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Introduction and Location
THE BEVERLEY uranium deposit is located in the eastern
piedmont flanking the North Flinders Ranges toward Lake
Frome. It lies approximately 13 km away from the exposed
crystalline basement of the Mount Painter inlier (Fig. 1), in
the Paralana High Plains, a piedmont terrace that lies directly
at the eastern foot of the much steeper topography of the
basement inlier. The deposit was discovered in November
1969 by the Transoil-Petromin Group, making it the first sand-
stone-hosted uranium deposit in Australia. Regional prospect-
ing in the Cenozoic sediments of the Lake Frome basin re-
sulted in the discovery of additional uranium occurrences and
deposits (e.g., Honeymoon-East Kalkaroo, Gould’s Dam, and
Oban). In November 2000, after 25 years of tribulations, ex-
traction of uranium commenced at the Beverley deposit using
in situ acid-leaching techniques, the first such operation in
Australia. By December 2010, Heathgate Resources Pty. Ltd.
had produced ~7,400 metric tons (t), with remaining reserves

 estimated at ~10,000 t of U3O8 at a grade of 0.25 percent
U3O8 (Heathgate Resources Pty Ltd). The in situ acid-leach-
ing techniques method uses an acidic, oxidizing (H2SO4-O2)
liquor to extract U from the permeable, unreactive sediments.
Recent exploration in the immediate vicinity of Beverley has
led to the discovery in 2005 of a new mineralized zone to the
west of the mine: the Four Mile deposits (Fig. 1b).

The genesis of the Beverley deposit remains a source of de-
bate. Previous authors classify the deposit among the paleo -
channel-hosted roll-front type (Callen, 1975; Haynes, 1975;
Curtis et al., 1990). However, the nature of the paleochannel
remains controversial, and Haynes (1975) stated that the Bev-
erley Sands could not only be stream channels, scour chan-
nels, or outwash plains, but also sand dunes. The map of the
underlying Alpha Mudstone surface around the Beverley de-
posit (McConachy et al., 2006) is reminiscent of a paleo -
shoreline with curved beaches. The proposed uranium
sources for the deposit include: (1) the Mount Painter do-
main basement, (2) the Miocene formations themselves, or
(3) the alluvial fans of the Willawortina Formation (Callen,
1975; Haynes, 1975; Hochman and Ypma, 1987), though
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Abstract
The sandstone-hosted Beverley uranium deposit is located in terrestrial sediments in the Lake Frome basin

in the North Flinders Ranges, South Australia. The deposit is 13 km from the U-rich Mesoproterozoic base-
ment of the Mount Painter inlier, which is being uplifted 100 to 200 m above the basin by neotectonic  activity
that probably initiated in the early Pliocene.

The mineralization was deposited mainly in organic matter-poor Miocene lacustrine sands and partly in the
underlying reductive strata comprising organic matter-rich clays and silts. The bulk of the mineralization con-
sists of coffinite and/or uraninite nodules, growing around Co-rich pyrite with an S isotope composition (δ34S
= 1.0 ± 0.3‰), suggestive of an early diagenetic lacustrine origin. In contrast, authigenic sulfides in the bulk
of the sediments have a negative S isotope signature (δ34S ranges from −26.2 to −35.5‰), indicative of an ori-
gin via bacterially mediated sulfate reduction. Minor amounts of Zn-bearing native copper and native lead also
support the presence of specific, reducing microenvironments in the ore zone. Small amounts of carnotite are
associated with the coffinite ore and also occur beneath a paleosoil horizon overlying the uranium deposit.

Provenance studies suggest that the host Miocene sediments were derived from the reworking of Early Cre-
taceous glacial or glaciolacustrine sediments ultimately derived from Paleozoic terranes in eastern Australia. In
contrast, the overlying Pliocene strata were in part derived from the Mesoproterozoic basement inlier. Mass-
balance and geochemical data confirm that granites of the Mount Painter domain were the ultimate source of
U and REE at Beverley. U-Pb dating of coffinite and carnotite suggest that the U mineralization is Pliocene
(6.7−3.4 Ma).

The suitability of the Beverley deposit for efficient mining via in situ leaching, and hence its economic value,
are determined by the nature of the hosting sand unit, which provides the permeability and low reactivity
 required for high fluid flow and low chemical consumption. These favorable sedimentologic and geometrical
features result from a complex conjunction of factors, including deposition in lacustrine shore environment,
 reworking of angular sands of glacial origin, deep Pliocene weathering, and proximity to an active fault expos-
ing extremely U rich rocks.
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most authors favor the Mount Painter domain as the most
likely source. Dating of secondary uranium minerals resulting
from the weathering of basement mineralizations in the
Mount Painter domain demonstrates the recent mobility of
uranium (Elburg et al., 2003) and groundwaters containing
uranium concentrations up to 1 ppm exist in the U-rich
Mesoproterozoic gneisses (Brugger et al., 2005). Studies of
the quartz thermoluminescence in the Beverley Sands unit
and the adjacent units (Hochman and Ypma, 1987) revealed
that the Beverley Sands were exposed to, or still are in con-
tact with, a radioactive source up to 4 km to the west of the
uranium mineralization. Hochman and Ypma (1987) also re-
vealed that the under- and overlying sand formations lacked
the thermoluminescence of the Beverley Sands unit, rein-
forcing the interpretation of the Beverley Sands as a confined
aquifer channeling the uraniferous groundwater.

Based mainly on the study of the mineralogy and geochem-
istry of the ore minerals and the hosting and surrounding sed-
iments, this paper aims to elucidate the genesis of the Bever-
ley deposit in its geologic framework. In particular, a detailed
study of the heavy mineral populations in the sediments, in-
cluding zircon typology, age distribution, and geochemistry,
sheds light on the mineralization process, as well as on tectonic
activity and sediment sources. We provide the first U-Pb data
on authigenic minerals to constrain the timing of uranium
mineralization in the Lake Frome basin. We also review some
geologic features of the Mount Painter domain to constrain
the sources of uranium and ore fluids. The recent tectonic ac-
tivity in the North Flinders Ranges (neotectonics) and the for-
mation of the successive sedimentary basins are discussed in
regard to their role in mobilizing uranium. This work fills a gap
in the literature on uranium deposits in South Australia, since
no extensive study of Beverley-type mineralization is available;
this study also provides new ideas and tools for the study and
exploration of sandstone-hosted uranium deposits.

Geologic Setting

General geology

The Mount Painter and the Mount Babbage inliers in the
northern tail of the Flinders Ranges are two tectonic win-
dows into the underlying crystalline Proterozoic basement of
the Adelaide geosyncline or Adelaide Rift Complex (Fig. 1a).
These inliers are together named the Mout Painter domain
(Brugger et al., 2005). The major active Paralana fault zone de-
fines the domain’s eastern border. The Paralana fault zone is
a cluster of faults with a general northeast-southwest trend
(Fig. 1). The basement rocks in the Mount Painter domain are
Mesoproterozoic and not older than ~1590 Ma (Fanning et al.,
2003). The granitoids of the Mount Painter domain are unusu-
ally rich in uranium and thorium, with localized metasomatic

enrichments reaching ~100 ppm U at kilometer scale (e.g.,
Neumann et al., 2000). Numerous primary uranium occur-
rences are widespread throughout the basement rocks (Coats
and Blissett, 1971; Brugger et al., 2004, 2011). The Mount
Painter domain represents the northeast corner of the Cur-
namona province. Most parts of the Curnamona province are
covered by rift-related volcano-sedimentary sequences de-
posited from the Neoproterozoic (~830 Ma) to the Cambrian.
In the Adelaide geosyncline, this sedimentation was termi-
nated by the onset of the Delamerian orogeny (514−490 Ma;
Foden et al., 2006). During this orogen the Mesoproterozoic
basement and the volcano-sedimentary rift sequences were
subjected to metamorphism and deformation reaching am-
phibolite facies in most of the Mount Painter domain (Sandi-
ford et al., 1998). Delamerian magmatism in the Mount
Painter domain is restricted to pegmatite and small
leucogranite intrusions. A second period of felsic magmatism
took place after the end of the Delamerian at ~440 Ma (Mud-
nawatana tonalite, Paralana granodiorite, and British Empire
granite; Fig. 1; Elburg et al., 2003). The Lake Frome basin
lies directly to the east and north of the Mount Painter do-
main. It hosts a thick sequence of sediments that were de-
posited in a number of sub-basins. For the most part, the
stratigraphic record in these basins extends up from the Cre-
taceous (Eromanga basin), which lays unconformably on both
Adelaidean and Mount Painter domain basement rocks. The
Beverley deposit is hosted in Miocene formations within the
Lake Frome basin, which belong to the Callabonna sub-
basin, part of the larger Lake Eyre basin.

Cretaceous: The basal strata in both the Lake Frome and
Lake Eyre basins are Lower Cretaceous formations (Fig. 2;
Cadna-owie Formation) and onlap the Mount Painter domain
and the Adelaide Rift Complex (Parabaranna Sandstone;
Krieg et al., 1995). These formations are mainly composed of
quartz-rich sandstones to conglomerates with quartzite and
quartz pebbles. The presence of glacial diamictite at the base
of the Cadna-owie Formation, west of the Petermorra
Springs at Trinity Well (Fig. 1) is the first definitive evidence
for an Early Cretaceous glaciation (Alley and Frakes, 2003),
for which palynology data give ages ranging from Berriasian
to Valanginian (144−131 Ma). Paleolatitudes around the
North Flinders Ranges were ~66° S during the Lower Creta-
ceous (Veevers, 2006). The postglacial environment of depo-
sition was fluviatile, with the area bordering the North
Flinders Ranges forming the edge of the basin. The wide-
spread deposition of the Aptian Bulldog Shale marked a
change to marine conditions (Fig. 2). The Bulldog Shale is
overlain by the tidal to intertidal Coorikiana Sandstone (Krieg
et al., 1995). The Upper Cretaceous sedimentation in the
Eromanga basin (Winton Formation) consists of nonmarine
shales, siltstones, and sandstone with minor coal layers (Krieg
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FIG. 1.  Regional geology of the Mount Painter domain and location of the Beverley deposit. (a) The Paralana fault zone
(PFZ) delineates the northwest border of the Curnamona province. This simplified geologic map underlines the major dis-
continuities: Neoproterozoic (~830 Ma), Cambro-Ordovician (Delamerian orogeny), Cretaceous glaciation and sedimenta-
tion. Cretaceous formations are widespread on and around the inliers, under 250-m elev. Inset: location of the study area.
The 200-, 500-, and 1,000-m elev lines are also displayed. (b). The outlines of the Beverley and Four Mile uranium deposits
are displayed in pink; red stars represent the samples used in this study (Four Mile Creek stream sediments and WC2 core).
The REE-Th-U−rich migmatitic gneisses are indicated in orange, immediately to the west of the Paralana fault system. Ad-
ditional regional faults are also reported (Poontana, Wooltana faults).



et al., 1995). Although this formation has not been described
in the southern part of the basin, we mention it here because
it generally forms the substrate of the following Cainozoic
sediments. The final stage of the Upper Cretaceous was dom-
inated by erosion and weathering. Cretaceous formations are
preserved to the west of Beverley. Some outcrops in the Four
Mile Creek bed and next to the ranges have been recognized
as Upper Cretaceous members (Campana et al., 1961a, b)
and recently dated to Early Cretaceous (Stoian, 2010). The
Four Mile West uranium deposit is hosted by Early Creta-
ceous sandstones (Stoian, 2010).

Paleocene to Oligocene: Following a ~30 to 50 Ma period of
weathering and erosion, the sedimentary record restarts in
the Lake Eyre basin during the late Paleocene (Wopfner et
al., 1974; Callen et al., 1995a; Stoian, 2010). Above this, the
Paleocene to Eocene Eyre Formation is widespread, being
present west, north, and east of the North Flinders Ranges.
The Callabonna sub-basin (Lake Frome area) and the Tor-
rens basin (Lake Torrens area) may have been separated by a
high during the Eocene, although potential remnants of
Eocene sediments are recognized between the two basins
overlying Adelaide geosyncline series rocks (Coats, 1973).
The Eyre Formation is composed mostly of carbonaceous
pyritic mature sands, locally intercalated with clay and gravel
beds (Wopfner et al., 1974), deposited in braided rivers dur-
ing the initial stages of uplift of the North Flinders and the
Olary Ranges and synchronous subsidence of the Lake Eyre
basin (Callen et al., 1995a). Evidence of active faulting and
uplift during the Eocene is recorded by fission-track ages
around the Paralana fault zone, east of the Paralana High
Plains, and Beverley (Foster et al., 1994; Mitchell et al.,
2002). The Eocene Eyre Formation is host to the Four Mile
East uranium deposit (Stoian, 2010).

Late Oligocene to Miocene: Sedimentation during the
Miocene continued in lacustrine, alluvial environments, de-
positing the Etadunna and the Namba Formations. The latter
hosts the Beverley uranium deposit. In the vicinity of present-
day Lake Eyre, these sediments are calcareous and dolomitic,
grading up to green and gray Mg-rich claystone and fine sand,
and are partly derived from reworking of the underlying Eyre
Formation (Callen et al., 1995a). The Namba Formation in
the Callabonna sub-basin is composed of angular, immature
sands and silts, black smectite-rich partly magnesian clay and
dolomite. The sequence of sediments thickens westward to-
ward the Flinders Ranges. These Miocene sediments contain
elements reworked from the underlying Cretaceous to
Eocene rocks. At Beverley, three Namba subunits are de-
fined: (1) the Alpha Mudstone, (2) the mineralized Beverley
Sands, incised in the Alpha Mudstone, and (3) the Beverley
Clays, forming an aquaclude cap over the mineralized Bever-
ley Sands (Fig. 2). The age of the Beverley Clays is unclear.
The depocenter of the Namba Formation is located on the
eastern part of the basin, south of the Beverley mine, and the
formation is thickest (90−170 m) near the shores of Lake
Frome, but the age of the Namba Formation deposition ex-
tends from the late Oligocene to the Pliocene in the Wooltana
1 drill hole (Martin, 1990). 

Pliocene to Quaternary: The Namba Formation is locally
capped by a silicic or ferruginous duricrust in the Lake Frome
area. The upper layers of the formation contain kaolinite, alu-
nite, and gypsum; this mineral association is interpreted to re-
sult from the same weathering event that formed the duri-
crust (Callen and Tedford, 1976; Benbow et al., 1995). The
age of this weathering has been interpreted by these authors
to be late Pliocene. During the Pliocene, the Curnamona
province was tectonically active, and its western margin was
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being displaced by normal and transcurrent (or transpressive)
faulting. This uplifted the western margin, producing the cur-
rent 100 to 200 m of relief and forming the sharp eastern es-
carpment of the North Flinders Ranges (Mt. Neill and Mt.
Adams), as well as the Paralana High Plains. The Beverley de-
posit is located along the eastern side of the Paralana High
Plains, close and to the east side of the Poontana and
Wooltana fault zones (Fig. 1b). Both this and the Mount
Neill-Mount Adams blocks are tilted to the northwest. This
tilt caused an eastward migration of the depositional center of
the Lake Frome basin. Recent seismic lines across the area
also indicate the presence of a “horst-like” structure as well as
several major faults (Burtt et al., 2004).

Alluvial fans have and continue to build up a molasse fore-
land, which has formed a wide alluvial plain extending to the
shores of the present-day Lakes Frome, Callabonna, and
Blanche (Callen and Tedford, 1976; Callen et al., 1995b). The
molassic Willawortina Formation (Fig. 2) is synchronous with
the main uplift and unroofing of the Mount Painter domain
and consists of coarse siliciclastics as well as fine sands and
clays deposited in more distal lacustrine or facies. Paleomag-
netic data on the Willawortina sediments and paleosoils
around the Lake Frome area indicate that much of the for-
mation is older than 780,000 years (Callen et al., 1995b). The
current depositional environment around Beverley consists of
alluvial fans and migrating fluvial channels and levees that
form the Eurinilla Formation (Fig. 2), a clay-rich ferruginous
resedimented conglomeratic soil formation with residual
quartz lags (Callen et al., 1995b).

Background information on the uranium mineralization

Geometry, relationship to formations and regional faults:
The initially published geometrical models of Beverley all
described channel-type (Beverley sands) mineralization with
a north-northeast−south-southwest orientation (Haynes,
1975), with the sand formations hosting the mineralization in-
terpreted as paleodrainage channels in the underlying lacus-
trine Alpha Mudstone bedrock. Curtis et al. (1990) men-
tioned an oxidation interface with anomalous uranium
traceable in the Namba Formation over an area of 25 ×
15 km. Heathgate Resources defined the north and central-
south ore zones, both with northeast-southwest trends, lo-
cated immediately west of the Poontana fault in Miocene
sands and in the lower faulted block. Faulting is interpreted
to have been active during the Quaternary, as it affects the
upper Willawortina Formation (Heathgate Resources Pty.
Ltd., 1998). The extension of the Wooltana fault (SW) is also
interpreted to project west of Beverley and the Poontana fault
(Fig. 1). Based on paleosurface reconstruction using drill hole
and airborne electromagnetic surveys, uranium mineraliza-
tion is spatially linked to the edges of relief and depressions
in the underlying mudstone (Marsland-Smith, 2005; Mc-
Conachy et al., 2006). The mineralization does not form a
classic “roll-front” geometry, but rather more sheets. This
geometry is interpreted by both Marsland-Smith (2005) and
McConachy et al. (2006) to result either from structural
(faulting) or paleoenvironmental controls.

Mineralogy and geochemistry: Previous descriptions of the
ore have identified little mineral diversity, only describing
fine-grained uraninite (Haynes, 1975), coffinite and pyrite

(Brunt, 1978; Curtis et al., 1990). Most of the Beverley (and
Four Mile) mineralization occurs in organic matter-poor
sands (J. Oram and A. Marsland-Smith, pers. commun.).
Whole-rock analyses revealed a close correlation between el-
evated U concentrations and high Co, S, Bi, Pb, Co, Ni, Cu,
and Cd with lesser Zn, light rare earth elements (LREE), and
Y (Marsland-Smith, 2005). The chemistry of the retrieved in
situ acid-leaching techniques acid solutions (i.e., after leach-
ing) also provides qualitative information on the ore mineral-
ogy; by comparing the solutions before and after reaction,
taking into account mixing with the local groundwater
(Heathgate Resources Pty. Ltd., 1998), a relative increase of
102 to 103 is measured for the concentrations of V, U, Ni, Se,
Cd, and Al; 101 to102 for Co, Fe, As, and Cr, as well as minor
(>3) relative increase in F and Pb.

Sampling and Methodology

WC2 drill core

The main part of this study has been conducted on the
WC2 diamond core (30°11'55.3"S/139°35'48"E, 80 m), which
is preserved and available at the Primary Industries and Re-
sources South Australia (PIRSA) core library (Nr 137-058).
Additional sediment samples were collected in the Paralana
High Plains and in the neighboring crystalline basement. The
WC2 core was drilled by Western Nuclear in the central ore
zone of the Beverley deposit in February 1972, prior to any
leaching test that could have affected the primary mineral as-
semblage and geochemistry. The WC2 drill hole also repre-
sents the type section for the Willawortina Formation (Callen
and Tedford, 1976). WC2 is the only diamond core available
through the Beverley deposit. The hole reached a length of
146.6 m, ending in the Alpha Mudstone (Namba Formation),
but the available cored length extends from the surface down
to 136 m. The recovery rate of the entire core was low (50%),
especially in the Willawortina Formation; this however did
not impact the results of this study, based on samples from se-
lected intervals. We relogged the core (Fig. 3) and prepared
samples for different analytical or separation techniques. Our
observations are generally consistent with the clay mineral-
ogy, texture, or sedimentary facies data of Callen (1975). In
addition to the samples from the WC2 core, a large sample
has been taken from a Four Mile Creek tributary 8 km up-
stream the Beverley uranium mine (FMC, Fig. 1b) to provide
accurate information about the heavy mineral contents of the
Four Mile catchment, the source area for the Willawortina
Formation sediments.

Heavy mineral separation and sample preparation

Heavy minerals were extracted and concentrated from
sediments or crushed rocks by manual panning and micro-
jigging, and then were further separated by strong handheld
permanent magnets. These simple tools were utilized to
avoid possible cross contamination resulting from the use of
heavy liquids and electromagnets. However, a possible cont-
amination due to the drilling process and transportation to
the storage is inevitable in the case of cored sediments. The
recovered heavy mineral concentrates from the sand and silt
fractions were first extracted at a mean bulk density of
3.0 g/cm3 and separated by Fe-Nd-B−type magnets into
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FIG. 3.  WC2 drill core log with gamma, uranium grades, and heavy minerals assemblage. The heavy minerals have been
represented on two logs: nonmagnetic (NM) and magnetic (MM). The authigenic minerals in the WC2 core are also shown
and belong to the nonmagnetic fraction. A paleosoil with roots and oxidized cracks occurs between −100 and −102 m; it de-
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sentially debris flows. Only ~50 percent of the core was recovered, with lost intervals hatched on the granulometric log. The
Namba Formation is formed of three units: the Beverley clays, the Beverley Sands, and the Alpha Mudstone at the bottom
of the hole.



three fractions: ferromagnetic, paramagnetic, and nonmag-
netic. The pulling force at the surface of the magnet was
equivalent to 1.35 A of intensity on a Frantz isodynamic sep-
arator (calibrated on the 150-µm fraction). The non- and
paramagnetic fractions were then separated into <4.0 and
>4.0 g/cm3 fractions, the latter being almost pure zircon-ru-
tile-corundum. Minerals from concentrates were handpicked
for typology (zircon), further analysis, or digital photography.
Minerals selected for analysis, geochronology, or microscopy
were mounted in epoxy resin disks and polished (final polish
with ¼-µm diamond).

Zircon typology

Morphology-based zircon typology has been used as a tool
to distinguish the nature of granites (Pupin, 1980) and to dis-
tinguish magmatic and inherited zircons in igneous rocks
(e.g., Klötzli et al., 2001). Surface textures also provide infor-
mation about the provenance of the grains (Cardona et al.,
2005), and a combination of dating and typology can deter-
mine sedimentary provenances with better precision (Willner
et al., 2003). Zircon typology is based upon the relative abun-
dance of prisms and pyramids. Crystal forms have been di-
vided into 64 main subtypes, corresponding to a unique com-
bination of these crystal faces (Fig. 4a). Zircons from granitic
rocks can be divided into eight main genetic typological sub-
groups; in these, the relative abundance of the prisms {100}
and {110} is related to the temperature of crystallization. The
typology of zircons extracted from sediments permits the de-
finition of clusters of different origins; however, mixed popu-
lations and zircon grains that cannot be classified due to me-
chanical abrasion can complicate this analysis. In the current
study, observations were made on zircon fractions using both
electron and optical microscopy.

Chemical and isotopic analyses

The techniques used in this study include optical mineral-
ogy, electron microscopy including backscattered electron
imagery (BSEI) and energy-dispersive spectroscopy (EDS),
electron microprobe (EMP) analysis (operating conditions
and standards reported in Table 1), laser ablation inductively
coupled plasma-mass spectrometry (LA ICP-MS), whole-
rock X-ray fluorescence (XRF) spectrometry, and gas source
stable isotope analysis for sulfur isotopes.

Sulfur isotope analyses were performed at the University of
Lausanne, using a Carlo Erba 1108 elemental analyzer (EA)
coupled to mass spectrometer (Finnigan Mat Delta S). The
analytical uncertainty (2σ) was 0.2 per mil and data are re-
ported as per mil (‰) deviations relative to the Canyon Dia-
blo troilite (CDT) standard. Analyses were repeated two to
three times when enough material was available and alter-
nated regularly with international sulfide and sulfate stan-
dards. The sulfide analyses were performed on samples con-
sisting of a few 10s to 100s of individual grains.

LA ICP-MS measurements were conducted at the Ade-
laide Microscopy Centre. The detailed technique and proce-
dure used for zircon data was described in Reid et al. (2006),
and only a summary of the acquisition parameters is provided
here. Ablation was performed using the 213-nm radiation
from a frequency quintupled Nd-YAG Adelaide geosyncline
laser (holes ~40-µm diam). The ablated material was carried

by an Ar-He gas medium into an Agilent 7,500-quadrupole
ICP-MS. The data were corrected for instrument drift and
the isotopic ratios calculated using the GLITTER software
(Van Achterbergh et al., 1999). The following isotopes were
measured: 204Pb, 206Pb, 207Pb, 208Pb, 232Th, and 238U. The stan-
dard used for calibration is a gem-quality red zircon, GJ:
207Pb/ 206Pb age is 608.5 ± 0.4 Ma, 206Pb/238U is 600.7 Ma, and
207Pb/ 235U is 602.2 Ma (Jackson et al., 2004) with unde-
tectable 204Pb with the used setup. Common lead correction
was applied using the global second-stage Pb reservoir model
of Stacey and Kramer (1975). For minerals devoid of 232Th
(e.g., carnotite), the correction was based on 208Pb instead of
204Pb (zircon and coffinite).

Trace elements in zircon were analyzed by LA ICP-MS at
the J.W. Goethe-Universität, Frankfurt, using a Merchantek
LUV213 ultraviolet Nd-YAG Adelaide geosyncline laser
(213 nm) coupled with a Finnigan MAT ELEMENT II high-
resolution ICP double-focusing mass spectrometer. The in-
ternal standard used was 29Si, and the external standards used
were NIST-610 glass and the 91500 zircon. Calibration prob-
lems occurred with REE-rich zircons, leading to saturation in
signals for Y, Er, and Yb.

XRF whole-rock analyses were performed on a Philips
PW2400 spectrometer at the Centre d’Analyse Minérale
(CAM) at the University of Lausanne. Major elements were
measured on Li2B2O4 fused disks and minor and trace ele-
ments on pressed pellets. Ferrous iron was determined quan-
titatively by spectrophotometry using the Wilson’s modified
method (Wilson, 1960). A fraction of rock powder was dis-
solved in an H2SO4-HF mixture. Solutions were neutralized
and buffered with H3BO4, and Fe2+ was complexed with 2,2'-
bipyridine. The solutions were measured in the maximum
range of absorption of the Fe2+ complex, and the FeO wt per-
cent was calculated using a linear calibration based on five
rock standards and a blank. REE and other trace elements
were determined by LA ICP-MS on the fused disks, using an
EXCIMER Laser (193 nm) coupled to an ICP-MS Perkin-
Elmer ELAN 6100 DRC.

Heavy Minerals: Mineralogy and Provenance
The relative concentrations of the different heavy mineral

fractions from WC2 drill core are listed in Table D1 and
shown in Figure 3, together with the sedimentary and
gamma-ray logs. Special attention has been given to the sep-
aration of the authigenic minerals from the detrital assem-
blages. The Willawortina and Namba Formations can be dis-
tinguished on the basis of their heavy mineral contents: the
heavy mineral content of the Namba sediments does not ex-
ceed 0.4 wt percent, whereas the Willawortina Formation
sediments nearly always carry more than 0.5 wt percent.

Detrital minerals populations

The alluvium from the Four Mile Creek sample has high
heavy mineral contents (1−2 wt %), including U-, Th-, and
REE-rich phases. Zircon, rutile, xenotime, monazite, poly-
crase, fergusonite, allanite, thorite, huttonite, and apatite are
all abundant in these sediments. The Willawortina Formation
sediments have a heavy mineral assemblage identical to the
sediments of Four Mile Creek: they are rich in black mag-
netic minerals (ferrromagnetic; magnetite, ilmenite, hematite),
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and also contain the paramagnetic minerals epidote, horn-
blende, garnet, xenotime, columbite, and monazite. The non-
magnetic assemblage is dominated by zircon and titanite,
 followed by rutile and corundum, anatase, sillimanite, tour-
maline, fluorite, apatite, and topaz. Detrital sulfides (pyrite,
chalcopyrite, galena, and molybdenite) are also present. Zir-
con grains are typically large, of brown, reddish, or black
color, and cracked.

The Namba Formation has a clearly different heavy min-
eral assemblage. The upper Beverley Clays unit is poor in
heavy mineral and dominated by rutile, with minor zircon,
leucoxene, and corundum. Ferro- and paramagnetic minerals
are rare. Monazite is present in minute amounts. Beneath the
clays, the Beverley Sands unit contains zircon, minor rutile,
anatase, and corundum. The zircons are different in color and
morphology from those of the Willawortina population, con-
sisting mainly of transparent and colorless crystals. The Alpha
Mudstone is generally poor in heavy minerals and rutile is the
dominant phase. The content of magnetic heavy minerals is
extremely low compared to the Willawortina Formation. We
evaluated the ratio of rutile (ru) to zircon (zr) in the different
samples by grain counting. The ru/(ru + zr) ratio varies be-
tween 1 to 3 in the Willawortina Formation, sharply increases
(6−50) in the Beverley Clays, diminishes sharply in the Bev-
erley Sands (0.1−0.7), and finally increases in the Alpha Mud-
stone (1−4; Table D1). The high proportion of zircon in the
Beverley Sands’ NM fraction suggests a different source, or
different ratios of contributors, compared to the neighboring
units. However, the Beverley Sands clearly contain an impor-
tant contribution from a mature sedimentary source fed dom-
inantly by granitic rocks. Zircons from the Beverley Sands also
display some angular fractures and frequently present melt in-
clusions, indicating a felsic volcaniclastic origin (ignimbrites).

The distribution of corundum in the WC2 core is particu-
larly interesting. This mineral, which is highly resistant to

 mechanical abrasion due to its hardness, is nearly absent from
most of the Namba Formation. It starts occurring in signifi-
cant amount at the level −106 m within 5 m of the top of the
formation and remains abundant in the Willawortina Forma-
tion (Table D1). Corundum crystals are colorless, blue, less
frequently black, and frequently bicolor. 

Trace element chemistry of zircon

Trace elements were measured in 100 zircon grains from
the heavy mineral concentrates at different levels in the
WC2 core. The aim was to measure the uranium content of
the zircons in order to check whether the zircons themselves
could have played a role as a source for sandstone-hosted
uranium mineralization and to use the trace elements signa-
ture as a means of differentiating provenance (e.g., Be-
lousova et al., 2002). Zircon is a resistant refractory mineral
that can incorporate many elements in its structure (e.g., P,
Sc, Nb, Hf, Ti, U, Th, and REE). Zircon forms isostructural
series with xenotime-(Y) (YPO4) and all other xenotime-high
rare earth element (HREE) members (Bea, 1996), as well as
with coffinite (USiO4) and hafnon (HfSiO4). Most zircons
grow in felsic magmas or high-grade metamorphic rocks,
but some are hydrothermal. Mineral and/or melt partition
coefficients are high for Hf, U, Th, Nb, Ta, heavy REE, Sc,
and Y. Apart from U, these elements have low solubilities in
hydrous fluids, hydrothermal zircons have low concentra-
tions of these elements. Fluid-altered or hydrothermal zir-
cons can contain hundreds of parts per million of other ele-
ments that are incompatible during igneous partitioning, for
example, LREE, Sr, Ba, Ca, F, Fe, Mn, and Cu (Rubin et al.,
1989). U- and Th-rich zircons become metamict with time;
this causes swelling of the crystal structure and opening of
microcracks, hence facilitating trace element incorporation
and/or leaching via interaction with groundwater (Geisler et
al., 2003).
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TABLE 1.  EMPA Analytical Parameters, Analyzed Elements, and Standards

Coffinite, metals, and sulfide, carnotite Zircon, apatite, and xenotime
20 kV, 20 nA, spot size 1 µm 20 kV, 20 nA, spot size 1 µm

Line Crystal Standard Interf cor. Line Crystal Standard Interf cor.

MgK TAP Biotite n/a FeK LIF Almandine n/a
AlK TAP Biotite n/a ErM TAP Erbium metal n/a
SiK TAP Biotite n/a YbM TAP Synthetic YbF3 n/a
PK PET Apatite Y HfM TAP Cubic zirconia n/a
SK PET Marcasite n/a CaK PET Almandine n/a
KK PET Biotite U ZrL PET Cubic zirconia n/a
CaK PET Apatite n/a YL PET Cubic zirconia n/a
VK LIF Rutile Ti PbM PET Crocoite n/a
FeK LIF Marcasite n/a PK PET Apatite Y
CoK LIF Cobaltite n/a ThM PET Monazite n/a
NiK LIF Pentlandite n/a UM  PET Uranium metal n/a
CuK LIF Copper Ba AlK TAP Almandine n/a
ZnK LIF Zinc U SiK TAP Olivine n/a
AsL TAP Cobaltite n/a
SeL TAP Selenium n/a Notes: All standards used from Astimex Scientific Ltd.;
MoL PET Molybdenite n/a Sections METM25-44, REEM25-15, MINM25-53;
PdL PET Palladium n/a Variable acquisition time on peak and background;
CsL PET Pollucite n/a CAMECA SX51, Adelaide Microscopy Centre
BaL PET Barite Cu
PbM PET Lead n/a
UM PET Uranium n/a



Zircons with U/Th <6 probably originate from felsic mag-
mas, but zircons with U/Th >6 are an unusual population
from U-rich source rocks or are hydrothermally altered. The
U and Th partitioning between the developing zircon and its
surrounding felsic melt have been determined experimentally
by Blundy and Wood (2003): DU(zircon/melt)/DTh(zircon/melt) ≈6,
with DU varying from 97 to 130. Very limited experimental
data give a DU/DTh(zircon/melt) ≈3.5 to 4.1 for granitic composi-
tions at 20 kbars and 800° to 850°C (Rubatto and Hermann,
2007). Granitoids generally display Th/U between 5 and 2 but
rarely less than 1. Zircon partitioning with DU/DTh ≈6 results
in a Th/U ratio in zircons between 1 and 2.

The distribution of U/Th values shows strong stratigraphic
variation in the WC2 core, indicating changing sediment
provenance (Table 2). The upper formation (Willawortina)
has a much higher proportion of zircon with U/Th >6. Fig-
ure 5 illustrates the distribution of trace elements within
these two zircon populations. Zircons with high U/Th are also
Nb, Ta, HREE, and LREE rich. Tungsten, Sn, Mo, V, Cu,
and Ti are also enriched in these zircons. The high U zircons
display irregular chondrite-normalized curves with a positive
tetrad effect, especially marked on the third tetrad (Gd-Ho).
This feature is interpreted as the signature of hydrothermally
altered zircons (Monecke et al., 2007). For many zircons, the
208Pb/232Th ratio displays a correlation between extremely
high apparent ages (with a lot of common Pb) and high val-
ues of Nb, U, Sr, Ba, and REE. The presence of large in-
compatible elements, like Sr and Ba, can be linked to
metamict and fluid-altered zircons that experienced a large
degree of open-system behaviors; such zircons are unsuitable
for U-Pb dating.

Zircon typology and regional sources

The trace element and geochronological data obtained
from zircons from the Namba Formation in the WC2 core
clearly indicate an origin distinct from the local basement in-
liers. Zircon typology has been applied to determine the
sources of the sediments at the Beverley mine and its neigh-
borhood. The zircons used for the typology study come from
three different locations: (1) WC2-63, in the Beverley sands
at the level −123.4 m; (2) FMC, Four Mile Creek stream sed-
iments 8 km upstream the mine (Fig. 1); and (3) SB, a creek
in the Babbage inlier draining Mesoproterozoic granites only.

The Four Mile Creek sample was selected because it rep-
resents a well-defined 12-km2 watershed, which supplies a
significant proportion of the Willawortina Formation. The
watershed contains Mesoproterozoic quartzite and parag-
neisses (70%), Mesoproterozoic granites and orthogneisses
(20%), and Paleozoic leucogranites and pegmatites (10%).

The bulk sediment sample from the Babbage inlier repre-
sents a watershed composed at more than 99 percent of

Mesoproterozoic granites (Yerila and Terrapinna granites).
Zircons from this sample display typologies typical of alkaline
series granites. Some zircons display a rare typology with
stocky, large prisms showing a dominance of {100} faces and
a combination of {101} and {301} pyramids. This typology is
restricted to high-temperature (~900°C) alkaline K-rich gran-
ites (Pupin, 1980). These zircons have fine cracks and are
generally stained in black, brown, or orange. All these obser-
vations can largely be extended to the whole Mount Painter
domain in which Mesoproterozoic granites abound. We base
this argument upon additional observations made in heavy
mineral separates from tens of crushed granites in the Mount
Painter domain. These basement zircons are clustered
around the D to P1 trend, generally centered on D or P5
(Fig. 4).

The typology of the zircons at Four Mile Creek was estab-
lished on the basis of a population of ~3,000 grains. About 20
percent of the watershed surface consists of outcrops of Zr-
rich (500−800 ppm) Mesoproterozoic granitoids, whereas
about 10 percent are outcrops of Zr-poor (<80 ppm) Paleo-
zoic intrusive rocks. The remaining part consists of Zr-poor
quartzites (e.g., Mesoproterozoic Freeling Heights
quartzites) that contain mainly rounded zircons on which no
crystal faces are preserved. On this basis, it is not surprising
to find only ~2 percent of Paleozoic zircons in the sample.
The Paleozoic zircons of the Mount Painter domain are mor-
phologically more complex than the Mesoproterozoic ones.
They are colorless or milky crystals with inherited cores and
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TABLE 2.  Distribution of Zircons in WC2 Core According to 
Their Level and U/Th Value

Level U/Th in zircon

(m) No. < 0.75 0.75−1.49 1.50–5.9 > 6.0

−2 34 3 4 3
−9 35 5 5
−13 37 1 1 8
−20 38 1 5 2
−25 39 1 7 2
−42 40 5 2 3
−48 41 1 3 6
−75 44 9 1
−83 46 2 5 3
−84 47 5 5
−97 50 2 6 1 1
−110 55 8 2
−121 61 3 4 3
−126 64 8 2
−130 70 1 3 3 3

Th/U rock1 > 8 8−4 4−1 < 1

1 For igneous zircon, implying DU/DTh(zircon/melt) ≈6

FIG. 5.  Diagrams of trace elements in zircons from the WC2 core. (a). Zircons have been divided into two categories using
U/Th ratio = 6.0. Zircons with U/Th >6 are represented as black diamonds in all diagrams; they are related to a U-enriched
magmatic rock or to a postcrystallization hydrothermal enrichment. (b). Nb/Ta diagram with the field of granitoids as defined
by Belousova et al. (2002) for igneous zircons. (c). Most U-rich zircons also have high REE. (d). U-rich zircons also display
REE tetrad effect, which is probably related to fluid alteration. (e). Zircons which have high Ta (outside of the granitoid field
in (b)) have Mo and Sn enrichment, which indicates a relationship to S-type peraluminous granites or pegmatites. (f)-(i) Sim-
ilar patterns can be found for W, Ti, V, and Cu.
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magmatic overgrowths (Neumann, 1996), which contrast with
the orange to brown zircons originating from the local Meso-
proterozoic granites.

Zircons separated from the Beverley Sands unit contain an
unusual population of clear euhedral zircons exempt of any
mechanical rounding. Typologies show a mixture of diverse
populations (Fig. 4d). S-type zircons are dominant with a
minor (10−12%) D- to P3-type population correlated to local
inliers (Mount Painter domain) like in the Four Mile Creek.
These S-type zircons are derived from S- or I-type granitoids.
This is especially evidenced by the presence of numerous L-
type zircons, which are only found in peraluminous granites.
The source of these zircons is to be found outside the Mount
Painter domain. We also observed some melt inclusions in
freshly cracked zircons, indicating felsic volcanic origins for
some of them at least. Detailed typology has been reported
with the geochronological data in Table D2.

U-Pb zircon data

U-Pb data were obtained by LA ICP-MS on selected zir-
cons from the Four Mile Creek and from the Beverley Sands
(level −123.4 m). Ages are reported with 2σ errors (Fig. 6,
Table D2). For the Four Mile Creek sample, a representative
subset of zircons with P3 to D morphology and all other ty-
pologies was picked from a total of 3,000 zircons. This ap-
proach was chosen because Mesoproterozoic granites of the
Mount Painter domain were recognized early on to display
the typology D to P3, and we decided to study systematically
all zircons with different typologies to unveil minor popula-
tions without having to date 3,000 zircons in a single sample.
The original typology grid (Fig. 4c) is split into three diagrams
based on ages: Paleoproterozoic, Mesoproterozoic, and Pale-
ozoic (Fig. 4f-h). A population of S-type zircons, centered on
S13 (Fig. 4f) and dated around 1640 to 1730 Ma can be in-
terpreted to be sourced from calc-alkaline granites. Not sur-
prisingly, most zircons are Mesoproterozoic (~1560 Ma) and
plot on a discordia line with an approximate lower intercept
of 100 to 250 Ma. The youngest concordant zircon is
~460 Ma.

The zircons from the Beverley Sands were handpicked for
the determination of the typology (Fig. 4d), and a selection
was dated. Special attention was given to zircons with crys-
talline faces and free of mechanical wear. A total of 152 grains
out of 360 were typologically determined and a subset of 48
dated. Seventy percent of analyzed crystals gave concordant
ages. Three major age groups are present: (1) Cretaceous-
Jurassic zircons (24%), (2) Permo-carboniferous zircons
(56%), and (3) Ordovician to Devonian (20%). The youngest
analyzed zircon has an age of 130 ± 2.5 Ma.

Authigenic Minerals

Native elements: Copper, copper-zinc alloys, native lead

Authigenic native copper is common throughout the drilled
length of the Namba Formation but also rarely appears in the
Willawortina Formation. The native copper appears bright
red, with a metallic luster. Some of these metallic grains are
dendritic or spongy, which clearly indicates an authigenic ori-
gin. Cuprite (Cu2O), tenorite (CuO), and a copper sulfide
sometimes coat the grains. Lead is also detected by EDS on
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FIG. 6.  U-Pb Concordia diagram of (a)-(b) Four Mile Creek zircons
(FMC) and (c) Beverley sands zircons (WC2-63). In the Beverley Sands, the
major age cluster is Permo-Carboniferous and indicates a sedimentary prove-
nance from eastern Australia. The youngest zircon is 130 Ma; in contrast, the
youngest concordant zircon in FMC is older than 400 Ma.



some of the grain rims. Electron microprobe analyses show
that native copper grains contain variable proportions of Zn,
with most of the grains having Zn <2 wt percent. A few grains
of golden color have Zn-rich compositions close to Cu2Zn
(empirical formula Cu1.97Zn1.03). A contamination by a man-
made alloy is unlikely, because of the association with an ex-
tensive Cu-Zn composition range. At a regional scale, native
copper has been found at the basis of the Tertiary sediments
on the Benagerie Ridge at the Kalkaroo prospect and in some
hard-rock copper prospects and old mines of the Mount
Painter domain (Noble et al., 1983). Native copper is also
widespread at the basement-sediments interface of the east-
ern side of the Frome Lake (Burtt et al., 2004). A phase with
Cu2Zn composition (informal name tongxinite) was reported
from gold-bearing quartz-carbonate veins in Transcaucasia
and Southern Urals (Russia; Novgorodova et al., 1980), from
silicified zones in a porphyry copper deposit (Yulong ore dis-
trict, Tibet), and in the brecciated zone of the Ruerogai gold
deposit (Sichuan province, China; Jambor and Roberts,
2000). In these occurrences this Cu2Zn mineral is attributed
a hydrothermal origin, resulting from wall-rock interaction
and reduction by graphite.

Some native lead particles (up to 0.7 mm) have been found
in the more reduced clay layers of the coffinite mineraliza-
tion. Compositions vary from pure Pb to more complex com-
positions with Cu (up to 5.2 wt %) and As (up to 2.1 wt %;
Table 3). The permeability of the Pb-bearing clay of Beverley
is low and the recovered grains from the panning concen-
trates were bright metallic, with some locally bluish area. The
grains were clearly preserved from air oxidation in their ma-
trix for the 31 years of core storage.

Zincian native copper is relatively common and is found in
a wide range of environments, including lunar regolith, kim-
berlites, basic and ultrabasic rocks, hydrothermal ores, vol-
cano-sedimentary sequences, and pelagic sediments (Dekov
et al., 1999). Native lead in contrast has been documented in
a few tens of localities worldwide, but this rarity is likely to be
biased because the mineral has frequently been disregarded
as a contamination or an artifact. Most of the native lead oc-
currences are of hydrothermal origin, together with native
metals (copper, tin, silver, and gold) or sulfide minerals (e.g.,
Långban, Sweden; Jonsson and Broman, 2002). Authigenic
native lead formed under diagenetic conditions is rare but
was observed in the Polish Kupferschiefer (Sawlowicz, 1990),

where it occurs in reduction spots in association with covel-
lite, digenite, and pyrite. Modern formation of native lead is
mentioned in the well pipes and tanks of the oilfield brines in
the Cheleken region in Turkmenistan, where it coprecipitates
with sphalerite, galena, and pyrite (Warren, 2000).

The uraniferous nodules

Black nodules of coffinite-uraninite and framboids of
carnotite are the only uranium minerals found in the authi-
genic assemblage. Black uraniferous nodules abound in the
mineralized basal silts and sands of the Beverley deposit.
Trace amounts of carnotite are present in all nodule-bearing
samples, occurring disseminated in the mudstone-clay matrix.

Chemical composition and morphology: The chemical com-
position of coffinite is variable and its formula was first writ-
ten as (U[SiO4]4−x[OH]4x) by Stieff et al. (1956). Because of
the inhomogeneous nature of coffinite and its water content,
the analytical totals of the electron microprobe analyses are
frequently under 90 wt percent. Additional analytical prob-
lems are due to the fact that the nodules frequently host fine
mineral inclusions and are characterized by high porosity. For
electron microbeam techniques, the excitation volume at 20-
kV accelerating voltage, for a focused beam (1 µm), has a ra-
dius varying from ~3.1 to 1.7 µm, depending whether the ma-
trix is porous, silica or uranium rich (Potts, 1987). As a result,
the excitation volume in which X-rays are generated system-
atically contains pores and inclusions of clay minerals or
amorphous silica (Förster, 2006). Uraninite commonly forms
mixtures with coffinite (Ludwig and Grauch, 1980). Gold-
haber (1987) suggested that hydroxyl groups are not present
in the coffinite structure; this assumption was confirmed by
the infrared (IR) spectroscopic study of Janeczek (1991),
which showed the presence of absorbed molecular water but
no structural hydroxyl group. Janeczek (1991) proposed the
new formula USiO4�nH2O. The same author reports a range
in (U, Ca, Y, REE)/(Si, P) of 0.93/0.98 m, which may reflect
intimate mixtures with uraninite.

Several grams of uraniferous nodules were separated from
a mudstone sample containing 1 wt percent UO2 (depth
−132 m). The nodules show a black resinous luster on fresh
fractures and vary in size from a few tens of micrometers up
to 6 mm but are more commonly between 0.4 and 1.0 mm.
They frequently contain a Co-rich pyrite core (Fig. 7a, b).
The pyrite cores are always spherical and frambroidal. The
Co contents of pyrite cores are homogeneous in a single nod-
ule but vary from one nodule to another (Table 4). Small (2-
µm) inclusions of clausthalite (PbSe) have been detected by
EDS in the compact zones of the coffinite nodules. Micro-
scopically, the coffinite nodules consist of small elongated
(oval) particles averaging a diameter of 1 to 2 µm; the small-
est coffinite grains from the mudstone matrix share the same
bacterioform habit. These bacterioform aggregates are made
up by submicrometer-sized crystals (Fig. 7a, b).

The electron microprobe analyses conducted on the nod-
ules are semiquantitative, and the presence of Al is a good in-
dicator of the presence of clay minerals in the excited volume.
Coffinite also contains some P (Fig. 8c) and Ca. Sulfur was
frequently found in the nodules at concentrations near the
detection limit; its presence is certainly related to small in-
clusions of sulfides in the coffinite matrix (Fig. 7c). The spot
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TABLE 3.  EMPA Analyses of Native Lead Particles

Pb02 Pb03 Pb04 Pb05a Pb05b Pb06

Pb 95.00 91.55 100.26 99.92 90.95 91.20
Cu <0.19 <0.19 <0.19 <0.19 5.20 <0.19
As <0.21 <0.21 <0.21 <0.21 2.05 0.61
S <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
Fe <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
SiO2 0.26 <0.20 <0.20 <0.20 <0.20 0.34
K2O <0.50 0.81 <0.50 <0.50 <0.50 1.93
P2O5 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18
Total 95.26 92.36 100.26 99.92 98.20 94.08

Notes: All values in wt percent; due to the porous texture of some grains,
the sums are sometimes lower than 100 percent; undetected: Se <0.16, Co
<0.10, Zn <0.21, Ca <0.14, V <0.16, Pd <0.16, Mo <0.19, Ba <0.32 wt
 percent



analyses of the nodule returned between 65 to 92 wt percent
UO2 (Fig. 8b), and single nodules show large variations in
chemical composition. The varying U contents are most likely
related to the presence of varying amounts of uraninite ad-
mixture: a coffinite of stoichiometry USiO4�H2O would con-
tain ~95 percent UO2 and show a (U + Ca)/(Si + P) ratio of
1.00 (Fig. 8a). Two different mixtures processes are evidenced:
coffinite + uraninite and coffinite + SiO2(am) + water/porosity
(Figs. 7, 8a). The admixtures of coffinite and uraninite were
confirmed by X-ray powder diffraction performed on 10 mg of
nodule material. Rietveld refinement indicates the presence
of minor uraninite (25 wt %) and dominant coffinite (75 wt
%). The refined unit cell size for uraninite is a = 5.436(1) Å,
and for coffinite a = 6.971(2) and c = 6.255(2) Å.

In conclusion, black uraniferous nodules consist of a mix-
ture of coffinite and uraninite, with additional but variable
proportions of amorphous silica, detrital quartz inclusions,
Co-rich pyrite, clay minerals, and porosity. The fine-grained
nature of the coffinite and uraninite crystallites is somewhat
problematic for the application of U-Pb dating techniques.

Geochronology and geochemistry: U-Pb dating on coffinite
has been successfully applied to some Wyoming sandstone-
hosted uranium ores (Ludwig, 1979). However, the coffinite
nodules from Beverley are inhomogeneous and porous. Be-
cause of this, our LA ICP-MS analyses systematically indicate
the presence of high proportions of common lead (often more
than 50% of the total lead), whereas the measured isotopic ra-
tios show that the nodules remained more or less open for Pb
loss or gain since their formation. Isotopic data corrected for
common lead are reported in Table D3. Common lead cor-
rections were applied using 208Pb instead of 204Pb, because of
the precision required for the young age expected (<30 Ma)
and the relatively low Th/U. Error ellipses are shown in a
Concordia diagram in Figure 9, and only three intersect the
Concordia curve, giving subconcordant to concordant appar-
ent ages between 6.7 and 0.4 Ma.

Sulfides

Occurrences: Pyrite, marcasite, sphalerite, and chalcopyrite:
The two polymorphs of iron disulfide (FeS2) have been ob-
served: pyrite and marcasite. These minerals are present as in-
dividual euhedral crystals, as framboids, or as polycrystalline
aggregates. Free pyrite crystals in the Beverley sands can be

octahedral, cubic, and cubo-octahedral; pyrite frequently
forms clusters of 10 to 30 individuals. Marcasite occurs as sin-
gle crystals, as twinned fer-de-lance crystals, or as aggregates
of parallel individuals aligned on their long axis. Both pyrite
and marcasite crystals are up to 400 µm in diameter. Iron
disulfides framboids are composite in nature, consisting es-
sentially of pyrite but with a minor component of marcasite.
The chemical composition of the free crystals of pyrite and
marcasite is always Co poor (<1 wt %), in contrast to that
forming the cores of coffinite nodules.

Sphalerite is present in the most reduced level of the coffi-
nite-rich mineralization (Alpha Mudstone), forming fram-
boidal grains up to 2 mm in diameter. Framboids generally
host numerous small octahedral pyrite crystals, amorphous
silica, and detrital quartz grains.

Minor amounts of very small (<100-µm) chalcopyrite grains
have also been observed in the sulfide concentrates. This
mineral occurs almost exclusively at a depth of −131 to
−133 m in the coffinite-rich layers (Fig. 3).

Sulfur isotopes: Co-rich pyrite cores in coffinite nodules
have δ34S values of 1.0 ± 0.3 per mil (bulk analysis on 300
nodules). This contrasts with composite samples of free eu-
hedral crystals of pyrite, marcasite, pyrite, and sphalerite
framboids, which give average δ34S values ranging from – 26.2
to −35.5 per mil. Both types of sulfides are authigenic and
probably derived from sulfate reduction. The isotopic com-
position of the groundwater sulfate can be estimated from the
isotopic composition of diagenetic gypsum found in soils in
the Four Mile Creek catchment: δ34S of 14.0 per mil. This
value is similar to those reported for the gypsum in soils and
lakes in northern South Australia (Bird et al., 1989; De Cari-
tat and Kirste, 2005).

The prominently negative values found in the free sulfides
indicate that they formed at low temperature by bacterial re-
duction (e.g., Machel et al., 1995); fractionation process due
to the reduction of sulfate from waters (e.g., +14‰) will pro-
duce sulfides with lighter sulfur composition (−26 ± 10‰).
Waters of the Callabonna sub-basin display δ34S values rang-
ing from 11.5 to 17.0 per mil (De Caritat and Kirste, 2005).
As a comparison, sulfides from Eocene organic-rich sand-
stones from the Eyre peninsula and the Eromanga basin sed-
iments (Cretaceous) give negative values between δ34S −6.1
to −18.4 per mil (Bird et al., 1989). 
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Clay minerals pyritea b c

FIG. 7.  Coffinite textures revealed by SEM images. Coffinite nodule 157 [−132 m], cobaltian pyrite, and coffinite bacte-
rioform particles. Smectite flakes are also intermixed (black). Photographs (a) and (c) were taken in BSE mode to enlighten
the heavy elements (here U). (a) zoom in the outer rim of the coffinite nodule. (b) and (c) a zoom on the pyrite core and
coffinite contact.
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Two explanations can be proposed to explain the isotopic
composition of the Co-rich pyrite found in coffinite nodules:
(1) Co-rich pyrites were formed by inorganic reduction at
temperature >75°C in the presence of hydrocarbons, or a
similar reaction involving sulfur from organic compounds
(Trudinger et al., 1985); (2) an authigenic freshwater mud-
sulfide precipitation (Coleman, 1977; fig. 7.21 in Rollinson,
1993). This later hypothesis is favored, since we there are no
indicators of higher temperature fluid circulation.

Sulfates: Gypsum, barite, alunite

Distribution of sulfates: Large diagenetic crystals of gyp-
sum (up to 4 cm) disrupting lamination of Quaternary sand-
stones are found in the Four Mile Creek alluvial plain. Such

gypsum occurrences around the Lake Frome basin have
been interpreted to be of evaporitic origin (Draper, 1974).
More rarely, gypsum appears as crusts (0.2- to 0.4-mm crys-
tals) on clay fissures of the Namba Formation, where evap-
oritic conditions have led to the saturation of gypsum in des-
iccation fissures.

Alunite, KAl3(SO4)2(OH)6, was described by Callen and
Tedford (1976) in the WC2 core. The presence of this min-
eral was confirmed by XRD at depth between −105.8 and
−116 m and was also identified via SEM-EDS in the upper
layers of the Namba Formation, where it is associated with
kaolinite in highly oxidized sediments.

Barite is present in the fine mineralized sediments of the
WC2 core as small (<0.5-mm) flat transparent crystals or as
spots in the mudstone matrix. Higher concentrations of barite
are located in the carnotite zone in association with alunite
(Fig. 3). Barite is also found in the coffinite and sulfide zones. 

Sulfur isotopes: Gypsum from the Four Mile Creek area
has an average δ34S value of 14.0 per mil. A selection of sul-
fides (pyrite, chalcopyrite, molybdenite, and arsenopyrite)
from the nearby basement rocks was analyzed and found to
have a lighter sulfur isotope composition: 1.8 to 10.1 per mil.
In the Beverley Sands of the Namba Formation (WC2 core),
δ34S values in barites range between 14.9 and 16.7 per mil
(avg 15.7‰). The high values measured in gypsum and
barite suggest that the sulfates are the product of crystalliza-
tion from groundwater (evaporitic conditions) rather than
oxidation of sulfides from the basement rocks. However, a
mixed origin cannot be excluded. Crystallization of sulfates
under evaporitic conditions produces a δ34S enrichment of
around 1.65 ± 0.12 per mil in the crystal phase relative of
aqueous sulfate (Thode and Monster, 1965). This is in agree-
ment with the sulfur isotope composition measured farther
east in the Callabonna sub-basin and the Yarramba Eocene
paleochannel, to the south of Lake Frome (De Caritat and
Kirste, 2005). The S isotope composition of the alunite from
Beverley could not be analyzed because of its impure and
microcrystalline nature. However, alunite from Lake Agar
(Eyre peninsula) and Lake Tyrell (NSW) has δ34S values be-
tween 9.0 and 20.0 per mil (Bird et al., 1989), suggesting a
sulfur source in the sulfates from waters with minor or no
contributions from oxidized diagenetic sulfides (Alpers et al.,
1992).

Carnotite occurrence and geochronology

Carnotite, K2(UO2)2(V2O8)�1−3H2O, is part of a mineral
group called the uranyl micas, because of their sheetlike crys-
tal structure (Burns, 1999). Potassium ions (K+) can be re-
placed by other monovalent ions, such Na+, Rb+, Cs+, Tl+, and
Ag+. Divalent ions can also be substituted, resulting in the
M(UO2)2(V2O8)�3−8H2O structural formula, where M can be
Pb, Mn, Ba or Ca (francevillite, fritzscheite, tyuyamunite,
metatyuyamunite, and curienite). Owing to the numerous
possible substitutions and the interstitial nature of the cations
(e.g., K, Pb, and Ba), an important amount of common Pb is
expected to be present in natural carnotite. However, the
ability of the mineral to retain Pb, or even larger ions like Cs,
tends to limit the loss of radiogenic lead from the crystals.

Carnotite is the only U6+ and vanadium phase identified at
Beverley. It appears as small monocrystals 10 to 20 µm in size
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or as frambroidal aggregates up to 1 mm in diameter. It is
generally disseminated in the Beverley Sands unit. The min-
eral has also been observed in cracks within the kaolinite- and
alunite-rich samples of the Beverley Clays unit (−100 m) in
association with botryoidal allophane. Carnotite forms the
upper uranium mineralization, overlying the coffinite-sulfides
ore basal level. Its presence at Beverley also explains the high
increase in vanadium in the in situ acid-leaching techniques
extraction solutions. Electron microprobe analyses reveal that
the composition of the Beverley carnotite is close to the the-
oretical formula K2(UO2)2(V2O8).3H2O. The following ana-
lyzed elements (given in wt %) were below detection limits
(in wt %): Ba <0.28, Pb <0.11, Cs <0.16, Pd <0.18, As <0.22,
S <0.06, P <0.10, and Si <0.10. Molybdenum varies between
0.15 and 0.25 wt percent, certainly as minor substitution of
VO4

3– as MoO4
2–.

U-Pb isotope data were acquired by LA-ICPMS on
carnotite. Because of the total absence of 232Th, a precise
208Pb-based common lead correction could be applied. The
calculated ages are all concordant to subconcordant and
range from 3.4 to 5.5 Ma (Fig. 9b; results listed in Table D3).

Carbonates

Dolomitic nodules are present in the Namba clays, espe-
cially in the Alpha Mudstone, but also in the upper layers cap-
ping Namba. This is consistent with the waters of the
Miocene paleolake Frome being of hydrogeno-carbonated
type, with Ca ≤ Mg and HCO3 ≥(Ca + Mg) (Callen et al.,
1995a; Cojan and Renard, 1997). Dolomite remains a minor
phase in the Beverley sediments.

Whole-Rock Geochemistry
The chemical composition of sediments is reported in the

deposited Table D4. On average, the sediments from the
Willawortina Formation are coarse and contain detritus from
the crystalline Mount Painter domain basement. Quartz, K-
feldspar, plagioclase, and micas are the dominant components
and as a result, the K2O content is higher than in the Namba
Formation. High levels of Y, REE, Th, Nb, and Ta reflect the
presence of material from the Mesoproterozoic granites that
is dominant in the Willawortina Formation. The kaolinite-
rich levels of the upper Namba Formation display high sul-
fate concentrations related to alunite, gypsum, and barite.

Trace elements and geochemistry of the mineralization

Trace elements patterns reflect mainly the chemistry and
mineralogy of the host sediments but also the geochemical
overprint of the uranium mineralization. As the detailed ore
mineralogy has now been identified, we can assign some trace
and minor elements to specific minerals. Carnotite mineral-
ization is observed in the sulfate zone of the upper strata of
the Namba Formation. Uranium concentrations vary from 7
to 50 ppm and V from 65 to 125 ppm in these rocks. Sulfate-
rich layers (alunite and gypsum) show elevated Sr and less
marked increases in Ba, Pb, Cu, and Mo (the later associated
with carnotite). The sulfate layers are highly oxidized with a
measured whole-rock Fe2+/Fe3+ ratio less than 0.05.

The finer sediments of the Namba Formation below the Bev-
erley Sands (clay, silts, and fine sands of the Alpha Mudstone)
are more reduced and also contain the coffinite-uraninite and

sulfide mineralization. Uranium reaches 1.0 wt percent UO2

in the richest sample analyzed. The following elements show
a positive anomaly related to the coffinite nodules: Ni, Co,
Cu, Zn, Pb, V, As, Mo, and REE. The coffinite-rich sample
from this Alpha Mudstone interval at the contact to the Bev-
erley Sands is relatively reduced (Fe2+/Fe3+ = 0.31), and the
samples of Alpha Mudstone (−132 to −135 m level) contain
visible amounts of organic matter.

Samples 968 and 969 (Beverley Clays, −106 to −111 m)
contain alunite intermixed with kaolinite and have elevated Sr
(>1,000 ppm), low Ca/Sr ratios (<5.0), together with 0.14 to
0.23 wt percent P2O5. Alunite group minerals can accommo-
date large cations in the A site (Ca, Sr, and Ba) replacing K.
At the same time, PO4

3– can partly substitute SO4
2– (Stoffregen

and Alpers, 1987; Li et al., 1992). We attribute these patterns
to the alunite group minerals. The samples also have very low
Fe2+/Fe3+ ratios.

REE patterns

In general, samples from the Willawortina Formation have
much higher REE concentrations than those from the Namba
Formation, reflecting the contribution of the Mesoprotero-
zoic granites (Fig. 10a). Post-Archean Australian Shales (PAAS)
REE patterns in the bulk coffinite mineralization show a bell
shape centered on intermediate REE (Sm-Dy). This is fur-
ther confirmed by measurements in coffinite that display
REE concentrations centered on Tb (Fig. 10b). REE in the
coffinite mineralization are strongly fractionated with LaN/
SmN = 8.

The underlying Alpha Mudstone adjacent to the mineral-
ization shows enrichment in HREE (Ho-Lu), which probably
records the path of an REE-rich fluid depleted in intermedi-
ate REE and some adsorption process in the clay minerals
(Fig. 10a). This HREE enrichment is not related to coffinite
(U <<REE) or detrital heavy minerals.

The carnotite-rich layer with kaolinite and alunite possesses
the lowest sum of REE (80 ppm). Although uranium is pre-
sent in carnotite, REE are not concentrated in the rock and
the REE patterns indicate that the REE contents of the
carnotite-rich layers are controlled by the detrital minerals
monazite-(Ce) and zircon.

Interpretation of Data
The multiple datasets, analyses and observations produced

during this study are discussed in several categories: paleoen-
vironment and origin of the sediments, age of the mineraliza-
tion, physicochemical conditions of deposition, and possible
sources of uranium.

Paleoenvironment and origin of the Beverley sediments

Alpha Mudstone: The Alpha Mudstone unit, which hosts
the lower level of the Beverley mineralization, is clay rich
(smectites) and poor in heavy minerals that are released from
the local Mount Painter domain basement. The sediment is
characteristic of low-energy lacustrine environment and con-
tains organic material. High Fe, Mg, and Al contents reflect
the clay content and the presence of palygorskite or dolomite
records the Mg-Ca-hydrogeno-carbonated water chemistry
for the Miocene Lake Frome (Callen et al., 1995a; Cojan and
Renard, 1997). The clays also contain zircon fragments with
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volcaniclastic morphology (Fig. 11). The proportion of Mount
Painter domain-related zircons in the Alpha Mudstone (D ty-
pology) is low, and rutile is clearly dominant over zircon
(Fig. 4, Table D1). Hence we interpret the Alpha Mudstone
to be mainly sourced from outside the Mount Painter do-
main, from a source region rich in S - or I-type granites (based

on zircon typology) and associated metamorphic rocks (high
proportion of rutile) with a significant volcanic or volcaniclas-
tic materials contribution (zircons morphology).

Beverley Sands: The next unit, the Beverley Sands, is
coarser than the Alpha Mudstone, consisting of kaolinite-
bearing silts and fine sands. Kaolinite is thought to be sourced
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from the weathering of the local kaolinized regolith and, pos-
sibly, from outcropping granite saprolite. The dominant min-
eral is quartz; its morphology is very angular, excluding long
distance alluvial transportation (Fig. 11). However, the
feldspar proportion is very low and this excludes a proximal
fluviatile deltaic origin from the Mount Painter domain base-
ment. The heavy mineral assemblages are poor in Fe-Ti ox-
ides, in contrast with the Alpha Mudstone and the MPD, the
later containing a high proportion of hematite and magnetite.

The combination of selective geochronological and typo-
logic approaches used for the study of the zircon population
of the Beverley Sands provides considerable information
about their origin. Age populations show a dominant Permo-
Carboniferous grouping, a Devono-Ordovician grouping, and
a Jurassic-Cretaceous−aged group (Fig. 6). The only possible
source for the Early Cretaceous to Jurassic zircons lies in the
eastern Australian volcanic province (Whitsunday volcanic
province), a calc-alkaline volcanic arc extending along the east-
ern margin of the former Gondwana (Bryan et al., 2000). This
province is also referred to as the Tasman arc (Sircombe,
1999), and the only other region that could have supplied sim-
ilar material of this age is in Antarctica (Fig. 12). The major
Permo-Carboniferous zircon population probably originates in
Eastern Australia in the New England fold belt. The remain-
ing population of Devonian to Ordovician zircons can also be
originated in the Lachlan fold belt orogen granitoids, which
extend from northern Queensland to southern Victoria. As

mentioned by Sircombe (1999), zircons of Cretaceous-Juras-
sic age are present in the Eromanga and Surat basins
(Fig. 12). The Cretaceous volcanics and granitic rocks are
presently located in the eastward watershed of the Great Di-
viding Ranges, indicating a major change in paleorelief and
drainage directions since the Miocene.

The lack of rounding and mechanical wearing on the crys-
tal surfaces of Mesozoic to Paleozoic zircons is consistent with
the angular quartz grains in the formation. We envisage two
possible transportation processes for this material: (1) aerial
volcanic dispersion during major ignimbritic eruptions, which
may extend for up to 150 km, however, the eastern Australian
volcanic province is over 1,400 km away; (2) glacial dispersion
during the Early Cretaceous (144−131 Ma) glaciation docu-
mented by Alley et al. (2003). Though volcaniclastic disper-
sion has probably contributed to the dispersion of Cretaceous
zircons, it is unlikely to explain the broad assemblage of Pale-
ozoic to Mesozoic ages in the Beverley Sands, and it cannot
explain the angular morphology of the host sands. In contrast,
the age of the glaciation coincides with our youngest dated
zircons (130 ± 3 Ma), and glacial transport hence can explain
the absence of younger Cretaceous zircons present in the
Eastern Australian volcanic province (up to 95 Ma). Creta-
ceous glacial transport can also explain the presence of both
fresh Permian-Carboniferous zircons and angular quartz-rich
sands. We therefore consider the glacial transportation as the
most plausible process for bringing the Beverley Sands source
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FIG. 11.  Disseminated coffinite and heavy minerals from the Beverley sediments. (a). Coffinite nodules in mudstone-clay-
stone matrix. Some display pyrite cores (−132 m). (b). Extremely small (2 µm) disseminated coffinite in mudstone (−132 m).
(c). Coffinite nodule (white) and organic matter in mudstone (black). A pyrite layer underlines organic matter (−134 m). (d).
Fragment of zircon (light) next to a weathered euhedral crystal of albite. (e). Heavy mineral bedding in very angular quart-
zose sandstone. Zircons (white) and ilmenite (light gray). (f). Extremely fragmented fresh zircon of interpreted ignimbritic
origin in a mudstone matrix.



material into the Lake Frome basin. The area between Bris-
bane and Townsville (Queensland) where Cretaceous gran-
ites and volcanic rocks abound (Fig. 12) is the best potential
source area. Paleogeographical reconstitutions give a ~70°S
paleolatitude for this location at 150 Ma, which consisted of
mountain chains of over 1,000-m altitude at the time (Veev-
ers, 2006). This setting is ideal for sourcing glaciers, and it is
likely that the path of such glaciers extended over the Ero-
manga basin toward the southwest.

The Beverley Sands hence contain mainly reworked Early
Cretaceous glacial and fluvioglacial and/or glacio-lacustrine
materials. The fine granulometry of the formation and the
presence of kaolinite can be explained by low energy washout
of these Cretaceous materials in a lacustrine environment.
The mineralogical maturity of the assemblage (quartz-rich
sand with advanced Fe-Ti oxide disappearance) can be ex-
plained by the intense weathering of the Cretaceous forma-
tions during the Miocene-Oligocene period. The paleoenvi-
ronment of deposition of the Beverley Sands unit is therefore
interpreted as a Miocene shoreline of a freshwater lake, along
which Cretaceous sediments washouts were redeposited.

Beverley Clays: The mineralogy of the Beverley Clays unit
is dominated by kaolinite and quartz with locally abundant alu-
nite. The source of the sediment is interpreted to be similar to

the Beverley Sands unit, with the mineralogical differences re-
flecting a change in depositional environment. The nonmag-
netic heavy minerals reveal an abrupt change in relative pro-
portions between the Beverley Clays and the Beverley sands.
The rutile index [Ru/(Ru + Zr)] increases from 0.1 to 0.7 in the
Beverley Sands to 6 to 50 in the Beverley Clays; this could be
related to a sedimentary change but also be the result of a se-
lective mineral disappearance during weathering. Due to the
overall immaturity of the sediment, a change in sedimentary
source remains the most likely explanation. The distribution of
corundum also provides additional evidence for a change in
the sedimentary source. Corundum is quite rare in the Bever-
ley Sands and suddenly becomes abundant in the Beverley
Clays above the −106-m level. Occurrences of corundum are
widespread in the Mount Painter domain, especially in the Ra-
dium Creek Metamorphics and the Freeling Heights
Quartzite in the Mount Adams area. This suggests that the
Mount Painter domain starts to be a more important source of
detrital material during the deposition of the Beverley Clays,
and this could relate to an episode of exhumation. The ap-
pearance of corundum also coincides with kaolinite in the
upper part of Namba and records a change from lacustrine to
emerged conditions. Sulfides were oxidized leading to the de-
velopment of acidic soils and to the formation of alunite.

854 WÜLSER ET AL.

0361-0128/98/000/000-00 $6.00 854

45
°S

60
°S

75
°S

East Antarctica

Australia

MBL

NC

NZ
CP

AP

TI

LHR

Selected Cretaceous
Basins

Cretaceous
calc-alkaline granites

Inferred Cretaceous
silicic volcanism

Africa

Gondwanide
fold belt

Subduction zone

Continent

Continental Shelf

NC: New Caledonia

LHR: Lord Howe Rise

CP: Campbell Plateau

NZ: New Zealand

MBL: Marie Byrd Land

TI: Thurston Island Block

AP: Antarctic Peninsula

Region. Paleocurrent
direction

~150 Ma

Lake Frome area

GAB
system

FIG. 12.  Polar projection of the southern Gondwana area at ~150 Ma. The relative position of Australia and East Antarc-
tica remains identical until 80 Ma. Subduction under the eastern margin of Australia and/or East Antarctica is accompanied
by silicic explosive volcanism and calc-alkaline magmatism. The volcanic arc and the eastern Australian mountains range are
both drained into the inland basin (Eromanga basin or GAB). Paleolatitude and relief also allow extensive glaciers spreading
(modified from McLoughlin, 2001).



Willawortina Formation: The heavy mineral assemblages
in the Willawortina Formation show a wide variety with nu-
merous U-REE-Th-Y minerals reflecting the major compo-
nent sourced from the Mesoproterozoic-Paleozoic basement
rocks of the Mount Painter domain. The zircon typology also
indicates a dominant Mesoproterozoic granite-gneissic origin.
The sedimentary sequence of the Willawortina Formation co-
incides with the last period of intense uplifting in the North
Flinders Ranges.

Timing of the mineralization

The uranium mineralization at Beverley is hosted in the
Miocene to Pliocene Namba Formation. Palynology data con-
strain sedimentation between ~24 and ~6 to 4 Ma (Martin,
1990), whereas zircon population ages identified do not con-
strain these limits (youngest measured zircon is 130 Ma).
Concordant U-Pb ages obtained on carnotite suggest a late
Miocene to early Pliocene mineralizing event, between 5.6 to
3.4 Ma. Some coffinite mineralization may have formed ear-
lier, based on a single concordant age at 6.7 Ma. Unfortu-
nately most U-Pb data on coffinite are discordant, indicating
some open-system behavior. These data however clearly indi-
cate that the mineralizing event occurred prior to the major
Pliocene uplift, which led to the buildup of the thick Willa-
wortina Formation (3.5−0.7 Ma).

Physicochemical conditions during mineralization

The local environment during the Miocene was lacustrine
and changed to arid conditions during the Pliocene, with
emergent conditions and soil development. Several syndiage-
netic processes can be envisaged that could drive U mineral-
ization during this changing paleoenvironment: (1) a direct
adsorption and reduction of uranium from oxidized ground-
waters into the organic matter-bearing lacustrine mudstones
(Upper Alpha Mudstone) and quartz-rich sands on the lake
shores (Beverley Sands). Note that no organic matter is pre-
served in the Beverley Sands, suggesting either total oxidation
of organic matter in this porous unit, or reduction by migrat-
ing hydrocarbons, or reduction by microbiota; (2) a later pa-
leosoil forming in an emerged environment with arid condi-
tions; intense weathering of the outcropping outwash plain
sediments and basement; and (3) mixing of reduced base-
ment brines with shallow oxidized groundwaters along the
syngenetic Poontana fault structure.

Chemistry of groundwaters: The nature of the waters pre-
vailing during the deposition of the Namba lacustrine sedi-
ments is constrained by the presence of dolomitic nodules.
These are present in the Namba clays, especially in the Alpha
Mudstone, but also in the upper layers capping the Namba
Formation. The combined presence of dolomite and paly-
gorskite in the sediments implies that the waters of the paleo -
lake were of hydrogeno-carbonated type, with Ca ≤ Mg and
HCO3 ≥ (Ca + Mg). The transportation of uranium in this
type of waters is controlled by uranyl carbonate complexes
such as [UO2(CO3)3]4– (e.g., Brugger et al., 2005). No direct
evidence is available to support the possibility that part of the
high U nodules in the Alpha Mudstone are of syngenetic ori-
gin. The paleoenvironment then changed from lacustrine to
littoral conditions (Beverley Sands) and finally to emergent
conditions. The present groundwater composition at Beverley

and in the neighboring bores is available from the literature:
the Namba aquifer (Beverley Sands) bears 1.6�10−2 m [SO4

2–],
5.6�10−2 m [Cl−], and ~4�10−3 m [HCO3

−]; [HCO3] << [Ca +
Mg] and [Ca] ≈ [Mg] (Ker, 1966; Heathgate Resources Pty.
Ltd., 1998). The measured pH is 7.6 and the temperature in
the Beverley Sands aquifer is around 25°C. These data have
been used for the building of the log fO2- pH diagrams shown
in Figure 13. Calculations of saturation indices (SI; Bethke,
1996) for Beverley water show that barite and gypsum have
SI between −1 and 1, suggesting they still control the present
groundwater chemistry.

Reduced mineralization: The reduced uranium mineraliza-
tion at Beverley is characterized by coffinite (±uraninite) and
pyrite. These three minerals represent >90 percent of the
 authigenic minerals. Smaller amounts of sphalerite, native
copper, chalcopyrite, and barite are also present. Carnotite is
present in small quantity relative to coffinite (<1%), and chal-
copyrite, native lead, and a copper-zinc alloy are extremely
rare accessories. The presence of native lead in the reduced
ore zone provides strong constraints on the physicochemical
conditions as this mineral forms in environments where the
activity of reduced sulfur species is extremely low (Fig. 13d);
Sawlowicz (1990) suggests that native lead forms in microen-
vironments where decomposing organic matter is able to lib-
erate organic bases or NH3 into solution (fCH4(g) >> fCO2(g)).
These conditions are met in the mudstone, which contains or-
ganic matter clasts surrounded by an impermeable matrix.
Native lead hence documents the extreme reducing condi-
tions that prevailed locally during ore genesis.

The presence of native Zn in the native copper particles
does not require stronger reducing conditions than formation
of pure Cu. Native Zn itself is not stable in the presence of
water. Physicochemical changes are also observed on the rims
of native copper particles, which often display a cuprite
(Cu2O) and minor tenorite and/or malachite rim. The pres-
ence of sphalerite and minor chalcopyrite within parts of the
coffinite mineralization can be explained by stronger reduc-
ing conditions, independent of sulfur concentration (Fig.
13b). The role of microorganisms in the development of these
reduced microenvironments is supported by the strongly neg-
ative δ34S values in authigenic sulfides (sphalerite, Co-poor
pyrite, marcasite), hinting to bacterial reduction of sulfates
from groundwater. Positive δ34S in Co-rich pyrite cores in
coffinite nodules is interpreted to result from an early fresh-
water mud-sulfide precipitation in the lacustrine environ-
ment and predates the uranium mineralization. Goldhaber et
al. (1987) described the formation of coffinite as a combined
adsorption and reduction process. They found that high dis-
solved silica concentration favors coffinite versus uraninite, as
predicted from thermodynamic considerations (Fig. 13c; see
also Brugger et al., 2005). Goldhaber et al. (1987) also showed
experimentally that uranyl adsorbed on kaolinite surfaces is
quantitatively reduced by dissolved H2S (pH = 7, 35°C, pH2S

= 0.081 atm). Part of the coffinite nodules mineralization may
have occurred by reduction of the UO2

2+ by dissolved H2S
during an early stage of mineralization, though it is not possi-
ble to clearly assess this hypothesis at this stage. It is impor-
tant to note that the coffinite nodules present the criteria
listed by Cai et al. (2007) in favor of an origin via bacterial
reduction: association with fine-grained sulfides and with
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phosphorus and potassium; bacteriomorph morphology
(Fig. 8) with individual crystals having nanometer sizes. This
suggests that bacterial reduction may have been a predomi-
nant process at Beverley, especially in the Beverley Sands that
apparently lack organic matter. 

Oxidized mineralization and alteration: Carnotite at Bever-
ley is widespread in the silts and sands and is also commonly
associated with coffinite. Carnotite is very stable in relatively
oxidized groundwaters and requires very little vanadium to

form (Fig. 13c). This means that vanadium cannot be carried
simultaneously with uranium, and carnotite precipitation is
likely to occur in V-rich microenvironments, such as V-rich
clays or accessory V-rich minerals, or via mixing of V-rich
groundwaters with U-rich ones. The samples containing the
highest concentrations of carnotite occur at the top of the
mineralization (Beverley Clays) and are also kaolinite-rich
and alunite-bearing sections. In addition to these minerals,
we observed some hematite or goethite bands, which suggest
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FIG. 13.  Log fO2(g) vs. pH diagrams for U, Cu, Pb, Zn, Fe, and Al. The diagrams are based on the water compositions mea-
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local oxidation and remobilization of Fe sulfides. This is con-
firmed by the absence of Fe2+ in whole-rock analysis.

Alunite forms under acidic conditions (pH <4.5) and its
presence together with kaolinite and carnotite restricts the
forming conditions of the mineral assemblage (Fig. 13a, c).
The prevailing conditions are estimated to be between pH 3.9
to 4.5, with log fO2 from atmospheric to −30 (oxidizing condi-
tions). Based on the presence of a paleosoil with roots rem-
nants at the −100- to −102-m levels in the WC2 core and on
the absence of sulfides from −100 to −116 m (Fig. 3), the alu-
nite of Beverley is likely to have formed in a lacustrine-marsh
system by surficial sulfide oxidation. Alunite has been found
in modern acid lakes from eastern Australia (Bird et al., 1989;
Long et al., 1992). Mobilization of uranium during surface ox-
idation of sulfidic sediments was proposed by Weeks et al.
(1959) to explain the Colorado carnotite ore, with oxidation of
exposed pyrite-rich coffinite ores leading to acidic conditions,
uranium redissolution, and finally carnotite precipitation.

REE geochemistry: The Willawortina Formation has high
REE contents of ~400 ppm, reflecting the predominant
source of sediments within the Mount Painter domain grani-
toids. The mineralized silts at the base of the Beverley Sands
(−132 m) show a distinctive enrichment in medium REE,
while the coffinite-uraninite nodules show a general enrich-
ment in HREE with a distinct preference for intermediate
REE centered around Tb (Fig. 10). HREE fractionation is a
common feature of coffinite and/or uraninite (Hansley and
Fitzpatrick, 1989; Janeczek, 1991). The underlying Alpha
Mudstone displays a strong enrichment in HREE just below
the uranium mineralization, which can be explained as the re-
sult of interaction between clay minerals and HREE-rich
mineralizing fluids. Nesbitt (1979) observed preferential
HREE mobility during the weathering of a granodiorite in
east central Victoria (Australia), leading initially to an enrich-
ment of HREE in the weakly weathered rock, to a strong de-
pleting in HREE in the deeply weathered rock. Experiments
on REE mobility during alunite-jarosite dissolution under
acidic conditions at pH 3 and 4 have shown that intermediate
REE are preferably leached from the sediments (Welch et al.,
2007); hence intermediate REE enrichment could possibly
be linked to Pliocene acid soil formation. However, given the
complexity of mineral-fluid interaction (e.g., Brugger et al.,
2008), other mechanisms may explain this REE signature.
The high REE contents of the mineralization, however, can
clearly be linked to the REE-rich basement of the Mount
Painter domain.

Source(s) of uranium

Where does the uranium source lie? In the words of R. W.
Haynes (1975, p. 813), “The geomorphology of the area and
the proximity of the Beverley sedimentary uranium deposit to
the relatively rich uranium source rocks of the Mt. Painter
complex provide such an obvious association that it would be
difficult to seriously consider any alternative origin for the
uranium contained in Beverley.” The same author also com-
ments on the dispersion of radioactive minerals from the ura-
nium-rich basement rocks into the Lake Frome embayment
visible in airborne-radiometric exploration maps. Brugger et
al. (2005) showed that reduction of the modern groundwa-
ters located within U-rich Mount Painter domain granitoids

would result in Beverley-type ores. However, the current
drainage, topography, and hydrochemistry do not necessarily
reflect the paleoenvironment during which mineralization
formed. For this reason, we review the available regional ura-
nium reservoirs and discuss their potential as a source for the
uranium at the Beverley deposit (Table 5).

The presence of intermediate REE-enriched patterns in
the uranium mineralization strongly favors an origin in REE-
bearing rocks or sediments. More precisely, the REE in the
ore can originate from accessory minerals, such as polycrase-
(Y), euxenite-(Y), monazite-(Ce), or allanite-(Ce), which are
very common in the Mount Painter domain basement and re-
lated Willawortina Formation. These minerals are however
rare in sediments of the Namba Formation. The presence of
a minor population of Mesoproterozoic zircons in the Bever-
ley Sands indicates that the Mount Painter domain was per-
haps subcropping during the Miocene, and this provides an
argument in favor of the direct derivation of uranium from
the Mount Painter domain as early as during the Miocene.

The acidic conditions (i.e., pH <4.5) recognized in the Bev-
erley Clays can efficiently leach uranium from heavy minerals,
such as zircons, allanite, thorite, monazite-(Ce), polycrase,
etc. Massive amounts of U and other traces can be liberated
under acidic oxidizing conditions (Bajo et al., 1983a, b). From
the average composition, zircon contributes ~10 percent of
the total U and 1.5 percent of the total REE in the Willa-
wortina and Namba sediments. In the proximal Four Mile
Creek sediments, the dominant hosts for U and Th are xeno-
time and monazite-(Ce) (~60% of total U). Highly unstable U
rich minerals like samarskite or polycrase and brannerite are
also present in these sediments and contribute to at least a
few percent of the bulk U. In conclusion, it is important to
point out that both the Willawortina Formation and the
Mount Painter domain basement rocks have a much higher
availability of U for leaching than the Namba sediments.

The potential of these identified sources is shown in Table 5
together with an estimation of the available quantities of ura-
nium. This was calculated using the different reservoirs size,
average U concentrations, and estimating its availability coef-
ficient to release based on the average mineralogy: 1.0 for
total availability to leaching (e.g., coffinite, uraninite), 0.2 to
0.1 for Mount Painter domain basement rocks or Willa-
wortina sediments (high metamict heavy minerals content),
and down to 0.05 in the case of uranium in the Namba sedi-
ments (U in crystalline heavy minerals mostly; Table 6).

Considering the tonnage of the Beverley mineralization, in-
cluding the sub-economic and unrecoverable resources, a
global estimation of the contained uranium in mineralization
sits around 30,000 t U3O8. The scale of the mineralization re-
quires other sources than the Namba aquifers (~1,000 t
U3O8) or its weathered alunite-kaolinite capping (~300 t
U3O8). In addition, because of their downstream location,
these two reservoirs are not suitable for the genesis of the
Four Mile deposit. The basement of the Paralana High
Plains, which is outcropping in the vicinity of the Paralana
Hot Springs, is also considered too small to have provided
enough uranium for Beverley. The availability of this reser-
voir to uranium liberation is also subject to interpretation in
the absence of an exact knowledge of its uranium content and
whether it had some connection to the Namba aquifers.
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TABLE 5.  Uranium Reservoirs and Their Possible Link to the Beverley Uranium Deposit Genesis

Uranium reservoir Arguments for Arguments against Missing information

Namba Formation Presence of acid volcanic material Contains organic matter (U trapped)
(sandy aquifers) (rhyolites, dacites) in the sediment Low U content compared to other 

reservoirs (<10 ppm U)
The Beverley Sands are of limited extend 

and represent a littoral lacustrine formation

Namba Formation Leached under acidic and oxidative Kaolinite and alunite layers derive from Dating of alunite by 
(kaolinite-alunite layers) conditions the reworking from clayey pyrite-rich K-Ar or Ar-Ar 

Presence of secondary U minerals material technique
Higher % of heavy mineral from Mount More likely to be a residual formation of Sulfur isotope on alunite

Painter domain basement (corundum, mineralized Alpha Mudstone and/or 
U-rich zircons) Four Mile ore type

mREE-enriched signature of the Carnotite ages fit in the range 5.3 to 3.1 
coffinite ore Ma, which is identical to the layer 

attributed age (pre-3.5 Ma)

Willawortina Formation High U, REE, and Th content (40 ppm U) Willawortina Formation mostly postdates 
with high proportion of metamict minerals the dated mineralizing event (5.3 – 3.1 Ma)

Willawortina and Namba aquifers are 
not connected

Paralana High Plains Presence of kaolinite in several levels of Was essentially not outcropping and is Lack of knowledge on 
crystalline basement Beverley (feldspar alteration directed partly capped by Cretaceous formation the basement nature 

from basement rocks) Modern-day deep groundwaters such (granites, rhyolites, 
High U content as Paralana High S is reduced metasediments)
Proximity (present-day upstream) (H2S stable) and U poor
Location next to Poontana fault that may 

have be a conduit for fluids

Four Mile uranium Proximity (upstream) Four Mile deposit could postdate the No information on 
deposit Uplift of the Paralana High Plains may have Beverley deposit possible weathered 

provided exposition of the ore to surface, Similar grades of uranium could suggest top soils horizons
developed acid sulphate soil similar genesis but not remobilization No geochronology data

downstream from Four Mile No geochemical or min-
eralogical information

Crystalline basement of Presence of the Four Mile deposit even Was possibly covered by Cretaceous Lack of information on 
the Mount Painter domain closer to the Mount Painter domain sediments (<5 ppm U) over large parts the orientation of the 

High U in the watershed (frequently watershed over the 
>100 ppm U) Mount Painter domain 

Was sub- or outcropping before 3.5 Ma; during Pliocene and 
presence of Mesoproterozoic zircons Miocene
(favors chemical over mechanical 
U transportation)

Presence of angular sands in the Beverley 
Sands with Cretaceous zircons; this 
indicates low-energy transportation from 
Cretaceous formations

Major Miocene uplift on Paralana fault 
(dated by fission tracks)

TABLE 6.  Mass-Balance Calculation and Evaluation of the Potential Uranium Reservoirs for Beverley

U availability Reservoir U reservoir
Uranium reservoir Evaluated size Volume (km3) U (ppm) coefficient (× 106 ton) (t U3O8)

Namba Formation 
(sandy aquifers) 15 × 5 km2 × 20 m 1.50 7 0.05 2,700 1,113

Namba Formation 15 × 0.4 km2 × 2 m 0.012 15 0.80 21.6 305
(kaolinite-alunite layers)

Willawortina Formation (1) 12 × 6 km2 × 50 m 3.60 35 0.15 7,920 48,993
Willawortina Formation (2) 6 × 2 km2 × 50 m (0.60) (1,320) (8,165)
Paralana High Plains 5 × 5 km2 on 10 m (saprolith) 0.25 30 0.10 550 1944

crystalline basement
Four Mile Uranium deposit type 1 × 0.3 km2 × 2.5 m 0.0008 5,000 1.00 1.65 9721 
Crystalline basement of the 25 × 8 km2 × 10 m (saprolith) 10 25 0.10 22,000 64,805

Mount Painter domain



Although the Four Mile deposit has not formally been in-
cluded in this study, it is necessary to include it in the discus-
sion and to consider the same reservoirs for its genesis. The
deposit has a combined indicated and inferred resource of
31,505 t U3O8 at an average grade of 0.3248 percent (Alliance
Resources Pty. Ltd., 27/01/2010 press release). The Four
Mile deposit is hosted in sands of the Paleocene to early
Oligocene Eyre Formation and in Early Cretaceous sedi-
ments (Stoian, 2010). Because of its location closer to the
ranges and the Mount Painter domain basement, the poten-
tial Willawortina reservoir becomes smaller and is too small
for providing enough uranium to the Four Mile deposit
(Willawortina Formation 2, Table 6). The crystalline base-
ment of the Mount Painter domain remains the only possible
reservoir that could have provided enough uranium for the
Four Mile mineralization.

Coming back to Beverley, the remaining reservoirs to con-
sider are (1) the Mount Painter domain basement, (2) some
exposed Four Mile mineralization upstream, and also (3) the
Willawortina Formation. The geochronological data indicate
that most of the uranium mineralization at Beverley predates
the buildup of the Willawortina sequence. This therefore ex-
cludes this reservoir as a viable source of uranium. The ab-
sence of hydraulic interconnectivity between the Willa-
wortina aquifers and the Beverley Sands aquifer also makes
this source unlikely. In conclusion, the remaining possible
sources for Beverley are the Mount Painter domain basement
watershed, possibly with some component from the remobi-
lization of Four Mile mineralization upstream.

Path of the mineralizing fluids

To account for the sudden increase in Cretaceous sedimen-
tary component in the Namba Formation, it is necessary to
consider a Miocene-Pliocene uplift, which exposed the Cre-
taceous formations present on the crystalline basement or
simply enhanced the relief, permitting their partial reworking
into the lake watershed. This uplift produced a flux inversion
in the sedimentation at Beverley and a transition from lacus-
trine to littoral environment. This tectonic event produced
some transpressive movements toward the northwest and
faulting along a network of northeast-southwest subparallel
faults. The Paralana High Plains are the final result of several
basement compartment uplifts on the eastern side of the Par-
alana fault zone. The succession of uplifts along the faults
under the Paralana High Plains has led to a progressive shore-
line regression toward the east. The path of the fluids origi-
nating directly from the Mount Painter domain was either
perpendicular to the fault directions (maximum dip) or chan-
nelized along the surface expression of the faults (Fig. 14).
This interpretation means that the uranium from Beverley
could come from the northwest (through Four Mile) or alter-
natively from the north-northeast, following the Poontana
fault lineament. The Paralana High Plains substratum is
schematically a stairs-like group of blocks (Fig. 14) and each
of these blocks may have led to the formation of shoreline fea-
tures in the Cenozoic formations.

The cross section in Figure 14 also shows the altitudes of
Four Mile (+20 m) and Beverley (−30 m) orebodies, under-
lining the possibility of gravity-driven fluids crossing both de-
posits and precipitating their uranium in the appropriate

 environment. The thermoluminescence study of the quartz
around Beverley complies with both possibilities, indicating
that the sediments to the West of the Poontana fault have
been in contact with mineralization (or mineralized fluids).
The only data available to the north-northeast of Beverley
also suggest an identical trend in this direction, indicating that
part of the uranium at least came from this direction. The pe-
riod of time required to form the Beverley ore cannot be de-
termined exactly, but the geochronology data on carnotite
may suggest at least 3 Ma.

Conclusions
The reconstitution of the genesis of the Beverley uranium

deposit was made possible using a range of different tech-
niques: heavy minerals assemblages from the ore and the
nearby sediments, whole-rock and mineral geochemistry, and
finally the integration of the regional geology to link the data
collected at the deposit location.

The Beverley deposit is hosted in a detrital sandy formation
(Beverley Sands) of Miocene age. The angular morphology of
these quartz grains in the sands indicates a short transport of
the sediments and deposition in a low-energy environment.
The heavy minerals assemblage is incompatible with an origin
in the local inliers only; the absence of corundum and the rar-
ity of xenotime and monazite-(Ce) prove that the nearby out-
cropping crystalline basement was not the main source of
sediments during the Miocene. Both typology and ages for
Beverley Sands zircons also indicate a different, distal source.
The presence of volcanic and granitic Cretaceous zircons
(≥130 Ma), as well as Permo-Carboniferous zircons originat-
ing from S-type granitoids point to eastern Australia (New
England orogen) as a source area. These materials were trans-
ported to the area by glaciers during the Cretaceous.

The mineralization at Beverley is mostly composed of coffi-
nite with minor uraninite and associated native copper, pyrite,
marcasite, carnotite, sphalerite, barite, and chalcopyrite. The
presence of native lead necessitates highly reducing microen-
vironments (fCH4(g) >> fCO2(g). Using the groundwater compo-
sition and the observed mineralogy, the prevailing conditions
during the mineralization are estimated as: pH 6.3 to 8.4, with
log fO2 from −50 to −70 at 25°C. The reduction is essentially
bacterial, as suggested by negative δ34S in associated sulfides,
bacteriomorph coffinite, the P contents of the coffinite nod-
ules, and the limited amounts of organic matter in the main
ore horizons. The high REE contents of the uranium ore and
coffinite nodules are linked to an enriched source, but en-
richment in intermediate REE may reflect the influence of
Pliocene acid soil formation.

The upper part of the mineralization at Beverley has a dif-
ferent mineralogy, which records acidic oxidizing conditions
(carnotite, no coffinite, alunite, kaolinite, goethite, gypsum).
The prevailing conditions were between pH 3.9 and 4.5 and
with log fO2 from 0 to −30 at 25°C. This physicochemical en-
vironment of the Beverley Clays is interpreted to postdate the
main mineralization and to result from the exposure of pyrite-
rich mudstones to the surface by local uplift along fault struc-
tures (e.g., Poontana fault) in the Paralana High Plains. 

The U-Pb ages obtained on coffinite and carnotite (6.7−
3.4 Ma) indicate that the mineralization formed mostly, if not
completely, prior to the Pliocene-Quaternary Willawortina
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deposition (3.5−0.7 Ma). The three-dimensional setting fa-
vors two possible paths for uranium-bearing solutions toward
Beverley: (1) from the Mount Painter domain through Four
Mile deposit area and/or (2) along a north-northeast to south-
southwest corridor following a paleoshoreline due to the up-
lift of the Paralana High Plains to the west. Geochronological,
geochemical, mass-balance, and sedimentologic arguments
indicate that the only possible uranium source is the Mount
Painter domain basement.

The Beverley deposit has already proven its economic via-
bility. Exploration around the mine, which led to the discov-
ery of the Four Mile deposit, confirms the high potential of
the Paralana High Plains district. The uranium sources in the
Mount Painter domain can be considered as unlimited for
providing uranium to the neighboring basins. Assuming only
10 percent U availability from a near-unconformity layer, the
near-surface Mount Painter domain rocks from the Paralana
High Plains watershed and the Willawortina Formation con-
tain ~120,000 t U3O8. Similar settings (proximity to the
Mount Painter domain, presence of post-Mesozoic faults, and
presence of porous Cenozoic formation) can be found to the
east of the Mount Neill-Mount Adams block, as well as to the
north of the Mount Babbage inlier. If additional geochrono-
logical data on uranium mineralization could match the
Pliocene age found at Beverley (e.g., at Four Mile), a precise
reconstruction of the paleoenvironment around the Mount
Painter domain at this time would bring a powerful tool to di-
rect the future exploration, especially along paleolittoral fea-
tures.

The sandstone-hosted Beverley uranium deposit can be
classified in the tabular type according to the Bruneton and
Cuney (2010) synthesis. The mineralization is primarily con-
trolled by sedimentologic features which define the flat-
shaped mineralized bodies. The deposit is however quite dif-
ferent from the Colorado Plateau-type mineralizations
(absence of vanadium, more proximal setting), and more sim-
ilar to the Arlit district deposits in Niger (similar ore grade,
Precambrian basement proximity), although some differences
occur (lacustrine origin of the Beverley Sands, age of the min-
eralization).

It is interesting to note that the economic value of uranium
deposits in the province can be decided by sedimentologic
features. Beverley is well suited for cost-effective in situ acid-
leaching techniques mining because of its favorable hydroge-
ologic situation and because the host sediments have the right
porosity and mineralogy (e.g., low carbonate and clay con-
tents). At Beverley, these favorable sedimentologic features
result from a very complex history, including lacustrine
shores, high porosity, angular sands of ultimately glacial ori-
gin, and proximity to an active fault exposing basement rocks
exceptionally rich in uranium. 
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APPENDIX
TABLE A1.  Heavy Minerals Assemblage in the WC2 Drill Core

Weight % Detailed mineralogy of the NM fraction (% by grain counting)

34 -1.5 18 0.164 0.006 0.011 0.147
35 -8.6 63 0.594 0.038 0.110 0.446 61 30 9 2.0
36 -12.0 63 0.475 0.039 0.106 0.330 77 17 6 4.5
37 -12.6 57 0.570 0.043 0.102 0.425 2 45 50 3 0.9
38 -20.1 33 0.716 0.057 0.091 0.568 45 40 14 1 1.1
39 -25.5 31 1.029 0.055 0.111 0.863 <1 <1 50 36 13 1.4
40 -41.6 51 0.867 0.042 0.172 0.653
41 -48.1 51 0.299 0.036 0.044 0.218 52 40 7 1 1.3
42 -51.7 19 0.169 0.052 0.014 0.104
43 -61.0 42 0.837 0.153 0.162 0.522 65 28 6 1 2.3
44 -75.1 49 0.550 0.061 0.099 0.390 66 <1 30 3 2.2
45 -77.0 57 0.381 0.054 0.069 0.258
46 -82.8 25 0.168 0.028 0.028 0.112 1 30 35 30 0.9
47 -84.2 29 0.466 0.073 0.083 0.310 55 1 33 10 1.7
48 -91.0 40 0.429 0.078 0.119 0.231
49 -95.3 56 0.245 0.060 0.040 0.145 74 16 10 4.6
50 -97.1 41 0.021 0.006 0.007 0.007 3 80 6 6 13.3
51 -100.1 69 0.075 0.053 0.012 0.010 5 88 <1 3 3 1 29.3
52 -102.8 89 0.027 0.013 0.002 0.011 10 1 60 2 10 12 6.2
53 -104.9 73 0.027 0.009 0.002 0.015 <1 30 60 5 5 12.0
54 -105.5 97 0.001 0.000 0.000 0.001 1 <1 72 15 10 2 8.7
55 -110.1 94 0.006 0.001 0.001 0.004 <1 95 3 2 <1 49.0
56 -112.5 97 0.049 0.001 0.004 0.044 <1 <1 65 2 30 1 1 2.2
57 -115.6 92 0.003 0.001 0.001 0.002 1 <1 15 10 70 <1 3 0.4
58 -118.2 86 0.053 0.028 0.011 0.014 11 5 79 <1 4 0.2
59 -119.2 91 0.038 0.019 0.014 0.005 14 6 80 <1 0.3
60 -120.2 49 0.108 0.012 0.009 0.087 <1 <1 4 <1 8 8 75 <1 3 0.2
61 -121.2 65 0.106 0.046 0.042 0.018 <1 <1 5 8 85 <1 1 0.2
62 -122.9 55 0.083 0.048 0.035 0.000 <1 7 3 88 <1 1 0.1
63 -123.4 39 0.415 0.174 0.054 0.187 <1 <1 6 3 90 2 0.1
64 -125.6 77 0.023 0.001 0.002 0.020 2 <1 3 <1 40 <1 55 <1 0.7
65 -126.5 55 0.053 0.013 0.004 0.035 <1 20 4 75 1 <1 0.3
66 -127.4 80 0.054 0.028 0.025 0.002 <1 <1 <1 5 4 90 <1 1 0.1
67 -127.9 70 0.143 0.053 0.021 0.069 2 3 40 2 <1 1 <1 35 5 10 <1 4.0
68 -128.3 74 0.236 0.177 0.012 0.047 <1 <1 <1 6 35 5 4 48 <1 2 0.2
69 -128.6 66 0.318 0.231 0.035 0.052 <1 6 35 <1 5 4 48 <1 2 0.2
70 -130.0 86 0.294 0.250 0.023 0.021 <1 <1 <1 54 20 <1 2 1 12 <1 0.3
71 -131.1 93 0.026 0.011 0.003 0.011 3 8 2 3 2 5 25 1 20 2 30 <1 0.7
72 -131.2 89 0.197 0.182 0.004 0.011 3 8 2 3 2 5 25 1 20 2 30 <1 0.7
73 -132.0 97 0.791 0.771 0.003 0.016 92 3 2 3 <1 <1
74 -132.4 98 0.010 0.009 0.000 0.001 5 15 <1 <1 <1 15 45 1 5 1 10 0.6
75 -132.6 93 0.115 0.101 0.005 0.009 5 15 5 15 45 1 5 1 10 0.6
76 -133.2 96 0.012 0.005 0.001 0.005 2 29 2 1 6 18 30 2 8 1 4.0
77 -135.0 99 0.003 0.001 0.001 0.001 1 30 23 <1 2 7 8 15 1 12 1 1.3
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TABLE A4.  Whole-rock Chemical Composition of the Sediments in WC2

Formation Willawortina Namba

Sample no. 964 966 967 968 969 971 972 974 976 978

Level (m) –35 m –84 m –98 m –106 m –111 m –120 m –127 m –130 m –132 m –135 m

Major and minor elements (wt %)
SiO2 63.76 79.59 75.17 58.90 52.05 81.38 82.13 59.19 59.27 59.18
TiO2 0.71 0.36 0.66 1.05 0.73 0.75 0.91 0.60 1.11 0.77
Al2O3 16.80 9.32 13.80 19.36 26.27 9.40 10.15 20.53 23.03 17.78
Fe2O3 4.62 2.48 1.21 5.30 3.99 2.31 0.88 5.92 2.55 7.98
FeO 0.40 0.50 0.40 0.20 0.10 0.40 0.20 0.10 0.70 0.30
MnO 0.02 0.03 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.02
MgO 2.56 0.74 0.61 1.35 0.54 0.35 0.27 1.18 0.79 2.47
CaO 0.54 0.25 0.20 0.72 0.35 0.18 0.15 0.70 0.43 0.81
Na2O 1.49 0.99 0.70 0.69 0.42 0.34 0.33 0.60 0.39 0.66
K2O 3.31 2.59 2.58 1.74 1.38 0.95 0.97 0.68 0.83 1.60
P2O5 0.05 0.05 0.05 0.23 0.19 0.07 0.08 0.14 0.06 0.06
UO2 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 *0.99 0.00
BaO 0.05 0.04 0.04 0.06 0.04 0.04 0.04 0.03 0.02 0.04
ZrO2 0.04 0.03 0.05 0.03 0.02 0.04 0.05 0.02 0.03 0.02
Rb2O 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.03 0.04
SrO 0.01 0.01 0.01 0.20 0.18 0.03 0.05 0.14 0.01 0.04
ZnO 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.03
Co2O3 0.01 0.03 0.03 0.00 0.00 0.02 0.02 0.00 0.00 0.00
V2O5 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.04 0.03
LOI 5.35 2.38 4.00 9.58 13.46 3.55 3.29 9.76 8.96 7.99
S 0.24 0.06 0.86 **1.28 **2.35 0.15 0.17 0.65 0.21 0.00
Sum 99.77 99.42 99.55 99.48 99.76 99.84 99.55 99.64 99.26 99.82

Trace elements (ppm)
Ba 410 377 371 559 349 327 344 258 159 378
Rb 310 167 190 198 52 47 49 60 263 333
Sr 109 64 52 1655 1502 257 461 1167 110 180
*Y 61.7 63.4 57.9 19.5 8.0 14.6 16.7 7.4 120.5 144.2
Ni 12 7 6 8 4 7 6 6 28 *49
Cu 54 24 17 88 23 18 16 43 42 30
Zn 56 34 35 75 21 37 27 38 101 239
*Pb 15.9 20.3 18.0 80.8 19.1 9.9 10.8 28.1 41.6 15.0
Ga 25 15 21 31 19 12 12 12 26 <10
V 60 48 30 124 94 76 65 103 236 170
Sc 19 8 8 40 31 9 8 35 24 * 20
Cr 35 23 23 57 111 50 48 76 109 * 74
*As <1.9 4.1 <3.8 3.2 5.2 <2.4 <2.6 <1.5 2.7 6.6
*Mo 1.23 1.85 2.94 6.19 1.03 2.55 1.14 2.90 9.20 1.04
Zr 290 223 336 230 120 265 336 125 198 130
*Nb 30.69 19.58 33.59 34.51 10.05 10.11 9.38 9.11 14.31 9.89
*Hf 8.09 6.22 8.74 5.77 3.25 7.60 8.94 3.78 3.92 3.76
*Ta 3.64 4.25 5.13 3.11 0.85 2.51 1.89 1.02 0.85 0.93
Th 40 38 18 37 8 15 7 18 * 19 28
*U 10.1 7.2 11.4 49.3 29.2 28.2 6.9 50.9 8771 9.0
*La 103.23 104.62 92.50 60.71 25.00 39.88 112.69 33.28 44.47 67.32
*Ce 157.64 160.07 153.27 65.14 34.87 63.59 122.05 30.52 125.56 157.29
*Pr 18.13 18.70 15.44 5.90 3.22 5.35 8.54 2.07 21.01 18.62
*Nd 63.39 67.06 52.29 19.02 9.59 18.35 24.75 6.24 96.47 82.80
*Sm 9.76 9.74 8.72 3.81 1.53 3.51 3.44 1.17 26.04 15.77
*Eu 1.28 1.17 0.72 0.53 0.26 0.35 0.35 0.24 4.09 2.85
*Gd 9.64 11.38 7.07 3.61 1.54 2.46 3.17 0.88 20.98 20.08
*Tb 1.35 1.97 1.02 0.50 0.15 0.32 0.50 0.20 3.76 3.31
*Dy 10.00 11.33 11.52 3.28 1.42 2.28 4.00 1.03 22.19 22.41
*Ho 2.34 2.64 1.77 0.72 0.17 0.51 0.71 0.36 4.35 5.30
*Er 5.64 6.10 5.34 2.58 0.81 1.45 1.78 1.03 11.03 16.87
*Tm 0.93 1.05 1.19 0.27 <0.07 0.40 0.25 0.18 1.37 2.38
*Yb 5.54 5.90 7.69 2.94 0.79 1.31 2.46 1.05 10.52 16.14
*Lu 1.07 0.96 0.98 0.40 0.21 0.23 0.42 0.12 1.46 2.47
Σ REE 390 403 360 169 80 140 285 78 393 434
% lREE 87.8 87.0 87.2 89.0 91.4 90.8 94.0 92.0 73.1 75.2
% mREE 8.2 8.8 8.1 6.9 6.2 6.4 4.0 4.5 19.6 14.9
% hREE 4.0 4.1 4.7 4.1 2.5 2.8 2.0 3.5 7.3 10.0
Fe2+/Fe3+ 0.10 0.22 0.37 0.04 0.03 0.19 0.25 0.02 0.31 0.04

The heavy minerals have been listed in the column with the authigenic species first, followed by the detrital ones; the reported percentage is evaluated by
grain counting in the NM (non-magnetic) fraction; the percentage of clay to very fine sands corresponds to the washout loss from panning, after drying and
weighing of the remaining fractions; a total of 37.21 g of HM has been recovered from WC2

* = ICPMS data
** = Sulfur as SO3


