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Abstract

Primary uraninite from the Canadian Proterozoic unconformity-type uranium deposits have exceptionally low, but
variable, 880 values (—-32 to —15%,). Although these uranium deposits have been studied extensively, the oxygen
isotope systematics in uraninite from these deposits are poorly understood. X-ray powder-diffraction patterns of
uraninite with both low and high 8O values show that these uraninite samples are consistent with a composition of
UO, and are texturally similar. Micro-diffraction and lattice images obtained using high-resolution transmission
electron microscopy (HRTEM) of uraninite with the lowest 8'%O values show that this uraninite is well crystallized and
essentially defect-free. Energy dispersive X-ray spectroscopy of well-crystallized uraninite indicates relatively high Pb
contents but low Si and Ca contents. In contrast, micro-diffraction and lattice images of uraninite with 8'%O values near
—18%, show that this uraninite is polycrystalline, with micro-diffraction patterns that often show both streaking and
concentric patterns. High-resolution images reveal sub-grain formation and rotation, formation of edge dislocations,
low-angle grain-boundaries, and bent lattice-fringes. The uraninite is also characterized by relatively high Si and Ca
contents and variable Pb contents. This indicates that incipient alteration occurs on a micro-scale as revealed by
HRTEM. The sub-grains in this uraninite were preserved either because the annealing process in uraninite was retarded
by the Si and Ca impurities, or they were formed during a late alteration event and the uraninite has had little time to
anneal. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Uranium deposits have been used as natural ana-
logues in order to understand the potential migration
of uranium and other radionuclides around a spent
fuel repository because uraninite and UO, (the major
constituent of spent fuel) are chemically and struc-
turally similar [1,2]. In this regard, high grade, un-
conformity-type uranium deposits have been studied
extensively, although the extent and process of alter-
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ation of uraninite from these deposits is poorly un-
derstood.

The unconformity-type uranium deposits of the Ath-
abasca Basin, Canada (Fig. 1) are the highest grade
uranium deposits in the world. Although these deposits
have been studied extensively, the oxygen isotope sys-
tematics of the uraninite and uranium-bearing minerals
formed by alteration are poorly understood. In addition,
few studies have considered the effects of radiation
damage on alteration and isotope fractionation between
these radioactive minerals and fluids with which they
have subsequently interacted [3,4], although radiation
effects are an important consideration in the evaluation
of the long-term behavior of spent nuclear fuel.

Three main stages of ore formation are observed in
thin section and by back-scattered electron images (BSE;
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Fig. 1. Map showing the extent of the Athabasca Basin, loca-
tion of the uranium deposits and major lithostructural domains
in the crystalline basement of Saskatchewan (modified from
[34]). Abbreviations: MD = Mudjatik Domain; WD = Wollas-
ton Domain; PLD = Peter Lake Domain; RD = Rottenstone
Domain; and WL = Wollaston Lake; R = River; L = Lake.

[5])- These are: stages 1 (Ul) and 2 (U2) uraninite, and
stage 3 uraninite (U3). Stages 1 and 2 uraninite comprise
the majority of the ore in these deposits and coincide
with two major fluid events at ~ 1500 and 950 Ma, re-
spectively. Stage 3 uraninite occurs in veins and along
fractures. Therefore, stages 1 and 2 uraninite are re-
ferred to as primary uranium ore. All stages of uranium
ore are variably altered to Ca-rich uranyl oxide hydrate
minerals and coffinite. This alteration normally occurs
on a scale that is detectable only by quantitative electron
micro-probe analyses and back-scattered electron
imaging of samples [5,6]. Consequently, uraninite has a
complex chemistry and structure [6,7].

Uranyl minerals and coffinite have %O values that
range from —15 to 09,; whereas, stage 3 uraninite has
380 values that range from —10 to —3.8%,. There is a
positive correlation between 880 values and SiO, and
CaO contents of uraninite, uranyl minerals, and coffinite
[6], as is expected from the incorporation of relatively
8'80-rich SiO, and CaO during formation or alteration
of uranium minerals [8]. However, relatively unaltered
stages 1 and 2 uraninite that have similar chemical
compositions (i.e., low SiO, and CaO contents) have a
range of oxygen isotopic compositions from —32 to
—15%, [6,9]. In addition, these exceptionally low §'%0
values of natural uraninite (i.e., —329%,), in conjunction
with theoretical uraninite-water fractionation factors
proposed by [10] and [11], and experimental fractiona-
tion factors [12], indicate that primary uraninite in the
Athabasca Basin are not in oxygen isotopic equilibrium
with the fluids that precipitated coexisting clay and sil-
icate minerals [6,9]. These fractionation factors indicate
that primary uranium minerals would have been in
equilibrium with fluids that had a 880 value of less than
—119%, at ca. 200°C, the temperature at which the de-
posits formed [13]. However, the dominant fluids that
equilibrated with silicate and clay minerals which are
associated with primary uranium mineralization, are

saline fluids having §8'0 values of 44 2%, [9,13].
Therefore, using these fractionation factors in conjunc-
tion with the low 880 values of ca. —28%, for primary
uraninite form unconformity-type uranium deposits in
Canada, indicate that the oxygen isotopic composition
of the uraninite was completely overprinted by low-
temperature ground water and that the uraninite can
exchange oxygen isotopes with fluids resulting in only
minor disturbances to their chemical composition and
texture. However, these fluids must be reducing because
uranium mineral chemistry and solubility are largely
functions of fO, and uraninite is stable only under very
reducing conditions (fO, < 10 and — 25, [14,15)).

In this study, primary uraninite (stages 1 and 2) is
examined using high-resolution transmission electron
microscopy (HRTEM) to resolve chemical and micro-
structural differences between primary uraninites with
low and high 380 values, and to assess whether radia-
tion damage could have had an effect on the 'O values.
Detailed characterization of uraninite and its alteration
products and processes may also provide a better un-
derstanding of how the UO, in spent nuclear fuel will
behave under repository conditions over long periods of
time [16].

2. Geological considerations

The Athabasca Basin consists of a sequence of
Helikian poly-cyclic, mature, fluvial to marine quartz
sandstones collectively referred to as the Athabasca
Group [17,18]. These rocks are unconformably overly
Aphebian metasedimentary and Archean gneisses of the
Wollaston Domain of the Trans-Hudson Orogen [19-
22]. Deposition of uranium was the result of mixing
between 200°C uraniferous oxidizing basinal brines and
reducing basement fluids, along Hudsonian faults which
crosscut the unconformity between Helikian Athabasca
sandstones and Aphebian basement metasedimentary
rocks and Archean gneisses. Deposition occurred during
peak diagenesis at ~ 1500, ~ 950, and as late as ~ 300
Ma [6,9,23].

The majority of the high-grade uranium mineraliza-
tion in these deposits occurs as lenses of massive
uraninite, the most common reduced (U*") uranium-
bearing minerals. However, subsequent infiltration of
low-temperature meteoric water along reactivated fault
zones, which host uranium mineralization, has partially
altered uraninite to coffinite and uranyl oxide hydrate
minerals, and locally remobilized and degraded many of
the original high-grade deposits.

Intense hydrothermal alteration in the sandstone and
basement gneisses and metasediments surrounding the
uranium deposits is characterized by large haloes of il-
litized sandstone and local enrichments of K, Mg, Ca, B,
U, Ni, Co, As, Cu, and Fe [13,23-25]. Extensive areas of
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silicification with dravite, kaolinite and chlorite are as-
sociated with some deposits [26].

3. Analytical techniques

Drill-core samples of uraninite were collected from a
zone of high-grade uranium mineralization in the Cigar
Lake deposit located along the eastern margin of the
Athabasca Basin, Canada. These samples were exam-
ined for homogeneity and alteration using reflected light
microscopy, BSE imaging, quantitative electron micro-
probe analyses, and oxygen isotope analyses. The purity
of the sample was further verified by X-ray diffraction
and scanning electron microscopy (SEM). Chemical
compositions of the uranium oxides were determined by
wavelength dispersive X-ray spectroscopy (WDS) using
a fully automated JEOL JXA-8600 X-ray micro ana-
lyzer at an operating voltage of 15 keV, a beam diameter
of 2 um, and counting times of 40 s per element. De-
tection limits of the elements were of the order of 0.1
wt%. Data reduction for the various elements was done
by taking into account the matrix corrections between
standards and samples and the analytical parameters
(i.e., take-off angle and operating voltage) of the electron
microprobe.

Oxygen was liberated from the uranium oxide min-
erals using the BrFs technique of [27]. Oxygen isotopic
compositions are reported as delta values in units of 9,
(parts per thousand) relative to the standard, Vienna
Standard Mean Ocean Water (V-SMOW) such that

‘SA = [(RA - Rstnd)/Rstnd] X 1031

where Ry and Ry are the absolute ratios of *0/'°0 in
the sample (i.e., uraninite) and the standard (i.e., V-
SMOW), respectively. The absolute '3O/'°O ratio of
V-SMOW is 2005.2 x 107¢ [28]. The analyses were
measured at the University of Saskatchewan on the
Finnigan Mat Delta and 251 gas source mass spec-
trometers. Replicate analyses for 8'30 are reproducible
to £0.2%, and, using this technique, the §'*O value of
NBS-28 quartz is 9.69,.

Samples of relatively unaltered stage 1 uraninite with
a 380 value of —30%,, stage 2 uraninite with a 8'*0O
value of —28%,, and stage 2 uraninite with a 8'%0 value
—189%, were crushed and powdered. Powders were
placed on carbon grids and examined using the JEOL
JEM-2010 HRTEM at the University of New Mexico.
This instrument has analytical capabilities and has a
point-to-point resolution of 0.19 nm.

4. Results

Stages 1 and 2 uraninite have similar X-ray powder-
diffraction patterns both of which are consistent with the

Synthetic UO,
J I

Stage 1 Uraninite

2. (degrees)

Fig. 2. X-ray powder diffraction patterns of stage 1 uraninite.
Also shown for reference is the diffraction pattern of synthetic
UO; and the major peaks (‘stick pattern’) for uraninite JCPDS
file 41-1422.

composition UO, (Fig. 2). Selected area diffraction and
lattice images obtained using HRTEM of stages 1 and 2
uraninite with 8'%O values near —30%, show that these
samples are well crystallized and essentially defect-free
(Figs. 3(a), 4(a)). Energy dispersive spectroscopy (EDS)
of these well-crystallized uraninite samples indicate that
they have relatively high Pb contents but low Si and Ca
contents (Figs. 3(b), 4(b)).

In contrast, micro-diffraction and lattice images of
stage 2 uraninite with 8'®0 values near —189%, show that
this uraninite is polycrystalline (Fig. 5(a)). Micro-dif-
fraction patterns of these uraninite grains often show
streaking and concentric diffraction rings. High-resolu-
tion images reveal sub-grain formation and rotation,
formation of edge dislocations, low angle grain bound-
aries, and ‘bent’ lattice fringes (Fig. 5(a)). This uraninite
is characterized by relatively high Si and Ca contents
and variable Pb contents (Fig. 5(b)).

Bright-field images and EDS analyses of stage 2
uraninite with §'30 values near —18%, show that these
crystals are structurally complex and chemically heter-
ogeneous (Fig. 6). Regions within a crystal with rela-
tively high Si and Ca contents but depleted in Pb show
mottled diffraction contrast (Fig. 6(a)). However, re-
gions with low Si and Ca contents but high Pb content
show spheroidal dark patches that are enriched in Pb
and U (Fig. 6(b)). In contrast, bright-field images of
stages 1 and 2 uraninite with 880 values near —30%,
show that these samples are relatively uniform with only
small (1-10 um) Si and Ca-rich patches.

5. Discussion
5.1. Alteration and 6" O values of uraninite

There is overwhelming evidence from unconformity-
type uranium deposits in the Athabasca Basin that
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Fig. 3. (a) High resolution transmission electron microscopy
(HRTEM) image of primary stage 1 uraninite with a §'*0 value
near —309, with selected area diffraction pattern (inset) show-
ing very few defects (Sample CS 615A1 220-435.15-435.40); (b)
Energy dispersive X-ray spectrum (EDS) of stage 1 uraninite
with a 8'%0 value near —30%, (Sample CS 615A1 220-435.15-
435.40). The Cu is from the Cu grid.

primary uraninite was altered by fluids which remobi-
lized lead and uranium, and which altered the uraninite
to coffinite and Ca-rich uranyl oxide hydrate minerals
[5,6,9,23,29]. In addition, there is a positive correlation
between 8'%0 values and the SiO, and CaO contents of
stages 1, 2 and 3 uraninite, Ca-uranyl oxide hydrate
minerals, and coffinite, as is expected from the incor-
poration of relatively 'O-rich SiO, and CaO during
formation or alteration of uranium minerals [6,8]. Pri-
mary stages 1 and 2 uraninite from these deposits have
similar chemical compositions, but have 8O values
that range from -—-329, to —159%, [6,9]. However,
HRTEM analyses show that primary uraninite that has
a 8'%0 value near —18%, has higher Si and Ca contents
relative to primary uraninite with a 8'*O value near
—309%,. Therefore, incipient alteration of stages 1 and 2
uraninite occurs on a micro-scale as revealed by
HRTEM.
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Fig. 4. (a) HRTEM image of primary stage 2 uraninite with a
3"%0 value near —28%, with selected area diffraction pattern
(inset) showing very few defects (Sample CS 615B2 220-435.15-
435.40); (b) Energy dispersive X-ray spectrum (EDS) of stage 2
uraninite with a 8'%0O value near —289%, (Sample CS 615B2 220-
435.15-435.40). The Cu is from the Cu grid.

5.2. Radiation effects and oxygen isotope systematics in
uraninite

The major source of radiation damage in uraninite
results from o-decay of uranium (33¥U, ?U, and ra-
dionuclides in their decay series) although damage
sources may include fission fragments and neutrons.
Thea-event results in the formation of a high-energy
alpha particle (4-5.5 MeV) with a range of 20 pm and a
recoil nucleus (i.e., »**U, 0.1 MeV) with a range of
~ 0.02 pm [30]. The energy of the recoil nucleus is al-
most entirely lost through elastic collisions with the
surrounding atoms, and produces several thousand
atomic displacements. The o-particle dissipates most of
its energy by electronic excitation. However, at lower
velocities, near the end of its track, the o-particle un-
dergoes elastic collisions producing several hundred
atomic displacements [30].

Stages 1 and 2 uraninite with §'*O values near —30%,
have U-Pb, Pb-Pb, and U-Pb chemical ages ~ 1400 and
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Fig. 5. (a) HRTEM image of primary stage 2 uraninite with a
380 value near —189%, with selected area diffraction pattern
(inset), showing bent lattice fringes and polycrystalline nature
(Sample FH#18 432.30-432.40); (b) Energy dispersive X-ray
spectrum (EDS) of stage 2 uraninite with a 3'%O value near
—18%, (Sample FH#18 432.30-432.40). The Cu is from the Cu
grid.

~ 950 Ma, respectively [5,6,9,23]. These radioactive
minerals do not show the development of sub-grains
which could have formed from the natural irradiation
for over 1000 Ma although their radiation dose is over
500 displacements per atom (dpa). Uraninite has an es-
timated annealing time for o-recoil tracks of ~ 15,000 yr
[4]. Therefore, the annealing process in uraninite most
likely is efficient enough to remove the very high accu-
mulation of radiation damage, whereas minerals such as
zircons typically become metamict (amorphous) at
fractions (~ 0.50) of a dpa [31]. However, stage 2
uraninite with 8O values near —18%,, with relatively
higher Si and Ca contents and with U-Pb, Pb-Pb, and U-
Pb chemical ages near 1000 Ma [5,9,23], do exhibit sub-
grain formation and polygonalization which may be due
to the accumulated radiation dose over the past 1000
Ma. The efficiency with which radiation damage is re-
moved by annealing from the structure of uraninite may
depend on these chemical impurities. The Si**—O bond-
length is 0.16 nm and can be compared to the U*-O

bond-length of 0.23 nm. Thus, Si** is generally incom-
patible with substitution in the structure of uraninite,
and Si may stabilize aperiodic regions of damaged
structure where various coordination geometries are
available, effectively retarding the annealing process.
Similar observations are reported for natural monazite,
where heavy impurity elements (e.g., Ln, Th, and Pb)
retard the annealing process because they are not stable
in the monazite structure-type [32]. Alternatively, the
sub-grains may have formed during late stage alteration
of the uraninite, when Si and Ca were added to the
uraninite structure. If true, this alteration occurred
within the last 15000 yr (i.e., the time required to anneal
a-recoil tracks in uraninite). However, detailed U-series
analyses of these minerals is required to resolve this is-
sue.

Radiation damage accelerates the dissolution of
uraninite [3,4,33] and can cause isotope fractionation.
Ground waters commonly leach **U in preference to
28U because the **U recoil nucleus is located within
a-recoil tracks produced by the decay of 23U [4].
Therefore, *U is readily fractionated from 2®¥U.
However, radiation damage will not likely affect the
oxygen isotope systematics in uraninite because there is
no evidence that *O will preferentially reside in o-re-
coil tracks relative to '°O. Therefore, radiation damage
will not enhance oxygen isotope fractionation in
uraninite.

6. Conclusions

Primary stages 1 and 2 uraninite with low and high
8180 values (—30 and —18%,) from the Cigar Lake un-
conformity-type uranium deposit were examined by
HRTEM. Although the §'80 values suggest that stages 1
and 2 uraninite interacted with late meteoric waters,
stages 1 and 2 uraninite with the lowest 8'*O values are
crystalline, essentially defect-free, and chemically ho-
mogenous with high Pb and low Si and Ca contents.
These radioactive minerals do not show extensive radi-
ation damage such as sub-grain formation or polygo-
nalization, although their radiation dose is over 500 dpa,
and therefore the damage must rapidly anneal. In con-
trast, stage 2 uraninite with a 8'*O value near —18%, is
polycrystalline and disordered, and is characterized by
relatively high Si and Ca and variable Pb contents. Sub-
grain formation and polygonalization of this radioactive
mineral may have been caused by the «-decay irradiation
dose which accumulated over the past 1000 Ma. The
relatively high Si and Ca contents may not have allowed
the annealing process to occur uniformly and efficiently.
Therefore, the sub-grains and polycrystalline nature of
these grains were preserved. Alternatively, the sub-
grains formed during the alteration of these uraninite
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Fig. 6. Bright field image of a chemically hetrogenous stage 2 uraninite with a 'O value near —18%, showing: (a) Si-rich area with
energy dispersive X-ray spectra (below) and (b) Pb-rich area with energy dispersive X-ray spectrum (below) (Sample FH#18 432.30-

432.40). The Cu is from the Cu grid.

grains, within the last 15,000 yr, when Si and Ca were
added to the uraninite structure.

The positive correlation between 3'%0 values and Si
and Ca contents of primary stages 1 and 2 uraninite
suggests that incipient alteration of stages 1 and 2
uraninite occurs on a micro-scale and was only detected
by HRTEM. In addition, radiation damage effects likely
do not affect the oxygen isotope systematics in uraninite.
Therefore, stages 1 and 2 uraninite with the lowest §'%0
values most likely retained their original oxygen isotopic
composition.
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