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ABSTRACT

A method for in situ U–Pb isotopic analyses by secondary ion mass spectrometry (SIMS) has been developed for uranium
minerals with a range of chemical compositions. This method combines the advantages of conventional U–Pb dating (i.e., use of
concordia) and in situ analysis, and therefore is ideally suited for the study of chemically complex and fine-grained uranium
oxides associated with uranium deposits. An ion-yield normalizing coefficient (�SIMS) that accounts for variation in relative
ion-yields with chemical composition of the mineral of interest was calculated using uraninite standards that cover a range of U
and Pb compositions, and an appropriate empirical mass-bias model was developed. The coefficient �SIMS varies as a function
of wt% PbO, requiring two working curves to define the relationship between the 206Pb+/238U+ and 207Pb+/235U+ values measured
by SIMS versus the “true” 206Pb/238U and 207Pb/235U values:

207Pb+/235U = 0.762 ± 0.015 (207Pb+/235U+)0.69±0.02

206Pb/238U = 0.333 ± 0.007 (206Pb+/238U+)0.64±0.02

The application of this technique to unconformity-type uranium deposits in the Athabasca Basin, Saskatchewan, demonstrates
that at the microscale, these deposits preserve the initial age of mineralization (1486 to 1519 Ma) and a temporal record of
accretion and breakup of supercontinents. Prior to in situ analyses, this detailed chronological record was obscured by the wide
variability in U–Pb and Pb–Pb data obtained by micro-drilling and conventional isotopic analyses due to mixing of different
generations of minerals.

Keywords: uraninite, U–Pb, SIMS analyses, ages, geochronology, fluid-circulation events, Athabasca Basin, Saskatchewan.
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SOMMAIRE

Nous avons développé une méthode d’analyser in situ les minéraux d’uranium à composition chimique variable afin d’en
obtenir ponctuellement les rapports isotopiques U–Pb. La méthode, qui fait appel à la spectrométrie de masse des ions secondaires
(SIMS), possède les avantages d’une datation conventionnelle U–Pb (utilisation des diagrammes concordia) et d’une analyse in
situ, et serait donc idéale pour l’analyse des oxydes complexes d’uranium, à granulométrie fine, associés aux gisements d’uranium.
Un coefficient normalisateur décrivant l’efficacité de production des ions (�SIMS) rend compte des variations en production
relative dépendant de la composition chimique du minéral analysé; il a été calculé à partir des étalons d’uraninite représentatifs
d’un intervalle de concentrations en U et Pb, et comprend un modèle empirique approprié servant à corriger un biais massique. Le
coefficient �SIMS varie en fonction de la proportion de PbO, et requiert deux fonctions afin de définir la relation entre les valeurs
de 206Pb+/238U+ et 207Pb+/235U+ mesurées par analyses SIMS versus les “vraies” valeurs de 206Pb/238U and 207Pb/235U:

207Pb+/235U = 0.762 ± 0.015 (207Pb+/235U+)0.69±0.02

206Pb/238U = 0.333 ± 0.007 (206Pb+/238U+)0.64±0.02

L’application de cette approche aux gisements discordants d’uranium du bassin d’Athabasca, au Saskatchewan, démontre
qu’à un échelle microscopique, ces gisements conservent l’âge initial de minéralisation (1486 à 1519 Ma) et un bilan temporel de
l’accrétion et du démembrement des supercontinents. Avant cette possibilité de faire des analyses in situ, la résolution
chronologique des événements majeurs était impossible à cause de la grande variabilité en données U–Pb et Pb–Pb disponibles
par micro-carottage et analyses isotopiques conventionnelles, due au mélange de différentes générations de minéraux.

(Traduit par la Rédaction)

Mots-clés: uraninite, U–Pb, analyses SIMS, âges, géochronologie, événements de circulation des fluides, bassin d’Athabasca,
Saskatchewan.

oxides associated with unconformity-type uranium de-
posits.

SECONDARY ION MASS SPECTROMETRY

A SIMS analysis requires a focused beam of primary
ions a few �m in diameter, which bombards the solid
surface of a sample to carry out a localized analysis.
The bombardment or “sputtering” removes atoms from
the polished surface of the specimen. Some of these at-
oms are ionized during the process, and can be focused
and accelerated as a “secondary” beam through a slit
and into a mass spectrometer (Reed 1989). For U and
Pb measurements, a 12.5 keV O– primary beam is used
because it enhances the yield of secondary positive ions
(e.g., U+, Pb+, Th+).

During the measurement process, a mass-dependent
bias, referred to as instrumental mass fractionation
(IMF), is introduced, and it typically favors the light
isotope. The observed IMF results from a variety of pro-
cesses, including secondary atom ionization (sputtering)
and extraction (e.g., Sigmund 1969, Schroeer et al.
1973, Williams 1979, Yu & Lang 1986), secondary ion
transmission (e.g., Shimizu & Hart 1982), and detec-
tion (e.g., Lyon et al. 1994, Riciputi et al. 1998). Sput-
tering and ionization, which depend strongly upon
sample characteristics (i.e., chemical composition), are
the greatest contributors to variability in IMF. There-
fore, accurate isotopic analysis by SIMS requires cali-
bration using a mineral standard that is compositionally
similar to the unknown to correct for IMF. Ion-micro-
probe results from the standard are compared to its ac-
cepted isotopic composition in order to calculate a
correction factor that is applied to the unknowns mea-

INTRODUCTION

Secondary ionization mass spectrometry (SIMS) is
a technique that provides in situ measurement of isoto-
pic ratios with a spatial resolution on the scale of a few
�m. The ion microprobe has been used for over 30 years
to measure the U–Pb isotope systematics of minerals
(e.g., Anderson & Hinthorne 1972, Holliger 1988, Wil-
liams et al. 1996). The ability to obtain precise mea-
surements of an isotope ratio from individual grains has
improved U–Pb geochronological results on zircon (e.g.,
Meyer et al. 1996) and uranium-rich minerals
(Meddaugh 1983, Holliger 1988, 1991, Cathelineau et
al. 1990, Fayek et al. 2000).

Recent studies of the Cigar Lake deposit have dem-
onstrated the utility of using a combination of SIMS and
electron probe to study the chronology of complex ura-
nium-rich minerals (Fayek et al. 2000, 2002). These and
other studies demonstrate that the U–Pb isotope system-
atics of uranium-rich minerals from the Cigar Lake de-
posits have been affected paleo-fluid-flow events that
were controlled by regional and global-scale tectonic
events (Kotzer & Kyser 1995, Kyser 2000, Kyser et al.
2000). In this study, we have developed a robust method
for U–Pb dating of uranium-rich minerals by ion micro-
probe; the method does not require the use of an elec-
tron probe. This method is here applied to uranium
minerals from other unconformity-type uranium deposit
from the Athabasca Basin as an extension of the work
conducted on the Cigar Lake deposit. The SIMS tech-
nique combines the advantages of conventional U–Pb
dating (i.e., use of concordia) and in situ analysis. This
method thus is ideally suited for the study of chemically
and mineralogically complex and fine-grained uranium
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sured during the same analytical session (e.g., Holliger
1988, Cathelineau et al. 1990, Meyer et al. 1996).

Quite commonly, the minerals of interest (e.g., mag-
nesite, siderite) vary considerably in their chemical com-
position or are chemically zoned at the micrometer
scale, and it is impractical to find standards that match
the wide range in chemical compositions of the un-
knowns. Therefore, a mass-bias model that accounts for
variation in IMF with chemical composition for the
minerals of interest is necessary. These models are de-
veloped using a suite of standards with chemical com-
positions that cover the range of compositions of the
unknowns where a working calibration curve is devel-
oped (e.g., Riciputi et al. 1998). In addition, the relative
ion-yields of two elements and their isotopes, such as U
and Pb, may vary as function of chemical composition,
producing erroneous measurements of elemental and
isotopic ratios. For example, the 206Pb+/238U+ value
measured by SIMS may deviate significantly from the
“true” 206Pb/238U value because Pb ionizes more readily
than U. In addition, the 206Pb+/238U+ value also may vary
as a function of chemical composition of the sample
because other elements present (i.e., Si, Ca) may en-
hance the ion-yield of Pb+ or U+. Therefore, an ion-yield
normalizing coefficient (�SIMS) that accounts for varia-
tion in relative ion-yields with chemical composition for
the mineral of interest is necessary (Holliger 1991,
Cathelineau et al. 1990). Similarly, models are devel-
oped using a suite of standards with chemical composi-
tions that cover the range of compositions of the
unknowns, and a working calibration curve is developed
(Riciputi et al. 1998).

PREVIOUS ION-MICROPROBE STUDIES

OF URANIUM OXIDE MINERALS

Previous ion-microprobe investigations of the U–Pb
isotope systematics of U-oxide minerals (Meddaugh
1983, Fourel et al. 1988, Holliger 1988, 1991, 1994,
Holliger & Cathelineau 1986, 1987, 1988, Cathelineau
et al. 1990, Fayek et al. 2002, Evins et al. 2001) have
revealed important information regarding the formation
history of certain types of uranium deposits, but were
limited in adaptability and accuracy by possible matrix-
effects and the requirement of a uraninite standard ho-
mogeneous in Pb/U.

Holliger (1988) characterized a sample of uraninite
from Vendée, France, for use as an ion-microprobe stan-
dard. The U–Pb isotopic composition (i.e., 206Pb/238U)
of this material was characterized by microdrilling thin
sections and analyzing the extracted material by ther-
mal ionization mass spectrometry. Five measurements
gave a concordant age of 540 Ma. Using an 8 keV Ar+

primary ion beam focussed to a 10 �m spot, Holliger
(1988) found Pb+ and UO2

+ ions to be the most abun-
dant secondary ions of Pb and U. A normalizing coeffi-
cient, �SIMS, of 0.72 ± 0.02 (2�), defined as the ratio
of the true 206Pb/238U to the 206Pb+/270UO2

+ value mea-

sured with the ion microprobe, was used to correct for
ion-yield bias between Pb+ and UO2

+ (Holliger 1988).
Holliger (1991) and Cathelineau et al. (1990) made use
of another sample of uraninite from Vendée, which gave
a concordant age of 285 Ma and exhibited homogeneous
U and Pb concentrations over large regions (>200 �m).
The Pb/U value of the sample was determined by elec-
tron microprobe, and this value was used to calculate a
revised � value of 0.63 ± 0.03. Cathelineau et al. (1990)
reported uncertainties in 206Pb/238U, 207Pb/235U, and
206Pb/207Pb values of 0.5%, 1%, and 0.08% (2�), respec-
tively.

A limitation of this technique is that the �SIMS
value calculated for uraninite cannot be used to correct
for ion-yield bias between Pb+ and UO2

+ ions in ura-
ninite with U and Pb concentrations that differ signifi-
cantly from the standard. In our own experience,
relatively small differences in uraninite composition can
significantly alter the relative efficiencies in ionization
of these two species, essentially ruling out this approach
for the complex compositions of naturally occurring
uranium-bearing minerals (e.g., Fayek & Kyser 1997,
Fayek et al. 2002).

Meddaugh (1983) introduced a method later refined
by Fayek et al. (2001) that utilizes both the electron and
ion microprobes to obtain rapid and precise in situ U–
Pb isotopic data on uranium minerals. With this tech-
nique, the Pb isotope ratios are determined by ion
microprobe and the concentration of Pb is measured by
electron probe. The results are combined to calculate
the concentrations of 206Pb and 207Pb. Using the present-
day 238U/235U value of 137.88, and the U concentration
measured by electron microprobe, the amount of 238U
and 235U is calculated. The concentrations of 238U, 235U,
206Pb, and 207Pb are then used to calculate 206Pb/238U
and 207Pb/235U for each spot. This method avoids the
need for a uraninite or coffinite ion-microprobe stan-
dard with a homogeneous Pb/U value because only the
Pb isotopes are measured by ion microprobe, which
exhibit negligible instrumental mass-fractionation
(Meddaugh 1983, Evins et al. 2001). In addition, minor
alteration-induced phases with complex chemistry, such
as coffinite and Ca–U-rich phases, can be routinely ana-
lyzed for their U–Pb isotopic composition.

There are disadvantages to this technique: 1) each
spot must be analyzed by both SIMS and electron mi-
croprobe, which lengthens the time of analysis, 2) the
volume sampled by the electron beam is larger than the
volume sampled by the ion beam, and 3) this method
cannot be applied to samples that have experienced se-
vere nuclear processes (such as the natural fission reac-
tor zones at Oklo, Gabon), where the 238U/235U ratio
departs from 137.88. The analytical approach used in
this study combines both techniques to develop a series
of equations, which relate normalizing coefficients
(�SIMS) for U and Pb isotopic measurements by ion
microprobe to chemical compositions (matrix effects).
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uraninite standards (Table 1) were determined by wave-
length-dispersion spectroscopy using an automated
CAMECA SX50 X–ray microanalyzer operated at 15
keV, a beam diameter of 10 �m, and counting times of
40 s per element. Synthetic UO2, grossular, and galena
were used as standards for U, Si and Ca, and Pb, respec-
tively. Detection limits of the elements were on the or-
der of 0.1 wt%. The program PAP was used to reduce
the data for the various elements. The oxygen contents

FIG. 1. (a) Reflected-light microscope image of the standard from the Topsham mine (TS), Main. (b) Back-scattered electron
(BSE) image of the TS standard. (c) Reflected-light microscope image of a botryoid of uraninite from the Sue Zone (Sue 129),
Athabasca Basin, which is used as a standard. (d) Back-scattered electron (BSE) image of Sue 129. Arrows point to ion-
microprobe pits.

ANALYTICAL CONDITIONS

Uraninite standards for SIMS analysis

The suite of uraninite samples used as SIMS U–Pb
isotopic standards (Fig. 1) were examined for homoge-
neity and alteration by transmitted light microscopy,
back-scattered electron imaging and quantitative elec-
tron-microprobe analysis. Chemical compositions of the
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of uraninite were calculated by stoichiometry assuming
an ideal composition of UO2.

The standards were analyzed by ion microprobe to
establish their U/Pb values, to verify that their U–Pb iso-
topic composition is homogeneous at the scale of the
ion beam (i.e., 10 �m). The small size of some stan-
dards (2 mm) precluded micro-drilling and U–Pb isoto-
pic analysis by thermal ionization mass spectrometry
(TIMS). Therefore, these standards were calibrated us-
ing the ion microprobe – electron microprobe technique,
as described by Fayek et al. (2000, 2001), which is sum-
marized below. However, the standard LAMNH 30222
was micro-drilled using a 100 �m diamond drill bit, and
the powder separates were calibrated by TIMS (Evins
et al. 2001).

U and Pb isotopic analyses
of uranium oxides by ion microprobe

The analytical protocol for U–Pb measurements in
uranium minerals using the CAMECA 4f is similar to
that used for U–Pb analyses by Fayek et al. (2000). A
~2 nA primary ion beam of O–, accelerated at 12.5 kV,
was focused to a 15 � 30 �m spot using a 100 �m ap-
erture in the primary column. The sample accelerating
voltage was +4.45 kV, with electrostatic analyzer in the
secondary column set to accept +4.5 kV. The entrance
slit was narrowed to obtain flat-top peaks at a mass re-
solving power of about 500. Ions were detected with a
Balzers SEV 1217 electron multiplier coupled with an
ion-counting system with an overall deadtime of 15 ns.
The following species were detected sequentially by
switching the magnetic field: 203.5 (background),
204Pb+, 206Pb+, 207Pb+, 208Pb+, 209 (208Pb+ hydride),
235U+, 238U+, and 239 (238U+ hydride). During some
analytical sessions, the 238UO+ and 238UO2

+ species
were monitored in addition to the Pb and U ion species
using a 0.5 nA primary beam.

The 50-volt energy offset in conjunction with a liq-
uid nitrogen cold trap helped maintain a high vacuum
(1.5e–9 torr) in the sample chamber, and suppressed
hydride isobaric interferences (Fig. 2). Mass scans indi-
cate that isobaric interferences were negligible (Fig. 2).
A typical analysis lasted ~10 minutes, comprising 25

cycles of analysis. Negligible amounts of common Pb
(204Pb+) were detected.

The Pb isotope ratios from standards determined by
ion microprobe and the concentration of Pb measured
by electron microprobe were combined to calculate the
concentrations of 206Pb and 207Pb. Using the 238U/235U
value of 137.88 and the U concentration measured by
electron microprobe, the amounts of 238U and 235U were
calculated. The concentrations of 238U, 235U, 206Pb, and
207Pb were then used to calculate 206Pb/238U and 207Pb/
235U for each spot. The equations used to calculate val-
ues of these ratios for the standards and error calcula-
tions are similar to those used by Fayek et al. (2000,

FIG. 2. Low-resolution (�M/M = 500) mass scans of (a) the
lead isotopes and Pb-hydrides (mass 209) and (b) the
uranium isotopes and U-hydrides (mass 239) in the
standard LAMNH 30222.
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2001). Concordia intersections were calculated using the
program ISOPLOT (Ludwig 1993). Uncertainties in the
ages are reported at the 2� level in every case.

Preparation of samples from
unconformity-type uranium deposits

Polished thin sections with uranium minerals from
two unconformity-type uranium deposits from northern
Saskatchewan, Canada, were cut into sections 25 mm
diameter. The mounts were then washed with a dilute
soap solution, rinsed in deionized water, dried and car-
bon coated. Uraninite, coffinite and Ca–U-rich phases
were examined in the same way as the SIMS standards.

Prior to SIMS analysis, the mounts were re-polished,
cleaned to remove the carbon coat, and reflected-light
photomaps of the entire mount were made. A ~200 Å
thick coat of gold was sputter-deposited on the surface
of the sample mount prior to ion-microprobe analysis to
ensure a surface conductivity of 5–10 ohms/cm. The
mounts were placed in stainless steel sample holders,

and the entire assembly was then placed in the ion-mi-
croprobe sample lock and held at high vacuum for a
minimum of 8 hours prior to the start of the analysis.

RESULTS

Instrumental mass-fractionation

The instrumental mass-fractionation (IMF) for the
isotopes of U and Pb was investigated by Evins et al.
(2001). In summary, the fractionation factors for Pb
isotopic analysis of uraninite obtained using the condi-
tions described in the previous section and the
CAMECA 4f at Oak Ridge National Laboratory
(ORNL) indicate that the fractionation of Pb isotopes is
approximately zero. However, this result differs from
data collected using the CAMECA 1270 at the
NORDSIM facility in Stockholm, Sweden, where the
Pb isotopic fractionation was approximately 1%/amu in
favor of the heavier Pb isotope. However, this value
decreased during NORDSIM sessions once efforts were
made to mimic the ORNL analytical conditions, such
as using a cold trap, a 50 V offset, and placing the
sample in vacuum prior to analyses (Evins et al. 2001).
Therefore, these data indicate that hydrides were not
completely resolved or sufficiently minimized at
NORDSIM. Owing to the small amount of material that
is sputtered, 204Pb is virtually non-detectable. Therefore,
the amount of common lead is negligible, and correc-
tion was not deemed necessary.

The fractionation factors for U isotopic analysis of
uraninite are calculated by dividing the average result
of each SIMS analytical session by the accepted value
of 235U/238U (0.00725). The fractionation factor for U
isotopes calculated from data collected at both ORNL
and NORDSIM is 1.4 ± 0.1%/amu (1�) and 1.4 ± 0.4%/
amu, respectively, in favor of the lighter isotope (Evins
et al. 2001).

FIG. 3. (a) A plot of 206Pb+/238U+ value measured by SIMS
versus current of the primary beam, which shows that as
the current is increased, the 206Pb+/238U+ value decreases.
(b) A plot of 235U+/238U+ ratio measured by SIMS versus
current of the primary beam similarly shows a decreasing
235U+/238U+ value with increasing current. Although
changing the dead time did affect the 235U+/238U+ value
obtained, it did not significantly affect 206Pb+/238U+. Data
are from Table 2.
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Inter-element fractionation

The secondary ion yield for a given element is re-
lated to the concentration of that element in the sput-
tered volume and a series of complex parameters such
as the total sputtered yield per incident primary ion, ion-
ization efficiency and the relative sputter efficiency of
the element, and the extraction efficiency of the second-
ary ion optics for that element (Williams 1988, Williams
1998). All of these factors affect the measured inter-
element value (e.g., U/Pb) so that the measured value
can be significantly different from the “true” value.
Therefore, standards are required to correct for the dif-
ference between measured and “true” values.

We have investigated the inter-element fractionation
of U and Pb as a function of primary ion beam current
and spatially across a standard block. The results show
that Pb/U decreases as the intensity of the primary beam
increases (Fig. 3a, Table 2), whereas the 235U/238U value
is not significantly affected by the change in the inten-
sity of the primary beam (Fig. 3b, Table 2). Although
this trend could be caused by an incorrect dead-time
correction, changing the dead time did not significantly
reduce the influence of the primary beam intensity (Figs.
4a, b). Therefore, for accurate Pb/U ratio analysis, it is
critical to maintain a constant current for the primary
beam. Traverses across large (1 � 0.8 cm) grains of the
TS standards show that the Pb/U value does not change
across isotopically homogeneous standards (Fig. 4).

U–Pb ion-yield normalizing coefficient
(�SIMS): calculations and standardization

The ratios 206Pb/238U and 207Pb/235U measured for
each standard by TIMS or the method described by
Fayek et al. (2000, 2001) were compared to the 206Pb+/
238U+ and 207Pb+/235U+ values obtained by SIMS (Table
3). Analysis sessions occurred over an 8-month period
to check the reproducibility of the method (Table 3).
An ion-yield normalizing coefficient (�SIMS), which
is the ratio of the “true” values for 206Pb/238U and 207Pb/
235U versus the values of 206Pb+/238U+ and 207Pb+/235U+

determined by SIMS, was calculated for each standard
(Table 3). Values of �SIMS vary as a function of wt%
PbO (Fig. 5a), and therefore two working curves were
developed that define the relationship between the
206Pb+/238U+ and 207Pb+/235U+ values measured by SIMS
versus the “true” 206Pb/238U and 207Pb/235U values (Figs.
6b, c):

y1 = 0.762 ± 0.015 x1
0.69±0.02 [1]

y2 = 0.333 ± 0.007 x2
0.64±0.02 [2]

where y1 and y2 are “true” values, and x1 and x2 are the
values of 207Pb+/235U+ and 206Pb/238U+, respectively,
measured by SIMS. These equations were used to cor-
rect the 207Pb+/235U+ and 206Pb+/238U+ values obtained
by SIMS for all the unknowns (Table 4), including
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coffinite and Ca–U-rich phases. Although matrix effects
were not extensively studied because of lack of suitable
standards, the fact that coffinite and Ca–U-rich phases
plot on concordia (see below) suggests that matrix ef-
fects are negligible, and that these equations can be used
to correct the 207Pb+/235U+ and 206Pb+/238U+ values ob-
tained by SIMS for uranium-rich minerals other than
uraninite. However, Si- and Ca-rich uranium mineral
standards such as coffinite and calciouranoite are re-
quired to adequately investigate the matrix effects on
the U and Pb isotopic ratios, and on Pb/U values. In
addition, grains of the TS standard were mounted on
three separate blocks to determine the change in �SIMS
between standard mounts. The data in Table 3 show that
�SIMS does not change between standard mounts and,
therefore, standards may be used to correct for un-
knowns mounted on separate mounts.

Several ion-microprobe studies of zircon and mona-
zite have shown that Pb+/U+ varies as function of UO+/
U+ (e.g., Claoué-Long et al. 1995, Williams et al. 1996).
Although there is a weak correlation between Pb+/U+

and the oxide species UO+/U+ (Fig. 6a) and UO2
+/U+

(Fig. 6b) for uraninite (Table 5), the large scatter in the
data and the poor fit of the curve to the data suggest that
this method is not an accurate technique of standardiza-
tion for uraninite.

Although a detailed discussion of the formation of
uranium oxide species during sputtering of uraninite is
beyond the scope of this paper, a non-systematic for-
mation of the uranium oxide species during sputtering
may be due to oxygen occurring as structurally bound
oxygen, bonded to uranium atoms, and as interstitial
oxygen partially filling vacancies within the fluorite

structure adopted by uraninite (Berman 1957, Fayek et
al. 1997a). When the impinging primary beam implants
oxygen into the uraninite structure, the implanted oxy-
gen likely goes into these interstitial sites. Therefore,
the interstitial oxygen is preferentially removed from the
uraninite structure. However, because these vacancies
in uraninite are only partially filled with oxygen, the
amount of interstitial oxygen available to form oxide
species and the degree of oxidation that occurs during
sputtering likely depend on the proportion of vacancies
that are filled.

FIG. 5. A plot of (a) �SIMS for 207Pb/235U versus wt% PbO,
(b) 205Pb+/237U+ measured by SIMS versus 205Pb/237U
(“true”), and (c) 206Pb+/238U+ measured by SIMS versus
206Pb/238U (“true”) for uraninite standards with different U
and Pb concentrations. Data are from Table 3.

TS A Uraninite Standard

0.0403

0.0405

0.0402

0.0399

0.0400

0.0400

0.0407

Epoxy

0 0,25 0,5 cm

FIG. 4. A schematic representation of standard TS A from the
Topsham mine, Maine. Shown are the location of the
analyses and the 206Pb+/238U+ values obtained.
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U–PB GEOCHRONOLOGY

OF UNCONFORMITY-TYPE DEPOSITS

Geological considerations

The Athabasca Basin (Fig. 7) contains a sequence of
Middle Proterozoic, mature quartz sandstones, collec-
tively referred to as the Athabasca Group (Ramaekers
1981), that unconformably overlie Archean basement
(MacDonald 1987). Deposition of uranium is generally
interpreted to have occurred at moderate depths and tem-
peratures (ca. 2–5 km and 200°C) in response to inter-
action of uraniferous, oxidizing, basinal brines with
reducing basement-derived fluids along faults that cross-
cut the unconformity (Pagel et al. 1980, Kotzer & Kyser
1995).

Generally, high-grade uranium mineralization occurs
as lenses of massive uraninite, the most common re-
duced (i.e., U4+) mineral containing uranium. However,
subsequent infiltration of fluids has caused partial alter-

ation of uraninite to uranyl silicate hydrate (coffinite)
and uranyl oxide hydrate minerals (e.g., Fayek & Kyser
1997, Fayek et al. 2002).

The paragenesis developed by Kotzer & Kyser
(1993) and Fayek & Kyser (1997) was used to select
uraninite samples that were categorized as stage-1, -2,
and -3 uraninite based on cross-cutting relationships,
textures observed in thin section and back-scattered
electron images, oxygen isotopic composition, and
chemical composition. Stage-1, -2 and -3 uraninite oc-
curs as masses, cubes, and pseudo-cubes, ranging in size
from 0.1 to 0.5 cm across. Stage-1 and -2 uraninite also
occurs as nodular masses that attain a diameter of 5 mm
and is characterized by high Pb contents (~15 and ~9
wt% PbO, respectively) and low Si and Ca contents
(<3.5 wt% SiO2, CaO), whereas stage-3 uranium min-
erals are characterized by low to moderate Pb contents
(≤6 wt% PbO) and variable SiO2 and CaO contents
(Fayek & Kyser 1997, Fayek et al. 1997b). However,
all three stages of uraninite have high uranium contents
(~77 to ~85 wt% UO2, Fayek & Kyser 1997, Fayek et
al. 1997b). In thin section, Ca-rich uranyl oxide miner-
als are closely associated with coffinite and occur as
homogeneous colloform bands along the edges of ura-
ninite grains or as microveinlets that cut across uraninite
grains (Fayek & Kyser 1997, Fayek et al. 1997b).
Coffinite is characterized by low Pb contents (≤2 wt%
PbO), moderate but variable Ca (0.42 to 4.94 wt% CaO)
and occasionally low Si contents (9.00 to 18.41 wt%
SiO2, Fayek & Kyser 1997, Fayek et al. 1997b). Ca–U-
rich minerals are characterized by low U contents (63.1
to 82.50 wt% UO2), variable Pb contents (<0.1 to 12.17
wt% PbO), and intermediate to low Si and Ca contents
(0.18 to 6.49 wt% SiO2, CaO, Fayek & Kyser 1997,
Fayek et al. 1997b). Rb/Sr dating of clay-mineral
assemblages associated with each stage of uraninite for-
mation (Kotzer & Kyser 1995) indicates that mineral-
ization occurred at ~1500 Ma (stage 1), ~950 Ma (stage
2), and ~300 Ma (stage 3).

Considerable isotopic U–Pb, Pb–Pb, and chemical
U–Pb dating has been performed in the Athabasca Ba-
sin to determine the timing of uranium mineralization.
Analysis of uraninite samples generally gives highly
discordant U–Pb ages between 1250 and 1525 Ma (e.g.,
Cumming & Krstic 1992, Kotzer & Kyser 1993, Fayek
& Kyser 1997), whereas secondary uranium minerals
give much younger ages (ca. 200 Ma, Hoeve et al. 1985,
Kotzer & Kyser 1993). Scattered results are obtained
even where sampling is highly selective and involves
mm-scale drilling of petrographic sections (e.g.,
Cumming & Krstic 1992, Kotzer & Kyser 1993, Fayek
& Kyser 1997). The wide range in both U–Pb and 207Pb/
206Pb, and in chemical Pb ages for each stage of ura-
nium mineralization, has generally been attributed to
variable alteration by fluids that facilitated preferential
removal of Pb relative to U (e.g., Kotzer & Kyser 1995,
Fayek & Kyser 1997).

FIG. 6. (a) A plot of UO+/U+ measured by SIMS versus
206Pb+/238U+ measured by SIMS, and (b) a plot of UO2

+/U+

measured by SIMS versus 206Pb+/238U+ measured by SIMS,
showing poor correlation between the U-oxide species and
Pb–U ionic species. Data are from Table 5.
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U–Pb and Pb–Pb isotope systematics

In the Athabasca uranium deposits, the 207Pb/206Pb
ages of uraninite, coffinite and Ca-rich uranyl oxide
minerals range from 1399 to 218 Ma (Table 4), with the
entire range commonly encountered in a single thin sec-

tion. High-reflectance samples tend to have homoge-
neous 207Pb/206Pb ages, with the majority of the ages
ranging from 1399 to 1218 Ma (Table 4). They repre-
sent the earliest-formed uranium minerals. Samples with
variable reflectance (Figs. 8a, b), imaged using back-
scattered electrons, reveal multiple stages of mineral
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growth, and variable 207Pb/206Pb ages (1359 to 218 Ma,
Table 4). Higher-reflectance regions in these samples
give older 207Pb/206Pb ages and are interpreted to be
remnant grains of earlier-formed uraninite that were not
completely overprinted by subsequent fluids (Figs. 8a,
b). The composite nature of the uraninite suggests that
fluids have recrystallized older generations of uraninite,
partially resetting the Pb isotope systematics of the pre-
cursor mineral. Si- and Ca-rich uranium minerals have
the youngest 207Pb/206Pb ages, ranging from 291 to 218
Ma.

Despite the wide range in 207Pb/206Pb ages in the
Athabasca deposits (Table 4), there are distinct clusters
at ~1350, 1250, 1000, 750 and 250 Ma, which corre-
spond to the global tectonic and thermal events that have
affected the region (Fig. 9), such as the accretion of the
supercontinent Nena (~1.5 Ga), the thermal event that
emplaced the Mackenzie dike swarm proximal to these
deposits at ~1.3 Ga (Lecheminant & Heaman 1989), the
Grenvillian Orogeny (~1100 Ma, Mallard & Rogers
1997), which occurred to the southeast of the Athabasca
Basin, and the accretion (~1 Ga) of the supercontinent
Rodinia (Young 1992, Kotzer et al. 1992, Li et al. 1996,
Hoffman 1991, Kyser 2000, Kyser et al. 2000), the

breakup (~900 to 700 Ma) of Rodinia (Young 1992, Li
et al. 1996, Hoffman 1991, Kyser 2000, Kyser et al.
2000), and the breakup of the supercontinent Pangea
(~250 Ma: Rogers 1996). Therefore, each stage of ura-
nium mineralization may represent a new stage of min-
eral growth from a uranium-bearing fluid or local
recrystallization and isotopic resetting of previously
existing minerals by fluid migration associated with a
specific global tectonic event.

The complex textures observed within a single thin
section (Figs. 8a, b) are generally visible using back-
scattered electron (BSE) imaging, whereas during SIMS
analysis, transmitted light is used to navigate across
samples. Therefore, samples analyzed by SIMS for their
U–Pb isotopic composition were re-examined using
BSE. Cases in which the ion beam sampled more than
one generation of uraninite or impinged the sample near
a fracture (Fig. 8c) were eliminated from the data set
used for the concordia plots.

Figures 10a and b show concordia plots of the U–Pb
data from stage-1 uraninite from the Sue zone and
McArthur River deposits, respectively (Table 4). An
upper intercept of 1486 ± 9 Ma and lower intercept of
458 ± 18 Ma were obtained for the Sue Zone, with a
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mean standard weighted deviation (MSWD) of 1.7 for
18 points, whereas an upper intercept of 1519 ± 22 Ma
and lower intercept of 643 ± 20 Ma were obtained for
McArthur River with an MSWD of 1.2 for 11 points.
The ages obtained from these regressions are some the
oldest ages ever obtained for the Canadian uncon-
formity-type deposits; they are interpreted to represent
the minimum age of mineralization. These ages corre-
spond to the age of one of the magnetization events (B-
type magnetization, 1600–1450 Ma) in the Athabasca
basin (Kotzer et al. 1992).

Figures 10c and d show concordia plots of the U–Pb
data from stage-2 uraninite from both the Sue Zone and
McArthur River deposits, respectively (Table 4). Re-
gression of the points gave upper intercepts of 1126 ±
73 and 1189 ± 10 Ma, and lower intercepts of 196 ± 85
and 48 ± 15 Ma, respectively. The ages obtained from
the regressions are also interpreted to represent the mini-
mum age of mineralization and correspond to the
Grenvillian Orogeny (~1100 Ma, Mallard & Rogers
1997), which occurred to the southeast of the Athabasca
Basin, and the accretion (~1 Ga) of the supercontinent
Rodinia (Young 1992, Kotzer et al. 1992, Li et al. 1996,
Hoffman 1991, Kyser 2000, Kyser et al. 2000).

Ca–U-rich minerals and coffinite from the Sue Zone
plot on concordia at 283 ± 20 Ma (Table 4, Fig. 10e).
These data pertain to samples that contain fine inter-
growths of Ca–U-rich minerals and coffinite (Fig. 8b),

which generally have low contents of uranium. This age
corresponds to the assemblage of the supercontinent
Pangea (~300 Ma) near the end of the Paleozoic (Rogers
1996, Kyser et al. 2000). Stage-3 uraninite from the
McArthur River deposit also plots on or near concordia

FIG. 7. Map showing the extent of the Athabasca Basin, location of the uranium deposits, and major lithostructural domains in
the crystalline basement of Saskatchewan (modified from Hoeve & Sibbald 1978). Abbreviations: MD: Mudjatik Domain;
WD: Wollaston Domain; PLD: Peter Lake Domain; RD: Rottenstone Domain; and WL: Wollaston Lake; R: River; L: Lake.
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at 910 ± 20 Ma (Fig. 10f), which corresponds with the
breakup (~900 to 700 Ma) of Rodinia and the age of C-
type magnetization (~950 Ma) in the Athabasca Basin
(Kotzer et al. 1992).

The concordia results define well-correlated arrays,
compared to the data obtained from mineral separation
and techniques of thermal ionization mass spectrometry
(Cumming & Krstic 1992). These Pb–Pb and U–Pb ages
correlate with large-scale diagenetic fluid-circulation
events that formed these deposits, affected the entire
Athabasca basin, and led to significant thermal, orogenic
and tectonic events. Prior to in situ analyses, evidence
for such events was obscured by the wide variability in
the data obtained by micro-drilling and conventional
isotopic analyses. This detailed chronology, which was
previously unavailable, indicates that Pb–Pb and U–Pb
isotope systematics of these deposits are sensitive to
fluid-circulation events, recording the timing of fluid
interaction, and providing crucial information necessary
to unravel the history of fluids in these deposits.

CONCLUSIONS

1. A robust method for obtaining accurate U–Pb iso-
topic analysis of uranium-rich minerals by SIMS has
been developed. An ion-yield normalizing coefficient
(�SIMS), which is the ratio of the “true” values for
206Pb/238U and 207Pb/235U versus the 206Pb+/238U+ and
207Pb+/235U+ values determined by SIMS, was calculated
for a suite of uraninite standards that covered a range of
U and Pb compositions.

2. The �SIMS coefficients vary as a function of
wt% PbO and primary ion-beam current. Therefore,
keeping the current of the primary ion-beam constant,
an empirical mass-bias model was developed, which
included two calibration curves that define the relation-
ship between the 206Pb+/238U+ and 207Pb+/235U+ values
measured by SIMS versus the “true” 206Pb/238U and
207Pb/235U values.

FIG. 8. (a) Back-scattered electron image of uraninite from
the Sue Zone uranium deposit (sample 528–95), Athabasca
Basin. Bright patches represent remnant early-stage
uraninite that was not completely recrystallized. Also
shown are 207Pb/206Pb ages calculated from in situ micro-
analysis obtained by ion microprobe. (b) Back-scattered
electron image of uraninite (U), coffinite (Cof) and calcium
uranyl oxide hydrate minerals (Ca–U) from the Sue Zone
uranium deposit (sample 211–136). Also shown are the
spots that were analyzed by ion microprobe and the
calculated 207Pb/206Pb ages. (c) Back-scattered electron
image of an ion-microprobe pit that overlaps a crack in a
sample of uraninite (204–503) from the McArthur River
uranium deposit, Athabasca Basin. The data obtained from
this spot were not used in the concordia diagrams.
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3. The in situ U–Pb ages calculated from data ob-
tained by SIMS are some the oldest ages ever reported
for unconformity-type uranium deposits. These ages, as
well as the ages obtained for stage-2 and -3 uraninite,
indicate the timing and nature of the recrystallization
events. Prior to the in situ analyses, such information
was obscured owing to the wide variability in the data
obtained by micro-drilling and TIMS analyses.

4. The Pb–Pb and U–Pb ages obtained in this study
(~1500, 1150, 900 and 280 Ma) are related to either
large-scale events involving the circulation of diagenetic
fluid that formed these deposits and affected the entire
Athabasca basin (~1500 Ma), or the migration of fluid
related to major tectonic, thermal and orogenic events
such as the Mackenzie dyke swarm (~1300 Ma), the
Grenvillian Orogeny (~1100 Ma), the accretion and
breakup of Rhodinia (~1000 and 700 Ma, respectively),
and the assemblage of Pangea (~300 Ma).
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