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Abstract

Lead isotope ratios and associated trace element concentrations (U, Th and Pb) extracted by partial-leaching with 2% nitric
acid from Proterozoic sandstones and basement rocks reveal much about the fluid evolution of sedimentary basins hosting
unconformity-type uranium deposits. In addition, these techniques have great potential as a guide for exploration of uranium
and other types of deposits in basins of any age. Isotope ratios of Pb in Proterozoic sandstones from basins known to contain
high-grade uranium deposits are radiogenic at key geological localities and settings distal to known mineralization and
particularly in altered zones proximal to mineralization. Sandstones completely cemented by quartz overgrowths typically have
non-radiogenic Pb isotope ratios, indicating early closure of porosity and isolation of these rocks from later fluid events.
Alternatively, the unconformity served as both a source of uranium and radiogenic Pb as well as an avenue for late-stage
(<250-900 Ma) fluid flow. The mafic volcanic units, which are relatively reducing lithologies and therefore have removed
uranium from basinal brines, have uranium-supported radiogenic Pb isotope ratios. Comparison of >**U/2°°Pb and **°Pb/***Pb
ratios is useful in determining the timing and nature of U and Pb migration before, during and after mineralization in these
basins. This comparison can be used to delineate the presence of radiogenic Pb isotope ratios that are not internally supported by
uranium and thorium in rocks, eventually providing the explorationist with geochemical vectors that point toward sites of high
potential for economic uranium mineralization.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Fayek and Kyser, 1997; Renac et al., 2002) studies of
ore and alteration minerals related to unconformity-

Numerous radiogenic isotope (Gulson and Mizon, type uranium deposits hosted by Proterozoic basins
1980; Trocki et al., 1984; Miller et al., 1989; Pagel et have shown that uranium ore bodies and associated
al., 1993) and stable isotope (Kotzer and Kyser, 1995; alteration zones experience significant post-minerali-
zation alteration and variable Pb loss during interaction
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the environs of these deposits provide an excellent
opportunity to study the late-stage basinal fluid history
as it relates to the remobilization of Pb, U and Th.

The purpose of this study is to determine the utility
of Pb isotopes in the exploration for uranium deposits
using high-resolution inductively coupled-plasma
mass-spectrometry (HR-ICP-MS) coupled with partial
leach extraction techniques of possible mobile metals
(e.g., Hall, 1998; Goldberg, 1998; Mann et al., 1998).
The rapid acquisition of Pb isotope data afforded by
HR-ICP-MS makes an investigation like this feasible
because the cost and time needed to analyze the
required number of samples for the delineation of
spatial Pb isotope trends are significantly reduced.
Therefore, this technique may be a useful supplement
to geophysical and other kinds of geochemical strate-
gies already employed in mineral exploration. In
addition, the isotopic composition of Pb mobilized
from uranium-rich sources can also be used to evaluate
where in these basins late fluid events occurred.
Herein, we describe a set of Pb isotope ratios and
concentrations from 270 sandstones and basement
samples located at variable distances from known
uranium deposits hosted by the McArthur Basin in
Australia, the Athabasca Basin in Canada and the
Thelon Basin in Nunavut, Canada.

2. Geologic considerations
2.1. The Kombolgie Sub-basin, northern Australia

The Kombolgie Basin in the Northern Territory of
Australia is the northernmost part of the much larger
Proterozoic McArthur Basin (Fig. 1). The McArthur
Basin hosts numerous world-class unconformity-type
uranium deposits of the Alligator Rivers Uranium
Field as well as some of the world’s largest sedimen-
tary-hosted Pb—Zn—Ag deposits. The study area is
located approximately 300 km east of Darwin on the
Arnhemland Plateau. Samples from ten drill holes and
an exposed silicified fault zone were analyzed for
their Pb isotope compositions.

The Kombolgie Subgroup is the basal sequence of
the terrestrial-to-marine Proterozoic Katherine River
Group (Needham, 1988; Sweet et al., 1999). This flat-
lying succession unconformably overlies gneissic Ar-
chean rocks and metasedimentary, metavolcanic and

intrusive Early Proterozoic rocks of the Pine Creek
Geosyncline that were metamorphosed during the
Barrimundi Orogeny between 1890 and 1870 Ma
(Page and Williams, 1988) and the Top End Orogeny
between 1870 and 1690 Ma (Needham, 1988). Includ-
ed in the Pine Creek Geosyncline succession are
schists of the Paleoproterozoic Cahill Formation, the
host to most uranium deposits (Needham et al., 1988).
The Kombolgie is comprised, in ascending stratigraph-
ic order, of alluvial fan to braided stream facies of the
Mamadawerre Formation, the mafic Nungbalgarri
Volcanics, the fluvial-to-beach-to-eolian Gumarrirn-
bang Formation, the felsic Gilruth Volcanics and the
coastal-to-shallow marine Marlgowa Formation (Fig.
1). Overlying the Marlgowa are marine-facies glauco-
nitic sandstones of the McKay Formation. Post-oro-
genic felsic intrusions of Jimbu Microgranite (Raw-
lings and Page, 1999) and mafic intrusions of Oenpelli
Dolerite (Kyser et al., 2000) having ages of ca. 1720
Ma intruded the Kombolgie succession. This was
followed by later magmatic events at 1370 and 1200
Ma that are marked by the intrusion of minor phono-
litic and doleritic dikes (Page et al., 1980).

Uranium deposits of the Alligator Rivers Uranium
Field occur just beneath the basal Kombolgie uncon-
formity and are hosted by carbonaceous quartz-chlorite
schist and chloritic rocks of the Cahill Formation or its
stratigraphic equivalents (Needham, 1988). Within ore
zones at Jabiluka, schists are brecciated with retrograde
chlorite and sericite replacing the clast and matrix
minerals as well as filling vein and breccia pore spaces
(Binns et al., 1980). Except for the shear zone-hosted
Nabarlek deposit, mineralization is stratigraphically
controlled by variations in host—rock lithology and
restricted to graphitic layers in schist. Strong chloritic
alteration, dated at ca. 1380 Ma (Gulson and Mizon,
1980), and brecciation that overprints earlier silicifica-
tion extends as much as 300 m above the unconformity
in the Mamadawerre Formation at Jabiluka, indicating
mineralization after the deposition of these sandstones
(Gustafson and Curtis, 1983; Nutt, 1989). Primary
mineralization at Koongarra, Jabiluka and Nabarlek
occurred ca. 1640 Ma (Ludwig et al., 1987; Maas,
1989), at temperatures between 200 and 315 °C
(Donnelly and Ferguson, 1980; Gustafson and Curtis,
1983; Wilde et al., 1989). Mineralization was associ-
ated with Ca—Mg rich saline (~ 25% Mg—CaCl,)
fluids (Durak et al., 1983; Wilde et al., 1989; Kyser
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Fig. 1. Simplified geologic map of the Kombolgie Basin showing location and distribution of Kombolgie Subgroup sandstones and igneous
rocks and the locations of major uranium deposits (solid squares) and drill holes studied from this area (solid circles). Basement plutonic and

metamorphic rocks are indicated by white.

et al., 2000). A late U-mobilization event occurred
between 600 and 400 Ma (Ludwig et al., 1987).
Sandstones in the Kombolgie Basin record a com-
plex fluid history related to diagenesis, the intrusion of
the Oenpelli Dolerite, and later tectonic events (Kyser
et al., 2000). Porosity was significantly reduced by
extensive silica cementation at 80—130 °C from low-

salinity (<10 wt.% NaCl) pore fluids during the
earliest stage of diagenesis, especially in well-sorted
lithologies. Peak diagenesis is marked by the filling of
much of the remaining pore space with diagenetic 2M1
illite and near the unconformity or volcanic units,
chlorite at ca. 200 °C from basinal brines. The intru-
sion of the Oenpelli Dolerite marks a major fluid event
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involving saline (20—-30 wt.% Na—Ca—Mg—Cl) ba-
sinal brines that resulted in quartz dissolution (250—
400 °C) adjacent to the intrusion, quartz precipitation
(<250 °C) near the intrusion, and numerous quartz
veins and breccias distal to the dolerite. Later stages of
the fluid evolution of the Kombolgie are related to
faulting, fracturing and formation of quartz-rich veins
as saline (22 wt.% Na—-Ca—Mg—Cl) fluids were
forced from deeper portions of the basin.

2.2. The Athabasca Basin

The Athabasca Basin, located in northern Sas-
katchewan, hosts the two largest high-grade uranium
deposits in the world, Cigar Lake and McArthur

a. Athabasca Basin

V4
ATHABASC;}GROUP E,iga" Lake

/
McArthur River V.

River. The crystalline basement that unconformably
underlies the eastern part of the Athabasca Basin is
part of the Cree Lake zone of the Churchill Province
(Lewry and Sibbald, 1980). The Cree Lake Zone is
divided into the Mudjatik, Wollaston, Peter Lake and
Rottenstone domains (Fig. 2). Each of these domains
represent high-grade metamorphism, anatexis and
remobilization of Archean basement during the Hud-
sonian Orogeny (1900—1800 Ma). A well-developed
paleosol extends several meters into the basement
rocks just beneath the unconformity with the Atha-
basca Group. Numerous northwest trending 1280 Ma
mafic dikes related to the Mackenzie dike swarm
intruded along reactivated fracture zones (Armstrong
and Ramaekers, 1985).
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Fig. 2. Simplified geologic maps of the Canadian basins. (a) The Athabasca Basin (after Kotzer and Kyser, 1995) showing the locations of the
Cigar Lake and McArthur River unconformity-type uranium deposits. Data from these deposits are shown in Figs. 6 and 7. The Mudjatik (MD),
Wollaston (WD), Peter Lake (PLD) and Rottenstone (RD) lithostructural domains are indicated. (b) The northeastern Thelon Basin with
locations of drill holes. Data from the Thelon Basin are described in Fig. 8.
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The Athabasca Group is a 1—-2-km thick succession
composed primarily of fluvial sandstones and con-
glomerates (Ramackers, 1981) with a minimum depo-
sitional age of 1740 Ma (Kyser et al., 2000).
Permeable coarse-to fine-grained hematite-rich con-
glomerates and sandstones of the Manitou Falls and
Fair Point Formations comprise the basal sequence of
the Athabasca Group and these units are the focus of
this study. The Manitou Falls Formation is comprised
of basal coarse sandstone and conglomerate that
grades into finer-grained sandstone with trough
cross-bedding containing rare siltstone layers, abun-
dant ripples, and mud rip-up clasts indicate a transition
from an alluvial fan to a braided delta environment.
Quartz comprises almost 100% of the detrital minerals
in the Manitou Falls Formation, but there are rare
occurrences of detrital muscovite and heavy minerals
such as apatite and zircon. Unless cemented with
quartz, these latter minerals are generally altered
during diagenesis concurrent with basin evolution
(Kotzer and Kyser, 1995; Kyser et al., 2000).

A complex fluid history related to diagenesis,
mineralization and late-stage alteration is recorded in
the Athabasca Basin (Kotzer and Kyser, 1995; Fayek
and Kyser, 1997). Early-stage burial diagenesis of the
Athabasca Group is marked by silica cementation at
150-170 °C (Kotzer and Kyser, 1995). Variable
proportions of 2M illite and dickite produced by the
alteration of detrital silicates characterize peak diagen-
esis in the basin. An assemblage consisting of hydro-
thermal illite and kaolinite intergrown with euhedral
quartz and dravite, Al-Mg chlorite, and hematite
occurs near faults, fractures, and ore deposits and
represent hydrothermal alteration that occurred during
the late stages of peak diagenesis and uranium depo-
sition. Pore spaces of basal sandstones, conglomerates
and metasedimentary rocks that straddle the unconfor-
mity are typically filled with chlorite. The presence of
sudoite in fault zone up to 300 m above the unconfor-
mity indicates the migration of ore fluids into high
stratigraphic levels (Kotzer and Kyser, 1995). Uranium
deposition occurred at 1600—1700 Ma and was remo-
bilized at ca. 900 and <400 Ma (Kyser et al., 2000).

2.3. The Thelon Basin

The Thelon Basin is located in the western part
of Nunavut, Canada, between the Slave and Church-

ill geologic provinces. This basin hosts two minor
uranium deposits, Kiggavik in the eastern part of the
basin and Boomerang along the southwestern mar-
gin of the basin (Fig. 2; Gandhi, 1989). The Thelon
Formation is a conglomerate-sandstone succession
that is part of the Upper Dubawnt Group. These
sediments unconformably overlic a basement com-
plex that includes Archean orthogneiss, Paleoproter-
ozoic metamorphic rocks of the Amer Group and
the overlying Paleoproterozoic sedimentary and vol-
canic rocks of the Lower Dubawnt Group (Renac et
al., 2002).

Most of the Thelon sandstones are quartz arenite
to subarkose and have a very complex history of
diagenesis in the eastern sub-basin that involves
early phosphate cementation, quartz cementation as
overgrowths on detrial quartz, formation of peak
diagenetic illite and later infiltration of fluids that
resulted in K-feldspar and chlorite replacement of the
illite (Miller, 1983, Renac et al., 2002). Phosphate-
rich units with anomalously high uranium concen-
trations (up to 640 ppm) occur as cement in associ-
ation with detrital phosphate clasts and diagenetic
illite and hematite, and are typically located near the
base of the Thelon (Miller et al., 1989). There is a
positive correlation between uranium and phospho-
rous concentration in these units (Miller and LeChe-
minant, 1981). Phosphates also occur as vein fillings
in the Thelon Formation as well as in the regolith
developed along the upper surface of the pre-Thelon
erosional surface at the unconformity (Gall, 1994).
The upper unit of the Thelon Formation is a succes-
sion of interlayered thinly bedded sandstone, silt-
stone, and mudstone capped by dolostone and
siliceous dolostone. These lithologic trends indicate
a transition from fluvial to marine depositional
environment during deposition. The time of deposi-
tion is bracketed by the ages of the phosphate
cement and a predepositional fluorite-bearing granite
to be between 1720 and 1760 Ma (Miller and
LeCheminant, 1981).

3. Analytical techniques
Approximately 10 cm® of each sample was crushed

using an aluminum jaw crusher and separated into
two size fractions, 0.50—1.40 and 0.35-0.50 mm.
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About 0.5 g of sample and 5 ml of 0.02 M HNO;
spiked with '"’In were loaded into a polyurethane
tube, placed in an ultrasonic bath for 120 min and
centrifuged. One gram of the liquid was diluted with
50 g of the spiked acid reagent and the Pb isotopic
ratios and trace element concentrations were mea-
sured using a Finnigan MAT ELEMENT high-reso-
lution ICP-MS.

The Pb isotope ratios were calculated using the
signal intensities (counts/s) in low-resolution mode
and have an average uncertainity of ca. 1% based on
repeat analyses. Corrections were made for interfer-
ences from Hg and mass fractionation was monitored
using T1 in the solutions and externally with in-house
and NIST Pb isotope standards (NBS 981, normal Pb
and NBS 983, radiogenic Pb). For each sample,
204py 206py, 207pp 208py, apnd 2OZHg were measured,
blank subtracted and 2**Pb was corrected for ***Hg
interference using *°’Hg. Mass bias corrections were
not applied as NIST standard values were near to
certified values and well within the limits necessary
in order to distinguish samples in the study. Concen-
trations were corrected for instrument drift and matrix
using '"’In as an internal standard and external
calibration for element concentrations and blank
subtraction.

A procedural blank and two in-house standards
were analyzed during each run of 36 samples. The in-
house standards represent two end-member isotopic
compositions, with one having high radiogenic Pb
and high trace element contents from a sandstone
near the zone of intense hematite + kaolinite alteration
from the immediate hanging wall of the Cigar Lake
deposit (CL-231-421). The nonradiogenic standard is
an unaltered sandstone distal to mineralization at
Cigar Lake (CL-182-106.5). Leachate from the
coarse fraction normally contained lower concentra-
tions of U and Pb, but more radiogenic Pb than
leachate from the finer size fraction (Table 1). The Pb
from leaching of the coarse fraction is probably that
adsorbed onto minerals during fluid migration events
that occurred long after the main uranium minerali-
zation event. The fine size fraction had a higher
common Pb component that was probably leached
from authigenic clay minerals and detrital minerals
that were more exposed as a result of crushing. The
larger concentrations of the common Pb component
contained in the authigenic clay minerals and detrital

Table 1

Pb isotope ratios in coarse and fine fractions of sandstones proximal
(CL-231-421) and distal (CL-182-106.5) to the Cigar Lake uranium
deposit, Athabsaca Basin

Sample 206pp,  207pp/  208pp;  207pp;  208ppy/
204Pb 204Pb 204Pb ZOGPb 206Pb

CL-231-421 131.00 21.09 73.47 0.16 0.56
coarse

CL-231-421 111.27 20.02 66.47 0.18 0.59
fine

CL-182-106.5 20.07 15.74 39.12 0.78 1.95
coarse

CL-182-106.5 19.69 15.94 39.54 0.81 2.00
fine

minerals effectively swamp out the radiogenic isoto-
pic composition of the much less abundant Pb
contained along grain boundaries. Except where
indicated, data discussed in this paper are from the
coarse size fraction.

4. Pb isotope systematics

Point-source concentrations of specific trace ele-
ments such as Pb, Co, Se, Sr and the isotopic
fingerprint of daughter products from radioactive
elements in unconformity-type uranium deposits pro-
vide an excellent means of determining the pathways
of late-stage fluid migration in sedimentary basins
that host these deposits. Most unconformity-type
uranium deposits are enriched in trace elements such
as Ni, Co, As, Cu, Pb and Th (e.g., Ruzicka, 1995)
relative to basin fill or basement rocks in basins. In
the case of uranium deposits, the decay of ***U and
233U results in the production of the daughter isotopes
of 2°°Pb and 2°"Pb, respectively, at a known rate. In
contrast, the concentration of ***Pb, the only stable
isotope of Pb, is unchanged through time for a closed
system. Thus, the 2°°Pb/?**Pb and 2°"Pb/***Pb isoto-
pic ratios provide information about the relative
influence of **U and 2**U in a given rock system.
Fig. 3 shows the isotopic evolution of 2*°Pb/>**Pb in
systems having initial 2**U/*°Pb ratios of 1000 and
100 for rock systems that formed at 1750, 1400, 900
and 400 Ma. Curves for the evolution of 2°’Pb/***Pb
ratios with varying initial >>>U/*°’Pb ratios would be
similar, but we have chosen to use the 2**U—2°°Pb
system throughout this study because of the greater
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abundances of these isotopes. The 1750-Ma system
represents the approximate age of deposition for the
three sedimentary basins in this study and an upper
limit for uranium ores (Kyser et al., 2000). The 1400-
Ma system represents a major stage of uranium
mineralization or recrystallization in the Athabasca
(Baadsgaard et al., 1984; Philipe et al., 1993; Kotzer
and Kyser, 1993) and Thelon (Miller et al., 1989)
basins. Remobilization of uranium also appears to
have occurred in the Alligator Rivers uranium field at
this time (Gulson and Mizon, 1980; Ludwig et al.,
1987). The 900-Ma system represents a major stage
of uranium mobilization and mineralization recorded
by many unconformity-type ore deposits (Hills and
Richards, 1976; Philipe et al., 1993). The 400-Ma age
is related to the late-stage fluid—rock interactions
involving meteoric fluids and development of perched
mineralization such as that at Cigar Lake (Philipe et
al., 1993; Kyser et al., 2000) and late-stage alteration
and isotopic disturbance at Ranger and Jabiluka (Hills
and Richards, 1976; Ludwig et al., 1987). Episodes of
Pb-mobilization from deposits in these Proterozoic
basins may have been ongoing for at least 1000 Ma
(Kyser et al., 2000).

The horizontal line at the bottom of Fig. 3 repre-
sents the evolution of common Pb based on the two-
stage Pb evolution model of Stacey and Kramers
(1975). Any 2°°Pb/2**Pb ratio higher than the value
for common Pb at a given time is radiogenic, but any
206pp2%4ph ratio greater than 30 will be considered to
be very radiogenic. These very radiogenic values are
indicative of either late introduction of radiogenic
lead into the rock by post-mineralization fluids or
anomalously high U concentrations in the rock. Note
that for an ore having an initial ***U/?°°Pb of 1000
and an initial common lead 2°°Pb/?**Pb ratio, a
206pp294pPh of about 200 is reached only about 100
million years following the uranium mineralizing
event. In contrast, the amount of time required for a
system having ®U/°°Pb=100 to reach the same
206pb/294Pb would be about 850 million years.

There are at least two ways for a rock to acquire
radiogenic Pb isotopic compositions. A rock system
can be closed such that internal decay of **U is the
only source of new 2°°Pb. In this case, the 2°°Pb/***Pb
ratio of the rock gradually increases with the passage
of time in a systematic fashion provided *°°Pb is not
lost from the rock. A rock that has remained a closed
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system with respect to uranium and Pb can be used as
a geochronometer. Alternatively, a rock can obtain a
radiogenic *°°Pb/***Pb ratio by the incorporation of
Pb transported by hydrothermal fluids that leached Pb
decay products from a uranium-rich source. This is an
open system with the potential to use the radiogenic
Pb as a tracer to track the passage of fluids having a
history of interaction with anomalous concentrations
of uranium (e.g., an ore deposit). Therefore, if the
concentrations of 238U, 206Pb, 204pp and the age of
mineralization are known, the U—Pb isotopic system
in basins can be used to delineate probable flow-paths
for post-mineralization fluids.

To illustrate the potential of this technique, con-
sider an unconformity-type uranium deposit that
formed at ca. 1400 Ma. Radioactive decay of ***U
to 2°°Pb and **°U to *°’Pb should result in a 20%
conversion of U to Pb over 1200 million years.
However, much lower Pb concentrations are found
in uraninite from unconformity-type deposits of this
age and virtually all samples from various deposits
have significantly discordant U—Pb ages (e.g., Trocki
et al., 1984; Kotzer and Kyser, 1991, 1993; Fayek
and Kyser, 1997). Significant Pb loss has occurred
from ore during interaction with later fluids, most
likely at ca. 300—-400 Ma (Wilson et al., 1987;
Kotzer and Kyser, 1991, 1993, 1995). For example,
as much as ~ 25 million kilograms of Pb having
206pp/2%Pb and 2°"Pb/2*Pb ratios >10,000 may have
been mobilized away from the 180 million kilogram
McArthur River deposit (Cameco Corporation, 1997)
in the Athabasca Basin by these fluids that affected
the deposit >1000 million years after mineralization.
If this Pb were precipitated in portions of the fluid
system ‘““‘downstream” from this ore body, there
would be an extremely radiogenic legacy in the
rocks provided there is a small concentration of
common Pb in most of the rocks around the deposit
prior to fluid infiltration. This is shown to be true at
the nearby Cigar Lake deposit where metapelitic
gneisses proximal to the orebody have highly radio-
genic 2°°Pb/?*Pb ratios that range from 19.8 to
285.7, with most values being much greater than
the typical crustal values of ~ 19 (Pagel et al.,
1993). To date, no studies have determined the extent
of radiogenic Pb migration into either basement or
sandstone rocks distal to unconformity-type uranium
deposits.

5. Results
5.1. The Kombolgie Sub-basin, northern Australia

5.1.1. King River area

Four shallow drill holes that traverse sandstones,
schist and the Oenpelli Dolerite in the King River area
of the northern Kombolgie Basin (Fig. 1), which
together represent the general stratigraphy in the area,
were analyzed for Pb isotope ratios (Fig. 4). These
data allow assessment of the influence of the Oenpelli
Dolerite as a local reductant for uranium, which could
subsequently result in mobile radiogenic Pb isotope
ratios that resemble those associated with economic
uranium deposits. Kyser et al. (2000) have reported
that basinal brines extensively altered the Oenpelli
Dolerite during the evolution of the basin and the
Oenpelli Dolerite would have acted as a reductant for
any dissolved uranium.

All samples from the Mamadawerre Formation
have 2°°Pb/***Pb ratios greater than common Pb
(Fig. 4). The two samples from DDH-243 also have
very radiogenic *°*Pb/2**Pb ratios (167.22 and
179.53) and high **’Th concentrations (400—7000
ppb), indicating significant Th-derived 208pp,
Quartz-cemented sandstones adjacent to the Oenpelli
Dolerite in DDH 244 have variable 2°°Pb/**Pb
ratios (25.09-90.14). Samples with the highest
206pb/2%Ph ratios (191.79-2579.7) include sand-
stones closest to the dolerite and the altered dolerites
themselves. Uranium concentrations in these rocks
are very high (26—1137 ppm) and are as much as 30
times greater than that for Pb, indicating much of
the radiogenic Pb is produced in situ. These samples
have 2°7Pb/2%°Pb ratios of less than 0.100, so that
the initial U/Pb of the source of the radiogenic Pb
was greater than 1000. In contrast, 2**Pb/***Pb ratios
for these samples are not very radiogenic (48.90—
76.67) and less altered dolerites farther from the
contact have much less radiogenic *°°Pb/?**Pb ratios
(35.71 and 64.36) as well as much lower uranium
concentrations (1625 and 2724 ppb). The schist from
the Cahill Formation at the contact with the Oenpelli
Dolerite in DDH-241 has a very radiogenic
2%Pb/**Pb ratio of 547.78 and *”*Pb/***Pb ratio
of 439.67. Surface outcrop samples from the King
River area have 2°°Pb/*°*Pb ratios near that of
modern common Pb (18.15-25.00).
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1975).

Drillhole U-65-2 (Fig. 4) samples a 129-m long
section of heavily fractured and quartz-veined section
of Mamadawerre Formation within the King River
area north of the Nabarlek deposit. Most 2°°Pb/***Pb
ratios in the sandstone are non-radiogenic (17.70—
22.49), although one sample from a fracture zone 75
m above the unconformity has a slightly radiogenic
206pp294pp ratio of 31.52. All quartz-cemented sand-
stones have °°Pb/***Pb ratios within analytical error
of common Pb and very low concentrations of

uranium (<60 ppb). Cahill-equivalent schist at the
unconformity has a remarkably non-radiogenic
206pp2%ph ratio of 21.06, indicating no movement
of fluids transporting radiogenic Pb through this
zone. A schist located 54 m below the unconformity
has a slightly elevated 2*°Pb/*°*Pb value of 36.37 and
a uranium concentration of 492 ppb. All the slightly
radiogenic samples have low >**U/*°°Pb ratios indic-
ative of the introduction of radiogenic Pb into these
rocks.
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5.1.2. Jabiluka

Samples from two drill holes near the Jabiluka
uranium deposit were studied for the purpose of
comparing isotopic and elemental distributions prox-
imal and distal to known mineralization. Hole X-198
samples a 182-m thick section of the lowermost
Mamadawerre sandstone just above the mineralized
zone and hole V-258 samples 107 m of heavily
altered, desilicified and chloritized lowermost Mama-
dawerre Formation approximately 350 m east of X-
198 (Fig. 4).

From the surface down to 35 m above the uncon-
formity in X-198, the *°°Pb/***Pb ratios of relatively
unaltered and silicified sandstone are close to those of
common Pb (18.25-27.65; Fig. 4). The chloritized
and desilicified lowermost 35 m of section have more
variable *°°Pb/***Pb ratios (31.64—83.75) and low U
concentrations (<100 ppb), suggesting the late intro-
duction of radiogenic Pb from the ore deposit beneath
this section. However, the 208pp204py, ratios of these
altered sandstones are also very radiogenic (59.79—
245.68). One silicified sandstone within a meter of the
unconformity has a *°°Pb/2**Pb ratio of 33.71, much
less than those of the overlying altered rocks, indicat-
ing that even sandstones proximal to the ore can be
sealed from the effects of later fluids by early quartz
cementation. A weathered kaolinite-bearing sandstone
8 m below the surface has a *°°Pb/***Pb ratio of
36.55, perhaps due to radiogenic Pb and U accumu-
lation near the surface, similar to that described by
Von Gunten et al. (1999) at the nearby Ranger deposit.
The coarse fraction of these sandstones typically has
more radiogenic Pb isotope ratios than the fine size
fraction. This is likely a product of preferential con-
centration of the uranium-sourced Pb onto grain
boundaries of coarse sand grains as opposed to the
common Pb fraction being concentrated in detrital
grains.

The 2°°Pb/2**Pb ratio (112.5) of a slightly miner-
alized (U=1470 ppb) graphitic schist 10 m below the
unconformity is radiogenic. Non-mineralized schists
have less radiogenic and more variable 2°°Pb/***Pb
ratios (34.57—79.58). High 2°°Pb/***Pb ratios accom-
panied by low **®U/2°°Pb ratios are consistent with
the introduction of radiogenic Pb into these altered
Cahill schists. There appears to be no difference
between the Pb isotope ratios of the fine and coarse
size fractions for the basement schists.

Although it is further from mineralization, the
degree of chloritic alteration and desilicification in
V-258 is much more intense than that observed in X-
198. Desilicified sandstones normally have radiogenic
206pb/294Pp ratios (30.98—76.55), with the most radio-
genic values associated with the late clay-filled veins.
However, one sample of weathered sandstone with
kaolinite replacing illite near the surface has a non-
radiogenic 206pp294py ratio (23.70). As before,
quartz-cemented sandstones have relatively non-radio-
genic °°Pb/***Pb ratios. In this hole, quartz-cemented
sandstones occur interlayered between two desilicified
zones of intense chloritic and illitic alteration; thus,
these silicified zones may have been barriers to the
movement of late-stage fluids. Similar to the altered
Cahill Schists, low 2%U/?%Pb ratios in association
with radiogenic *°°Pb/***Pb ratios in the sandstones at
Jabiluka indicate the addition of radiogenic Pb.

5.1.3. The Ranger Fault-Beatrice Inlier

Drill hole BDD-1 contains a heavily fractured,
quartz-cemented section of Mamadawerre sandstone
with late-stage kaolinite alteration. *°°Pb/***Pb ratios
between 20.62 and 25.13 for most of these sandstones
indicate only limited migration of radiogenic Pb
through these rocks (Fig. 4). The Tin Camp Granite
in the basement (*°°Pb/>**Pb=33.75) and sandstone
(*°°Pb/2**Pb =49.26) near the unconformity have only
slightly radiogenic 2*°Pb/**Pb and *°’Pb/***Pb ratios.
Except at the unconformity, U and Pb concentrations
are all below 100 ppb and the coarse fractions are only
slightly more radiogenic than the fine size fractions.
There is no correlation between the degree of fractur-
ing and 2°°Pb/?**Pb ratios in this section.

5.1.4. Southern Kombolgie Basin

Two drill holes (DAD-001 and DAD-002) located in
the southern Kombolgie Sub-basin (Fig. 1) that tra-
verse the Kombolgie section from the Gilruth volcanic
member down to conglomerates of the Mamadawerre
Formation were studied. In addition, two samples of
Gumarrirnbang Formation, one sample of Marlgowa
Formation, and two samples of McKay Formation from
other parts of the basin were also studied.

The *°°Pb/***Pb and *°’Pb/2**Pb ratios in the ex-
tensively fractured DAD-001 (Fig. 4) are variable with
the most radiogenic ratios in sandstones proximal to
volcanic units and fractures that cut zones with abun-
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dant quartz cements. The Gumarrirnbang sandstone is
highly variable in 2°°Pb/?**Pb ratios, ranging between
21.07 and 271.18, but most samples have elevated
206pp/294Ph relative to modern common Pb. Uranium
concentrations are also highly variable, but samples
with the highest concentrations (2750—9550 ppb) are
fractured and silicified with coarse hematite crystals
with radiogenic 2°°Pb/2**Pb ratios (>71.19). Fractured
Gumarrirnbang sandstone nearest to the Nungbal-
garri volcanic rocks have the highest 2°°Pb/2°*Pb
ratios (up to 271.18). Most sandstone with abundant
quartz cement have nonradiogenic 2*°Pb/2**Pb ratios
(21.07-25.64), whereas more porous sandstones have
slightly radiogenic *°°Pb/?**Pb ratios (32.98—39.14).
Drusy quartz-filled fracture zones have very radiogen-
ic 2°°Pb/2**Pb ratios (39.05—139.33), indicating that
these fractures served as pathways for the transport of
radiogenic Pb. The source of this radiogenic Pb was
likely local because nearby altered Nungbalgarri vol-
canic rocks have very radiogenic 2°°Pb/***Pb ratios
(35.74—-150.80) and high U concentrations (650—
6940 ppb). Unaltered basalt flows in the middle
of the Nungbalgarri section have nonradiogenic
206pp/2%Ph ratios (18.26—20.54) as well as low U
concentrations (<200 ppb). Coarse fraction samples
typically have higher 2°°Pb/***Pb and 2°’Pb/***Pb
ratios and lower Pb concentrations. 2**Pb/***Pb ratios
from this hole are also variable, but generally not very
radiogenic.

This contrasts with sections of the Gumarrirnbang
and Mamadawerre from the less-fractured drillhole
DAD-002 that have remarkably uniform and non-
radiogenic 2°°Pb/>**Pb ratios (18.57—26.90). Concen-
trations of leachable U throughout this hole are also
very low (<200 ppb) except for a sample of Gumar-
rirnbang sandstone with minor quartz cement, lots of
pore-filling illite, solution cavities and late-stage
bypyramidal quartz 10 m above the Nungbalgarri
contact. This sample has a 2°°Pb/***Pb of 65.05 and
U=257 ppb. Another exception is a sample of con-
glomeratic Mamadawerre Formation containing vol-
canic pebbles near the bottom of the hole with a
2%pb/***Pb ratio of 38.21.

5.1.5. Spectre area

The Spectre area is located in the southernmost
part of the Kombolgie Sub-basin (Fig. 1). Reconnais-
ance surveys conducted by Cameco Australia discov-

ered a small showing of uranium mineralization
hosted by a small fault splay associated with a major
silicified fault along strike of the South Alligator trend
of mineralization. Rock units in this area are divided
into silicified fault breccia, unsilicified Marlgowa
sandstone and McKay sandstone. Sites of uranium
mineralization occur sporatically adjacent to silicifed
zones in the sandstones.

An east—west traverse across a silicified brecciated
sinistral fault zone was collected at the Spectre local-
ity (Fig. 5). Thin quartz veins that fill fractures cut
many of these silicified sandstones. The fault is near-
vertical and the associated silicified breccia zone is up
to 200 m thick. Secondary fault splays are oriented
east—west. Mineralization is associated with late-stage
drusy quartz veins that cut unsilicified brecciated
sandstone. Breccia fillings are pink while clasts are
bleached and silicified.

Most silicifed and brecciated sandstones of the fault
zone have 2°°Pb/2**Pb (18.93-20.23), 2°’Pb/2**Pb
(15.69-16.51) and 2°*Pb/***Pb (38.12—39.44) ratios
indicative of common Pb. Most of the Marlgowa
Formation samples also have remarkably unradiogenic
206pp/2%4pp (18.85-21.52), 2°"Pb/?**Pb (15.71-
16.06) and 2°*Pb/2**Pb (37.20—38.53) ratios. As
expected, one mineralized sample has extremely high
206pp/294pp (833.57) and *°’Pb/***Pb (76.45) ratios
and slightly elevated 2*Pb/***Pb (40.59) ratio. The
absence of fault-related silicified sandstones with ra-
diogenic Pb isotope ratios indicates either that perme-
ability along this fault has been restricted since
emplacement of any uranium mineralization or that
there is no significant mineralization in the area.

Except near mineralization, total leachable Pb con-
centrations are all less than 1000 ppb (Table 2). The
three samples proximal to mineralization have total Pb
concentrations of 1377, 5835 and 9670 ppb. Leachable
U concentrations are very low (<50 ppb) for most of
the silicifed fault breccias, although two breccias near
a mineralized zone have higher U concentrations (394
and 2204 ppb). Evidence for later migration of radio-
genic Pb or other elements is lacking in this area.

5.2. The Athabasca Basin
5.2.1. Cigar Lake

The Cigar Lake deposit (Fig. 2a) is hosted by
Paleoproterozoic Athabasca sandstones and is situated
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206pp2%4ph values of silicified fault breccia (open boxes), unsilicified Marlgowa Formation (closed boxes) and mineralized veins (open dots)

are shown. Map courtesy of D. Thomas (Cameco).

along the unconformity with Paleoproterozoic base-
ment rocks. Average grades are 7.9% U;Og and
reserves are estimated to be 150,000 tons (Bruneton,
1993). The orebody is approximately 130 m below the
surface and lies on deformed graphitic metapelite.
Perched ore bodies of secondary mineralization occur
about 300 m above the unconformity in sandstones
deformed by late faults. Alteration at Cigar Lake is
characterized by a hematite and an illite zone proxi-
mal to the ore zone surrounded by a kaolinitic zone of
unconsolidated sand encased by an outer zone of
silicification (Fouques et al., 1986).

206pp29%ph (and 2°’Pb/2**Pb and Z°*Pb/2**Pb)
ratios from drill holes near Cigar Lake show numer-
ous systematic trends (Fig. 6). These data are sum-
marized in Table 3. Extensive late-stage migration of
fluids along the unconformity is indicated by radio-
genic Pb isotope ratios (*°°Pb/2**Pb=56.52—194.80)
both near and away from the orebody. The relatively
non-radiogenic character of silicified sandstones
(*°°Pb/2**Pb=19.58-36.75) is similar to our obser-
vations at Jabiluka. This is consistent with these
silicified zones being aquitards during late Pb-mobi-
lization events, although a slight amount of radio-
genic Pb was introduced into the silicified sandstones
directly above the deposit. Most of the radiogenic

samples have low *®U/2%°Pb and high 2°°Pb/2**Pb
ratios indicative of the Pb being derived from decay
of early-stage uranium mineralization not currently in
the sample. A systematic increase in all Pb isotope
ratios toward more radiogenic values in a downward
direction through a desilicified section of the Mani-
tou Falls Formation immediately above the Cigar
Lake deposit suggests that these highly altered rocks
were permeable to later fluids that transported radio-
genic Pb. Leachable Pb increases with more radio-
genic isotopic ratios in these sandstones, but this
correlation is absent in the basement rocks. Most
sandstones from CL-229, only 325 m northeast of
mineralization, have mostly nonradiogenic Pb isotope
ratios.

5.3. McArthur River

The McArthur River uranium deposit is the largest
and highest grade uranium deposit in the world with
total reserves and resources of 190 million kilograms
UsOg and average grades of 15% UzOg (Cameco
Corporation Annual Report, 1997). Mineralization is
fault-hosted in graphitic metapelite of the Paleopro-
terozoic Wollaston Group and basal sandstones of the
Paleoproterozoic Athabasca Group at the unconformi-



Table 2
Ranges in Pb isotopic compositions and concentrations of Pb, Th and U (ppm) in leachates of coarse and fine fractions of sandstones from various areas of the Kombolgie Basin

Study area  Formation No. 206pp,204py, 207pp204pp  2%8pp2%%py  297pb2%%Ph 2%8pb2%Ph  Ph Th U Alteration
samples
South Horn Mamadawerre 2 20.57-24.91 16.89-16.76  49.10-51.47 0.67-0.82 1.97-2.51 228-289 187-314 135-139 desilicified
Beatrice Fault Mamadawerre 1 25.14 20.99 53.43 0.84 2.13 69 6.5 10.8 silicified
5 20.63-33.30 16.57-19.20 48.23-52.20 0.53-0.87 1.57-2.40 31-140 35-200 31352.0 un(de)silicified
3 20.78-49.27 15.19-18.36  49.60—122.53 0.37-0.76 2.39-2.49 78-403  95-899  30-638 desilicified
Granite 1 33.76 17.77 132.60 0.53 3.93 661 1406 212
Ranger Mamadawerre 2 23.04-27.10 15.61-17.91 40.12-49.95 0.66-0.68 1.84—1.85 20029 215-572  110-158 desilicified
Near Mamadawerre 3 19.92-22.04 16.71-17.33  42.35-50.06 0.78-0.84 1.71-2.28 60-91 41-242 14-56 silicified
Nabarlek 8 18.61-31.53 15.02-18.02 42.18-61.95 0.56-0.91 1.96-2.41 41-211 42-268 14-61 un(de)silicified
2 17.71-19.65 16.08—16.91 4596-41.17 0.86-091 2.33-2.35 65-129 53-112 16-17 desilicified
Cabhill 2 21.07-36.37 16.79-17.85 59.00-71.41 0.80-0.49 1.96-2.81 71-819 19-492 19-492 schist
King River Mamadawerre 4 18.16—-36.03 13.85-17.60 38.54—167.27 0.49-0.81 1.88—4.64 25-911 130-7186 4.5-214 un(de)silicified
6 25.10-90.14 18.93-33.60 75.15-179.54 0.34-0.78 1.32-4.76 68352 128-6227 81-318 desilicified
Cahill 1 547.78 67.90 439.67 0.12 0.81 329 4192 43437 schist
Oenpelli 4 181.80-2579.77 20.55-229.12 48.91-89.15 0.08-0.11 0.02-0.30 234-3680 42-5499 260201137338 altered
3 35.02-94.13 17.30-22.99 47.55-60.46 0.24-0.49 0.64—1.36 294-4366 80—190  366—1876 slightly altered
Jabiluka Mamadawerre 2 18.24-36.55 17.18-17.56  41.24-47.38 0.54-0.94 1.28-2.60 3.8-206 16-274 76 weathered
6 18.26-33.71 16.36-17.36  39.45-68.95 0.52-0.90 1.98-3.26 97-228 9.1-288 5.1-94 silicified
5 20.10-33.67 16.22-18.50 40.11-61.87 0.55-0.82 1.84-2.09 53-259  7.3-265 4.5-109 un(de)silicified
13 23.71-83.75 16.30-22.96 43.10-245.69 0.26-0.72 0.88-3.36 67-503  5.4-1207 4.7-571 desilicified
Cahill 3 34.58-112.54 17.43-23.79 53.67-196.31 0.21-0.51 0.48-4.34 181-616 15-721 39-1469 schist
Deaf Adder ~ McKay 3 19.91-21.26 15.90-16.07 37.20-43.82 0.75-0.80 1.75-2.20 98-426  27-286 103-215 silicified
1 28.88 16.86 44.34 0.59 1.55 217 189 72 desilicified
Rhyolite 1 24.04 16.38 44.00 0.68 1.83 303 200 773
Marlgowa 8 18.94-19.67 15.69-16.54 38.25-40.45 0.80-0.87 1.95-2.13 172-365 1.9-29 5.9-96 silicified
2 18.85-19.23 15.72—15.75 38.13-38.54 0.82-0.84 1.98-2.04 158-167 3.8-154 6.2-83 unaltered
4 19.32-833.58 15.74-76.46  38.55-40.60 0.09-0.82 0.05-1.99 76-4942 19-779  4.7-51898 desilicified
Gumarrirnbang 17 19.79-25.65 1526-16.92 36.08—71.85 0.64—0.80 1.51-2.80 140-386 14-612 16—184 silicified
4 20.72-39.15 15.32-17.57 38.30-54.10 0.45-0.79 1.24-2.00 113-592 15-211 16-477 unaltered
8 18.76-271.18 15.78—42.40 36.13-80.86 0.16—0.84 0.15-2.85 152-1654 11-479  36-9547 desilicified
2 39.05-139.33 18.04-28.31 56.86-62.38 0.20-0.46 045-1.46 170-209 226-359 403-4089 fractures
Nungbalgarri 5 35.75-150.81 16.66—-26.47 56.27-87.81 0.18-0.47 0.46-1.77 263-572 353-1813 130-6942 altered
3 18.26-20.54 16.08—16.42 39.69-43.10 0.80-0.88 2.10-2.17 900-2782 463-642 85-166 less altered
Mamadawerre 5 20.21-24.91 15.88—-16.48 40.13-52.37 0.66—0.79 1.80-2.28 217-532 37-125 24-174 silicified
8 20.05-23.75 15.71-16.48 40.86-50.63 0.65-0.80 1.79-2.38 277-457 24-744 18145 unaltered
8 20.60—40.57 15.87-17.72  39.30-56.98 0.43-0.77 1.15-2.16 147-395 44-267 27-162 desilicified
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boxes). The dashed line at >°°Pb/”**Pb=18.70 corresponds to the modern >*’Pb/2°°Pb value for common Pb.

ty between these units (Marlatt et al., 1992). Pb—Pb
ages of uraninite ore and Rb—Sr ages of coeval illite
constrain the formation of the orebody at ca. 1500—
1600 Ma (Kotzer and Kyser, 1993). Alteration is
characterized by intense silicification of the lower
150 m of the Manitou Falls Sandstone just above
the unconformity (Marlatt et al., 1992). Hydrothermal
clay alteration is weak and is comprised of an early
illite overprinted by late-stage kaolinite (Kotzer and
Kyser, 1995). Fayek and Kyser (1997) found that
chemical U-Pb ages of most late-stage Cu—U
hydrates and coffinites from McArthur River were
less than 195 Ma.

2%pb/2%Pb, **’Pb/***Pb and *°Pb/***Pb ratios
from McArthur River indicate a different late-stage
fluid history from that for Cigar Lake (Fig. 7). These
data are summarized in Table 3. Except for thin
siltstone layers, extensive zones of silicified Manitou
Falls sandstone have non-radiogenic Pb isotope ra-
tios (*°°Pb/***Pb=17.64—31.00), even within meters
of the unconformity. Silicified sandstones have
higher 2°°Pb/°*Pb ratios (30.57—109.31) near the

ore zone. Except for siltstone layers and sandstones
within 30 m of mineralization, all fine size fractions
have non-radiogenic Pb isotope ratios. Coarse-frac-
tion 2°°Pb/2**Pb and 2°’Pb/***Pb ratios are elevated
through the entire sandstone section above the de-
posit, indicating upward migration of mobile radio-
genic Pb or U, most likely along faults. There is no
apparent correlation between Pb isotope ratios and
the concentration of leachable Pb. Radiogenic Pb
concentrations for most sandstones are within the
expected values produced from the decay of U and
Th contained within these rocks, consistent with
these rocks being impermeable to late-stage fluids
and early U-migration. Overall, these data indicate
that early-stage and syn-mineralization silicification
is an effective means of isolating parts of the system
from the effects of later fluid events.

5.4. The Thelon Basin

Five drill holes from the eastern Thelon Sub-basin
were studied (Fig. 8). Holes DPR-9 and DPR-6 are



Table 3

Ranges in Pb isotopic compositions and concentrations of Pb, Th and U (ppm) in leachates of coarse and fine fractions of various lithologies in drill core from around the Cigar Lake

deposit
Drill hole  Lithology ~ Number  2°°Pb/2**Pb 207pp/204pp 208pp,204py, 207pp/206pp  2%8pp2%pL  Pb Th U
Cigar Lake, Athabasca Basin
Hole 231 Sandstone 3 55.41-130.86 18.04-21.86 51.11-93.47 0.16—0.33 0.55-0.92 453-8107 452-87292 1191-135126
Hole 231 Basement 4 36.91-52.16 17.16—18.69 54.70-59.35 0.34-0.47 1.10-1.51 9437-41618 29763862 844-2628
Hole 182 Sandstone 21 18.36—74.21 15.63-20.70 38.93-155.92 0.28—-0.88 1.08-2.63 102—-1370 23-3267 35-3005
Hole 182 Basement 5 49.56-485.04 19.91-67.73 48.70-76.48 0.14-0.40 0.10-1.17 111-1164 118-3948 744114410
Hole 230 Sandstone 9 23.49-70.18 15.47-18.86 37.24-62.09 0.27-0.66 0.88—1.73 268—-5504 19-199 665—8854
Hole 230 Basement 2 37.74-41.34 17.35-17.60 57.98-58.07 0.43-0.46 1.41-1.54 7380—-19583 1779-2921 2180-22762
Hole 185 Sandstone 15 21.25-40.67 15.85-18.43 39.78-294.31 0.45-0.75 1.36-7.24 140-2112 72-32631 43-834
Hole 185 Basement 8 34.26-186.35 17.16—-28.35 56.73-122.81 0.15-0.50 0.66—1.97 408-7021 1685889 185—-15607
Hole 229 Sandstone 6 19.50—194.80 15.77-32.90 39.03-65.97 0.17-0.81 0.34-2.00 214-382 24-3095 33-1311
Hole 229 Basement 2 33.29-48.86 17.74-18.69 54.65-58.81 0.38-0.53 1.20—1.64 373-423 131-153 201-595
MacArthur River, Athabasca Basin
RL-86 Sandstone 6 17.64—67.79 14.14-19.82 34.28-79.05 0.29-0.81 1.17-1.98 45-138 5-585 23-1425
RL-51 Sandstone 9 18.29-35.87 15.04-16.69 38.65-88.58 0.47-0.82 1.63-3.36 104-1490 14-7221 10-418
MR-222 Sandstone 4 30.57-52.64 17.75-23.16 48.73-67.00 0.44-0.67 1.28-1.71 67—1375 20-51 143-2366
MR-224 Sandstone 14 23.55-109.31 18.80—-31.98 46.37-203.19 0.21-0.80 0.62-3.33 30-524 3855-8392 124-9943
Thelon Basin, Nunavat
81-D-2 Sandstone 6 16.86—46.89 14.20-19.04 34.17-48.04 0.41-0.88 0.92-2.16 283-2024 23-280 49-615
80-D-2 Sandstone 4 17.98-33.25 15.98-23.32 41.77-101.77 0.70-0.90 1.83-3.06 220-703 205-1066 91-225
DPR-6 Sandstone 19 20.80-43.81 15.96—18.60 41.47-53.12 0.43-0.78 1.04-2.33 125-1326 274—-14888 163-2499
DPR-9 Sandstone 6 18.86—49.94 15.54-18.56 35.70-56.40 0.37-0.82 1.06-2.30 609—11605 403-2279 245-7846
81-D-4 Sandstone 17 15.56—-56.70 13.45-19.30 34.00—54.49 0.34-0.87 0.88-2.64 178—-9025 52-1307 34-1323
Basement 2 22.73-38.85 18.03-16.18 41.28-42.53 0.46-0.71 1.06-1.87 162-589 29-38 70—-20488
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located in the central part of the sub-basin far from
known mineralization (Fig. 2b). These holes sample
thick sequences of Thelon Formation sandstone, but
the holes did not reach the unconformity. In order to
get a better understanding of basinal hydrogeology
closer to mineralization, three drill holes (80-D-2, 81-
D-2 and 81-D-4) that penetrate the unconformity and
associated paleosoils located within 15 km of the
Kiggavik deposit were included (Fig. 2). Pb-isotope

and element concentration data from the Thelon Basin
are summarized in Table 3.

5.4.1. Central Thelon Sub-basin

Numerous zones containing phosphate-rich clasts
characterize hole DPR-6 (Fig. 8). Through 640 m of
sandstone, most 2°*Pb/***Pb ratios are non-radiogenic
(20.79-25.33), indicating minimal migration of ra-
diogenic Pb through the section. However, leachable

Fig. 8. Plot of 2°°Pb/***Pb versus depth from drill holes located in the central part of the northeastern (DPR-6 and DPR-9) and the southern
(81-D-2, 80-D-2 and 81-D-4) parts of the Thelon Sub-basin. The drill holes in the southern part of the basin are within 20 km of the
Kiggavik uranium deposit. Denoted are altered sandstone (open dots), unaltered sandstone (solid boxes), silicified sandstone (open boxes)
and adularia-cemented sandstone (dotted boxes). The dashed line at 2°°Pb/***Pb = 18.700 corresponds to the 206pp/2%Ph of common Pb.

Lithologic columns from Renac et al. (2002).
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U concentrations in many of these sandstones are all
greater than 160 ppb, a background value much
higher than that observed for other basins. One
desilicifed sample (DPR-6-83) contains 2499 ppb of
leachable U. Only one sample at a depth of 240 m in
DPR-6 has radiogenic °°Pb/?**Pb ratios, and this is a
conglomerate containing phosphate clasts surrounded
by alteration haloes.

DPR-9 is located 25 km west—northwest of DPR-6
(Fig. 2). Sandstones in this hole have similarly low
206pp294ph values (18.86—26.12) and high back-
ground leachable U concentrations (245—493 ppb).
The only sample that has a radiogenic 2°°Pb/***Pb
ratio of 49.94 also has a high uranium content of 1528
ppb. Taken as a whole, these Pb isotope data from
central part of the eastern Thelon Basin indicate no
migration of radiogenic Pb through this part of the
basin.

5.4.2. Southeastern Thelon Sub-basin

Hole 80-D-2 is a 440-m deep hole that was drilled
to the unconformity located about 20 km west of
Kiggavik (Fig. 8). All of the sandstones analyzed
from this locality have nonradiogenic *°°Pb/***Pb
ratios (17.98—-26.59), but the ratios begin to increase
within 20 m of the unconformity. Uranium concen-
trations from these sandstones are low (<120 ppb)
relative to samples from the center of the basin. A
silicified paleosol at the unconformity has a slightly
radiogenic *°°Pb/***Pb ratio (33.24) and a slightly
higher leachable U concentration (225 ppb).

Drillhole 81-D-2 is 235 m in length through the
heavily silicified basal Thelon Formation and is lo-
cated 12 km northwest of Kiggavik. Most silicified
sandstones have non-radiogenic *°°Pb/***Pb ratios
(18.92-22.70) and moderate leachable U concentra-
tions (49—233 ppb). One silicified conglomerate 40 m
above the unconformity has a 2°°Pb/***Pb value of
46.88 accompanied by a high uranium content (560
ppb), probably due to the preferential concentration of
heavy minerals. A heavily altered, slightly mineral-
ized (20488 ppb U) sheared gneiss with red hematite
alteration at the unconformity has a moderately radio-
genic 2°°Pb/?**Pb ratio (38.84). Chloritic gneiss with
calcite veins 30 m below the unconfomity has a
nonradiogenic 2°°Pb/?**Pb ratio (22.72) and very
low leachable uranium (70 ppb). This relationship in
the basement indicates that, like all the previous

basins, the unconformity is a preferential site of
uranium and radiogenic Pb deposition.

81-D-4 is the drill hole closest to Kiggavik at a
distance of 10 km. All sandstones from this hole have
206pp/2%4ph ratios within analytical error of common
Pb (17.07—24.97) yet have variable leachable urani-
um concentrations (53—987 ppb). Siltstones at the
bottom of the section have the highest uranium con-
centrations (342 and 987 ppb). In the basement,
206pp/2%ph ratios are more radiogenic (29.32 and
56.69) and these increase downward through the
uppermost 5 m of basement. Leachable uranium
concentrations in these gneisses are moderate (1323
and 841 ppb) relative to other basement rocks from
the Thelon Sub-basin.

6. Discussion

These partial-leach Pb isotope techniques will be
effective in the exploration for uranium resources
only if data are considered within their geologic
context. It is especially important to identify potential
pathways of late-stage fluid flow prior to the employ-
ment of these isotopic and trace element techniques
and to verify that the radiogenic Pb and other
components that have been added to the sample do
not reflect “background” values. To this end, the
effects of potential reductants such as mafic volcanic
rocks and the permeability history of the unconfor-
mity, fractures, faults, and silicified zones must be
assessed in the area of interest. Potential point sources
for Pb isotopes and mobile metals in the basin other
than the deposits themselves need to be recognized.
For Pb, the isotopes that are produced in situ must be
accounted for (Fig. 9A—D). This will be a function of
the U/Pb ratio in the sample and the time that has
passed. Any excess 2*°Pb or 2°’Pb that could not have
been produced by the amount of U in the sample must
have been derived from an extraneous U-rich source,
such as a uranium deposit, and then introduced into the
rock by post-mineralization fluids. This excess radio-
genic Pb that is not internally supported by U and Th in
the rock could serve as a tracer that records the path-
ways and direction of late-stage fluid migration
through sedimentary basins that host uranium deposits.
Hence, the explorationist has much to gain by the
recognition of geochemical vectors of increasingly
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Except for adularia-cemented sandstone (crossed open squares), all symbols are identical to (A). Highlighted are fields of data from the central
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radiogenic Pb-isotope ratios that point toward sites of
high potential for economic uranium mineralization.

6.1. Anomalous uranium at the margins of mafic
volcanic units

Mafic volcanic units in the Kombolgie Basin are
reductants resulting in localized uranium deposition.
Oxidized basinal fluids moving through the sandstone
transported U®* that was reduced to U* " as the fluids
encountered the mafic volcanic units and reduced Fe-
bearing minerals such as pyroxene, olivine and am-
phibole (e.g., Komninou and Sverjensky, 1996; Kyser
et al., 2000). Indeed, the margins of the volcanic units
in the Kombolgie Basin do have aberrantly high
uranium contents, indicating that the basinal fluid
was transporting U° " that was fixed at the margins.
Fluid compositions would have become more Ca- and
Mg-rich in response to the alteration of the mafic
rocks. Where the sandstones contact volcanic units in
the Kombolgie, both have radiogenic Pb isotope ratios
(Fig. 3) as well as high leachable Pb and U contents
(Fig. 9A). The ***U/*%Pb and *°°Pb/***Pb ratios of
these samples (Fig. 9A) are consistent with much of
the radiogenic Pb being produced in situ since early
diagenesis at ca. 1700 Ma or from later fluid events at
ca. 1400 and 900 Ma. Thus, any basin that contains
extensive interlayered mafic volcanic units would
have localized enrichment of reduced uranium along
the contacts if the basinal fluid were transporting U° ",
This localized uranium enrichment will produce ra-
diogenic Pb, resulting in radiogenic ratios in situ or
radiogenic Pb that can be mobilized by later fluids and
be trapped elsewhere.

In addition to causing both local and more distal Pb
isotope anomalies, the volcanic units may also affect
the uranium budget of the basin. Leachable uranium
concentrations measured in altered Nungbalgarri vol-
canic rocks within a meter of the sandstone contact
average 2 ppm above background whereas the contact
zones of the Oenpelli Dolerite have higher average
leachable uranium enrichments of ca. 100 ppm. The
Gilruth Volcanic unit is thin, but probably analogous
to the Nungbalgarri volcanic rocks. All of these mafic
intrusive and volcanic units occur through the entire
areal extent of the basin (about 3000 km?). Using
these estimates for the U enrichment in the igneous
rocks as a result of interacting with a basinal brine,

there would be approximately 3 x 10® kg of uranium
distributed amongst these regional-scale zones of
subeconomic mineralization. According to Needham
(1988), the demonstrated uranium resources of the
Kombolgie Sub-Basin deposits total 5 x 10° kg.
Therefore, our estimate for the total amount of urani-
um trapped in these volcanic units approaches the
known uranium resources for the region. Existence of
these mafic lithologies early in the diagenetic history
of the Kombolgie Basin (e.g., Kyser et al., 2000) most
likely resulted in removal of significant amount of
uranium from basinal fluids and segmentation of the
basin hydrogeology as it relates to the transport of
uranium. Presently, these mafic units are potential
sites of low-grade uranium and radiogenic Pb enrich-
ments above normal background and sources of
mobile radiogenic Pb.

6.2. Stratigraphic controls

Stratigraphy appears to affect the mobility of metals
and radiogenic Pb. Sandstones that have been silicified
by early quartz cementation tend to have common Pb
isotopes and low leachable contents of metals. This
contrasts with conglomeratic lithologies and those
with clay minerals in the matrix and limited quartz
cements that have radiogenic Pb isotopic compositions
and elevated metal contents, especially in the environs
of a known deposit. Almost all silicified sandstones
have Pb isotope ratios indicative of common Pb or Pb
produced insitu (open squares in Fig. 9A—D). These
impermeable silicified rocks have low *°°Pb/2**Pb
ratios and low Pb and other metal concentrations,
consistent with the early isolation of these rocks from
later fluid events (e.g., Kyser et al., 2000). These units
served as aquitards through most of the evolution of
these basins even near some large ore deposits, as
indicated by the nonradiogenic character of silicified
sandstone at Jabiluka (Fig. 9A), even within 10 m of
the deposit (Fig. 4). At Cigar Lake, the *°°Pb/***Pb
ratios of silicifed sandstones are generally less radio-
genic than the isotopic ratios from sandstones lacking
significant silica cement (Fig. 9B). Near the McArthur
River deposit, few quartz-cemented sandstones show
anomalous Pb isotopic compositions (Fig. 9C).

For the conglomerates, high metal contents may
reflect heavy minerals such as zircon, apatite and
monazite that concentrated uranium and associated
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daughter Pb, if they were not altered by basinal brines.
For example, the few Thelon sandstones with radio-
genic 2°°Pb/***Pb ratios are conglomerates containing
preserved heavy minerals. These samples have
28U/2%Pb ratios indicative of closed system decay
of U since at least 1800 Ma (Fig. 9D). The phosphatic
upper part of the Thelon sequence at DPR-6 has
anomalously high uranium concentrations relative to
sandstones from the Athabasca and Kombolgie
Basins, but 2°°Pb/***Pb ratios are nonradiogenic. In
this case, there has been recent addition of uranium
(Fig. 9D), most likely from breakdown of phosphate
minerals. In the Athabasca Basin, the basal older
sandstone unit tends to have more radiogenic Pb
isotope ratios than the overlying sandstone units,
probably due to these older sandstones being silicified
and retaining heavy minerals such as zircon and
apatite (Fig. 9C). The majority of samples collected
from near the unconformity in all basins have leach-
able radiogenic Pb isotopic compositions, but this Pb
could have resulted from the amount of U in the
sample. In fact, most have had addition of U. Hence,
these apparent anomalies in Pb isotopes and metal
contents reflect background enrichment at the uncon-
formity, with the radiogenic Pb reflecting in situ
production.

At the Spectre locality in the southern Kombolgie
Basin, silicified fault zones were closed to fluid flow
very early in their history. Fault splays appear to be
the site of late-stage Pb and U migration (Fig. 5).
Similarly, the fault zone at U-65-2 was sealed because
silicifed and unaltered samples at the unconformity
have non-radiogenic Pb isotopic compositions (Fig.
4). This implies that silicified sandstones, except
where cut by late fractures, experience only limited
degrees of late-stage fluid movement, or that there is
no source of radiogenic Pb (e.g., uranium deposits)
upstream along the flow path.

6.3. Fractures as avenues of fluid transport

In the Kombolgie Basin, both the margins of
volcanic units and drusy quartz-filled fractures that
cut silicified zones near ore deposits have elevated Pb
isotope ratios (Fig. 4). These fracture zones were
permeable to basinal fluids and thus served as possible
avenues of radiogenic Pb migration. Much of the
quartz formed in these veins has been coated with

hematite and other iron oxide minerals that could have
incorporated Pb either during their crystallization or
adsorbed radiogenic Pb from later fluids onto their
surfaces. The ***U/2%°Pb and 2°°Pb/***Pb ratios indi-
cate migration of U and Pb into these fractures at any
time between 400 and 1700 Ma (Fig. 9A). Thus, the
nature (volcanic-hosted or an unconformity-type de-
posit?) of these anomalous uranium and radiogenic Pb
occurrences can be determined.

Another example of fracture-controlled movement
of radiogenic Pb and U along fractures through an
intensely silicified sandstone section is just above the
mineralized zone at the McArthur River deposit (Fig.
7). The radiogenic 2°°Pb/?**Pb ratios and high
238U/2%Pb ratios in these silicified rocks proximal to
mineralization (<200 m) indicate episodes of U and
radiogenic Pb migration at 1250 and 900 Ma (Fig.
9C), most likely along faults and fractures. Silicified
sandstones with radiogenic 2°°Pb/***Pb ratios are also
observed in the lowermost 100 m of the Manitou Falls
Formation in a hole located 3 km from the mineralized
zone (Fig. 7). The timing of the introduction of U into
these silicified sandstones at McArthur River occurred
contemporaneous with the development of secondary
uranium minerals in the ore zones (e.g., Fayek and
Kyser, 1997).

6.4. The permeable unconformity

Unconformities are zones of enhanced permeabil-
ity in addition to serving as the boundary between
oxidized basinal sandstone lithologies and reduced
basement schists and volcanic rocks. Most uncon-
formities proximal to mineralization (< 1.5 km) have
very radiogenic Pb isotope ratios. Our data from the
Thelon Basin and the environs of the McArthur River
deposit show that the scale of late-stage U and Pb
migration along the unconformity is between 1.5 and
8 km (Figs. 7 and 8). The non-radiogenic 2°°Pb/?**Pb
ratio at the unconformity a few kilometers south of
Nabarlek in the Kombolgie Basin (Fig. 4) indicates
only limited movement of late fluids along this
boundary in this area. However, Pb isotope systemat-
ics of unconformity-related rocks can provide a valu-
able means of determining the direction of late-stage
fluid flow. This is shown at Cigar Lake where the
direction of fluid flow along the unconformity was
most likely to the northwest, as indicated by variations
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in the thickness of the zone of radiogenic Pb isotope
ratios in sandstone and basement lithologies (Fig. 7),
and at McArthur River with a southwest to northeast
direction of fluid movement after the main stage of
mineralization.

The magnitude of radiogenic *°°Pb/***Pb ratios at
the unconformity can be a valuable means of assess-
ing the relative prospectivity of a given part of a basin.
Sandstones and unconformity samples with 2°°Pb/
20ph ratios greater than 100 are all situated within
1 km of mineralization at Cigar Lake (Fig. 9B),
McArthur River (Fig. 7), and Jabiluka (Fig. 4).
Moderate, but still radiogenic, 206pp/2%4Ph ratios near
the unconformity are located as far as 8§ km from
known mineralized zones at the Thelon Basin (Kig-
gavik), Cigar Lake and McArthur River. However,
paleosols typically have anomalous concentrations of
U (e.g., MacDonald, 1985), so these zones would be
expected to have radiogenic 2°°Pb/***Pb ratios at the
onset of basin evolution. Unsupported 2°°Pb/>**Pb
ratios at the unconformity indicates that U has been
removed or, more likely, radiogenic Pb from a U-rich
source has been added.

6.5. Proximity to ore deposits in sandstones

With the exception of the altered margins of mafic
volcanic units and conglomeratic samples containing
heavy minerals, all sandstone sections distal to known
uranium deposits have dominantly non-radiogenic Pb
isotope ratios. Sandstone sections above the Jabiluka
(V-258 and X-198; Fig. 4), Cigar Lake (CL-230 and
CL-231; Fig. 6) and McArthur River (MR-222 and
MR-224; Fig. 7) uranium deposits typically have
radiogenic Pb isotope ratios. These radiogenic Pb
isotopic compositions are unsupported by the amount
of U in the sandstones above the Jabiluka (Fig. 9A)
and Cigar Lake (Fig. 9B) deposits, consistent with the
introduction of these daughter isotopes from the
deposits during post-mineralization fluid events.
These radiogenic 206pb/294pp ratios (>30) are most
pronounced in the hanging wall alteration zone at
Cigar Lake, where every sample from this section has
elevated isotopic ratios. This heavily altered section of
the Manitou Falls Formation lacks any silicified
zones, so it was permeable to late fluids through its
entire thickness. This contrasts with the data from
McArthur River and Jabiluka, where the presence of

the impermeable silicifed zones above the deposits
retarded late-stage migration of radiogenic Pb and U.
However, fracturing of the silicified sandstones above
the McArthur River deposit facilitated the introduc-
tion of radiogenic Pb and U during and following
mineralization whereas these fluids only infiltrated
along fault splays at the Spectre locality in the
Kombolgie Basin.

7. Conclusions

Studies of Pb isotopes and mobile trace elements
from weak acid leaching of basement rocks and basin
sediments provide insight into the late-stage fluid
history of Proterozoic sedimentary basins that host
unconformity-type uranium deposits. Early isolation
of silicified zones from basinal fluids preclude these
lithologies as being useful for determining modes of
post-mineralization element transport. Radiogenic Pb
in mafic volcanic rocks indicate these served as local
sinks of U during diagenesis. The presence of such
volcanic rocks in a basin hinders the formation of
large deposits at the unconformity due to the scav-
enging of uranium from the basinal fluids prior to
their reaching the unconformity. Late structures, such
as fractures and faults, were the most likely avenues of
late-stage element migration in these basins; thus,
these domains within a basin have the greatest utility
for determining whether anomalous concentrations of
uranium are present along the upstream path of these
structures.
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