s largest U deposit. Addition of U from the

Cariewerloo Basin is consistent with emerging evidence of post-1.59 Ga

modification of the U resource in OD.
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