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This paper reviews critical features of basin-related uraniummineral systems in Australia. Thesemineral systems
include Proterozoic unconformity-related uranium systems formed predominantly from diagenetic fluids ex-
pelled from sandstones overlying the unconformity, sandstone-hosted uranium systems formed from the influx
of oxidised groundwaters through sandstone aquifers, and calcrete uranium systems formed from oxidised
groundwaters flowing through palaeochannel aquifers (sand and calcrete). The review uses the so-called
‘source-pathway-trap’ paradigm to summarise critical features of fertile mineral systems. However, the scheme
is expanded to include information on the geological setting, age and relative timing of mineralisation, and pres-
ervation ofmineral systems. The critical features are also summarised in three separate tables. These features can
provide the basis to conduct mineral potential and prospectivity analysis in an area. Such analysis requires iden-
tification ofmappable signatures of above-mentioned critical features in geological, geophysical and geochemical
datasets. The review of fertile basin-related systems shows that these systems require the presence of at least
four ingredients: a source of leachable uranium (and vanadium and potassium for calcrete-uranium deposits);
suitable hydrological architecture enabling connection between the source and the sink (site of accumulation);
physical and chemical sinks or traps; and a post-mineralisation setting favourable for preservation. The review
also discusses factors that may control the efficiency of mineral systems, assuming that world-class deposits re-
sult frommore efficient mineral systems. The review presents a brief discussion of factors which may have con-
trolled the formation of large deposits in the Lake Frome region in South Australia, the Chu-Sarysu and Syrdarya
Basins in Kazakhstan and calcrete uranium deposits in the Yilgarn region, Western Australia.
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1. Introduction

Basin-related uraniummineral systems, which include uranium de-
posits formed during various stages of basin evolution (sedimentation,
diagenesis and post-sedimentation fluid-flow), account for a significant
portion of worldwide uranium resources. Uranium resource data in the
International Atomic Energy Agency's (IAEA) UDEPO database (1140
deposits worldwide) show that they account for around 74% of re-
sources, almost three times more than resources in the magmatic-
related uranium systems (Fig. 1). Of the basin-related uraniummineral
systems, close to 59% of resources are associated with various types of
phosphorites (Fig. 2). In general, phosphorite-related deposits are of
low grade (between 200 ppm U and 600 ppm U) and large tonnage
(Dahlkamp, 2009). Sandstone-hosted uranium deposits contain close
to 23% of known uranium resources (Fig. 2) and, at present, represent
the largest economically extractable resources of uranium of any type.
Although unconformity-related uranium deposits account for around
only 8% of uranium resources, some of the world's highest grade
r B.V. All rights reserved.
deposits are of this type. Calcrete uranium deposits (termed surficial
in the UDEPO database) contain around 2% of the world's uranium re-
sources. Amongst sandstone-hosted deposits, the roll-front type con-
tains up to 54% of known uranium resources (Fig. 3) followed by
tabular (37%) and basal-channel types (7%).

In Australia, basin-related uranium mineral systems account for
around 21% of uranium resources (Fig. 4). A large contribution of
magmatic-related mineral systems (78%) is due to one single deposit,
the low-grade but large-tonnage ‘supergiant’ Olympic Dam deposit.
More than 60% of the resources in basin-related systems are associated
with unconformity-related uraniumdeposits (Fig. 5). Sandstone-hosted
uranium and calcrete uranium deposits account for 24% and 16% of ura-
nium resources, respectively (Fig. 5).

The predominance of basin-related uranium systems in the global
metallogeny of uranium can be explained by oxidation–reduction reac-
tions, which control transport (in oxidised conditions) and deposition
(in reduced conditions) of uranium. Changes in the oxygenation level
of Earth's atmosphere triggered intensive removal of uranium from
rocks and its transport in oxidised fluids. The oxygenation of the atmo-
sphere occurred in a number of stages (Holland, 2006). During Stage 1
(3.85 Ga to 2.45 Ga), the atmosphere and the oceans were largely or
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Fig. 1.Uranium resources of fourmajor classes of uraniumdeposits. Data are sourced from
the IAEA's UDEPO database (IAEA, 2009). Data accessed in January 2014 (https://infcis.
iaea.org/UDEPO/About.cshtml).

Fig. 3. Uranium resources of sandstone-hosted uranium deposits. Data are sourced from
the IAEA's UDEPO database (IAEA, 2009). Data accessed in January 2014 (https://infcis.
iaea.org/UDEPO/About.cshtml).
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entirely anoxic. These conditions favoured the accumulation of detrital
uraninite and formation of uraniferous quartz-pebble conglomerates
(e.g. the Witwatersrand Basin in South Africa and the Blind-River and
Elliot Lake area in Canada; Dahlkamp, 2009). During Stage 2 (2.45 Ga
to 1.85 Ga), the oxygen level in the atmosphere increased to between
0.02 atm. and 0.04 atm. and shallow regions of oceans were mildly ox-
ygenated. Proterozoic unconformity-related uranium deposits formed
predominantly between ~1750 Ma and 1600 Ma in Australia (Lally
Fig. 2. Uranium resources of basin-related uranium deposits. Data are sourced from the
IAEA's UDEPO database (IAEA, 2009). Data accessed in January 2014 (https://infcis.iaea.
org/UDEPO/About.cshtml).
and Bajwah, 2006) and between 1600 Ma and 1300 Ma (the Athabasca
and Thelon basins in Canada; Jefferson et al., 2007). This time period
overlaps with Stage 3 of oxygenation (1.85 Ga to 0.85 Ga) when atmo-
spheric oxygen levels did not change significantly from the Stage 2
(2.45 Ga to 1.85 Ga) levels. The atmospheric oxygen levels during
Stage 4 (0.85 Ga to 0.54 Ga) increased ten times to reach values of
~0.2 atm. The atmospheric oxygen levels probably rose to a maximum
value of ~0.3 atm. during Stage 5 (540 Ma to present). This is the time
period when most large sandstone-hosted uranium deposits in the
world were formed.
Fig. 4. Uranium resources of four major classes of uranium deposits in Australia. Data are
sourced from Geoscience Australia's OZMIN dataset. Data accessed in January 2014. Selec-
tive data can be downloaded from http://www.australianminesatlas.gov.au/.
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Fig. 5.Uranium resources of basin-related uranium deposits in Australia. Data are sourced
from Geoscience Australia's OZMIN dataset. Data accessed in January 2014. Selective data
can be downloaded from http://www.australianminesatlas.gov.au/.
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However, oxygenation of the atmosphere was only one of the two
critical factors, which could have controlled the formation of basin-
related uranium deposits. The other important factor was the appear-
ance of vascular plants in sedimentary basins. It has been suggested
that after the emergence of vascular plants on the Earth (in the Late Si-
lurian or even as early as the Late Ordovician; Cuney, 2010), deposition
of continental siliciclastic sediments did not lead to the formation of
thick strata of uniformly oxidised ‘red sandstones’, a characteristic fea-
ture of basins hosting Proterozoic unconformity-related deposits, but
was more conducive to the formation of strata comprising alternating
successions of oxidised and reduced (rich in carbonaceous material)
sediments (Cuney, 2010). The creation of intraformational redox gradi-
ents provided ideal conditions for the formation of sandstone-hosted
uranium deposits. Calcrete-uranium deposits appeared in the Cenozoic
when valley calcretes were formed in areas of relatively arid climate
conditions. In these mineral systems uranium and vanadium are
transported in oxidised groundwaters and carnotite is deposited, not
due to changes in redox conditions, but from changes in pH, and in
the concentration of CO2 in groundwaters caused by seasonal fluctua-
tion of groundwater levels (see Section 4).

This paper presents a review of three major types of basin-
related uranium mineral systems in Australia: unconformity-related;
sandstone-hosted; and, calcrete uranium. The three systems are respon-
sible for the formation of many of the major uranium deposits in
Australia (Fig. 6).

Since the initial definition (Fyodorov, 2005), the concept of amineral
system has evolved and a number of different formulations of this con-
cept have been developed (see Huston, 2010, this volume). This review
uses the so-called ‘source-pathway-trap’ paradigm to summarise criti-
cal features ofmineral systems. However, the scheme is expanded to in-
clude information on the geological setting, age and relative timing of
mineralisation, and preservation of mineral systems.
2. Unconformity-related uranium mineral systems

In Australia, unconformity-related uranium deposits and prospects
are located in the Northern Territory (NT, Pine Creek Orogen — PCO-
region), Western Australia (WA, Capricorn and Paterson regions) and
South Australia (SA, Gawler region). Minor uranium occurrences are
also recorded in the Granites–Tanami region (NT and WA), the Halls
Creek region (WA), and the Tennant Creek region (McKay and
Miezitis, 2001).

Unconformity-relateduraniumdeposits in Australia range fromvery
small deposits (b~1 tonne uranium) to world-class deposits, such
as Jabiluka (123000 tonnes uranium) and Ranger (211000 tonnes
uranium). In general the deposits have uranium grades of N~0.1 wt.%
(Fig. 7). However the highest grades in the PCO are significantly lower
than the grades recorded for similar deposits in the Athabasca Basin.
For example, the highest grade in the PCO is reported at the Palette
uranium mine (2.45% U). However, this deposit is small with total
uranium resource of 124 tonnes. The Nabarlek deposit is much larger
(9200 tonnes U) with an average grade of 1.54 wt.% U. In the Athabasca
Basin ore grades for some of the largest deposits are significantly higher
(17.5 wt.% U at Cigar Lake and 19.5 wt.% U at McArthur River).

Polymetallic uranium mineralisation in the Paleoproterozoic
sandstone-hosted deposits in theWestmoreland region (NT) is spatially
distant from the Proterozoic unconformity, but it shows many features
similar to the unconformity-related deposits in Australia and Canada.
As the genesis of these deposits is controversial, they are not discussed
in this review.More detailed descriptions of these deposits can be found
in Bastrakov et al. (2010), Lally and Bajwah (2006), Polito et al. (2005a,
2005b), and McKay and Miezitis (2001).

This review is largely based on the geology of unconformity-related
uranium deposits in the PCO. The uranium deposits in the PCO are gen-
erally grouped in three separatefields (Fig. 8, Table 1): the Alligator Riv-
ers Uranium Field; the South Alligator Valley Mineral Field; and, the
Rum Jungle Mineral Field. In recent years a number of new uranium
prospects (e.g., Thunderball, Bella Rose and Corkscrew) have been dis-
covered in a zone between Adelaide River and Emerald Springs. This
new Hayes Creek Mineral Field also contains the Fleur De Lys deposit
that was discovered in the early 1960s. Uranium deposits in the PCO
have been described in detail in many publications (e.g., Ahmad and
Hollis, 2013; Ahmad et al., 2006; Lally and Bajwah, 2006; McKay and
Miezitis, 2001). Outside the PCO, a brief description of Kintyre uranium
deposit in the Paterson region ofWA can be found in Cross et al. (2011),
Huston et al. (2010), McKay and Miezitis (2001) and Jackson and
Andrew (1990).

2.1. Geological setting of the Pine Creek Orogen

Geological architecture of unconformity-related uranium systems in
the PCO can be defined by three important components, which include:
1. major unconformity; 2. reduced Paleoproterozoic metasedimentary
rocks below the unconformity; and 3. a relatively thick (N4 km to
5 km) package of Paleoproterozoic coarse-grained, dominantly fluvial
sedimentary rocks overlying the unconformity.

2.1.1. Major unconformity
In the Nimbuwah Domain, the major unconformity is between re-

duced metasedimentary rocks of the Paleoproterozoic Cahill Formation
and Nourlangie Schist (both broadly equivalent of the South Alligator
River Group) and relatively oxidised sediments of the overlying
Katherine River Group (Fig. 9). In the Central Domain, the unconformity
is between reducedmetasedimentary rocks of the South Alligator River
Group and the Katherine River Group in the eastern part of the Domain.
In the South Alligator Valley Mineral Field, the unconformity between
the overlying El Sherana Group that contains a package of oxidised
sediments (Coronation Sandstone) and the underlying reduced
metasedimentary rocks of the South Alligator River Group could have
played an important role in generating fertile mineral systems. In the
Rum Jungle Mineral Field, the important unconformity is between re-
duced metasedimentary rocks of the Mount Partridge Group (Whites
Formation) and the oxidised sediments of the Depot Creek Sandstone

Image of Fig. 5
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Fig. 6.Map showing location of major basin-related uranium deposits in Australia. Data are sourced from Geoscience Australia's OZMIN dataset. Data accessed in January 2014. For more
detailed maps see Figs. 8, 11, 15, 16, and 19.
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within the Tolmer Group (Fig. 9),most of which have been eroded. Sim-
ilarly, in the Hayes Creek Uranium Field a large portion of the original
package of oxidised sediments (the Depot Creek Sandstone) has most
probably been eroded. Where present, rocks of the Depot Creek Sand-
stone overlie reduced metasedimentary rocks of the South Alligator
River Group (Koolpin Formation). Remnants of the Depot Creek Sand-
stone outline margins of the Paleozoic Daly Basin and continue under
the Basin. Airborne electromagnetic (AEM) data reveals the presence
of the unconformity between the Depot Creek Sandstone and reduced
metasedimentary rocks of the South Alligator River Group, a relation-
ship supported by drilling records (Craig, 2011). In the northern
Litchfield Domain, it is possible that the Depot Creek Sandstone uncon-
formably overlies the graphite-bearing metasedimentary rocks of the
Welltree Metamorphics.

In the Arnhem Land Plateau (Nimbuwah Domain, Fig. 8), the un-
conformity commonly has a local relief of up to 20 m (Needham,
1988). Pebble-filled palaeovalleys up to 20 m across have been ob-
served along the unconformity. Locally, steep palaeovalleys are filled
with massive breccia-conglomerate which grades into coarse con-
glomerate, and coarse quartz sandstone (Needham, 1988). A truncat-
ed regionally extensive palaeo-saprolitic profile (commonly over
50 m thick), developed in rocks of the Nanambu Complex, has been
described by Needham (1988). The profile shows mineralogical and
geochemical zoning from the chlorite zone just above the protolith
to a hematite zone at the top. The profile was most probably modi-
fied following burial under the Kombolgie Subgroup sediments. A
hematite–apatite-rich breccia (Scinto Breccia) in the South Alligator
Valley is interpreted by Stuart-Smith et al. (1980) as an in situ
regolith developed over carbonate-bearing rocks (mainly Koolpin
Formation) at the unconformity surface. However, it has also been
interpreted to be of hydrothermal origin (Ferenczi and Sweet,
2004). Hematite–quartz breccia within the Geolsec Formation in the

Image of Fig. 6


Fig. 7. Grade and tonnage data of Australian uranium deposits. Data are sourced from Geoscience Australia's OZMIN dataset. Data accessed in January 2014.

364 S. Jaireth et al. / Ore Geology Reviews 76 (2015) 360–394
Rum Jungle Mineral Field has some similarities with the Scinto Brec-
cia. It is considered to be either the product of in situ weathering and
collapse of the Coomalie Dolostone, or a reworked talus slope breccia
(Ahmad et al., 2006).
2.1.2. Reduced Paleoproterozoic metasedimentary rocks below the
unconformity

Paleoproterozoic metasedimentary rocks that are enriched in
carbonaceous material (graphite) and/or Fe+2-bearing silicates (such
as chlorite) include the Whites Formation (Rum Jungle Mineral Field),
the Koolpin Formation (Hayes Creek Mineral and South Alligator
Valley Mineral Fields), the Cahill Formation (Alligator Rivers Uranium
Field) and the Welltree Metamorphics (Litchfield Domain). The
metasediments were metamorphosed in the greenschist and
amphibolite-to-granulite facies, which produced Fe+2-bearing silicates
(amphibole, biotite, garnet and chlorite). A characteristic feature of
the metasedimentary package is the presence of calcareous sediments
(dolomudstone in the Koolpin Formation; dolostones of the Coomalie
Dolomite interbedded with the Whites Formation and with dolomitic
rocks in the Cahill Formation). The significance of calcareous sediments
in the favourable host rocks is not clear, although it may indicate
that the favourable package was deposited in low-energy supra-
tidal to subtidal conditions rather than in deeper-marine turbiditic
environments.
2.1.3. A relatively thick (N4 to 5 km) package of Paleoproterozoic coarse-
grained, dominantly fluvial sediments overlying the unconformity

In both the Nimbuwah and Central Domains, the bulk of the
Katherine River Group sediments (N3 km in thickness; Needham,
1988) represent alluvial fan to braided fluvial facies. Although sedi-
ments of the Tolmer Group (N4 to 5 km in thickness; Malone, 1962)
have not been studied in as much detail as the Katherine River Group,
the available information suggests that the bulk of them were also de-
posited in similar conditions (Malone, 1962). The Depot Creek Sand-
stone (the basal unit of the Tolmer Group) occupies a similar
stratigraphic position to that of the Mamadawerre Sandstone (basal
unit of the Katherine River Group) and is interpreted to have formed
in fluvial conditions (Carson et al., 2011). Matrix minerals in the sand-
stones contain hematite and some units in the Katherine River Group
are distinctly ferruginous (e.g., the Marlgowa Sandstone and McKay
Sandstone; Needham, 1988; Carson et al., 1999). Similarly the sand-
stone in the Tolmer Group contains lenses of hematite-rich calcarenite
(Malone, 1962). The presence of ferruginous minerals in the sandstone
can be an important indicator of the oxidation state of fluids formed
from the diagenesis of these sediments.

2.2. Setting with respect to unconformity

The unconformity-related deposits in the PCO are described as Pro-
terozoic sub-unconformity deposits because mineralisation is located

Image of Fig. 7


Fig. 8.Map of the Pine Creek Orogen showing uranium deposits and occurrences. Themap is based on anNTGS (2005) dataset Pine Creek Orogen interpreted geology. Deposits, prospects
and occurrences are from GA's OZMIN and MINLOC dataset (http://www.australianminesatlas.gov.au/).
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within reduced metasedimentary rocks below the unconformity
(Dahlkamp, 2009). In Canada similar deposits are classified as ‘In-
gress-style’ in contrast to the ‘Egress-style’ deposits in which the
mineralisation is hosted in the sandstone package overlying the uncon-
formity (Jefferson et al., 2007). The Katherine River Group and Tolmer
Group sediments overlying the unconformity have been preserved
only in and near a few deposits. The known deposits and prospects in
the PCO can be grouped into four types (Fig. 10):

1. Deposits in which the Proterozoic sandstone package is preserved
(such as Jabiluka);

2. Deposits in which the Proterozoic sandstone package is partially pre-
served (such as Koongarra where the Mamadawerre Sandstone is
present in the footwall of a shear zone);

3. Deposits inwhich the Proterozoic sandstone package is locatedwith-
in a few kilometres of the mineralised zone (such as Nabarlek and
Caramal); and,

4. Deposits in which the mineralised zone is covered by Phanerozoic
rocks (such as Ranger 68 and Austatom). At these deposits, the
mineralised zones are unconformably overlain by Cretaceous rocks.
The uranium mineralisation, however, is interpreted to be related
to a Proterozoic rather than a Cretaceous unconformity.

2.3. Source of uranium

Although Archean and Paleoproterozoic metasediments and felsic
intrusive rocks in the PCO contain abundant uranium (Ahmad et al.,
2006; Lally and Bajwah, 2006) and could have been the first-stage
source of uranium for the deposits, the immediate source of uranium re-
mains uncertain. Two types of immediate sources of uraniumhave been
postulated for unconformity-related uranium deposits: primary detrital
heavy minerals in the sandstones overlying the unconformity; or,
uranium-bearingminerals in the metasedimentary rocks below the un-
conformity (Kyser and Cuney, 2009). It has been suggested that diagen-
esis of theAthabasca Group in Canada caused extensivemobility of rare-
earth elements and that rare-earth elements and uranium were most
likely derived from detrital fluorapatite and zircon in the sandstone
(Fayek and Kyser, 1997). In the Athabasca Group, primary detrital
heavyminerals are essentially absent except for rare zircon and tourma-
line, but fluorapatite and zircon are abundant as inclusions in detrital
quartz. Detrital zircon in the matrices of sandstones is commonly cor-
roded and shows evidence of increase in uranium relative to zirconium,
hence detrital zircon could not have been the source of uranium (Kyser
and Cuney, 2009). However, in situ alteration of monazite results in the
formation of uranium-poor phosphate minerals, releasing excess urani-
um into diageneticfluids (Hecht and Cuney, 2000). The former presence
of detrital monazite in sandstones is indicated by high thorium contents
of 18 ppm in the lower Manitou Formation of the eastern Athabasca
Basin (Quirt et al., 1991). Although nodetailed studies have been carried
out in the Katherine River and Tolmer groups, a scenario similar to the
one in the Athabasca Basin has also been suggested in the PCO (Kyser
and Cuney, 2009).

As the uranium content of metasedimentary rocks, granites, and
pegmatites below the unconformity is an order of magnitude higher
than in the sandstones overlying the unconformity, they can be another
possible source of uranium (Mercadier et al., 2013a, 2013b; Kyser and
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Table 1
Major unconformity-related uraniummineral fields in Australia. Information sourced from Lally and Bajwah (2006) and Huston et al. (2010).

Attribute\uranium
field

Alligator rivers South Alligator
Valley

Rum Jungle Hayes Creek Kintyre

Orogen Pine Creek Pine Creek Pine Creek Pine Creek Paterson
Domain Nimbuwah Central Central Central
Resource (tonnes U3O8) 408055 2649 6354 0.1 36023
Number of deposits 7 11 5 2 1
Metal association U, Au U, Au, PGEs U, Cu, Pb, Zn, Co, Ni U, PGE U, Cu, Bi, Mo
Host rocks Cahill Formation Koolpin Formation,

Coronation Sandstone
Whites Formation Mount Bonnie

Formation, Gerowie Tuff
Yandagooge Formation
(Rudall Complex)

Age of host rock (Ma) ca. 1870 ca. 1860, ca. 1829 ca. 2019 ca. 1860 ca. 2015–1765 Ma
Sandstone above
unconformity

Mamadawerre Sandstone Mamadawerre Sandstone Depot Creek Sandstone,
Geolsec Formation

Depot Creek Sandstone Throssell Range Group
(includes Broadhurst
Formation and Coolbro
Sandstone)

Metamorphic grade of
the host (facies)

Amphibolite Greenschist Greenschist Greenschist Granulite to Amphibolite

Nearby Archean complex Nanambu, Arrarra Gneiss,
Kukalak Gneiss

Unknown Rum Jungle Unknown Unknown

Age of Archean complex
(Ma)

2670, 2640, 2520 2545, 2520 Unknown Unknown

Associated mafic rocks
(b1800 Ma)

Oenpelli Dolerite (?), mafic
volcanics in the Katherine
River Group

Oenpelli Dolerite (?) None None Mafic intrusives (ca. 830 Ma)

Mafic rocks (N1800 Ma) Zamu Dolerite present near
Caramal

Zamu Dolerite, Goodparla
Dolerite

Zamu Dolerite Zamu Dolerite Mafic–ultramafic rocks in the
Rudall Complex

Alteration in the
metasedimentary
rocks

Chloritic, sericitic, hematitic,
desilicification

Chloritic, sericitic,
hematitic, desilicification

High-Mg chloritic, Fe–Mg
Chloritic, sericitic,
hematitic. In some deposits
magnesite, dolomite and
tourmaline present

Sericitic Chloritic, magnetite,
hematite, carbonate

Alteration in the
sandstone

Chloritic, sericitic hematitic,
desilicification

Hematitic Hematitic Unknown Unknown
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Cuney, 2009). The Archean granites in the Rum Jungle Complex have
anomalously high uranium (2.9 to 39.9 ppm; average 12.5 ppm;
McCready et al., 2003). The Archean and Paleoproterozoic rocks gener-
ally contain abundant zircon andmonazite, alteration of which can pro-
vide a good source of uranium. Altered zircons from these basement
rocks in the Athabasca Basin, however, are depleted in zirconium and
silicon and are enriched in phosphorus, yttrium, iron, calcium and ura-
nium. Hence zircon may not be a good source of uranium unless it is
completely altered (Hecht and Cuney, 2000). Monazite, on the other
hand, is the dominant uranium-bearing mineral in the basement rocks
below the unconformity and has undergone intensive alteration in
Fig. 9. Schematic cross section of the Pine Creek Orogen showing the p
Modified after McKay and Miezitis (2001).
proximity to uranium deposits, suggesting that around 75% of its urani-
um has been leached. Thus monazite in the basement rocks interacting
with fluids can be a good potential source of uranium in unconformity-
related uranium deposits (Kyser and Cuney, 2009).

In the PCO the sandstones in the Katherine River Group are not
anomalously enriched in uranium. In the drill hole DAD006 (~90 km
east of El Sherana deposit, Fig. 7), the concentration of uranium in the
sandstone units of the Kombolgie Subgroup varies between 0.29 ppm
and 5 ppm. The uranium concentration increases to ~20 ppm at the
upper and lower contact with mafic units (Nungbalgarri and Gilruth
Volcanics) within the Kombolgie Subgroup (Jaireth et al., 2007). A
osition of major uranium deposits in relation to the unconformity.

Image of Fig. 9


Fig. 10. Schematic cross-sections showing four types of settings of unconformity-related uranium deposits in the Pine Creek Orogen.
Modified after Lally and Bajwah (2006).
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similar variation is observed in the drill holes DAD002 (~120 Kmnorth-
east of El Sherana deposit, Fig. 7) and DAD007 (~90 km east of El
Sherana deposit, Fig. 8).

Saprolitic palaeoweathering zones, such as those described at Gran-
ite Hill (Needham, 1988), can also be good sources of uranium. At Gran-
ite Hill, the palaeoweathering zone has lost up to 5 ppm of uranium
compared to the unweathered Nanambu Complex protolith. Although
the origin of the Geolsec Formation in the Rum Jungle Mineral Field
and the Scinto Breccia in the South Alligator Valley Mineral Field is not
clear, such palaeoweathering zones overprinted and altered by later
fluid influx can also be effective sources of uranium. Similar zones of
palaeoweathering have been described in the basement beneath the
Athabasca Basin (Kyser and Cuney, 2009; Wilson, 1986).

2.4. Source and nature of fluids

Numerous fluid inclusion studies in the PCO and in the Athabasca
Basin suggest that uranium deposits formed during peak diagenesis of
the sandstone units overlying the unconformity at temperatures be-
tween 180 °C and 250 °C (Polito et al., 2011; Kyser and Cuney, 2009
and references therein). Derome et al. (2003) studied fluid inclusions
in quartz-breccia veins in the basal sandstone units of the Kombolgie
Subgroup and showed the presence of three distinct fluids: (1) a
sodium-rich brine corresponding to a diagenetic fluid at a temperature
close to 150± 5 °C; (2) a calcium-rich brine, probably corresponding to
a residual basinal evaporitic brine that had reactedwith the rocks below
the unconformity; and (3) a low-salinity fluid heated in the basement.
Wilde et al. (1989) documented similar hypersaline fluids (ca.
23 eq. wt.% CaCl2) in secondary halite-saturated inclusions in altered
host rock quartz and in early hydrothermal quartz veins. A detailed re-
construction of fluid evolution based on fluid inclusion studies in the
unconformity deposit at McArthur River (Athabasca Basin) revealed
two similar types of fluids: (1) a NaCl-rich brine (25 wt.% NaCl, up to
14wt.% CaCl2, and up to 1wt.%MgCl2) interpreted to be basinal fluid ex-
pelled from evaporites; and (2) a CaCl2-rich brine (5 to 8 wt.% NaCl,
20wt.% CaCl2, and up to 11wt.%MgCl2) interpreted to have formeddur-
ing the interaction of the basinal fluidwith Ca-richminerals in the rocks
below the unconformity (Derome et al., 2005). At the Coronation Hill
deposit in the South Alligator Valley Mineral Field the syn-ore fluid is
likewise highly saline (20 to 25 wt.% CaCl2) with median homogenisa-
tion temperatures of 140 °C (Mernagh et al., 1994). The interpreted
temperatures of formation of 180 °C to 250 °C suggest that the
sandstone package overlying the unconformity was at least 5 km thick
(assuming a geothermal gradient of 35 °C/km).

Thus, at least two fluids are interpreted to be involved in the forma-
tion of these deposits: a basinal fluid derived from the diagenesis of
sandstone overlying the unconformity, and, a fluid resulting from the
interaction of the basinal fluid with rocks below the unconformity.
The presence of halite crystal casts, indicative of evaporites, have been
reported in the McKay Sandstone (upper part of the Kombolgie Sub-
group) and in the Cottee Formation, overlying rocks of the Kombolgie
Subgroup (Kyser and Cuney, 2009; Ferenczi and Sweet, 2004). The anal-
ysis of halogen and noble gases and composition of the uranium-
bearing fluid inclusions in uranium deposits in the Athabasca Basins
show that fluid composition was strongly controlled by subaerial evap-
oration and subsequent interaction with sedimentary rocks (Richard
et al., 2011, 2014). It is more than likely that high-salinity fluids docu-
mented in the Kombolgie Subgroup sandstones were also at least par-
tially generated by similar processes.

2.5. Sources of energy (energy drivers of fluid-flow)

The exact nature of the energy drivers of fluid-flow in these systems
remains uncertain. Different fluid flow drivers and models have been
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proposed, which include (Chi et al., 2013): large-scale convection
caused by geothermal gradient; deposit-scale convection associated
with the high heat conductivity of graphite; compaction-driven flow;
and deformation-induced fluid flow.

In the Athabasca Basin, where sedimentary rocks overlying the un-
conformity are largely preserved, numerical modelling of regional-
scale fluid flow by Raffensperger and Garven (1995a, 1995b) shows
that compaction and heat (with average basement heat flow values)
can create basin-scale free convection of fluid. Basin geometry and
hydrostratigraphy constitute two important factors, which can influ-
ence flow patterns. The modelling demonstrates that reducing total
basin thickness below 3 km can effectively shut off the free convection
system. This highlights the importance of basin depth and the thickness
of sandstone in generating fertile mineral systems.

As all known mineral deposits in the Athabasca Basin and PCO are
structurally controlled (located both in sandstones overlying the uncon-
formity and in the reduced basement rocks below the unconformity),
the numerical model proposed by Raffensperger and Garven (1995a,
1995b) required modification in order to understand the possible con-
tribution of tectonically-driven fluid flow. Numerical modelling by Cui
et al. (2012) shows that in unconformity-related systems, free convec-
tion of fluid in the basin is significantly affected by thermal structure
and by tectonic activation of faults. The modelling demonstrates that
thermally driven free convection can develop throughout the sandstone
sequence under a normal geothermal gradient (25 to 35 °C/km). During
extensional deformation, because of their relative low permeability, the
basement rocks experience reduction of pressure faster than the basinal
rocks, and the basinal brines begin to penetrate the basement along
fault zones. In contrast, during compressional deformation, a more
rapid accumulation of pore pressure in the basement rocks causes ex-
pulsion of fluids (mainly along fault zones) from the basement into
the sedimentary rocks above the unconformity.
2.6. Fluid-flow pathways

Unconformity-uranium systems involve two major types of fluid-
flow pathways.Within the sandstone sequence overlying the unconfor-
mity, the fluid-flow is predominantly controlled by a system of aquifers
and aquitards in the sequence. In a detailed study of theManitou Forma-
tion in the Athabasca Basin, Hiatt and Kyser (2007) showed that depo-
sitional environment of sediments not only determine aquifer
properties but also their basin-scale geometries, which in turn deter-
mine the degree of compartmentalisation of aquifers. Their analysis
demonstrates that in the Athabasca Basin, the juxtaposition of a major
aquifer over the palaeoweathering surface on the basal unconformity
may have channelized flow along the unconformity. The geometry of
the aquifer (its thinning and onlapping onto the unconformity) may
have also focused fluid-flow toward the underlying basement in the
eastern portion of the Basin, which hosts major uranium deposits.

In the Kombolgie Subgroup, diagenesis of the sediments produced a
system of aquifers and aquitards, which could have also controlled
fluid-flow in the basin (Kyser and Cuney, 2009; Kyser et al., 2000).
The first stage of diagenesis in the lower Kombolgie Subgroup resulted
in quartz overgrowth, which caused pronounced reduction in the po-
rosity, particularly in the well-sorted lithologies (Hiatt et al., 2007).
This event created basin-wide diagenetic aquitards capable of directing
fluid-flow toward zones of higher permeability such as diagenetic aqui-
fers (sediments without quartz cement) and fault zones (Kyser and
Cuney, 2009). This early diagenesis (prior to the intrusion of Oenpelli
Dolerite at ~1720 Ma, Worden et al., 2008) and resulting aquitards
along with other volcanic units in the Kombolgie Subgroup were capa-
ble of subdividing the Kombolgie Subgroup into different compart-
ments (Kyser et al., 2000).

Unlike in the Athabasca Basin, palaeo-saprolitic profiles in the PCO,
at this stage, have been only locally mapped (see Section 2.1.1). It is
possible that some sections of palaeo-saprolitic zones could have also
served as fluid pathways.

The second major type of fluid-flow pathways is represented by
major faults. As all major deposits are structurally controlled, faults, to
a large extent, controlled deposit-scale fluid-flow. Numerical modelling
discussed in the previous section demonstrates that extensional and
compressional activation of these faults could have channelled fluids
along these faults.

Some of the basin-scale fluid-flow pathways can be recognised
through two regional-scale alteration assemblages: basin-wide pre-
ore diagenetic alteration of sandstone identified in the Athabasca
Basin, as well as in the Kombolgie Subgroup (Jefferson et al., 2007;
Kyser and Cuney, 2009); and, sub-basin scale alteration haloes outlining
clusters of uranium deposits in the Athabasca Basin (Jefferson et al.,
2007). Extensive inner and outer halos of alteration in the basement
rocks, as well as in the sandstone, also represent footprints of fault-
controlled fluid-flow in uranium deposits. At the Ranger deposit, wall-
rock alteration halos and rare-earth-element fractionation patterns
around the ore body have been used to interpret fluid-flow, in upward
direction along structures in the basement host rock (Fisher et al.,
2013). This interpretation contrasts with models of downward flowing
ore fluids proposed by Wilde et al. (1989), Polito et al. (2005a, 2005b),
and for basement-hosted deposits beneath the Athabasca Basin (Kyser
and Cuney, 2009 and references within).

2.7. Physical and chemical sinks/traps

2.7.1. Faults and shear zones
All known deposits in the PCO are structurally controlled. At the

Nabarlek deposit mineralisation is located along a northwest-trending
reverse fault/shear zone (Wilde andWall, 1987). At the Jabiluka deposit,
mineralisation is structurally controlled within semi-brittle shears that
are sub-conformable to the basement stratigraphy, and within breccias
developed along the hinge zone of fault-related folds adjacent to shears
(Polito et al., 2005a, 2005b). The Ranger 1 deposits occur along the
sheared contact (north–south trending low-angle reverse fault) be-
tween the Cahill Formation and the underlying Nanambu Complex
(Lally and Bajwah, 2006). At the Koongarra deposit, mineralisation
is located at the faulted and brecciated contact (northwest trending,
steeply dipping reverse fault) between the Cahill Formation and the
Mamadawerre Sandstone (Lally and Bajwah, 2006).

In the South Alligator Valley Mineral Field all major deposits are
within the northwest-trending Rockhole–El Sherana–Palette Fault sys-
tem and were formed in dilational zones at fault bends or intersections
(Valenta, 1991).

A similar structural control is described for uranium deposits in the
Rum Jungle Mineral Field. Four uranium deposits and the Browns
basemetal deposit lie along a northeast-trending shear zone located
on the northern limb of a northeast-trending asymmetric syncline
(Ahmad et al., 2006). At the Rum Jungle Creek South deposit, the urani-
um ore body is located within the hinge zone of a northwest-trending
doubly-plunging syncline in proximity to a northwest-trending steep
fault (Ahmad et al., 2006). There is limited information on uranium
prospects in the Hayes Creek Uranium Field, but the main uranium
prospects appear to be located within a structural zone defined by the
northeast-trending Hayes Creek and Bella Rose faults (Thundelarra
Exploration, 2010).

2.7.2. Mobile and/or in situ reductant
All major host rocks of uranium deposits in the PCO are enriched in

carbonaceous material (graphite), which is interpreted as being the
main reducing agent for uranium-bearing hydrothermal fluids (Kyser
and Cuney, 2009). However, a genetic link between basement graphite
and uranium deposits is not clear and has been questioned bymany re-
searchers (Cuney, 2005). Graphite has not been reported in the host se-
quence at the Nabarlek deposit (Polito et al., 2004). In the Athabasca
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Basin significant uranium deposits are hosted by geological units which
do not contain graphite (Jefferson et al., 2007). An additional problem
with graphite functioning as a reductant is the relatively low reactivity
of graphite at temperatures below 300 °C (French, 1966; Frost, 1979).

In the absence of graphite in the host rock (as at the Nabarlek
deposit), Fe+2-bearing silicates, especially Fe-chlorite, can be good re-
ductants. A reaction between relatively oxidised uranium-bearing fluids
with Fe-chlorites can liberate Fe+2 to reduce the fluid. The evidence of
such a reactionmay be found in the presence ofMg-chlorite and of illite
in the inner alteration halo proximal to ore zones.

At the Nabarlek deposit, the outer alteration halo extends as far as
1 km from the Nabarlek Fault and is dominated by chlorite and sericite.
In this zone, biotite, muscovite and hornblende in the schists are
partially-to-completely replaced by Fe-chlorite and minor fine-grained
sericite, which also replaces plagioclase. The inner alteration halo com-
prises illite, hematite, and Fe-chlorite, but completely lacks quartz. Fine-
ly disseminated hematite, making up to 20% of the assemblage, is the
distinguishing feature of this zone. The abundance of illite increases
toward the ore zone. Within the ore zone, illite locally forms a massive
monomineralic rock. The deposit also contains post-ore chloritic alter-
ation, which crosscuts the uraninite–illite–hematite assemblage
(Polito et al., 2004).

At the Jabiluka deposit, the outer and inner alteration halos are min-
eralogically similar, but the content of chlorite and illite/sericite in-
creases in the inner halo. Within the mineralised areas, multiple
generations of chlorite and sericite occur with and/or without quartz,
uraninite and hematite (Polito et al., 2005a, 2005b).

Radioelement-rich bitumen, occurring in both Archean granites and
the Paleoproterozoic metasedimentary rocks, has been reported in the
Rum Jungle Mineral Field (McCready et al., 2003). Landais (1996) re-
ported similar carbon isotope compositions between barren bitumen
(U b 500 ppm) and graphite in metasediments below the unconformity
with the Athabasca Basin and suggested that this bitumen could have
formed due to hydrogenation of carbon. A similar model is proposed
for the bitumen in the Rum Jungle Mineral Field, where hydrogenation
is thought to be related to the fluids which caused sericitic alteration of
organic-rich metasediments of the Whites Formation (McCready et al.,
2003). It is not clear if bitumen generated by hydrogenation of organic
material has played a role in reducing uranium-bearing diagenetic
fluids, but such a possibility cannot be ruled out. However, according
to Jefferson et al. (2007), it is unlikely that hydrocarbons were involved
in the reduction of uranium-bearing fluids because of the sluggishness
of the reaction at temperatures below 400 °C, and also because bitumen
observed in many deposits is paragenetically post-uraninite. For
‘Egress-style’mineral deposits (mineralisation located in the sandstone
above the unconformity), it is possible that reaction of fluids with
graphite and sulphides in the basement rocks could have produced
mobile reductants, such as H2S, N2, H2 and CH4, capable of causing
Table 2
Ages of unconformity-related uranium deposits in the Pine Creek Orogen.

Deposit Domain Age Error Comment

Kylie Central 1627 45 Whole rock U–Pb age
Adelaide River Central 701 190 LA-HR-ICPMS age of u
El Sherana Central 1600 Whole rock U–Pb age

uraninite gives 1573 ±
Coronation Hill Central 1607 26 LA-ICPMS dating of ur
Koongarra Central 870 Whole rock U–Pb age
Palette Central 841 94 LA-HR-ICPMS age of u
Ranger Nimbuwah 1737 20 Whole rock U–Pb date
Jabiluka Nimbuwah 1680 17 LA-HR-ICPMS age of u

Resetting at 1302 ± 3
Nabarlek Nimbuwah 1642 33 LA-HR-ICPMS age of u

Resetting at ca. 1360 M

1: Pechmann (1992); 2: Chipley et al. (2007); 3: Greenhalgh and Jeffery (1959); 4: Orth et al. (2
8: Polito et al. (2004).
reduction of uranium-bearing fluids (Jefferson et al., 2007; Pascal,
2014; Potter, 2014).

2.8. Age and relative timing of mineralisation

Results of geochronological studies of major uranium deposits have
been summarised by Lally and Bajwah (2006). Some of the more cited
ages for uranium deposits in the PCO are shown in Table 2. The oldest
age of ca. 2000 Ma for the Whites East deposit in the Rum Jungle Min-
eral Field is probably not correct as discussed by von Pechmann
(1992). The other ages lying between ca. 1740 (Ranger) Ma and ca.
1600 Ma (Coronation Hill; Table 2.) are interpreted by Kyser and
Cuney (2009 and reference therein) to suggest that mineralisation
was closely related to the diagenesis of sediments of the Katherine
River Group.

A four-step plateau 40Ar/39Ar age of illite from an aquitard in the
lower Kombolgie Subgroup (sampled near the Jabiluka deposit) of
1798 ± 13 Ma is interpreted as the age of the earliest diagenetic event
in the sandstones (Polito et al., 2005a, 2005b). This earliest phase of dia-
genesis is represented in the sandstone by the formation of hematite
and of syn-compaction quartz overgrowth on detrital quartz grains.
The diagenetic silicification greatly reduced the porosity of the sand-
stones and converted them into basin-scale aquitards (Polito et al.,
2005a, 2005b; Kyser and Cuney, 2009). An ion probe U–Pb dating of
low-Th monazite in an assemblage of hydrothermal mica and Fe-rich
chlorite from an alteration zone at the Ranger 1 No 3 ore body yielded
an age of 1800 ± 9 Ma. Mercadier et al. (2013a, 2013b) interpret this
age to represent an important hydrothermal event at the Ranger 1 de-
posit possibly related to the tectonothermal activity of the Shoobridge
Event at ~1.8 Ga in the PCO, and suggest that this pre-ore alteration
and tectonism could have been a key factor in localising later
unconformity-related uranium mineralisation. However, it is possible
that this age (1.8 Ga) may also represent an event representing incur-
sion of the diagenetic fluid (earliest phase) into the basement rocks.
The Kombolgie Subgroup unconformably overlies the Nabarlek Granite
(dated to have been emplaced at 1818 ± 8 Ma; Worden et al., 2008),
providing the maximum age of deposition of the sediments. This and
the 1798 ± 13 Ma age of the earliest phase of diagenesis suggest that
the sedimentation of the Kombolgie Subgroup could have started be-
tween ca. 1820 Ma and 1800 Ma.

Peak diagenesis in the Kombolgie Subgroup began with the dissolu-
tion of detrital feldspar, smectitic clays, quartz overgrowths and detrital
quartz grains in fluvial sediments (Polito et al., 2005a, 2005b). Illite was
the principal diageneticmineral formed in this phase. It was replaced by
variable amounts of chlorite. A plateau 40Ar/39Ar age of illite of 1747 ±
9 Ma, formed in a diagenetic aquifer, is interpreted as the age of peak
diagenesis (Polito et al., 2005a, 2005b). This event is indistinguishable
from the ~1745 Ma Wonga Event in the Mount Isa Basin (Murphy
Reference

of uraninite from upper intercept of concordia 1
raninite. Upper intercept of the concordia 1
of uraninite. Upper intercept of concordia; La-HR-ICPMS of
160 Ma

1, 3

aninite 4
of uraninite from upper intercept of concordia 5
raninite. Upper intercept of the concordia 2
of ore. Upper intercept of concordia 6
raninite. Ar/Ar age of illite in the sandstone gives 1683 ± 11 Ma.
7 Ma, 1191 ± 27 Ma and 802 ± 57 Ma

7

raninite. Ar/Ar age of illite in the sandstone gives 1683 ± 11 Ma.
a, ca. 1100 Ma, and ca. 900 Ma

8

014); 5: Hills and Richards (1976); 6: Ludwig et al. (1987); 7: Polito et al. (2005a, 2005b)
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et al., 2011) and the mid-Tawallah inversion event in the Southern
McArthur Basin (Ferenczi and Sweet, 2004; Bull and Rogers, 1996).
What is more important is that thewhole-rock U–Pb dating of uraninite
from the Ranger deposits gives an age of 1737 ± 22 Ma (Ludwig et al.,
1987). Thus it is possible that the formation of uranium mineralisation
at the Ranger deposit was closely related to the fluids released during
peak diagenesis of the Kombolgie Subgroup, triggered by the mid-
Tawallah inversion event. These events overlapwith the age of intrusion
of Oenpelli Dolerite (1723 ± 6 Ma; cited in Worden et al., 2008) in the
Kombolgie Subgroup, which could have provided an additional thermal
trigger for the movement of ore forming fluids.

The 207Pb/206Pb ages of 1679 ± 17Ma and 1685 ± 17Ma, obtained
by LA-ICPMS dating of uraninite from the Jabiluka deposit have been
interpreted to suggest that uranium mineralisation began to form at
this deposit at ca. 1680± 17Ma (Polito et al., 2005a, 2005b). The oldest
of these ages are close to an 40Ar/39Ar age of 1683± 11 Ma from a illite
sampled above the deposit and to many 40Ar/39Ar ages from illite ob-
tained from diagenetic aquifers in the Kombolgie Subgroup (Kyser
et al., 2000), suggesting that the formation of Jabiluka deposit may be
related to diagenetic fluids released from the aquifers around that
time (Polito et al., 2005a, 2005b).

The 207Pb/206Pb age of 1642 ± 33 Ma age (LA-ICPMS dating) of a
highly reflective homogenous grain of uraninite from the Nabarlek de-
posit provides a good estimate of the age when uraniummineralisation
began to form at this deposit (Polito et al., 2004). This age is comparable
to the 1616 ± 50 Ma Sm–Nd age reported by Maas (1989). The age of
initial uraninite precipitation at the Nabarlek deposit appears to coin-
cide with two bends on the Australian apparent polar wander path at
1650Ma and 1640Ma, which according to Polito et al. (2004) represent
the timing of tectonic events in the region that could have also caused
reactivation of the Nabarlek Fault.

A U–Pb analysis of uraninite at the Kylie deposit in the Rum Jungle
Mineral Field yielded an age of 1627 ± 45 Ma (Table 2; Pechmann,
1992). This age is close to the 1642 ± 33 Ma chemical age of uraninite
at the Nabarlek deposit (Polito et al., 2004). The diagenetic history of
the Depot Creek Sandstone in the Rum Jungle Mineral Field is unknown
and hence, at this stage, it cannot be directly linked to the uranium de-
position age atNabarlek.McCready et al. (2004) note that uraniummin-
erals at the Browns deposit (Rum Jungle Mineral Field), are observed
either in association with secondary digenite-chalcocite minerals or
within postmetamorphic organic material. According to them no genet-
ic link exists between uranium and basemetal mineralisation at this
deposit. A Pb–Pb model age of galena at the Browns deposit constrains
the age of basemetal mineralisation at ca. 1690 Ma (Jaireth, 2011a,
2011b). If the basemetal mineralisation at the Browns deposit and
unconformity-related uranium mineralisation at the Kylie deposit
were formed from similar diagenetic fluids expelled during the diagen-
esis of Depot Creek Sandstone, the age of uraniummineralisation in the
Rum JungleMineral Field could be close to ca. 1690Ma, an age similar to
the age of uranium mineralisation at the Jabiluka deposit.

Geochronological studies at uranium deposits in the South Alligator
Valley Mineral Field yield a much wider spectrum of ages. In a recent
study, LA-ICPMS U–Pb dating of uraninite from high-grade uranium
core samples gave an age of 1607 ± 27 Ma (Orth et al., 2014). At the
El Sherana deposit in the same uranium field, the upper intercept of
the U–Pb concordia of uraninite gave ages of 1600 Ma (Greenhalgh
and Jeffery, 1959). Chipley et al. (2007) reported an LA-ICPMS age of
1573 ± 160 Ma for uraninite from the same deposit. However,
Chipley et al. (2007) reported a much younger LA-ICPMS age (841 ±
94 Ma) for uraninite from the nearby Palette deposit. At this stage, it
is not clear if uranium deposits in the South Alligator Valley
Mineral Field represent two different episodes of mineralisation
(Paleoproterozoic and Neoproterozoic) or if the Neoproterozoic ages
(between ca. 850 Ma and 700 Ma), so often reported from uranium de-
posits in PCO, represent remobilisation of older uranium and/or isotopic
resetting of ages.
Both 40Ar/39Ar analysis of alteration and diagenetic minerals and
U–Pb analysis of uraninite at various deposits in the PCO consistently
show resetting of ages at ca. 1300 Ma, ca. 1190 Ma, and ca. 800 Ma,
which can be related to several proximal and distal thermal events,
such as the intrusion of Maningkorrir/Mudginberri phonolitic dykes
and the Derim Derim Dolerite between 1370 Ma and 1316 Ma, the
Grenville Orogeny at ca. 1140 Ma and the breakup of Rodinia be-
tween 1000 Ma and 750 Ma (Polito et al., 2005a, 2005b).

2.9. Preservation

In the PCO, the Katherine River and Tolmer group sediments overly-
ing the unconformity have been preserved only in and near a few
basement-hosted deposits (see Section 2.2). The thickness of the
McArthur Basin rocks (Katherine River Group) increases in the eastern
and south-eastern parts of the PCO, but no deposits (either sandstone-
or basement-hosted) have yet been found in the area.More targeted ex-
ploration is required to assess the fertility of this region. However, the
absence of sandstone-hosted (‘Egress-style’) uranium deposits in the
PCO may be, in part, related to partial or full erosion of the Katherine
River Group (which includes the Kombolgie Subgroup) in some areas.

The Tolmer Group, whichwas deposited in the Central and Litchfield
domains (western part of the PCO), is thought to be correlative of the
Katherine River Group (Needham, 1988). Sedimentation of the Tolmer
Group occurred in the Birrindudu Basin resulting from N–S directed ex-
tension (Calvert Extension; de Vries et al., 2008). However, recent
SHRIMP U–Pb data on detrital zircon from the Depot Creek Sandstone
(Tolmer Group) provide a maximum age of deposition of 1837 ±
15Ma, which is quite similar to themaximum deposition ages obtained
from the Kombolgie Subgroup (Carson et al., 2011), suggesting that the
Tolmer Group may also be related to the Leichhardt Extension. Limited
SHRIMP U–Pb studies of detrital zircon show that the sediments of both
the Kombolgie Subgroup in the Nimbuwah Domain and of the Depot
Creek Sandstone (Tolmer Group) in the Litchfield Domain may have
been derived from local Archean and Paleoproterozoic rocks (Carson
et al., 2011). The pre-erosional extent of the Katherine River and Tolmer
Group rocks in the PCO has not been estimated. However, limited
palaeocurrent measurements in the sandstones suggest that these
rocks could have covered a much larger area (Jaireth, 2011a, 2011b).

2.10. Kintyre deposit

Although mineralisation at the Kintyre deposit in the Paterson
Orogen is located at the unconformity between Paleoproterozoic rocks
of the Rudall Complex and Neoproterozoic rocks of the Throssell Range
Group, there is still some uncertainty regarding its genesis (McKay and
Miezitis, 2001). This is because, unlike other unconformity-related de-
posits in the PCO and the Athabasca Basin in Canada, the Yeneena
Basin sediments overlying the unconformity were deformed during the
Paterson Orogeny (ca. 650 Ma). This deformation also affected the un-
conformity, as well as uranium mineralisation.

The Neoproterozoic Kintyre deposit is hosted by Paleo- to
Mesoproterozoic carbonaceous metasedimentary rocks of the
Yandagooge Formation (Rudall Complex) adjacent to the unconformity
with the Neoproterozoic Coolbro Sandstone (Throssell Range Group) of
the Yeneena Basin (Fig. 12).

The deposit is located ~2 kmnortheast of a northwest striking thrust
fault mapped by Hickman and Clarke (1993). The mineralised veins are
hosted by chlorite–quartz schist, chlorite–carbonate–quartz schist and
chloritic and garnetiferous quartzite (Jackson and Andrew, 1990),
which form a stratigraphic unit that is structurally overlain by dolomite
and underlain by biotite–graphite schist.

The host succession is folded by a recumbent (Bagas, 2004) foldwith
a shallowly dipping axial plane, which appears to be refolded by an
asymmetric regional fold. The uraniferous veins tend to be concentrated
in the hinges of regional folds and have an orientation sub-parallel to
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the axial planes (Fig. 12). Northwest striking faults, parallel to the axial
planes of the asymmetric regional fold, separate the ore lenses (Bagas,
2004).

Although the host unit contains a wide variety of rock types, the
more competent siliceous chloritic and garnetiferous quartzite prefer-
entially hosts the uraniferous veins (Root and Robertson, 1994). The
host rocks are extensively chloritised, with primary garnet totally al-
tered to chlorite near mineralised zones. Other alteration minerals in-
clude carbonate and martite (hematite), which replaced magnetite.
The pre-ore magnetite ± carbonate ± Fe-chlorite alteration is
overprinted by syn-mineralisation alteration of Mg-chlorite ± carbon-
ate with weak to moderate silicification (Large et al., 2014).

The veins are dominated by a chlorite–carbonate assemblage, with
carbonate minerals including dolomite, ankerite and calcite. Colloform
Fig. 11. Geological map of the Paterson region showing the Kintyre uranium deposit and the e
Modified after Liu and Jaireth (2010).
pitchblende is the dominant oremineral, withminor bismuthinite, chal-
copyrite, bornite and galena, and trace native bismuth and gold.
Platinum-group elements have also been noted with gold, which has a
geochemical association with copper and bismuth (Jackson and
Andrew, 1990).

The coarse-grained arkosic sediments of the Coolbro Sandstone
were formed in a fluvial–deltaic environment (Large et al., 2014). Geo-
chronological data constrain deposition of sediments in the Yeneena
Basin to between ca. 910 Ma, the age of the youngest detrital zircon in
the basal Coolbro Formation (Bagas and Nelson, 2007), and ca.
830 Ma, the age of intermediate to mafic rocks that intrude the lower
part of the basin (D. Maidment, unpublished data). These constraints
are compatible with a Pb–Pb isochron age for carbonate rocks of the
Isdell Formation (stratigraphic equivalent of the Throssell Range
xtensions of the potentially mineralised Paleoproterozoic–Neoproterozoic unconformity.

Image of Fig. 11


Fig. 12. Geological cross section, Kintyre deposit.
Modified after Dorling et al. (2011).
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Group) of ca. 860 Ma, which is interpreted as a diagenetic age (Maas, R.
and Huston, D.L., unpublished data). Electron Probe Micro-analyser
(EPMA) U–Th–Pb chemical dating of uraninite yielded an age of
837 + 35/−31 Ma, suggesting that the initial uranium mineralisation
occurred during or after the latest period of sedimentation in the
Yeneena Basin, and could have been formed from diagenetic fluids re-
leased during diagenesis at ca. 860Ma (Cross et al., 2011). The chemical
age for the Kintyre uraninite is in good agreement with an inferred age
for the deposit of ca. 845Ma (RMaas, unpublished data, Sm–Nd isotope
data cited in Huston et al., 2010).

Critical features of unconformity-related uranium mineral system
discussed in the above section are summarised in Table 3.

3. Sandstone-hosted uranium mineral systems

The known sandstone-hosted uranium deposits in Australia are lo-
cated in Paleozoic and Cenozoic basins. Within Cenozoic basins,
mineralisation is hosted by Paleogene and Neogene sandstones
(Table 4). Around 46% of uranium resources are in the Cenozoic
Callabonna Sub-basin (Lake Eyre Basin) in South Australia (SA). The ge-
ology of some major deposits and prospects is described in McKay and
Miezitis (2001), Lally and Bajwah (2006) and Curtis et al. (1990). De-
scriptions of individual uranium deposits are available in Fidler et al.
(1990; Bigrlyi deposit), Borshoff and Faris (1990; Angela and Pamela
deposits), Brunt (1990; Oobagooma deposit), and Mulga Rock
(Fulwood and Barwick, 1990; Mulga Rock deposit). The geology of
multi-element mineralisation at the Anderson prospect (Mulga Rock)
was described in a recent paper by Douglas et al. (2011).

Sandstone-hosted uranium deposits in Australia are generally of
small to medium tonnage (b~40 million tonnes) with low to medium
grades (b~0.28 wt.% U; Fig. 6).
This review is largely based on the geology of sandstone-hosted de-
posits in the Lake Frome region in South Australia.

3.1. Geological setting

An important feature of the Lake Frome region is its embayment
shape, in which the mineralized sedimentary basins are surrounded
on three sides by Proterozoic rocks enriched in uranium (Fig. 13).
Similar shapes are observed in many mineralized areas such as the
Chu-Sarysu and Syrdariya basins in Kazakhstan (Dahlkamp, 2009;
Jaireth et al., 2008). This particular shape of the embayment has resulted
from the prolonged geological history of the region.

In the south, the basins in the Lake Frome area are bounded by
Paleoproterozoic metasedimentary rocks of the Willyama Supergroup
(southern Curnamona Province). The north–south trending Benagerie
Ridge runs through the central part of the Lake Frome area and is entire-
ly concealed by Phanerozoic rocks (Fabris et al., 2010). In the west, the
Lake Frome area is flanked by the Proterozoic Mount Painter and
Mount Babbage inliers (northern Curnamona Province), part of the
northern Flinders Ranges.

The Lake Frome area is filled with sediments of three major basins:
the Arrowie Basin (Cambrian); the Eromanga Basin (Early Jurassic to
Late Cretaceous); and, the Callabonna Sub-basin (part of the Lake
Eyre Basin, Cenozoic). The gross architecture of the Lake Frome area is
largely determined by the structures generated during a series of
Neoproterozoic to Cenozoic basin-forming and orogenic events, which
created new structures and reactivated older structures (Teasdale
et al., 2001).

The Cenozoic Callabonna Sub-basin, which hosts more than 90% of
known mineralisation in the Lake Frome region, resulted from a west–
northwest to east–southeast compression during which major faults

Image of Fig. 12


Table 3
Critical features of unconformity-related uranium mineral systems.

Deposit types (including synonyms)
• Ingress-type, Egress-type; Unconformity-contact (fracture-bound, clay-bound)
Proterozoic subunconformity-epimetamorphic.

Geological setting
• Unconformity between Paleoproterozoic metasedimentary rocks and Paleo- to
Mesoproterozoic sandstones.

• Basement of Archean domes/inliers flanked by Paleoproterozoic
metasedimentary rocks.

• Metasediments formed in shallow marine conditions rather than turbiditic,
containing units enriched in carbonaceous material.

• Thick (N~5 km) package of Paleoproterozoic to Mesoproterozoic sediments
containing sandstones formed in braided, fluvial conditions. Flat-lying at the
time of mineralisation (often foreland basin). Often partially or fully eroded.

Source (fluid, metal, energy)
Fluids
• Fluid 1: Diagenesis of sedimentary package overlying the unconformity. High
salinity fluids formed from dissolution of evaporite.

• Fluid 2: Evolved from Fluid 1 after reacting with metasedimentary rocks below
the unconformity. High salinity but higher Ca/Na ratio than Fluid 1.

• Fluid 3: Hydrocarbon-rich fluid formed from hydrogenation of carbonaceous
material in metasediments below the unconformity.

Uranium
• Uranium-bearing detrital minerals in the sandstone such as monazite and/or
zircon. Felsic volcanics or their fragments in the sandstone package overlying
the unconformity.

• Uraninite and or uranium-bearing minerals (monazite and/or zircon) in the
granites and/or metasediments below the unconformity.

• ‘Palaeoregolith’, often altered by reaction with fluids.
Energy drivers of fluid-flow
• Compaction of sediments in the basin.
• Heat (radiothermal, produced by granitoids and Archean rocks in the basement,
and by intrusives emplaced in the sandstone overlying the unconformity).
Compaction and heat can initiate basin-scale convection of fluid.

• Tectonic activity along faults and shear zone.
Fluid pathway
• Unconformity surface with or without palaeoregolith.
• Aquifers in the sandstone package overlying the unconformity.
• Faults and breccia zones leading up to and/or cutting the unconformity.
Trap
Physical
• Unconformity surface.
• Breccia zones and faults (in the basement rocks and in the sandstones overlying
the unconformity).

Chemical
• Carbonaceous (graphite) rocks below the unconformity.
• Rocks with Fe+2-bearing silicates such as chlorite either below the unconformity
or in the sandstone package above the unconformity.

• Reduced fluid resulting from the hydrogenation of carbonaceous material.
• Presence of calcareous rocks (affecting pH, not fully clear).
Age and relative timing of mineralisation
• Proterozoic age important for world-class deposits.
• Mineralisation closely linked with the timing of diagenesis in the sandstone
package overlying the unconformity.

• Mineralisation linked to compression during basin inversion in the basin
overlying unconformity.

• During extension diagenetic fluids accumulate, during inversion the fluids move
outward from the basin.

Preservation
• Presence of sandstone above the unconformity indicates high probability of
preservation of unconformity type uranium deposits.

• Most known deposits show remnants of the sandstone package overlying
unconformity in close proximity.

Main references
Dahlkamp (2009), Kyser and Cuney (2009), Jefferson et al. (2007), Lally and
Bajwah (2006), McKay and Miezitis (2001)
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surrounding the Lake Frome region were reactivated (Teasdale et al.,
2001). The uplift generated minor foreland flexure in the area, and
up to 800 m of clastic sediments were deposited in the subsequent
basin.

A number of major faults have been mapped in the Beverley area
(Fig. 14).Most of them are long-lived structureswith a prolonged histo-
ry of reactivation. These faults are considered to have played important
roles in determining the present-day and palaeo-architecture of the
Lake Frome region. Some of the important faults include the:

• Paralana Fault: a shallow west-dipping thrust fault, which has been
active since the Neoproterozoic (as a normal fault) and controlled de-
position of Adelaidean sediments. The Paralana Hot Springs are con-
trolled by this fault;

• Wooltana Range Front Fault (also known as the Vidnee Yarta Fault
Zone near Beverley): a west-dipping thrust fault with splays mapped
along the eastern scarp of the Flinders Ranges near Wooltana Station;

• Wooltana Fault: a steep west-dipping fault outlined on gravity data
(Heathgate Resources, 2007);

• Four Mile Fault: northeast–southwest trending fault running west of
the Four Mile East and Four Mile West deposits; and,

• Poontana Fault Zone: a west-dipping thrust fault with splays identi-
fied in drilling through variations in the thickness of the Cenozoic
units on either side.

Movements along the Paralana Fault could have controlled
palaeorelief in the Lake Frome region, especially near the Beverley and
Four Mile deposits. Drill hole and geophysical data suggest that a
block defined by the Wooltana Fault in the west and the Poontana
Fault Zone in the east forms an upthrusted inlier (the Poontana Inlier)
separating the Beverley deposit to its east and the Four Mile deposits
to its west (Fig. 13).

The Paralana Embayment to thewest of the Poontana Inlier hosts the
Paralana Trough, which contains several important uranium deposits
and prospects (Heathgate Resources, 2008; McConachy, 2009). Move-
ments along the Poontana Fault Zone could have also controlled the
shape of the Miocene palaeovalley which hosts the Beverley deposit
(Heathgate Resources, 2007).

The role of deformation and exhumation is also significant for the
sandstone-hosted uranium deposits in the Amadeus (Angela and
Pamela deposits) and Ngalia basins (Bigryli and Walbiri deposits). In
these basins deformation during the 450 Ma–300 Ma Alice Springs
Orogeny caused exhumation of the basement, which became a major
source of detritus for the host rocks, the Late Devonian to Carboniferous
Mount Eclipse Sandstone (Ngalia Basin) and the Brewer Conglomerate
(Amadeus Basin). The source rocks of both these units included
uranium-rich granites of the Arunta Region. The subsequent peak of de-
formation terminated deposition in the basins and initiated major
thrusting and associated thrust-related folding in and near the basins
(Edgoose, 2013a, 2003b).

3.2. Source of uranium

The Callabonna Sub-basin is surrounded on three sides by felsic
rocks enriched in uranium (Fig. 13 and Table 5). The average uranium
concentration in the rocks varies between 4 and 100 ppm, but some
felsic rocks in the Mount Painter and Mount Babbage inliers contain
up to ~400 ppmuranium.However, the total uranium in rocks only pro-
vides a rough guide to their potential as a source of uranium. Amore im-
portant guide is the concentration of readily leachable uranium in the
rocks. The most leachable uranium minerals in rocks are uranium ox-
ides (such as uraninite). In their absence uranium-bearing rock-
forming and accessory minerals (e.g. allanite, monazite, xenotime, zir-
con, epidote and apatite) become important. Limited experimental
leaching studies indicate that in minerals such as allanite, 80% of urani-
um can be leachable (Larsen and Gottfried, 1961).

The Yerilla Granite (4 to 270 ppm uranium) in the Mount Babbage
Inlier, the Mount Neill Granite (3 to 380 ppm uranium) and the Hot
Springs Gneiss (7 to 427 ppm uranium) in the Mount Painter Inlier
are possibly the best sources of leachable uranium (Table 5 and
Fig. 15). The medium- to coarse-grained Yerilla Granite contains urani-
nite and other uranium-bearing accessoryminerals includingmonazite,



Table 4
Sandstone-hosted uranium deposits and prospects. Geological information sourced from Mckay and Miezitis (2001) and Roach et al. (2014). Resource data from Geoscience Australia's
OZMIN database.

Name State Basin Host unit Host age Deposit
type

Ore
(Mt)

Grade
(%)

U (t)

Angela NT Amadeus Undandita Member Late Devonian to Late
Carboniferous

Roll front 10.7 0.111 11886

Bennett Well WA Carnarvon Birdrong Sandstone and
Yarraloola Conglomerate

Cretaceous Basal channel 26.7 0.023 6047

Beverley SA Callabonna Sub-basin Namba Formation Neogene Basal channel 12 0.153 18317
Bigrlyi NT Ngalia Mount Eclipse Sandstone Late Devonian to Late

Carboniferous
Roll front 7.5 0.109 8160

Billeroo SA Callabonna Sub-basin Eyre Formation Paleogene Basal channel 12 0.025 3053
Blackbush SA Pirie Basin Kanaka Beds Paleogene Roll front 41.5 0.025 10170
Carley Bore WA Carnarvon Basin Birdrong Sandstone and

Yarraloola Conglomerate
Cretaceous Basal channel 13.8 0.033 4564

East Kalkaroo SA Callabonna Sub-basin Eyre Formation Paleogene Basal channel 1.2 0.063 753
Four Mile East SA Callabonna Sub-basin Eyre Formation Paleogene Roll front 4.1 0.263 10778
Four Mile West SA Callabonna Sub-basin Bulldog Shale Cretaceous Roll front 5.6 0.282 15766
Goulds Dam SA Callabonna Sub-basin Eyre Formation Paleogene Basal channel 17.6 0.031 5373
Honeymoon SA Callabonna Sub-basin Eyre Formation Paleogene Basal channel 1.2 0.204 2442
Kalkaroo SA Callabonna Sub-basin Eyre Formation Paleogene Basal channel
Manyingee WA Carnarvon Basin Birdrong Sandstone and

Yarraloola Conglomerate
Cretaceous Basal channel 13.8 0.072 9933

MacDonnell Creek SA Callabonna Sub-basin Eyre Formation Paleogene Basal channel
Mulga Rock WA Narnoo Basin Narnoo Sequence Paleogene Basal channel 57.3 0.042 24295
Oban SA Callabonna Sub-basin Eyre Formation Paleogene Basal channel 8.2 0.022 1808
Oobagooma WA Canning Basin (Yampi Embayment) Yampi Sandstone Early Carboniferous Roll front 8.2 0.102 8333
Pannikin SA Callabonna Sub-basin Eyre Formation Paleogene Roll front
Pepegoona SA Callabonna Sub-basin Eyre Formation Paleogene Roll front 2.2 0.153 3358
Walbiri NT Ngalia Basin Mount Eclipse Sandstone Paleozoic Roll front 0.42 0.137 582
Warrior SA Eucla basin Pidinga Formation Paleogene Basal channel 11.8 0.034 4003
Yagdlin SA Callabonna Sub-basin Namba Formation Neogene Basal channel
Yarramba SA Callabonna Sub-basin Eyre Formation Paleogene Basal channel

NT = Northern Territory; SA = South Australia; WA = Western Australia.
http://lws-60603:3000/deposits/mineral_system.csv?commodity=U.
http://lws-60603:3000/deposits/mineral_system.csv?commodity=U3O8.
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allanite, zircon, apatite and xenotime. It also shows extreme enrichment
in rare earth elements (REE), niobium, fluorine, thorium, yttrium and
tungsten (Teale, 1993).Wülser (2009) document intensivemetasomat-
ic overprints (Proterozoic and Ordovician in age) and the gneissic vari-
eties contain allanite-rich lenses. Uraninite and uranothorite inclusions
are present in zircons. The uranium-enriched Hot Springs Gneiss also
shows a similar metasomatic overprint and a red metasomatic gneiss
contains brannerite veins, allanite-rich zones and thorite mineralisation
(Wülser, 2009). Elburg et al. (2001) explained the presence of
trondhjemite, gneiss and schist within the Mount Neill Granite as the
result of metasomatic alteration. It is possible that some samples con-
taining up to 300 ppm uranium represent metasomatically altered A-
type Mount Neill Granite.

In addition to uranium-enriched felsic rocks, theMount Painter Inlier
also contains a variety of magmatic-hydrothermal and epithermal pros-
pects and deposits of uranium such asMountGee,Mount Painter andRa-
dium Ridge. Uraninite is the major ore mineral in these prospects. Other
uranium-bearing minerals are brannerite, gummite, xenotime, allanite,
apatite, titanite, ilmenite, monazite, samarskite, torbernite, uranophane
and zircon (Coats and Blissett, 1971; Drexel and Major, 1990).

More than 80% of uranium resources in the Lake Frome region are
located in close proximity to the Mount Painter and Mount Babbage in-
liers. A number of deposits (Four Mile East, Four Mile West, Pepegoona
and Pannikin) are also within the Paralana Embayment (Paralana
Trough), to the south-western end of which are located not only
uranium-enriched felsic rocks (Hot Springs Gneiss, Mount Neill
Granite), but also many uraninite-bearing deposits and prospects. The
relatively high uranium endowment of this area could thus be associat-
ed with the presence of source rocks containing leachable uranium.

Uranium-enriched felsic rocks (average concentration of uranium
varying between 2 ppm and 28 ppm) are also present in the southern
Lake Frome region (Table 5 and Fig. 16). However, themaximum urani-
um concentration is less than 110 ppm (Table 5). The most enriched of
these is the Mindamereeka Trondhjemite (Crocker Well Suite) with up
to 110 ppm uranium and the Honeymoon Granite with up to 40 ppm
uranium. The trondhjemites have undergone intensive sodic metaso-
matism and grade into alaskites, which occur as dykes, veins and peg-
matitic bodies (Wade, 2011). The Honeymoon Granite, which is
spatially associated with the Honeymoon and East Kalkaroo uranium
deposits, contains up to 40 ppm uranium. The Honeymoon Granite
shows locally intensive potassic alteration (Fricke and Reid, 2009). Un-
altered Honeymoon Granite, however, has an abundance of uranium-
bearing minerals (uranium oxides in pyrite, monazite, allanite, zircon
and apatite).

The felsic rocks in the Olary Domain are associatedwith a number of
orthomagmatic and hydrothermal uranium deposits (Crocker Well,
Mount Victoria and Radium Hill). The main uranium mineral at the
CrockerWell deposit is thorian brannerite. Davidite is themain uranium
mineral at the Mount Victoria and Radium Hill deposits. These deposits
also contain monazite and xenotime and minor uranophane (McKay
and Miezitis, 2001). Thus, although uranium-bearing minerals are
present in felsic rocks and deposits in this part of the Lake Frome region,
they are not as readily leachable as uraninite, which is far more abun-
dant in the Mount Painter and Mount Babbage inliers.

Felsic rocks at themargins of Amadeus and Ngalia basins contain up
to 32 ppm and 55 ppm uranium respectively (OZCHEM database).
These felsic rocks also host several uranium-bearing pegmatite bodies
and fluorapatite veins, which contain good sources of leachable urani-
um. Additionally, uranium may have been sourced from detrital min-
erals in the sandstones. Schmid et al. (2012) have documented
removal of uranium and vanadium from clasts containing detrital
roscoelite in the sandstone unit at the Bigrlyi deposit.

http://lws-60603:3000/deposits/mineral_system.csv?commodity=U3O8
http://lws-60603:3000/deposits/mineral_system.csv?commodity=U3O8


Fig. 13. Location map of the Lake Frome region (Callabonna Sub-basin) showing the boundary of the Frome AEM Survey, main uranium occurrences and principal bedrock units. From
Roach et al. (2014).
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3.3. Source and nature of fluids

In sandstone-hosted uranium systems, uranium is transported in
oxidised groundwaters of variable salinity and pH. The salinity of
present-day groundwaters in the Eyre Formation in the Callabonna
Sub-basin is higher (10000 ppm to 20000 ppm TDS or Total Dissolved
Salt; Southern Cross Resources, 2000) than those in the sandstone aqui-
fers in the Shirley Basin, Wyoming (170 to 1250 ppm TDS; Harshman,

Image of Fig. 13


Fig. 14. A geological model highlighting major fault lines and the association of fault blocks and uranium mineralization around the Beverley area, eastern Lake Frome region. Airborne
electromagnetic conductivity sections overlying the geological base map highlight resistive Proterozoic (Mount Painter Inlier) basement in the west and conductive basement, generally
salt water-saturated Paleocene–Eocene Eyre Formation and Cretaceous Bulldog Shale, in the east, separated by the uplifted block of the Poontana Inlier.
From Roach et al. (2014).
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Table 5
Ages, U and Th contents of U-bearing granites and felsic rocks within the Curnamona Province, including the Ninnerie Supersuite.
Modified after Roach et al. (2014).

Domain Province Name Age Ma ±
Ma

Description Comments Reference U
RANGE
PPM

U
AVG
PPM

Th
AVG
PPM

Th/U
AVG

main
U-bearing
minerals

Moolawatana Mount
Babbage

Terrapinna Granite 1560 3 Coarse-grained granite Magmatic
crystallisation age

Fraser and
Neumann
(2010)

2–28 8 49 7 Zircon,
monazite,
allanite

Yerilla Granite 1558 4 Coarse-grained granite Magmatic
crystallisation age

Fraser and
Neumann
(2010)

4–270 107 355 4.1 Uraninite in
pyrite,
monazite,
xenotime,
allanite,
zircon,
apatite,
titanite
(Ti-silicate)

Wattleowie
Granite

1563 3 Biotite granite with biotite
foliation

Magmatic
crystallisation age

Fraser and
Neumann
(2010)

2–50 7 35 6.2 Zircon,
monazite

Petermorra
Volcanics

1560 3 Deformed felsic extrusive,
volcaniclastics, epiclastic
sandstone

Magmatic
crystallisation age

Teale and
Flint
(1993)

2–34 10 32 6.4 Zircon,
monazite,
allanite

White Well
Granite

1556 4 Biotite granite Age assumed to
be similar to the
Yerilla Granite

Sheard
et al.
(1992)

4–16 9 45 7.1 Zircon,
monazite

Prospect Hill
Granite

1556 4 Biotite granite Age assumed to
be similar to the
Yerilla Granite

Sheard
et al.
(1992)

– 96 207 2.2 Monazite,
allanite

Mount
Painter

Mount Neill
Granite, Coulthard
Suite

1585 3 Coarse-grained granite Magmatic
crystallisation age

Fraser and
Neumann
(2010)

3–380 30 90 5.4 Zircon,
titanite,
epidote

Box Bore Granite,
Coulthard Suite

1583 2 Coarse-grained granite,
gneissic fabric

Magmatic
crystallisation age

Fraser and
Neumann
(2010)

5–79 41 130 4.2 Allanite,
monazite,
zircon

Moolawatana Mount
Painter

Nooldoonooldoona
Trondhjemite,
Coulthard Suite

1575 3 Na-altered Mount Neill
Granite

Magmatic age of
precursor Mount
Neill Granite. Age
of metasomatism
?1555 Ma

Elburg
et al.
(2001)

17 67 3.9 Zircon,
monazite

Hot Springs Gneiss 1582 6 Coarse-grained augen
granitic gneiss with strong
biotite foliation

Magmatic
crystallisation age

Fraser and
Neumann
(2010)

7–427 98 330 3.4 Zircon,
trace
allanite

Hodgkinson
Granodiorite
(4 Mile Creek)

1552 4 Medium-grained
granodiorite

Magmatic
crystallisation age

Fraser and
Neumann
(2010)

5 12 2.4 Zircon

Pepegoona
Porphyry

1576 2 Rhyolitic and rhyodacitic
metavolcanics

Magmatic
crystallisation age

Teale and
Flint
(1993)

13–34 24 72 3.2 Zircon,
titanite,
?xenotime

British Empire
Granite

455 8 Granite batholith with
S-type intruded by I-type

Pb–Pb stepwise
leaching of garnet

McLaren
et al.
(2002),
Elburg
et al.
(2003)

2–32 11 9 1.2 Zircon,
monazite,
xenotime

Radium Creek
Metamorphics
(Lower
metasediments)

1600 8 Quartzofeldspathic gneiss
with bands of heavy
minerals

Maximum age of
deposition

Fraser and
Neumann
(2010)

2–5 3 16 5.7 Zircon

Radium Creek
Metamorphics
(Upper
metasediments)

1591 6 Quartzofeldspathic gneiss
with bands of heavy
minerals

Maximum age of
deposition

Fraser and
Neumann
(2010)

2–5 3 16 5.7 Zircon

Golden Pole
Granite

1560 Even textured brick red
coloured granite

Maximum
interpreted age of
emplacement

Wall
(1995)

1–10 4 36 18 Zircon,
xenotime

Moolawatana Olary Honeymoon
Granite

1541 59 Quartz–plagioclase–alkali
feldspar–muscovite–biotite
granite

Concordia
intercept age

Jagodzinski
and Fricke
(2010)

13.5–40 27.6 8.4 0.4 Monazite,
zircon,
apatite,
allanite,
titanite,
U-oxides in
pyrite

Lake Charles
Diorite

1585 195 Medium- to fine-grained
hornblende-bearing

Magmatic
crystallisation age

Fanning
(1995)

0.4–6 2.4 7 3.1 Zircon

(continued on next page)
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Table 5 (continued)

Domain Province Name Age Ma ±
Ma

Description Comments Reference U
RANGE
PPM

U
AVG
PPM

Th
AVG
PPM

Th/U
AVG

main
U-bearing
minerals

diorites to granodiorites
Olary Mindamereeka

Trondhjemite,
Crocker Well Suite

1580 21 White, coarse-grained and
massive leucocratic
phlogopite trondhjemites
grading into alaskites,
characterised by
opalescent blue quartz

Magmatic
crystallisation age

Ludwig
and Cooper
(1984)

0.9–110 13.9 72.8 13 Allanite,
monazite,
zircon,
thorian
brannerite

Mount Victoria
Granite, Crocker
Well Suite

1579 2 Biotite-only to
biotite–muscovite-bearing
monzogranites

Magmatic
crystallisation age

Ludwig
and Cooper
(1984)

0.5-19.1 7 60.3 11.6 Zircon,
monazite

Bimbowrie Suite 1581 3 Medium- to coarse-grained
muscovite–biotite granite
characterised by large
K-feldspar phenocrysts

Magmatic
crystallisation age

Jagodzinski
and Fricke
(2010)

0.1–35 8.5 38.1 6.3 Zircon

Windamerta
Diorite

1581 6 Biotite and hornblende
diorites, granodiorites and
tonalites

Magmatic
crystallisation age

Fanning
(pers.
Comm..)

0.3–51 9.2 47.2 2.3 Zircon,
allanite

Olary Billeroo Intrusive
Complex

1610 to
1550

– Alkaline magmatic rocks
including syenite bodies,
layered feldspathic ijolite
phases and alkali
lamprophyre dykes

Constrained by
tectonic fabrics
formed during
the third phase of
the Olarian
Orogeny and
layer parallel
fabrics within
Willyama
Supergroup clasts

Rutherford
(2006)

0.3–7.2 2.3 9.6 4.7 No
information

Mudguard Finlay Dam
Rhyolite,
Benagerie Volcanic
Suite

1587 6 Porphyritic rhyolitic
volcanic rocks

Magmatic
crystallisation age

Jagodzinski
and Fricke
(2010)

11–21 16.2 55.1 3.4 Zircon

Lake Elder
Rhyodacite,
Benagerie Volcanic
Suite

~1585 – Porphyritic rhyodacitic
volcanic rocks

– Wade
(2011)

8.5–18.5 11.8 35.8 3 Zircon

Benagerie 1,
Benagerie Volcanic
Suite

– – Extensively altered
porphyritic amygdaloidal
trachytes occurring as a
series of flows with
scoriaceous tops

– Wade
(2011)

8–18 10.8 37.6 3.6 No
information

Ninnerie 1,
Ninnerie
Supersuite

1550–1590 – Fine-grained basalt Max depositional
ages of overlying
and underlying
sediments

Fraser and
Neumann
(2010)

4–10.5 6.5 14.7 2.3 No
information
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1972) and Chu-Sarysu Basin, Kazakhstan (900 to 6000 ppm TDS;
Fyodorov, 2001a, 2001b).

As coffinite is one of the main ore minerals in many deposits, the
concentration of dissolved silica in groundwaters can be of critical im-
portance. Unfortunately, the problem of thermodynamic stability of
coffinite with respect to uraninite remains unresolved (Hemingway,
1982; Langmuir, 1978; Brookins, 1975). This is because of two impor-
tant reasons; the variation in the composition of natural coffinite,
U(SiO4)1 − x(OH)4x, and uraninite, UO2–2.6, and the uncertainty in
the thermodynamic data for coffinite. Calculations suggest that in
order to form coffinite, the concentration of dissolved silica in ground-
water should exceed its average measured concentration of about
17 ppm (Langmuir, 1978). As this concentration is less than the equilib-
rium concentration of dissolved silica, estimated from the thermody-
namic data of coffinite, it is argued that the natural coffinite coexisting
with quartz and uraninite is in a metastable state (Hemingway, 1982).
Langmuir (1978) noted that waters in the Grants mineral belt in New
Mexico, where both uraninite and coffinite coexist, contain 19 ppm to
120 ppmdissolved silica, and suggested that coffinite became stable rel-
ative to uraninite at intermediate levels of dissolved silica; that is, at a
level above those in average groundwater but below the saturation
with amorphous silica. Thus formation of coffinite requires groundwa-
ters supersaturated with respect to quartz. A number of different pro-
cesses have been discussed to explain silica supersaturation. They
include: the suppression of silica precipitation (Goldhaber et al.,
1987); the presence of organo-silica complexes (Bennett and Siegel,
1987); and, step-wise reduction of uranium fromwaters in thepresence
of silica gel (Hemingway, 1982).

The involvement of mobile reductants has been reported in many
sandstone-hosted uranium deposits (see below for more detailed
discussion). These reductants are either generated from hydrocarbon-
bearing basins underlying sandstone-hosted uranium deposits, or
from more proximal sources such as biogenic and non-biogenic H2S
produced from the interaction of groundwater with pyrite in the sand-
stone (Spirakis, 1996).

3.4. Fluid-flow pathways

Sandstone-hosted uranium deposits are formed by oxidised,
uranium-bearing fluids flowing in permeable sandstones interbedded
between relatively impermeable shaly sediments. In the Callabonna
Sub-basin, the Paleocene to Eocene Eyre Formation sands, which host
more than 90% of known mineralisation in the Lake Frome area, are
highly permeable. The mature, fine- to coarse-grained, unconsolidated,
carbonaceous, pyritic sands give ameasured permeability of 5m2/day in
the Four Mile East ore zone (Heathgate Resources, 2008). The overlying
Late Oligocene to Miocene Namba Formation is characterised by an
overall low permeability.



Fig. 15.Uranium source rocks in theMount Painter andMount Babbage inliers. Solid geology ismodified from SARIG, 2014 (http://minerals.statedevelopment.sa.gov.au/sarighelp/home),
with uranium concentration data from sources quoted in Table 5.
From Roach et al. (2014).
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In the Namba Formation, the lenticular Beverley Sands, which host
the Beverley Deposit, are interbedded between the Beverley Clay and
the Alpha Mudstone. The Beverley Sands aquifer is made up of four
units, of which the main mineralised sands have moderate permeabili-
ty, whereas the two underlying sandy units are more permeable
(Heathgate Resources, 2007).

An important factor in the formation of sandstone-hosted uranium
systems is the direction of fluid-flow at the time of mineralisation. In
many mineralised basins it is known to be different from the present-
day fluid-flow direction (Sanford, 1992, 1994; Dzhakelov, 1993). In
the southern part of the Lake Frome region mineralisation is located in
the Paleocene to Eocene palaeovalley systems, which generally run
northward from the uplifted parts of the Olary Domain (Alley, 1998).
In the past, the Oban uranium deposit was shown as sitting in the
Lake Charles Palaeovalley, which was previously interpreted running
southeast to northwest (Hou et al., 2007a, 2007b), although the new
palaeovalley map of South Australia now shows Oban as sitting in sed-
iments emptying northeast from the Yarramba Palaeovalley (Hou
et al., 2012). Eyre Formation sediments in the northern part of the
Lake Frome region were deposited predominantly in alluvial fans
(Alley, 1998), although some basal channel deposits may also be
present to the north of the Mount Babbage Inlier. The top of the
Eyre Formation in the Paralana Trough (Fig. 13), which hosts significant
uranium deposits, slopes southwest to northeast. Present-day
hydrogeological measurements in wells show that the present-day
groundwater flow is from southwest to northeast (SKM, 2008). It is
therefore possible that in the Eocene, when uranium deposits were
formed, the groundwater also flowed in the same direction, linking
the groundwaters with the source of leachable uranium. A similar sce-
nario of north- to northeasterly fluid-flow was proposed by Skirrow
et al. (2009).

The Beverley Palaeochannel represents a cyclic cut-and-fill
(channel-in-channel) system and is filled with Beverley Sands
(Namba Formation) incised into Alpha Mudstone (Namba Formation).
It runs generally from northwest to southeast. Its shape is controlled
by movements along the Poontana Fault Zone, which was active during
deposition of the Beverley sequence and also after deposition of the
Willawortina Formation (Heathgate Resources, 2008). If the fluid-flow
during the formation of the Beverley deposit was also from northwest
to southeast, it would link the fluids with the sources of leachable

Image of Fig. 15
http://minerals.statedevelopment.sa.gov.au/sarighelp/home


Fig. 16. Uranium source rocks in the Olary Domain, southern Lake Frome area. Solid geology is modified from SARIG, 2014 (http://minerals.statedevelopment.sa.gov.au/sarighelp/home),
with uranium concentration data from sources quoted in Table 5. The map includes palaeovalley outlines from Hou et al. (2012).
From Roach et al. (2014).
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uranium in the northern Mount Painter and Mount Babbage inliers,
rather than bringing fluids east across the hydrological barrier formed
by the uplifted Poontana Inlier. It is important to note that while the
dominant fluid flow directions are along the palaeovalleys, lateral fluid
flow has been documented in many palaeovalley systems (Magee,
2009) and cannot be discounted in the Lake Frome region as a link be-
tween uranium sources and deposition sites.

3.5. Source of energy (energy drivers of fluid-flow)

In a single-fluid model of sandstone-hosted uranium systems
(Jaireth et al., 2008) uranium is transported in oxidised shallow ground-
water through sandstone aquifers. The flow of groundwater in this
model is gravity driven and is controlled by hydrostatic head (created
by relief) at the time when the uranium mineral system was
established. The landscape evolution history in the Callabonna Sub-
basin outlined by Roach et al. (2014) and Skirrow et al. (2009)
summarises important episodes of cooling/uplifting in the Lake Frome
region. Of these, two episodes are considered critical as energy drivers
of uranium systems:

1. Paleocene to Eocene (before ~55 Ma), caused either by the removal
of ~1.5–2.0 km of rocks or by a decrease in geothermal gradient ac-
companied by minor erosion (Mitchell et al., 2002). The uplifted
Mount Painter Inlier could have not only provided material for the
Eyre Formation sediments, but also created the needed hydrostatic
head to generate fluid flow in Mesozoic aquifers (such as the
Algebuckina Sandstone and the Cadna-owie Formation).

2. Pliocene (before ~6–4 Ma), when the present day relief in the mod-
ern Flinders Ranges was formed from tectonic movement along
major faults such as the Paralana Fault (Quigley et al., 2007). This ep-
isode is broadly related to the deposition of theWillawortina Forma-
tion, which unconformably overlies the Namba Formation that hosts
the Beverley uranium deposit. The tectonic uplift in the Pliocene thus

Image of Fig. 16
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created the needed hydrostatic head for fluids in the sandy aquifers
of the Namba Formation.

A hiatus (~5 million years) in sedimentation is recorded between
the Lower and Upper Eyre Formations in the southern Callabonna
Sub-basin (Alley, 1998). A more prolonged hiatus (~15 million years)
is also documented between the Upper Eyre Formation and the
Namba Formation (Alley, 1998). Zircon provenance studies at Beverley,
summarised in Roach et al. (2014), show that basal sediments of both
the Eyre Formation and the Namba Formation were mostly derived
from rocks in the Mount Painter Inlier, before becoming mixed with
sediments from other sources in their upper parts, indicating that the
provenance area (Mount Painter Inlier) was uplifted during the Middle
Oligocene (before ~28Ma; Fig. 17). This indicates the presence of a pos-
sible hydrostatic head necessary to drive fluids in the aquifers of the
Eyre Formation.

A two-fluidmodel (Fig. 18; Jaireth et al., 2008), considered to be im-
portant for some sandstone-hosted uranium systems, cannot be ruled
out for the Lake Frome region (see Michaelsen and Fabris, 2011 and
Skirrow et al., 2009, for further discussion). In this model uranium
precipitation is caused by interaction with mobile reductants
(hydrocarbons and/or H2S). Mobile reductants can be derived either
from hydrocarbon accumulations in the Eromanga and Arrowie basins
or from thermal degradation of organicmaterial in the sediments. Reac-
tivation of faults in the Lake Frome region can trigger movement of re-
ductants from underlying basins. Hot fluids along the Paralana Fault
(such as those occurring in the Paralana Hot Springs) can also cause re-
duction of uranium-bearing fluids in the aquifer. The principal driver of
the ParalanaHot Springs is probably the thermal gradient created by the
high heat flow zone in the Mount Painter Inlier. Apatite fission-track
thermochronology studies near the Paralana Fault indicate that it
created heating of N~100 °C in the area at ca. 20–25 Ma (Mitchell
et al., 2002). This heating is capable of generating mobile reductants
from the degradation of organic material from shales in various sedi-
mentary rocks in the three basins, especially in the Eromanga Basin
and Callabonna Sub-basin.

A tectonic driver of fluid-flow has also been suggested in the
Amadeus (Angela and Pamela deposits) and Ngalia Basins (Bigryli and
Walbiri deposits). The peak of deformation associated with the Alice
Springs Orogeny (450 Ma–300 Ma), which initiated thrusting and
folding in a near the basin, could have also triggered groundwater
flow in the sandstone units hosting uranium deposits (Edgoose,
2013a, 2003b; Schmid et al., 2012).

3.6. Physical and chemical traps/sinks

The presence of redox fronts in uranium deposits shows that urani-
um deposition was caused predominantly by reduction of oxidised
uranium-bearing fluids flowing in sandy aquifers. In most cases reduc-
tion occurs from reaction with an in situ reductant (organic material
in the aquifer and/or in the shaly sediments underlying it). In recent
years the role of mobile reductants (hydrocarbons and other associated
gases, such as H2S, CH4, N2 andH2) has been documented in a number of
sandstone-hosted uranium deposits outside Australia (Pechenkin,
2014; Jaireth et al., 2008; Huang et al., 2005). The role of H2S as an effec-
tive reductant was demonstrated by Goldhaber et al. (1978) and
Reynolds and Goldhaber (1978) in a number of roll-type uranium de-
posits in South Texas, where uranium mineralisation is hosted by
organic-poor sandstone. H2S can also be produced by sulphate-
reducing bacteria, as demonstrated by Bonnetti et al. (2014a, 2014b)
for uranium deposits located in the Erlian Basin, China. The process sug-
gested by Bonnetti et al., 2014a, 2014b may be important for many
other deposits, because the close spatial correlation between Fe–Ti ox-
ides, uraninite and pyrite, documented at the Bayinwula deposit (Erlian
Basin), is also seen in a number of other uranium deposits (Reynolds
and Goldhaber, 1978; Schofield et al., 2009).
At the Bigryli deposits (Ngalia Basin), uranium minerals are closely
associated with degraded vanadium-bearing roscoelite (Schmid et al.,
2012), suggesting that V+3 in roscoelite may have acted as a reductant
of uranium in oxidised waters. According to Schmid et al. (2012), urani-
um may also have been sourced from roscoelite.

In the Callabonna Sub-basin, the Eyre Formation is known be rich in
organic material. In the Yarramba Palaeovalley, which hosts the Honey-
moon deposit, it contains an average 0.3% organic material in the form
of lignite, plant fragments and woody material (Bampton et al., 2001;
Skidmore, 2005). The sediments are also locally enriched in pyrite
(averaging 7%), estimated on the basis of sulphur analysis by Bampton
et al. (2001).

The Beverley Sands in the Namba Formation do not contain organic
material but the Alpha Mudstone underlying the sands is enriched in
carbonaceous matter. The ore zones contain 0.05% to 0.5% organic car-
bon in grey sands and up to 2% in selected samples. The AlphaMudstone
has abundant plant fragments and large pieces of carbonised wood
(Heathgate Resources, 2007). Michaelsen and Fabris (2014, 2011)
have recently identified six organic facies, of which three are in the
Eyre Formation and two are in the Namba Formation. Their “Namba Fa-
cies 1” is dominated by liptinite and contains abundant lamalginite and
telaginite. The facies is developed at the base of the Namba Formation.
Their “Namba Facies 2” is developed within mudstones and the humic
material is considered to have undergone extensive transportation
and oxidation. As the upper Namba Formation lacks effective (hydro-
gen-rich detrital organic) reductants, mobile reductants (hydrocarbon
gases) could have been involved in the formation of the Beverley and
other uranium deposits in the northern part of the Lake Frome region
(Michaelsen and Fabris, 2011, 2014). The generation of hydrocarbons
was facilitated by heat resulting from relatively high geothermal gradi-
ent in the area (Michaelsen and Fabris, 2014).

Sulphur isotope composition of framboidal pyrites in host rocks of
Pepegoona and Pannikan deposits in the Lake Frome regions show
that they are isotopically light with ∂34S values ranging between
−43.8‰ and −18.3‰ (Ingham et al., 2014). These values are similar
to the values reported from several other sandstone-hosted uranium
deposits (Bonnetti et al., 2014a, 2014b; Northrop and Goldhaber,
1990; Goldhaber et al., 1983). The isotopically light sulphur isotopic
composition is interpreted to indicate involvement of sulphate reducing
bacteria in the generation of H2S and formation of pyrite (Bonnetti et al.,
2014a, 2014b; Northrop and Goldhaber, 1990; Goldhaber et al., 1983;
Cheney and Jensen, 1965). Uraniummineralisation at theBayinwula de-
posit in the Erlian Basin (NE China) is thought to have resulted form
redox reactions caused by detrital organic material and biogenic sul-
phate reduction (Bonnetti et al., 2014a, 2014b).

Sandstones near redox zones in sandstone-hosted uranium deposits
often contain calcite cement (Dong et al., 2005; Langen and Kidwell,
1961). Carbon isotope analysis of shows that the carbonate is isotopical-
ly light (average ∂13C = −1.5‰ for dolomite in Henry Basin, Utah;
Northrop and Goldhaber, 1990; and ∂13C = −6.8‰ for calcite at the
Qianjiadia deposit in Inner Mangolia; Dong et al., 2005) indicating that
the source of carbon was organic produced by anaerobic bacteria. At
the Qianjiadia deposit, Dong et al. (2005) do not rule out the possibility
that carbonate was formed from the migration of oil and gas-bearing
water. This carbonate is much lighter than the diagenetic carbonate
(with average ∂13C = −0.87‰) observed in the sandstone. Diagenetic
carbonate is isotopically similar to sedimentary carbonates (Dong
et al., 2005).

In a large number of sandstone-hosted uranium deposits,
mineralisation is structurally controlled. The structural control has
been more clearly demonstrated in deposits where mineralisation is
thought to have occurred due to mixing of uranium-bearing oxidised
waters with mobile reductants (e.g., Sun et al., 2009; Goldhaber et al.,
1983). For example, mineralisation in the tectonic-lithologic type of
sandstone-hosted uranium deposits (e.g. the Mikouloungou deposit
the Franceville Basin, Gabon) is controlled by permeable fault zones



Fig. 17. Landscape evolution model for the Mount Painter Inlier. A (main diagram): Thermochronology, isotopic dating, palaeomagnetic dating and thermal history path modified from
Wülser (2009). Figure includes data from Bakker and Elburg (2006), Brugger et al. (2005), Brugger et al. (2011a), Cross et al. (2010), Davey et al. (2010), Elburg et al. (2003), Foden
et al. (2006), Foster et al. (1994), J. M. Hartley (pers. comm. to P.-A. Wülser, 2009), Idnurm and Heinrich (1993), Kleeman (1946), Lottermoser (1988), Lottermoser and Plimer (1987),
McElhinny et al. (2003), McLaren et al. (2002), McLaren et al. (2006) andWülser (2009). Box B: Relative uplift and erosion events interpreted using cosmogenic isotopic dating byQuigley
et al. (2007), apatite fission-track dating by Foster et al. (1994) and Mitchell et al. (2002), zircon provenance studies by Cross et al. (2010) and regolith-landform mapping Davey et al.
(2010).
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extending into clastic sediments adjacent to the fault. A similar structur-
al control has been speculated for world-class uranium deposits in the
Chu-Sarysu basin in Kazakhstan (Aubakirov, 1998). In uraniumdeposits
underlain by hydrocarbon basins, areas at the margins of the hydrocar-
bon cap-rocks and areas in proximity to tectonically active structures
can function as important conduits of mobile reductants (Jaireth et al.,
2008).

In basal channel deposits, mineralisation is controlled by the shape
of palaeochannels. Mineralisation is often located in the basal scours
(e.g. mineralisation in the Chinle Member, central Utah, USA, and in
the Stráž deposit in the Czech Republic), bends (e.g. the Honeymoon
and East Kalkaroo deposits), sites of confluences with tributaries (the
Beverley, Goulds Dam and Oban deposits), and areas of channel-
Fig. 18.Diagram showing a two-fluid uraniumdepositionmodel. Uranium is carried in oxidised
and/or gas field. Both roll-front and tabular ore bodies can result from the process. During ore
widening and bar-heads (Jaireth and Huston, 2010; Demko, 2003;
Fiedler and Slezak, 1992). At this stage processes, which influence accu-
mulation of uraniummineralisation at these sites, are not clear, but they
may be related to the amount of organic material concentrated in the
sediments. These sites may also exert control on the changes in the
flow of groundwater in the channel sands.

3.7. Age and relative timing of mineralisation

Although it has been difficult to obtain accurate age data for uranium
mineralisation in sandstone-hosted uranium deposits, available infor-
mation suggests that most mineralised basins commonly witness
more than one episode of mineralisation. For example, two episodes
groundwaters and is reduced by hydrocarbons and/orH2S released from the underlying oil
deposition hydrocarbons are often oxidised to form carbonates.

Image of Fig. 17
Image of Fig. 18


383S. Jaireth et al. / Ore Geology Reviews 76 (2015) 360–394
of mineralisation are reported in the uranium deposits of the Grants
Mineral Belt, New Mexico (Ludwig et al., 1984). The primary uranium
ore is thought to have been formed (minimum age of mineralisation
of ca. 130 Ma) early in the history of the host rock, whereas
redistributed ore resulted from remobilisation of primary ore between
ca. 3.3 Ma and 12.5 Ma. The whole-rock, Pb–Pb model ages in the
Chu-Sarysu Basin in Kazakhstan suggest a more prolonged process of
mineralisation spanning four stages (Mikhailov and Petrov, 1998):
Late Cretaceous (mineralisation hosted in Jurassic sediments); Eocene
(mineralisation in sediments of Late Cretaceous–Paleocene age); Late
Oligocene–Middle Miocene (mineralisation in Jurassic, Cretaceous and
Paleogene sediments); and Late Oligocene–Quaternary (remobilisation
of mineralisation in all host sediments)

A similar episodic nature of mineralisation can also be deduced for
uranium deposits in the Callabonna Sub-basin. Wulser et al. (2011)
dated coffinite grains at the Beverley deposit. The grains were inhomo-
geneous and porous and the LA-ICPMS analysis showed the presence of
high proportions of common lead, indicating that the grains were open
to lead loss since their formation. Three intersepts on the concordia plot
of Wulser et al. (2011) gave sub-concordant to concordant apparent
ages between 6.7 Ma and 0.4 Ma. Uranium–lead (U–Pb) dating by LA-
ICPMS of carnotite disseminated in the Beverley Sands (upper
mineralisation zone), and also filling crackswithin kaolinite and alunite
in the Beverley Clay unit, gave concordant to sub-concordant ages be-
tween 5.5 Ma and 3.4 Ma (Wulser et al., 2011). The age data were
interpreted to suggest that uranium mineralisation (coffinite and late-
stage carnotite) at Beverley is of Pliocene age (6.7 Ma–3.4 Ma; Wulser
et al., 2011).

The disequilibrium 234U/238U ratio in groundwaters in the
Pepegoona deposit, however, suggests that uranium mineralisation
has probably been deposited or remobilized within 1 Ma (Murphy
et al., 2011, 2014).

Fig. 16 summarises evidence for the landscape evolution of the
northern Flinders Ranges in terms of its temperature–time path and rel-
ative uplift history. The figure is developed from the temperature–time
path (Box ‘A’) of Wülser (2009), which represents the Paleozoic to
Mesozoic thermal history of the region until about 250Ma using collat-
ed thermochronology, isotopic and palaeomagnetic data. The inset (Box
‘A’ in Fig. 16) shows a collation of data including regolith-landscape
mapping, thermochronology and zircon provenance work undertaken
around the Beverley uraniummine. The relative uplift history indicates
that pulsatory uplift of the northern Flinders Ranges continued from
320 Ma as evidenced by the presence of alluvial fans around its flanks,
mapped by Davey et al. (2010). Following this, thermochronology
data correlate strongly with zircon provenance data from Beverley
that indicate pulses of uplift and associated erosional stripping occurred
before the commencement of deposition in the Cadna-owie Formation,
the Eyre Formation (including a hiatus in deposition), the Namba For-
mation and the Willawortina Formation. The data serve to illustrate
that the ancient Flinders Ranges have been sub-aerially exposed since
at least 320Ma, and have undergone pulsatory periods of uplift and ero-
sion since then.

The history of landscape evolution in the Lake Frome region (Fig. 16)
suggests at least three episodes that could have generated flows
of uranium-bearing fluids in sandy aquifers important to present urani-
um deposits (Roach et al., 2014; Skirrow et al., 2009): before ~55 Ma
(uranium systems in Mesozoic aquifers as Eocene Eyre Formation sedi-
ments were being deposited); before ~28 Ma (uranium systems in
Mesozoic and Eocene Eyre Formation aquifers as Miocene Namba For-
mation sediments were being deposited); and, before ~6 Ma to 4 Ma
(uranium systems in Mesozoic, Eocene Eyre Formation and Miocene
Namba Formation aquifers as Quaternary Willawortina Formation sed-
iments were being deposited). It is possible that emplacement of youn-
ger systems not only remobilized uranium deposits formed during
preceding events, but also formed new zones of mineralisation in
older aquifers, i.e. the Miocene event could have formed new uranium
deposits in Mesozoic and Eocene aquifers as well as redistributing
mineralisation formed during Mesozoic and Eocene events.

3.8. Preservation

Preservation is of critical importance for sandstone hosted deposits.
Uranium mineralisation can be partially or completely destroyed,
especially in deposits formed at shallower depths (b a few hundred
metres), by post-mineralisation uplift and erosion. It can also be
remobilised and degraded by oxidised waters flowing through the
aquifer host-rock.

Adams et al. (1978) studied post-depositional processes related
to the formation and destruction of uranium mineralisation at the
Jackpile-Paguate deposit, northwest New Mexico. The destruction
of mineralisation is thought to be caused by pre-Cretaceous
weathering and erosion, which also generated regional-scale alter-
ation of detrital feldspar in the sandstone. In the Callabonna Sub-
basin, reactivation of faults has led to selective erosion of aquifers.
In the Poontana Inlier, the Eyre Formation has been eroded, which
means that mineralised zones, if formed, were destroyed resulting
from movement on the Wooltana Fault in west and Poontana Fault
Zone in the east (Fig. 13).

Dispersion of U-series isotopes around known deposits shows that
in many areas mineralisation is actively remobilized by groundwaters
(e.g. the Pepegoona deposit; Murphy et al., 2011). Detailed isotopic
studies in the Chu-Sarysu Basin in Kazakhstan show that uranium
mineralisation at the redox front is undergoing reworking (Fyodorov,
2001a, 2001b). The flow of groundwaters is controlled predominantly
by hydrogeological gradients, which depend on the reactivation of
faults. In the Callabonna Sub-basin, the present-day groundwater
flow is controlled by relief generated during the most recent uplift
of the northern Flinders Ranges, in the Mount Painter and Mount Bab-
bage inliers. Penetration of groundwaters in Mesozoic and Cenozoic
aquifers is remobilizing uranium from known deposits in the Lake
Frome region.

Critical features of sandstone-hosted uranium mineral system
discussed in the above section are summarised in Table 6.

4. Calcrete-hosted uraniummineral systems

In Australia, most calcrete-hosted uranium deposits are located in
the Cenozoic palaeochannels in the Yilgarn Craton, WA (Table 7).
Some deposits and prospects are also found in the Paterson and
Gascoyne regions (WA), Arunta region (NT) and Gawler region (SA).
Description of the geology of some major deposits and prospects
can be found in McKay and Miezitis (2001), Lally and Bajwah (2006)
and in a technical document (TECDOC) by IAEA (1984). Uranium
mineralisation at the Yeelirrie deposit is described by Cameron (1990).

Calcrete-hosted uranium deposits are generally of small to medium
tonnage (b~10 million tonnes) with low grades (b~0.1 wt.% U3O8;
Fig. 6). The two largest calcrete-hosted deposits in the world are
Yeelirrie (WA) and Langer-Heinrich, Namibia, with ~56000 tonnes
(Table 6) and ~41000 tonnes (UDEPO) of uranium respectively.

4.1. Geological setting

Butt et al. (1984) classified calcrete-hosted uranium deposits by
their geomorphological setting into three main types: valley; playa;
and, terrace. Valley deposits, such as Yeelirrie, Hinkler–Centipede and
Lake Raeside, in the Yilgarn Craton, occur in calcretes and associated
sediments in the central channels of major (palaeo)drainages, and in
the platforms and chemical deltas where the drainage enters playas
(Figs. 19 and 20). The calcretes generally change vertically downwards
into an alluvial clay–quartz unit (Fig. 21). Uraniummineralisation is not
limited to the calcretes but transgresses into underlying units, with the
greatest concentration located in the vicinity of the groundwater table



Table 6
Critical features of sandstone-hosted uraniummineral systems.

Deposit types (including synonyms)
• Roll-front, tabular, basal channel, tectonic/lithologic, epigenetic
strata-infiltration

Geological setting
• Intracratonic basin, continental margin basin, intermontane basin.
• Embayment of basins rimmed by uranium-rich felsic rocks.
• Permeable sands in channels in palaeovalleys.
• Shallow dipping (normally between 5 and 10°) basin sequences.
• Often basin sequences tilted in the direction of a major reservoir (outflow zone):
lake or sea.

• Sandstone aquifers sealed by over- and under-lying impermeable layers
(mudstone, etc.).

Source (fluid, metal, energy)
Fluids
• Meteoric water. Locally diagenetic. Salinity variable but mostly not very saline
(can locally reach ~5 wt.% NaCl). Oxidised. Neutral to moderately acidic.

• In rock sequence devoid of organic material a second reduced fluid sourced from
hydrocarbon or coal-bearing basins may be involved.

Uranium
• Peraluminous felsic rocks (intrusive and volcanic), especially two-mica
leucocratic granites. Peralkaline volcanics. Uranium either derived from volcanic
glass or from uraninite. Minerals such as zircon, monazite and uranium-bearing
thorite become leachable sources after metamictisation (100 to 150 Ma after
emplacement of felsic rocks). Locally uranium can be sourced from the lithic
material in the sandstone, volcanic ash in overlying or underlying beds.

• Presence of orthomagmatic and/or magmatic-hydrothermal uranium
mineralisation in the source area is important in forming bigger deposits.

Energy drivers of fluid-flow
• Dominantly gravity-driven fluid-flow. Reactivation of faults at the basin margin
(causing tilting and doming of the basin) can trigger groundwater flow.

Fluid pathway
• Lithified and/or unlithified immature and permeable sands.
• If a second reduced fluid (mobile reductant) is involved, faults within the basin
sequence can be important.

• In palaeochannels, groundwater flows occurs both along the channel as well as
across the channel.

Trap
Physical
• Contact with carbonaceous shales underlying sandstone. In palaeochannel
systems mineralisation can be found in basement scours, at meandering bends,
at sites of channel widening and at sites of confluence with tributaries.

Chemical
• Carbonaceous material in the sands is the most common reductant (biogenic
reduction in the presence of anaerobic and sulphate-reducing bacteria). Locally
Fe+2- and vanadium-bearing clays and silicates can be important. In some
regions Fe+2-bearing silicates, especially chlorite in mafic rocks, can serve as
effective reductants. Mobile reductants, such as CH4, CO, H2S, N2 and H2, and
other hydrocarbons derived from hydrocarbon and coal basins, can also cause
reduction

Age and relative timing of mineralisation
• Generally Paleozoic and younger. In older basins, mineralisation can form if the
sandstones contain algal material and/or Fe+2-bearing silicates and sulphides.

• Mineralisation often occurs in unconsolidated and semi-consolidated sands soon
after the deposition of overlying shales. In many basins with significant re-
sources mineralisation is formed in more than one episode of groundwater flow,
closely related to uplift history of sediment provenance areas. The uplift is
caused by reactivation of faults.

Preservation
• Critical. As mineralisation often occurs in good aquifers, it can be easily dissolved
and redeposited or completely destroyed. Preservation requires physical isola-
tion of mineralisation from the flow of oxidised groundwater. Slowing down of
groundwater or its cession can also promote preservation.

Main references
Kyser and Cuney (2009), Dahlkamp (2009), Jaireth et al. (2008)

Table 7
Major calcrete uranium deposits and prospects in Australia. Uranium resource data from
OZMIN.

Name State Deposit type Ore (Mt) Grade (%) U (t)

Anketell WA Valley 16.300 0.014 2308
Bellah Bore East WA Valley 0.35 0.018 62
Centipede WA Valley 12.94 0.043 5531
Dawson-Hinkler Well WA Valley 13.09 0.026 3463
Double 8 — Ponton WA Valley 26.000 0.025 6614
Hillview WA Valley 27.6 0.015 4072
Jailor Bore WA Unknown 1.430 0.050 716
Lake Maitland WA Playa 20.8 0.041 8564
Lake Mason WA Valley 9.1 0.016 1428
Lake Raeside WA Valley 6.800 0.025 1701
Lake Way WA Valley 9.95 0.045 4476
Lake Way South WA Playa 0.22 0.021 45.5
Lakeside (Lake Austin) WA Playa 0.62 0.042 265
Napperby NT Valley 9.340 0.030 2843
Nowthana WA Valley 11.9 0.047 8066
Peninsular Uranium WA Valley 9.75 0.014 1364
Thatcher Soak WA Valley 21.6 0.027 5916
Windimurra (U) WA Valley 19.000 0.015 2900
Wondinong WA Valley and Playa 6.500 0.016 1020
Yeelirrie WA Valley 50.05 0.111 55599
Yuinmery WA Playa 1.581 0.031 496
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(Fig. 21). Mineralisation occurs almost entirely as carnotite, generally as
a late-stage precipitate in cavities, lined by thin coatings of minerals
such as calcite, dolomite, silica and/or sepiolite. Carnotite may also
form fine disseminations in the clay–quartz units.

The playa deposits, such as the Lake Maitland and Lake Austin de-
posits in the Yilgarn Craton, occur in near-surface evaporitic and alluvial
sediments (Cavaney, 1984; Heath et al., 1984). The calcretes near playas
act as principal aquifers to the playas (Fig. 19). In the Yilgarn,
mineralised playas are usually closely associated with calcretes in the
channels, often enriched in uranium. Mineralisation is generally con-
centrated near the groundwater table in sediments consisting of
gypsiferous clays andmuds. The sandy and silty clays locally contain cal-
careous nodules. In some deposits, such as Lake Maitland, the
mineralisation occurs in thin calcretes in the playa itself. The terrace de-
posits are less common and occur in calcrete terraces in dissected val-
leys mainly in the Gascoyne Province.

Geologically significant uranium is associated with non-pedogenic
calcrete or dolocrete formed within Cenozoic drainage systems incised
into rocks containing leachable uranium and vanadium. Non-
pedogenic calcrete (also known as groundwater or valley calcrete) is
formed predominantly near the water table from groundwater moving
along extremely low topographical gradients (Carlisle, 1984). The for-
mation of non-pedogenic calcrete is generally controlled by climate
and the type of soil. In the Yilgarn Craton, the distribution of non-
pedogenic and pedogenic calcretes is defined by the Menzies Line
(Butt et al., 1984). North of the Menzies Line, in the zone dominated
by non-pedogenic calcretes, the soils are generally neutral to acid and
the groundwaters are less saline and neutral to alkaline. South of the
Menzies Line, in the zone dominated by pedogenic calcretes, the soils
are neutral to alkaline and the groundwaters are saline and neutral to
acidic (Gray, 2001). The southern zone is characterised byhigher annual
rainfall (N225 mm), which is winter-dominated, and lower annual
evaporation (b2500 mm) with average temperatures below 19 °C. The
northern zone is characterised by summer-dominated rainfall, lower
total rainfall, and higher annual evaporation in comparison with the
southern zone.

4.2. Source and nature of fluids

One of the main components of the system is shallow-level ground-
water in the palaeochannels. The groundwater is generally of variable
salinity, ranging between 3000 mg/L and 6790 mg/L chloride in the
Langer-Heinrich region in Namibia (Table 8). The pH varies between
6.6 and 7.8. The pH of calcrete groundwaters in Australia is very similar
to those in Namibia. However the variation in salinity (chloride concen-
tration) is large, ranging between 136 mg/L and 95160 mg/L (Table 8).

4.3. Source of uranium, vanadium and potassium

All known calcrete-hosted uranium deposits are located in
palaeochannels incised into potential source rocks of potassium,



Fig. 19. Map of the Cenozoic palaeochannel hosting the Yeelirrie uranium deposit, modified after Cameron (1990). The figure also shows the Yeelirrie catchment and drainage system
feeding into the palaeochannel. Note, the southward drainage in proximity to the deposit. A northward drainage in the direction of the deposit (not shown on the map) is can be seen
on SANDSTONE 1:250000 topographic map.
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uranium and vanadium. Felsic rocks in the Yilgarn Craton contain up
to 20 ppm uranium (Schofield, 2009) and a granite in the upstream
area of Lake Way deposit contains up to 25 ppm uranium (Mann
and Deutscher, 1978). A monzogranite (adamellite) at Mount Cleaver,
outcropping in the headwaters area of the Lake Way deposit, contains
altered monazite, ilmenite and zircon (with metamict alteration
halos) and contains up to 12 ppm uranium and up to 50 ppm vana-
dium (French and Allen, 1884). Intensive weathering and erosion of
such felsic rocks can provide uranium as well as potassium to the
calcrete-hosted uranium system. High uranium concentrations (up
to 400 ppb) in groundwaters in the Lake Way area supports the
leaching of uranium from the felsic rocks (Mann and Deutscher,
1978).

Mafic igneous rocks, sediments with vanadium-rich clays and iron-
stones such as banded iron-formation and ferricrete are often enriched
in vanadium (Bastrakov et al., 2010). For example, lateritic ironstones in
the Yilgarn Craton commonly contain up to 1000 ppm vanadium (Butt
et al., 1978). Such rocks are generally present in the vicinity of
calcrete-hosted uranium deposits (Mann and Deutscher, 1978; Karner
and Becker, 2009).
4.4. Source of energy (energy drivers of fluid-flow) and fluid-flow pathways

The calcrete-hosted uranium system is driven by shallow groundwa-
ter drainage of extremely low topographic gradients, ca. 1% (10 m/km;
Karner and Becker, 2009), established in permeable sediments infilling
palaeochannels. In the drainage area near the Lake Way deposit, the
gradients are also low, ranging between 0.155% in the north and north-
east to 0.06% near the lake (French and Allen, 1884). In the drainage
area of the Yeelirrie deposit, longitudinal gradients decrease from ap-
proximately 0.12% upstream to 0.06% near the ore body (Cameron,
1984).

The drainage in the region is controlled by a recharge area upstream
and a system of playa lakes in the discharge area. In addition to the infill
sediments, calcretes also represent good aquifers. For example,
pumping tests near the Yeelirrie deposit produced a yield of approxi-
mately 4.5 million litres a day from an excavation measuring
450 × 40 × 9 m (Cameron, 1984). In many palaeovalleys, lateral flow
may be critical in fertile systems (Magee, 2009), because it may provide
more effective hydrogeological connection with leachable sources of
uranium and vanadium.

Image of Fig. 19


Fig. 20. Geological setting of the Lake Way uranium deposit, modified after French and
Allen (1884). Most of the carnotite is located in the carbonated fluvial clastics. Significant
mineralisation also occurs in valley-type calcretes and carbonates at the edge of LakeWay
(French and Allen, 1884).
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The presence of playa lakes creates conditions where groundwaters
in the palaeovalleys can mix with relatively more saline waters in the
playas.

4.5. Physical and chemical traps/sinks

Carnotite is a hydrated uranium- and potassium-bearing vanadate
with the formula K(U+6O2)(V+5O4)·xH2O. Its solubility and precipita-
tion depend on the:

• Concentration of potassium, uranium and vanadium in the fluid;
• Oxidation state of the fluid, because in oxygen-saturated, low-
temperature surficial fluids, uranium and vanadium form aqueous
complexes of uranyl (U+6O2) and V+4 and V+5 respectively; and,

• Type of oxidation-reduction reaction. As the valence states of uranium
and vanadium in carnotite are +6 and +5 respectively, oxidation-
reduction reactions are important with respect to vanadium only in
conditions where vanadium forms complexes containing V+3 and
V+4. In such cases, precipitation of carnotite will require oxidation
and not reduction of the fluid (see discussion below).
Calculations on the speciation of uranium and vanadium and on the
stability of carnotite in shallow-level groundwaters show that geologi-
cally realistic concentrations of uranium and vanadium (N0.01 mg/L
each of uranium and vanadium) can be transported in oxidised fluids
(Bastrakov et al., 2010). In such conditions, uranium forms aqueous ura-
nyl complexes and vanadium forms complexes containing either V+4 or
V+5. The calculations also show that precipitation of carnotite can occur
due to changes in any of the following:

• pH; decrease in pH if the groundwater is alkaline (pH N8) or increase
in pH if the groundwater is acidic (pH b 7);

• Oxidation state. At oxidation states where vanadium is transported as
complexes of V+3 and/or V+4, an increase in the oxidation state is es-
sential to form carnotite;

• Concentration of dissolved potassium. An increase in the concentra-
tion of potassium will cause precipitation of carnotite;

• Partial pressure of CO2, which controls the concentration of carbonate
complexes in the groundwater. As uranium in these conditions is
transported as a uranyl-carbonate complex, any decrease in the con-
centration of carbonate ions in groundwater will favour precipitation
of carnotite;

• Concentration of dissolved calcium in the groundwater. As addition of
calcium to the groundwater can cause precipitation of carbonate, the
associated decrease in the concentration of dissolved carbonate ions
in the groundwater can cause precipitation of carnotite; or,

• Concentration of dissolved sulphur in the groundwater. In oxidised
groundwater sulphur is dissolved to form sulphate ions,which control
the solubility of uranium as uranium forms uranyl-sulphate com-
plexes. A decrease in the concentrations of sulphate ions, caused
often by the deposition of gypsum and barite, can thus favour the pre-
cipitation of carnotite.

The formation of carnotite in valley calcretes is closely related to the
seasonal fluctuation of the groundwater table. The fluctuation is associ-
atedwith evaporation of groundwaters, which can lead to an increase in
the concentration of dissolved potassium, vanadium and uranium (Butt
et al., 1984). It can also change the concentration of carbonate ions in
the water, affecting the solubility of uranium.

Evaporation is also important in the playa deposits,where it can con-
trol the salinity of lake waters and the precipitation of gypsum-bearing
sediments. However, mixing of more saline lake waters, relatively
enriched in potassium and calcium, and the incoming groundwaters
from the drainage channel can be equally important in the formation
of carnotite. Such mixing can cause an increase in the concentration of
potassium and calcium in groundwater, which may lead to the precipi-
tation of carnotite. In a similar way, an increase in the concentration of
calcium can destabilise uranyl carbonate or uranyl sulphate complexes
by precipitating calcite and gypsum, respectively, and thereby facilitate
the formation of carnotite (Mann and Deutscher, 1978).

According to Mann and Deutscher (1978), redox processes can also
contribute to the formation of carnotite in some calcrete-hosted urani-
um deposits. In this model the interaction of mildly reduced groundwa-
ters with mafic rocks in the greenstones can cause dissolution of
vanadium to form V+4-bearing complexes. Vanadium from these
groundwaters mixes with overlying uranium-bearing fluids either
through diffusion and/or by upwelling of thewaters caused by a subsur-
face hydromorphic barrier. Mixing causes oxidation of vanadium from
V+4 to V+5 to form carnotite. The presence of dark-green coloured
(relatively reduced with V+4) carnotite deep in the calcrete profile,
and of more yellow-coloured (relatively oxidised, with V+5) carnotite
toward the surface in some deposits is cited in support of this model.

The shape, size and basement topography of the palaeochannel can
be of critical significance in the formation of calcrete-hosted uranium
mineralisation. Butt et al. (1978) noted that the location of the thickest
and most extensive calcrete can be influenced by the occurrence of

Image of Fig. 20


Fig. 21. Schematic cross section of the palaeochannel at the Yeelirrie uranium deposit. The main ore zone is located just below the water table in the calcrete as well as in the carbonated
clay-quartz fluvial unit.
Modified after Cameron (1990).
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subsurface barriers restricting drainage flow and causing ponding of
groundwater. The presence of such barriers can affect formation of
calcrete as well as carnotite in two ways: firstly by increasing the con-
centration of dissolved species as a result of evaporation and thereby
causing precipitation of carbonates; and, secondly by causing upwelling
ofwater into amore oxidising environment and thereby causing precip-
itation dissolved uranium and vanadium as carnotite. The existence of a
barrier down-stream from the mineralisation at the Yeelirrie is specu-
lated by Butt et al. (1978). At theWindimurra prospect, the calcrete out-
crop widens upstream of a narrow constriction in the channel. The
widened part is more mineralised than the rest of the calcrete in the
channel (Butt et al., 1978). Cameron (1984) noted a significant drop in
the longitudinal gradient in the palaeochannel hosting the Yeelirrie de-
posit, from 0.12% upstream to 0.06% near the orebody. This drop in the
gradient can cause slowing of groundwater flow and its ponding, facili-
tating upwelling and evaporation, which can trigger the precipitation of
carnotite. At the Yeelirrie deposit, the main palaeochannel is connected
to a drainage-system running southward (north of the channel) and
running northward (south of the channel). These two drainage systems
can provide additional hydrological connection tomore proximal leach-
able sources of uranium and vanadium. The presence of additional
drainage can be critical in forming fertile mineral systems
Table 8
Groundwater salinity and pH in calcrete of selected mineralised areas.

Locality pH

Langer Heinrich, Namibia 6.6. to 7.8
Hinkler Well drainage, Yilgarn, WA 4.3 to 8.2
Northern goldfields, Yilgarn, WA 7.6 to 8.2
Paterson region, WA 7.4
Napperby, Lake Lewis, NT 7.2 to 7.7
Calcrete Tarcoola, Gawler, SA 6.0 to 7.7
4.6. Age and relative timing of mineralisation

All calcrete-hosted deposits show uranium disequilibrium (Dickson,
1984). This is not only because the systems are relatively young but also
because of continuous dissolution andprecipitation caused by the influx
of waters in the channel aquifers. Therefore the precise age of
mineralisation is not known for these deposits. The geological setting
suggests that the age of calcrete-hosed deposits in Namibia
(e.g., Langer-Heinrich) is at least 0.5 Ma (Kyser and Cuney, 2009).

Uranium series disequilibrium studies show that mineralisation at
the Yeelirrie deposits is the youngest of the four other deposits in the
Yilgarn Craton (Dickson, 1984). Yeelirrie appears to have formed be-
tween 0.1 Ma and 0.7 Ma. Mineralisation at the Centipede, Lake Way
and Lake Maitland deposits is thought to be older than that at the
Yeelirrie deposit.

4.7. Preservation

As calcrete-hosted deposits are formed in relatively shallow
palaeochannels, which continue to be good aquifers, the preservation
of mineralisation is critical for these deposits. The mineralisation can
be destroyed (partially or completely) by tectonic activity and changes
Cl (mg/L) Source

3000 to 6790 Bowell et al. (2008)
138 to 95160 Mann and Deutscher (1978)
610 to 2900 Johnson et al. (1999)
136 Giblin (2001)
718 to 1600 English (2001)
1600 to 87000 Mernagh (2013)

Image of Fig. 21
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in the climate. For example, Pleistocene uplift of parts of southern Africa
has caused erosion ofmany calcrete-hosted deposits (Hambleton-Jones,
1982, cited in Boyle, 1984). To some extent large-size of some
deposits may have resulted either from preservation of mineralisation
at these deposits and/or from continuous enrichment of mineralisation
by addition of uranium and vanadium removed from zones formed
upstream.

Critical features of calcrete uraniummineral system discussed in the
above section are summarised in Table 9.
4.8. Distinguishing features of large mineral systems

Features of basin-related uranium systems, discussed in this review,
describe processeswhichmay be critical to form fertilemineral systems.
These features provide the basis to conduct mineral potential and
Table 9
Critical features of calcrete-hosted uranium systems.

Deposit types (including synonyms)
• Fluvial valley-fill or valley-type, lacustrine or playa-type.
Geological setting
• Cenozoic palaeovalleys and channels in arid zones.
• Palaeochannels filled with sediments containing non-pedogenic calcrete.
Formation of non-pedogenic calcrete is controlled by climate (arid) and by the
soil-type (neutral to acid soils).

• Playa lakes with evaporitic sediments.
Source (fluid, metal, energy)
Fluids
• Meteoric water, lake water, shallow to deep (~400 m) ground water.
• Salinity (chloride): variable ranging between 136 mg/L and 95160 mg/L. High
salinity waters can transport more uranium and vanadium; pH varies between
6.0 and 8.2. pH is not considered important for the transport of uranium and
vanadium.

Potassium, uranium, and vanadium source
• Felsic rocks for uranium (rocks with N~20 ppm U).
• Mafic rocks and banded iron formations for vanadium. Average abundance (in
ppm) of vanadium in major rock types (Krauskopf, 1982): Basalt (250); Shale
(130); Granite (50).

• Potassium from felsic rocks.
Energy drivers of fluid-flow
• Dominantly gravity-driven fluid-flow. Seasonal variation of the groundwater
table is considered important. Hydrological gradients are low (~0.12% and
lower).

Fluid pathway
• Permeable sands in palaeochannels.
• Efficient hydrological system involves a good connection between aquifers in
palaeochannels and salt lakes (discharge areas).

Trap
Physical
• Changes in the shape of palaeochannels and subsurface barriers in
palaeochannels can restrict flow of groundwater causing its ponding and
upwelling.

Chemical
• For valley-type calcrete deposits: changes in pH and concentration of potassium,
vanadium and uranium, and dissolved CO2 due to evaporation of upwelling
groundwater.

• For playa-type deposits: mixing of groundwater with saline lake water and
changes in the concentration of K, Ca, CO3 and SO4.

• Less frequently: mixing of relatively reduced waters carrying vanadium with
more oxidised waters carrying uranium.

Age and relative timing of mineralisation
• Cenozoic age.
• Paragenetically, carnotite mineralisation is late and replaces carbonate minerals
in the calcrete. Activation of the mineral system depends on the hydrogeological
connection between aquifers in the palaeochannels and playa lakes.

Preservation
• Critical. As mineralisation is formed in relatively shallow palaeochannels with
good aquifers, it can be dissolved, re-precipitated and enriched or completely
destroyed. Mineralisation can also be destroyed by changes in the climate

Main references
Bastrakov et al. (2010), Dahlkamp (2009), Boyle (1984), Butt et al. (1984)
prospectivity analyses in an area. Such analyses require identification
of mappable signatures of the above-mentioned critical features in geo-
logical, geophysical and geochemical datasets.

National-scale mineral potential maps for basin-related minerals
systems have been produced by Jaireth and Miezitis (2004), and
Kreuzer et al. (2010) using this approach. Regional-scale prospectivity
analyses using a mineral-systems approach have also been conducted
for areas in north Queensland (Huston et al., 2010), east-central South
Australia (Huston and vanderWielen, 2011) and the southernNorthern
Territory (Schofield, 2012).

The discussion of fertile basin-related systems summarised in this
review shows that these systems require at least four interrelated ingre-
dients: 1. Source(s) of leachable uranium(and vanadiumandpotassium
for calcrete-uranium deposits); 2. A hydrological architecture enabling
connection between the source and the sink (site of accumulation); 3.
Physical and chemical sinks or traps; and, 4. A post-mineralisation set-
ting favourable for preservation. These ingredients can help to distin-
guish fertile mineral systems from systems that are incapable of
generating economic-grade concentrations of uranium. However, it is
not clear if the above-mentioned ingredients on their own can assist
in assessing the size (tonnage of contained uranium) of deposits
resulting from fertile mineral systems. The challenges of identifying
unique features that characterise world-class or giant mineral systems
are involved and complex, and only in recent years has some significant
progress been made in defining these features for some minerals sys-
tems (e.g., Laznicka, 2014; Richards, 2013; Jaireth and Huston, 2010;
McCuaig et al., 2010; Jaques et al., 2002). Unfortunately, little progress
has been made to understand critical features of world-class and giant
uranium mineral systems. In the PCO, world-class uranium deposits
are located exclusively in the South Alligator Rivers Uranium Field
(Fig. 7). A multi-scale edge analysis (‘worming’) of the gravity data sug-
gests that world-class deposits are located near the edges of gravity
highs, spatially associated with the ‘worms’ of the upward continuation
heights (UCH) of 20 km (Jaireth et al., 2007). Relatively smaller deposits
in the Rum Jungle Uranium Field (Fig. 7) are associated with shallower
‘worms’ (1 to 5 km). Uranium deposits in the South Alligator Uranium
Field (Fig. 7) do not show a clear association with the ‘worms’.

According to Richard et al. (2012) some giant unconformity-related
uranium deposits may have resulted from special fluids capable of dis-
solving high concentration of uranium. Their calculations suggest that
oxidised and acidic fluids (pH ranging between 2.5 and 4.5) can dissolve
up to ~2wt.% uranium (at 155 °C and pH ~ 2). They also report high ura-
nium concentrations (~500 ppm) in fluid inclusions from a number of
deposits in the Athabasca Basin.

The Chu-Sarysu Basin in Kazakhstan (with a total uranium resource
of ~790000 tonnes; IAEA's UDEPO database) contains a number of
world-class sandstone-hosted uranium deposits, such as Inkai
(~153000 tonnes) andMynkuduk (~127000 tonnes). The organic con-
tent of the sandstone aquifer, which hosts the uranium deposits, is low
(generally b 0.03 to 0.05 wt.%) compared to the organic content of host
sandstone units in theWyoming Basin (0.5 wt.%; Jaireth et al., 2008). It
has been suggested that the large sizes of the uranium deposits may
have resulted from the influx of mobile reductants (hydrocarbons and
associated gases) leaking from the hydrocarbon basins underlying the
sandstone units hosting uranium deposits (Pechenkin, 2014; Jaireth
et al., 2008).

World-class and giant mineral deposits are often thought to result
frommineral systems that aremore ‘efficient’ than thosewhichproduce
deposits of average size. By and large, the efficiency of a mineral system
depends on how well the critical ingredients (e.g. the four ingredients
listed above) come to be interlinked in space as well as in time.
Hronksy (2011) describes them as self-organised critical systems
(SOC), in which ore formation results from rare periods of anomalous
dynamics during the evolution of large-scale fluid flux systems.

In general, the amount of uranium accumulated in a deposit (Ut)
formed from basin-related uranium systems is equal to the product of



Table 10
Comparison of critical features of sandstone-hosted uraniummineral systems in the Lake
Frome region (Australia) and Chu-Sarysu and Syrdarya basins (Kazakhstan).

Feature\Region Lake Frome (Callabonna
Sub-basin)a

Chu-Sarysu–Syrdarya
basinsb

Size of the basin (km2)c 32800 216326
Age of the host rock Cretaceous (Bulldog Shale

equivalent)
Paleogene (Eyre
Formation) Neogene
(Namba Formation)

Cretaceous, Paleogene

Maximum thickness of
host unit (m)

Eyre Formation: 120
Namba Formationd: 250

Cretaceous: 320
Paleogene: 200

Lithology of host unit Cretaceous: sandy
diamictite, silt, basal
conglomerate
Paleogene: sand,
carbonaceous sand, gravel,
silt, minor clay and lignite
Neogene: predominantly
clay, fine sand, silt,
dolomitic palygorskite

Cretaceous and
Paleogene: fine-grained
sand and gravel (clay
units b 20%)

Source of leachable
uranium

Felsic rocks (intrusive and
volcanic);
uraninite–bearing veins
and breccia zones

Felsic rocks (intrusive
and volcanic);
uraninite–bearing veins

Organic carbon (wt.%) b0.05 to 0.5 b~0.03 to 0.05%
Mobile reductant
(Hydrocarbon-related)

Not prominent Prominent

Distance of redox front
from recharge area
(Km)

Up to 10 Up to 350

Number of mineralising
events

Possibly 3 but only one
documented by dating
methods

4 events documented by
dating methods

Resourcese ~62000 tonnes U ~790000 tonnes U

a Michaelsen and Fabris (2014); Alley (1998), Heathgate Resources (2008).
b Petrov (1998), Fyodorov (2005), Fyodorov (1996).
c Size of the basin approximate.
d Namba Formation is dominated by clay units which enclose sand lenses of variable

thickness.
e UDEPO, IAEA.
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concentration of uranium in the fluid (C), the amount of fluid passing
through the systems per unit time (Q), the duration of the fluid-flow
(T), and the extraction efficiency (E) of uranium at the trap or sink
site (Hobday and Galloway, 1999):

Ut ¼ C� Q � T� E:

This simple equation can provide a rough estimate of uranium
available for accumulation in a deposit. For example, a sandstone unit
with a thickness of 10 m and a strike extension of 1000 m, and with
a dip of 10° and a hydraulic conductivity of 1 m/year, can allow
1700 tonnes/year of fluid to pass through it. With a concentration of
100 ppm (100 g/t) uranium, this fluid can bring through the sandstone
aquifer around 170000 tonnes of uranium over one million years (or
85000 tonnes uranium over half a million years). However, this total
amount of uranium in the fluid (e.g., 85000 tonnes) can accumulate ei-
ther in one large or in many relatively smaller deposits (Jaireth, 2011a,
2011b). The number of deposits and the uranium grade of thesewill de-
pend on the extraction efficiency of the mineral system.

4.8.1. Differences between sandstone-hosted mineral systems in the Chu-
Sarysu and Syrdarya basins (Kazakhstan) and the Callabonna Sub-basin
(South Australia)

Groundwaters which form sandstone-hosted and calcrete-uranium
deposits are highly oxidised. Therefore, the concentration of uranium
in these fluids largely depends on the concentration of leachable urani-
um in the source rocks. As the solubility of uranium in peraluminous
felsic magmas is by an order of magnitude smaller than the solubility
in peralkaline magmas, peraluminous felsic rocks can reach saturation
with respect to uraninite at a much lower total concentration of urani-
um (b~30 ppm, Kyser and Cuney, 2009). In contrast, peralkaline rocks
can havemuch higher concentrations of uraniumbutmost of the urani-
um in these rocks is trapped in accessory minerals, such as zircon, apa-
tite and monazite. Uranium from these minerals becomes leachable
only after they have gone through metamictisation. Felsic volcanics
(more commonly associated with peralkaline magmas) can contain
the most readily leachable source of uranium in the form of volcanic
glass (Kyser and Cuney, 2009).

The influence of the leachable source of uranium on the size of ura-
nium deposits can be illustrated by comparing uranium deposits in the
Lake Frome region. More than 80% of uranium resources in the Lake
Forme region are located in its northern part (Figs. 12, 14, and 15),
which hosts three large deposits (Beverley, Four Mile East and Four
Mile West). In contrast uranium deposits in the southern part of the
Lake Frome region are small, e.g. Goulds Dam, Honeymoon, East
Kalkaroo, Yarramba and Oban (Fig. 15). One of the striking differences
between the two areas is the presence of felsic rocks with much higher
concentration of uranium in the northern part (see Section 3.2), sug-
gesting that the sandstone mineral systems in the northern part were
tapping a relatively larger source-reservoir of uranium. An additional el-
ement that favoured formation of relatively large deposits was the acti-
vation of a more efficient hydrological architecture in the northern part,
which linked source rocks with reductant-bearing permeable sands
(Figs. 13 and 14). The landscape evolution history summarised in
Section 3.7 indicates the possibility that sandstone uranium mineral
system in the northern part operated for a longer duration spanning
three episodes. In this regard the mineral system is similar to the
uranium mineral system in the Chu-Sarysu Basin in Kazakhstan,
where four episodes have been revealed by dating of uraniumminerals
(Section 3.7). However, uranium deposits in the Chu-Sarysu Basin are
larger than those in the northern part of the Lake Frome region.

A comparison of the regions (Lake Frome in South Australia and
Chu-Sarysu and Syrdarya basins in Kazakhstan, Table 10) shows that
Chu-Sarysu and Syrdarya basins are much larger (~7 times) than the
Callabonna Sub-basin in the Lake Frome region. Most importantly, the
sandstone-bearing host units are thicker in the Chu-Sarysu and
Syrdarya basins than in the Callabonna Sub-basin and contain much
larger proportions of sands. In the Lake Frome region, the Beverly de-
posit is hosted by the Namba Formation, which is predominantly
composed of clay with sand lenses of variable thickness. The Eyre For-
mation, which hosts most of the sandstone-hosted uranium deposits
in the Lake Frome region, is dominated by sands but the maximum
thickness is much smaller than the host units in the Chu-Sarysu and
Syrdarya basins. Thus, the quantity of oxidised groundwater passing
through aquifers in the Chu-Sarysu and Syrdarya basins wasmuch larg-
er than the host units in the Callabonna Sub-basin. In addition, the dura-
tion of flow of these waters in the Chu-Sarysu and Syrdarya Basins was
much longer, as shown by four episodes of uranium mineralisation
(Table 10). A prolonged duration is also supported by the large distance
of redox fronts from the uranium source regions (up to 350 km) ob-
served in Chu-Sarysu and Syrdarya Basins. In contrast, the distance of
redox fronts from the uranium source regions in the Callabonna Sub-
basin is much smaller (up to 10 km).

The large size of uranium deposits in the Chu-Sarysu and Syrdarya
basins can also be associated with a more efficient mechanism of
extracting uranium from oxidised groundwaters. The organic content
of host units in these basins is much lower than that of the Callabonna
Sub-basin (Table 10). However, the Chu-Sarysu and Syrdarya basins
overlie hydrocarbon-bearing basins, capable of releasing mobile reduc-
tants such as H2S, N2, H2 and CH4. Gaseous reductants are known to
be more effective reductants than plant organic material commonly
observed in many sandstone-hosted deposits (Pechenkin, 2014,
Fyodorov, 2005).
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4.8.2. The world-class Yeelirrie deposit
The Yeelirrie deposit is the largest valley-type calcrete-hosted urani-

um deposit in the Yilgarn region. It is ~10 times larger than other
calcrete uranium deposits in the region (Table 7). Leachable sources of
uranium and vanadium are present in proximity to all known calcrete
deposits in the area. The palaeovalley system which hosts this deposit
is similar in size and shape to other palaeovalley systems that host
smaller deposits.

An important distinguishing feature observed in the palaeovalleys at
the Yeelirrie deposit is the significant decrease in its longitudinal gradi-
ent, from 0.12% upstream to 0.06% near the orebody (Cameron, 1984).
This change in gradient can cause slowing of groundwater flow and its
ponding. The ponding in its turn can result in upwelling of groundwa-
ters, facilitating effective evaporation and loss of dissolved CO2, trigger-
ing the precipitation of carnotite.

The presence of drainage systems, running southward (north of the
channel) and running northward (south of the channel), can provide
additional hydrological connection to more proximal leachable sources
of uranium and vanadium.

Carnotite mineralisation at the Yeelirrie deposit is known to be
the youngest of other calcrete uranium deposits in the area (see
Section 4.6). It is possible that mineralisation at other, relatively older
deposits has been remobilised and partially destroyed.

4.9. Conclusions

This review discussed critical features of fertile basin-related urani-
ummineral systems in Australia. The discussion shows that fertile min-
erals systems require the presence of four ingredients: 1. Source rocks of
leachable uranium (and vanadium and potassium for calcrete-uranium
deposits); 2. Hydrological architecture enabling connection be-
tween the source and the sink (site of accumulation); 3. Physical and
chemical sinks or traps; and, 4. Post-mineralisation setting favourable
for preservation.

This review also discusses factorswhichmay control the efficiency of
basin-related mineral systems. A rough estimate of the efficiency of a
mineral system can bemade by assessing the amount of uranium avail-
able for extraction at the site of mineralisation (sink or trap). In the
unconformity-related uranium mineral systems, this is determined by
the concentration of leachable uranium in source rocks (Archean
and Paleoproterozoic felsic rocks and hydrothermally altered
palaeoregolith) and in the amount of fluid released from the diagenesis
of sandstone overlying the unconformity. Fluid-flowmodelling suggests
that an effective convection system can be generated in basins with a
thickness of N~3 km (Raffensperger and Garven, 1995a, 1995b). Dia-
genesis of sandstones produces a system of aquifers and aquitards,
which not only controls fluid flow, but also creates hydrological
compartmentalisation of the basin (Hiatt and Kyser, 2007). Another fac-
tor which determines fluid-flow in these systems is the tectonic activa-
tion of faults. Fluid-flow modelling suggests that during extensional
deformation, basinal diagenetic fluids begin to penetrate the basement
below the unconformity along fault zones, whereas compressional
deformation causes expulsion of fluids from the basement into the
sandstones above the unconformity (Cui et al., 2012). This periodic in-
teraction of basinal fluids with the basement rocks is critical because it
can not only facilitate sourcing of uranium from them, but can also pro-
duce mobile gaseous reductants (H2S, N2, H2 and CH4) from dissolution
of minerals (e.g., graphite, sulphides) in the basement rocks. The in-
volvement ofmobile reductants is thought to be one ofmost critical fac-
tors in generating world-class uranium deposits (Jefferson et al., 2007;
Pascal, 2014; cited in Potter, 2014). The high grades (N10 wt.% U) in
some world-class deposits in the Athabasca Basin may be related to in-
tensive dissolution of quartz by silica-undersaturated ore fluids (Cuney,
2005).

In the sandstone-hosted uranium systems, the efficiency of the
mineral system is controlled by the concentration of leachable
uranium in the source rocks (peraluminous felsic intrusives and
peralkaline intrusives and volcanics, especially after metamictisation
of uranium-bearing minerals) and by the quantity of groundwaters
flowing through the aquifers. The latter can be estimated by the per-
meability of sands, their thickness and by the hydrological gradient
at the time of mineralisation. These two factors determine the quan-
tity of uranium carried to the potential site of mineralisation. As a
general rule, mineral systems in which uranium is sourced from de-
trital minerals in the sandstone itself (intrinsic source) form rela-
tively smaller deposits (e.g. Bonnetti et al., 2014a, 2014b). It was
noted that uranium deposits in the northern Lake Frome region are
bigger than similar deposits in the southern part of the region. One
possible explanation of their larger size is the high concentration of
leachable uranium in the felsic rocks of the Mount Painter and
Mount Babbage inliers. However, uranium deposits in the Lake
Frome region are much smaller than similar deposits in the Chu-
Sarysu and Syrdarya Basins in Kazakhstan. We argue that this is be-
cause sandstone aquifers in these basins are thicker and contain a
larger proportion of permeable sands. In addition, low organic car-
bon content of these aquifers may have allowed oxidised groundwa-
ters to flow to considerable distance, building up the concentration
of dissolved uranium in them. This is supported by the large distance
(~350 km) of redox fronts from source rocks, observed in the sand-
stones in the Kazakhstan deposits. The influx of mobile gaseous re-
ductants from the hydrocarbon-bearing basins underlying the
sandstone aquifers could have provided an efficient mechanism for
extracting uranium from oxidised groundwaters. In contrast, in the
sandstone-hosted uranium mineral systems in the Lake Frome re-
gion, the most common reductant is the plant organic material in
the sands.

In the calcrete-uranium mineral systems, the efficiency is also
controlled by the concentration of leachable uranium and vanadium
in the source rocks and by the amount of groundwater channelled in
the palaeochannel aquifers (sands and calcretes). We argue that the
mineral system at the Yeelirrie deposit was more efficient, resulting
in the formation of a deposit ten times larger than average calcrete-
uranium deposits. It has been noted that there is a significant drop in
the longitudinal gradient of the channel, from 0.12% upstream to
0.06% near the orebody (Cameron, 1984). This drop in the gradient
can cause slowing of groundwater flow and its ponding. The
ponding, in its turn, can result in the upwelling of groundwaters, fa-
cilitating effective evaporation and loss of dissolved CO2 and trigger-
ing precipitation of carnotite. The presence of drainage systems,
feeding the palaeochannel from north and south is an additional im-
portant factor determining the large size of the Yeelirrie deposit, be-
cause the drainage could have provided additional, more proximal,
hydrological connections to the leachable sources of uranium and
vanadium.
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