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THE GEOCHEMICAL IMMOBILIZATION OF URANIUM IN A
SPENT FUEL REPOSITORY IN THE CANADIAN SHIELD:
EVIDENCE FROM NATURAL ANALOGUE INVESTIGATIONS

A report prepared by D.J. Bottomley, Wastes and Impacts Division, Directorate of Fuel
Cycle and Materials Regulation.

ABSTRACT

Natural analogue studies of uranium ore deposits provide valuable information on the
geochemical conditions that control the mobilization of uranium and associated
radionuclides in groundwaters. At Cigar Lake in northern Saskatchewan, the Pocos
de Caldas site in Brazil, and at Palmottu in Finland, groundwaters are sufficiently
reducing to prevent significant oxidation of IT4 to the more soluble U+6 oxidation state.
Despite being one of the richest uranium deposits in the world, uranium concentrations
in the groundwaters around the Cigar Lake ore are less than 5 x 10'8M. Even under
oxidizing conditions uranium may not necessarily be highly mobilized by groundwaters.
Studies of the relatively shallow uranium ore deposits in the Alligator Rivers region of
Australia have shown that uranium transport by groundwater can be limited because
of uranium sorption onto secondary iron oxides within the aquifer.

However, studies at "negative analogue" sites indicate that where the host rocks
contain low concentrations of reductants, such as iron sulphides, strongly reducing
conditions are not established and high concentrations of dissolved uranium can
result, even in areas where uranium ore deposits are not known to occur. The Lac du
Bonnet batholith in southeastern Manitoba is an example of a "negative analogue"
where groundwaters have maximum uranium concentrations of greater than 10"6M
despite residing in rock that has uranium concentrations which are "typical" of average
shield granites. The presence of high concentrations of dissolved carbonate at this site
further promotes the mobilization of uranium through the formation of uranyl carbonate
complexes.

The release rate of radionuclides from a spent fuel repository will be strongly
dependent on the redox conditions that are established following resaturation of the
repository. Groundwater at depths of 500 m in a granitic pluton may not be sufficiently
reducing to prevent oxidative dissolution of uranium or oxidation of associated
radionuclides such as "Tc. Accordingly other shield rocks richer in reductants, such as
greenstone belts, should be considered as potential host rocks for a repository or the
repository should be constructed at depths closer to 1000 m in granitic rock where
more reducing conditions are likely to prevail. Alternatively, addition of reductants to
the waste containers may be feasible as a means of maintaining reducing conditions
around the fuel bundles.
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RESUME

Des etudes portant sur des analogues naturels de gisements uraniferes ont permis
de recueillir des informations valables sur les conditions geochimiques qui regissent
la mobilisation de I'uranium et d'autres radionucleides dans les eaux souterraines. Au
lac Cigar dans le nord de la Saskatchewan, au site de Pocos de Caldas au Bresil et
a Palmottu en Finlande, les eaux souterraines sont suffisamment reductrices pour
empScher une oxydation significative de U+4 en un etat d'oxydation U*6 plus soluble.
Malgre que ce soit I'un des gisements uraniferes les plus riches du monde, les
concentrations d'uranium dans les eaux souterraines autour du minerai de Cigar Lake
sont inferieures a 5 x 1O'B M. Meme dans des conditions oxydantes, I'uranium peut ne
pas etre tres mobilise par les eaux souterraines. Des etudes sur les gisements
uraniferes relativement peu profonds de la region des rivieres Alligator en Australie
ont montre que le transport de I'uranium par les eaux souterraines peut etre limite par
la sorption de I'uranium sur les oxydes de fer secondaires contenus dans I'aquifere.

Cependant, les etudes aux sites d'«analogues negatifs» indiquent que la ou les
roches h6tes contiennent de faibles concentrations de reducteurs, comme des
suifures de fer, des conditions fortement reductrices ne sont pas etablies et il peut en
resulter de fortes concentrations d'uranium dissous meme dans les zones ou les
gisements uraniferes ne sont pas censes etre presents. Le batholite du lac du Bonnet
dans le sud-est du Manitoba est un exemple d'«analogue negatif» ou les eaux
souterraines contiennent des concentrations maximales d'uranium plus eleves que
10"6 M meme si elles resident dans des roches dans lesquelles les concentrations
d'uranium sont representatives des granites de bouclier moyens. La presence de
fortes concentrations de carbonates dissous a ce site favorise la mobilisation de
I'uranium par la formation de complexes de carbonates d'uranyle.

Le taux de liberation des radionuclides par un depdt de combustibles epuises
dependra fortement des conditions d'oxydo-reduction qui sont mises en place apres
la resaturation du depot. Les eaux souterraines aux profondeurs de 500 m dans un
pluton granitique peuvent ne pas etre suffisamment reductrices pour empecher la
dissolution oxydative de I'uranium ou I'oxydation des radionuclides associes comme
"Tc. En consequence, d'autres roches de bouclier a plus forte teneur en reducteurs,
comme les zones de roches vertes, devraient etre considerees comme des roches
notes potentielles pour la construction d'un depdt ou favorables a la construction d'un
depot a des profondeurs plus proches de 1000 m dans la roche granitique ou
dominent probablement des conditions plus reductrices. Par ailleurs, I'ajout de
reducteurs aux contenants de dechets peut etre un moyen de maintenir des
conditions reductrices autour des faisceaux de combustibles.



FOREWORD

In 1989 a Federal Environmental Assessment Review Panel was struck to review the
Canadian concept for the disposal of nuclear fuel waste (NFW). After public
consultation, they issued "Final Guidelines for the preparation of an environmental
impact statement on the nuclear fuel waste management and disposal concept" in
1992. In October 1994, Atomic Energy of Canada Limited (AECL) released their
"Environmental Impact Statement (EIS) on the Concept for Disposal of Canada's
Nuclear Fuel Waste" for public review.

As the regulatory authority for the nuclear industry in Canada, the Atomic Energy
Control Board (AECB) was expected to participate in the review of the EIS. To
prepare for this review, beginning in 1989 AECB staff initiated research contracts and
undertook independent calculations in-house, to obtain a better appreciation of the
magnitude and complexity of the problems of NFW disposal. The intent of this work
was to explore independently the types of calculations and reasoned arguments that
AECB staff expected to find in the EIS, and to help identify sensitive and important
aspects of the assessment of the disposal concept.

The in-house work resulted in a series of largely autonomous internal reports
produced by AECB staff from 1991 through 1993, including this one. These reports,
being published as AECB INFO documents, are:

An Overview of Potential Isotopic Techniques for Dating Groundwaters in Crystalline
Rocks

D. Bottomley, 1991

A Review of Theories on the Origins of Saline Waters and Brines in the Canadian
Precambrian Shield

D. Bottomley, 1991

The Geochemical Immobilization of Uranium in a Spent Fuel Repository in the
Canadian Shield: Evidence from Natural Analogue Investigations

D. Bottomley, 1992

Regional-Scale Groundwater Flow Modelling of Generic High Level Waste Disposal
Sites

D. Metcalfe, 1992

Reference Used Fuel for the Canadian Nuclear Fuel Waste Disposal Concept
P. Flavelle, 1993
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1.0 INTRODUCTION

Unlike the American radioactive waste repository proposed for Yucca
Mountain, Nevada where the waste will be emplaced well above the
existing water table, the Canadian concept is to dispose of the waste in
low permeability plutonic rock but below the water table. Therefore,
whereas the main concern in the U.S. is to maintain unsaturated conditions
around the waste for at least the next 10,000 years, the Canadian concept
requires that any radionuclides leached from the fuel bundles by
groundwater be effectively retained in the engineered barriers
surrounding the waste or in the geosphere through which the radionuclides
must migrate to reach the accessible environment.

Because recorded human history is relatively short compared to the time
required for effective isolation of the waste, there may be little long
term public confidence in the engineered barriers to function according to
their design specifications despite the fact that, in principle, they could
in themselves provide most of the required level of containment.
Moreover, engineered systems that may be considered to be reliable have
been known to fail because of relatively minor engineering defects. A
case in point is the infamous and disastrous o-ring failure on the space
shuttle Challenger. It is probable that there will be a wider acceptance of
the Canadian concept if it can be demonstrated that the natural
characteristics of the geosphere (pluton), which are not dependent on
human engineering, will limit the long term release of radionuclides to
the biosphere to very low and acceptable values. Naturally occurring
uranium ore deposits, which have been referred to as natural analogues for
spent nuclear fuel waste that is disposed into geologic media, offer the
opportunity to investigate the hydrogeological and geochemical processes
that control the dispersal of radionuclides from the source through the
geosphere over geologic time scales.

In this report the major findings from natural analogue investigations on
the geochemical parameters controlling the migration or non-migration of
uranium and transuranic elements are presented. It must be stressed that
these results, which are based on site specific conditions that are not
directly comparable to conditions in Precambrian plutonic rocks of the
Canadian Shield, can not be used directly to infer the overall acceptability



of the waste disposal concept. Rather, analogue studies serve to identify
those geochemical conditions that need to be determined during site
characterization studies of a potential waste repository site and which
will be necessary input for performance and safety assessment models of
the waste repository.

The analogue investigations that are particularly relevant to the Canadian
Nuclear Fuel Waste Management Program are the Alligator Rivers Analogue
Project (Australia), the Pocos de Caldas Analogue Project (Brazil), and the
Cigar Lake ore deposit (Saskatchewan, Canada). However, these projects
are either still in progress or the final reports have not yet been released.
Consequently, much of the information reviewed from these studies
consists of annual/progress reports or papers published in
conference/workshop proceedings that were available up to the end of
1991. As such this review must be considered preliminary. Examples are
also presented of "negative analogues" which are sites where the
hydrogeochemical conditions have favoured extensive leaching of uranium
from the host rocks. Finally, this report ends with a discussion of our
present level of understanding of generic redox conditions in crystalline
•rocks and implications for the chemical stability of spent fuel disposed of
in a crystalline rock repository.

2.0 NATURAL ANALOGUES

Natural analogues are conditions or processes that are the same or similar
to those known or predicted to occur in some part of the disposal system.
Although analogues exist for the spent fuel, container, buffer and geologic
disposal media, this paper will focus on natural analogues of the
geosphere and the geochemical conditions and processes therein that
control the migration of uranium and other radioactive elements through
it. These conditions and processes are not necessarily transposable to a
generic pluton on the Canadian Precambrian Shield, especially when it is
considered that uranium ore deposits do not occur in intact, non-
mineralized plutons of the type that are being proposed for a waste
repository in this country. Nevertheless, many of the processes that are
operative at analogue sites are generic and may occur on the Shield, albeit
with different intensities. Therefore, information on these processes
collected at analogue sites will assist in the identification of the major



geochemical variables and processes controlling radionuclide migration in
the Shield.

2.1 Alligator Rivers Analogue Project

Analogue studies in the Alligator Rivers region of the Northern Territory
of Australia began in 1981 (Duerden et al., 1987), but the International
Alligator Rivers Analogue Project was not formally organized until 1987
by the OCED Nuclear Energy Agency and is projected for completion in
1992. The Koongarra uranium ore deposit at this site has been proposed as
an analogue for spent fuel exposed to oxidizing groundwater. The area has
a humid sub-tropical climate and receives on average about 180 cm of
annual rainfall (Norris and Duerden, 1990).

The Koongarra deposit is an unconformity-type deposit in quartz-chlorite
schists of the approximately 1800 million year old Cahill Formation
(Figure 1). The primary ore consists of uraninite which has been
subsequently remobilized by low temperature geochemical processes.
This has resulted in the formation of low temperature supergene uraninite
with increased Si, P, Ca and O as well as uranyl oxide-hydrates and uranyl
silicates. The No. 1 orebody at Koongarra (Figure 1) has been further
exposed through erosion to weathering and oxidation by meteoric
groundwaters that has resulted in the complete destruction of uraninite in
the weathered zone and in the formation of a secondary uranium ore zone
in a dispersion fan extending about 80 metres downslope from the primary
ore zone. Uranyl phosphates are present in the upstream portion of the
dispersion fan because the pH in the ore zone (6.0 to 6.5) and the
relatively low silica concentrations favour the formation of phosphates
rather than silicates. Uranium in the downstream portion is associated
with clay minerals and iron oxides. The estimated age of the leading edge
of the dispersion fan is 350,000 years indicating that groundwater
mobilization of uranium has occurred for at least this length of time
(Snelling, 1990).

Groundwaters in the vicinity of the No.1 orebody are of the
magnesium/bicarbonate variety, oxidizing, and slightly acidic in pH (6.4 to
7.0) and have been described in detail by Payne (1991). Phosphate
concentrations are significant ranging up to about 0.30 mg/L which is



important in the formation of uranyl phosphate minerals in the dispersion
fan. Uranium concentrations in the groundwater increase from background
concentrations of < 1 ug/L (4 x 10-9 M) upgradient of the orebody to 440
ug/L (1.8 x 10-6 M) in the vicinity of the orebody, followed by a decrease
to background concentrations over a distance of about 200 m downgradient
of the orebody. This decrease in uranium concentrations downgradient of
the orebody has been suggested to be the result of a combination of
dilution and/or sorption processes (Payne, 1991).

Chlorite in the schist has been altered to kaolinite, minor smectite,
hematite and various iron oxyhydroxides in the zone of most intense
weathering (ie. the upper 20 metres). Below this zone there exists a
transitional zone of less weathered rock where the chlorite has
predominantly altered to vermiculite and ferrihydrite. Uranium
concentrations in the downstream portion of the dispersion fan are
greatest in the kaolinite weathering zone (Murakami et al., 1991).
Extraction experiments by Yanase and Isobe (1991) suggest that although
sorption of uranium on clay minerals is significant the major sink for
uranium in both the kaolinite and vermiculite weathering zones appears to
be crystalline iron phases (geothite and hematite).

Fabryka-Martin et al. (1987) and Fabryka-Martin (1991) investigated the
geochemistry and migration of 239Pu, 99jc and 129| in the Koongarra ore
deposit. These radionuclides are also important long-lived components of
spent fuel. Hence analogue investigations of these isotopes are
particularly useful to the understanding of geochemical processes that
control their migration through the geosphere. Plutonium-239, which has
a half life of 2.41 x 104 years, is produced both in uranium ore deposits
and in nuclear reactors through neutron capture by 238U. Two samples of
Koongarra ore, having U concentrations of 12.2 and 19.1%, had 239pu/U
atomic ratios of 1.34 and 2.59 x 10-12, respectively. However, three
weathered Koongarra ores with uranium concentrations of 0.2 to 1.0% had
239Pu/U ratios of only about 3 x 10-13. This lower ratio can be interpreted
in one of two ways, either: 1) weathering of the ore in the past few
thousand years resulted in preferential loss of 239Pu relative to U, or 2)
weathering occurred sufficiently long ago that the 239pu re-established a
new equilibrium concentration with the lower U content and hence lower



neutron flux. Resolution of these two alternatives is the subject of
ongoing research by these authors.

Technetium-99, with a half life of 2.13 x 105 years, is produced by the
spontaneous fission of 238U and neutron induced fission of both 235U and
238U. An analysis of Koongarra ore yielded a 99Tc/U atomic ratio of 1.8 x
10-12 which is only slightly higher than the value of 1.6 x 10-12 predicted
for pure spontaneous fission of 238U (Fabryka-Martin, 1991). This
suggests that most of the 99fc is retained in the geosphere. However,
these authors also measured a 99Tc concentration of 11 atoms/mL in
groundwater in the vicinity of the ore body indicating that 99Jc was being
mobilized from some part of the deposit.

lodine-129, also produced by the spontaneous fission of 238(j and neutron
induced fission of 235U and 238U, has a very long half life of 1.6 x 10?
years. Modelling by AECL using the SYVAC code suggests that 1291 will be
the most significant isotope with respect to potential doses that may be
received by individuals in the critical group during the 10,000 year period
following closure of the repository. The 1291/u ratios for primary ore at
Koongarra are reported to range from 1-3 x IO-12 (Fabryka-Martin, 1991)
which are greater than the ratio (1 x 10-12) expected from only the
spontaneous fission of 238(j. This suggests that as much as half the 129| in
the ore is due to induced fission of 235U and that losses of 1291 from the
primary ore is minimal. However, samples of Koongarra ore from the
weathered zone have much lower 1291/u ratios of 3 x 10-13 indicating
significant losses of 1291 relative to 238U in this part of the deposit. This
conclusion is supported by analyses of 129| concentrations in
groundwaters from the ore body which have 1291/1 ratios that are more
than three orders of magnitude greater than background levels.
Downgradient of the ore body, 129|/| ratios in the groundwaters decrease
significantly but are still well above background. This decrease in 1291
concentrations was initially interpreted as evidence for sorptive loss of
this isotope (Fabryka-Martin et al., 1987). However, it is currently
believed that this decrease is probably due to dilution by recharge waters
that have not flowed through the ore deposit (Fabryka-Martin, 1991).



2.2 Pocos de Caldas Analogue Project

The Pocos de Caldas Project began in June 1986 and was completed in
December, 1989. It was co-sponsored by SKB, NAGRA, the UK Dept. of the
Environment and the U.S. Dept. of Energy. A final workshop sponsored by
the CEC was held on this project in Scotland in 1990 (Come and Chapman,
1991).

The Osamu Utsumi open pit uranium mine and the Morro do Ferro
Thorium/Lanthanide prospect in the Pocos de Caldas caldera of Minas
Gerais, Brazil are the sites that have been investigated in this project.
The Pocos de Caldas caldera is an approximately 90 Ma old volcanic
complex consisting of phonolites and carbonatites which have been
intensely weathered because of the prevailing tropical climatic
conditions.

The oxidized zone in the Osamu Utsumi mine extends to depths of up to
150 metres (Figure 2) and is fracture controlled resulting in the
formation of redox front fingers (Romero et al., 1990). Roll-front type
uranium mineralization is present at the boundary between the oxidized
and reduced regimes often as large uraninite nodules but also as very thin
precipitates on the surfaces of other minerals. Radium and rare earth
elements are also concentrated on the reduced side of the redox front. The
general loss of rare earth elements in the oxidized rock is most
pronounced for the light rare earth elements. The bedrock in the reduced
zone contains about 2% pyrite which has almost been totally dissolved in
the oxidized zone. Consequently, groundwaters at this site have very
unusual major ion compositions being of the dilute K-Fe-SO4 variety
(Nordstrom et al., 1990). Shallow groundwater in the oxidized zone has a
very acidic pH (< 3) and uranium concentrations as high as 25 mg/L (10-4
M), although a significant amount of uranium is also reported to be sorbed
on iron oxides in the oxidized zone (MacKenzie et al., 1991). Reduced
groundwaters have Eh values as low as -450 mv at depth (Smellie et al.,
1987) and typically contain only a few ppb of uranium.

The Osamu Utsumi deposit is a classic example of variability in redox
conditions controlling the migration and immobilization of uranium in the
geosphere based primarily on solubility considerations. The position of



the redox front moves with time as the oxidized zone gradually enlarges
due to dissolution of the pyrite. At this site movement of the redox front
has been estimated at 2 - 20 m in 106 years and is in apparent equilibrium
with the estimated rate of regional erosion (MacKenzie et al., 1991).

The natural content of 239pu ( a product of neutron capture by uranium) in
a uranium nodule from the reduced side of the redox front was found to be
in a state of secular equilibrium with its parent uranium (MacKenzie et
al., 1991). This indicates that both elements are chemically stable in
these nodules under reducing conditions over time scales of at least 105
years. Thus both elements appear to have exhibited similar geochemical
behaviour and migrated at comparable rates without fractionation.

The Th/REE deposit at Morro do Ferro is located only about 10 km from the
Osamu Utsumi mine and has been preserved as the highest point of ground
within the Pocos de Caldas caldera partly because of the presence of an
extensive stockwork of magnetite veins that have helped resist erosion
(Figure 3). Bedrock consists of nepheline syenite that has been highly
altered by hydrothermal activity and lateritic weathering. Weathering
products include kaolinite, gibbsite, illite and ferric oxyhydroxides. High
grade ore (0.5 to 3.0% Th and REE) is found within 50 metres of ground
surface (Linsalata et al., 1987). Waber (1991) has suggested that a
carbonatite intrusion may have been the original source of the Th and
REE's.

Unlike the Osamu Utsumi mine, groundwater infiltration at Morro do Ferro
is not strongly controlled by fracturing because of the uniformly high
hydraulic conductivity (10-6 m/s) of the weathered bedrock. Despite the
potential for rather strong leaching of the Th and light rare earth
elements (LREE) from the bedrock, most of these elements have either
been retained in the original thorite and REE mineralogy or on secondary
minerals formed by weathering, particularly ferric oxyhydroxides.
Concentrations of 232jh in the groundwater are generally less than 0.1
ug/L, whereas concentrations of light rare earth elements (La, Ce, Nd) and
heavy rare earth elements (Ho-Lu) are typically in the range of 1-50 ug/L
and 0.001-0.1 ug/L, respectively (Miekeley et al., 1991). These low
concentrations indicate that relatively little of the large inventory of
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thorium and rare earth elements in this deposit is being mobilized and
transported in groundwater.

2.3 Cigar Lake, Saskatchewan, Canada

The Cigar Lake uranium deposit located in the Athabasca Basin of northern
Saskatchewan has been proposed by Atomic Energy of Canada Ltd. as a
natural analogue for a high level radioactive waste repository (Cramer et
al., 1987; Goodwin et al., 1989). It is located at a depth of about 430
metres at the unconformity between the Precambrian sandstone of the
Athabasca Formation and the underlying gneissic basement rocks (Figure
4) and was formed from hydrothermal solutions about 1.3 Ga ago. The ore
grade averages 14% U3O8 with zones as high as 65% and ore reserves
estimated at about 1.5 x 105 Mg (U). The ore deposit is surrounded by a 5
to 30 metre thick clay rich halo consisting predominantly of kaolinite and
illite and depleted in silica. Above the clay halo is a band of silica-rich
sandstone known as the "quartz-cap".

Uraninite is the primary uranium mineral in the ore with an oxidation
state at or below UO2.33 and a LJ6+/U4+ ratio ranging from 0.24 to 0.57
indicating reducing conditions at the time of formation. Phases identified
include UO2, UO2.25, coffinite (USiO4) and possibly a -UO2.33 (Finch and
Ewing, 1990). Uranyl minerals are apparently absent but sulphides and
sulpho-arsenides of nickel, cobalt and lead are common in the ore.
Graphitic gneisses are associated with this deposit and may have been a
factor in its formation.

Uranium concentrations in the groundwater are relatively low ranging
from 2.5 to 11.9 ug/L within the ore body (Finch and Ewing, 1990) because
of the reducing environment maintained by the sulphides associated with
the deposit. The Eh is estimated to be -0.21 to -0.4 volts and the pH is
7.03 to 7.35. There is no geochemical anomaly at surface to suggest the
presence at depth of the U deposit because uranium is relatively immobile
under the highly reducing conditions at this site. Furthermore, the
direction of groundwater flow is downwards (Cramer et al., 1987). Hence,
even if the U was mobile, it would not be transported to the surface, at
least not in the immediate vicinity of Cigar Lake.



2.4 Palmottu Uranium Deposit, Finland

A small uranium-thorium deposit at Palmottu in southwest Finland has
been studied as a natural analogue site (Jaakkola et al., 1989). This
deposit consists of about 1 million tons of ore averaging 0.1 wt. %
uranium. The deposit occurs in uraniferous veins consisting of pegmatite
and sheared granite hosted by Precambrian mica gneisses. The age of the
deposit is approximately 1.8 Ga old. Uranium is contained primarily in
uraninite and coffinite grains disseminated through the host rock and on
ferric oxyhydroxides and clay minerals in fractures.

The ore deposit has been encountered in boreholes at depths ranging from
about 50 to 300 metres (Figure 5). The chemistry of the groundwaters
sampled from these boreholes has been described by Jaakkola et al. (1989)
and Suutarinen et al. (1991). Dissolved uranium concentrations are as
high as about 170 ug/L at shallow depths (< 20 m) but decrease
significantly with increasing depth to a minimum of about 7 ug/L at 205
m, the maximum sampling depth reported. Groundwater in the upper 100
metres is oxidizing with EH values ranging between 0 and 200 mV. Below
this depth reducing conditions exist with EH values ranging between 0 and
-200 mV. The pH increases from 7.4 near surface to about 9.0 at 200 m.

The decrease in dissolved uranium concentrations with increasing depth at
Palmottu has been interpreted as being redox controlled (Suutarinen et al.,
1991). Under the reducing conditions present at depth at this site, most
of the dissolved U will be reduced to the less soluble +4 oxidation state.
Nevertheless, significant dissolution of uraninite has occurred regardless
of the redox conditions which may be due to the increasing salinity of
groundwater with depth which typically occurs not only on the
Fennoscandian Shield but also on the Canadian Precambrian Shield (Frape
et al., 1984). For example, at Outokumpu in eastern Finland, U
concentrations increase from about 0.3 ug/L in bicarbonate waters at a
depth of 190-280 m, to 1.0 - 1.4 ug/L in reduced but highly saline calcium-
chloride waters at depths of 500-1000 m (Suutarinen et al., 1991). Giblin
and Appleyard (1987) have shown experimentally that uranium can be
mobilized under reducing conditions in the presence of saline waters or
brines, presumably due to the formation of soluble uranium-chloride
complexes.
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3.0 NEGATIVE ANALOGUES

"Negative" analogues can be defined, in the context of the nuclear fuel
waste management program, as natural examples of situations where .
uranium is being actively transported in groundwater flow systems.
Geochemical environments that favour the dissolution and transport of
uranium and other radionuclides present in spent fuel should ideally be
avoided as sites for high level repositories. However, geochemical
investigations of such sites provide valuable insights into the processes
controlling radionuclide mobility in the geosphere. In this section, some
examples of uranium mobilization in crystalline rock groundwaters are
presented and processes responsible for its transport discussed.

3.1 Lac du Bonnet batholith, Manitoba, Canada

Very high concentrations of uranium in bedrock groundwaters of the Lac du
Bonnet batholith were first reported by Bottomley and Graham (1980) and
Bottomley et al. (1984). A subsequent detailed investigation of
groundwaters in the area surrounding the Atomic Energy of Canada Ltd.
Underground Research Laboratory (Gascoyne, 1989) confirmed the
generally high uranium concentrations with maximum values of the order
of 4 x 10-6M (~ 1 mg/L).

There are no known uranium ore deposits in the Lac du Bonnet batholith
yet maximum dissolved uranium concentrations are at least 50 times
greater than groundwater uranium concentrations in the Cigar Lake
deposit, one of the richest in the world. Uranium concentrations in the
Lac du Bonnet granite average 6 - 7 ppm (Kamineni et al, 1986) which are
similar to average uranium concentrations in granitic rocks from the
Canadian Precambrian Shield (Shaw, 1967). Gascoyne (1989) suggests
that the high dissolved uranium concentrations are fundamentally the
results of both modern and geologically recent leaching of uranium from
at least the upper 160 metres of the granite batholith. Groundwaters at
this site tend to be rich in bicarbonate and this may have enhanced
uranium solubility through the formation of uranyl carbonate complexes.
Furthermore, groundwaters in this pluton are relatively oxidizing (EH
values generally greater than -100 mv) which strongly favours uranium
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dissolution. Uranium concentrations are greatest in the shallow (< 100
metres deep) oxidized groundwaters suggesting that uranium mobilization
is being primarily controlled by subsurface redox conditions since deeper
groundwaters are generally more reducing (Gascoyne, 1989). However, the
presence of several ppb of dissolved uranium in deep, saline reduced
groundwaters at this site indicates that redox conditions are not the only
control on uranium solubility. It is probable that the decrease in
dissolved uranium with depth is the result of both a reduction in redox
potential with depth as well as a reduction in bicarbonate concentration
with increasing salinity. Moreover, the presence of uranium in the deepest
samples, albeit at relatively low concentrations, suggests that
complexation of uranium by ligands other than carbonate may be occurring
in the saline waters. This observation supports the proposition of Giblin
and Appleyard (1987) that uranium complexation by chloride in saline
waters may be significant even under highly reducing conditions.

3.2 Southern Finland

Asikainen and Kahlos (1979) described anomalously high uranium
concentrations in groundwaters in Precambrian gneisses of the Helsinki
region where there are no known uranium deposits. The highest reported
uranium concentration by these authors is 14,870 ug/L (~6.3 x 10-s M)
although it is not clear whether the samples were filtered during this
study. In addition, Erametsa (1968) reported that one particular well in
the city of Helsinki had uranium concentrations as high as 19,600 ug/L
(~ 8.2 x 10-5 M). The high uranium concentrations in this area are also
accompanied by anomalously high concentrations of 226Ra and 222Rn but
the chemical compositions of these waters, including pH, EH, and
bicarbonate, are not reported. Although the existence of uranium ore in
the study area is not precluded by the radiochemical data collected from
this region, the cause of the anomalously high radioactivity in these
groundwaters proposed by the authors is due to uranium enrichment on
fracture surfaces in the bedrock.

3.3 Stripa, Sweden

The International Stripa Project was formed in 1980 to develop and
evaluate techniques for measuring the thermomechanical, hydrogeolocial,
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geophysical and geochemical properties and processes necessary to assess
the conditions for the safety disposal of high level radioactive waste in
granitic rock. This program was conducted in the abandoned Stripa iron
ore mine in central Sweden.

The uranium concentration in the Stripa granite is relatively high,
averaging about 42 ppm, and is concentrated as uraninite within open
microfractures in feldspars where it is readily accessible to potential
leaching by groundwaters (Andrews et al., 1989). Uranium concentrations
in Stripa groundwaters exhibit a general decrease with increasing depth.
The highest reported concentration is 90 ug/L (~ 3.8 x 10-7 M) from a
depth of 60 m whereas samples from depths of 100 to 400 m contained
between 1 and about 10 ug/L. Most samples from depths of 400 to 1200 m
contained < 1 ug/L (< 4 x 10-9 M) of uranium leading Andrews et al. (1989)
to suggest that the reduction in uranium with depth was redox controlled.
In fact, the redox chemistry of groundwaters at Stripa is poorly
understood (Nordstrom et al., 1989). Iron concentrations are generally too
low (ie. « 0.5 mg/L) to be electroactive and sulfidic groundwaters at this
site are rare. Hence these waters are poorly poised which is consistent
with the observation at Stripa that potentials measured with the platinum
electrode drift very slowly over long periods of time. Redox potentials
measured with the platinum electrode were previously shown to range
from about - 50 mv to 500 mv (Nordstrom et al., 1985) and hence
according to these measurements the groundwater would be considered to
be mildly reducing to oxidizing.

The composition of the groundwater at Stripa changes with depth from a
Ca-HCC>3 type at depths of less than 300 m to a Na-Ca-CI type at depths
greater than about 700 m. This is accompanied by a reduction in alkalinity
from values as high as about 3 mM/L to values less than 0.2 mM/L in the
deep Na-CI waters. Therefore the possibility arises, as in the case of the
Lac du Bonnet batholith, that the reduction in uranium concentration with
depth at Stripa may also be controlled by a reduction in carbonate
complexation capacity with depth rather than solely redox controlled. A
recent review of uranium solubility in granitic groundwater has shown
that there are poor individual correlations between uranium
concentrations and EH, pH, or bicarbonate concentration suggesting that
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uranium solubility is strongly influenced by all three parameters (ETRA,
1991).

4.0 REDOX CONDITIONS OF DEEP CRYSTALLINE ROCK
GROUNDWATERS

From the case histories presented above, it is clear that the mobility of
uranium in the geosphere is controlled to a large degree by the redox
chemistry of the groundwater. The stability of spent fuel, and hence the
ability of the fuel to retain both uranium and actinide elements, can be
examined by considering the stability of its chemical homologue uraninite.
Figure 6 shows the PH/EH stability field of ideal uraninite at 25°C and
under a Pco2 of 10-2 atm. (Langmuir, 1978). Solid/solute boundaries are
shown for a total dissolved U of concentration of 10-6 M. It is clear from
this figure that under highly oxidizing conditions uraninite is unstable and
at neutral to alkaline pH conditions dissolved uranium will speciate into
various uranyl carbonate complexes. Moreover, with increasingly alkaline
pH conditions the solid/solute boundary for uraninite is lowered to more
reducing EH values.

While Figure 6 shows the pH and redox conditions under which uraninite is
unstable, it provides no information on uranium solubility. Figure 7 shows
calculated uranium solubility values as a function of pH under highly
oxidizing conditions (O2/H2O2 boundary conditions) and highly reducing
conditions (FeaCVFesCU boundary), and in both fresh and saline
groundwaters (Johnson and Shoesmith, 1987). Under highly reducing
conditions, uranium solubility is insensitive to variations in pH. However,
under oxidizing conditions, uranium solubility may be up to about 10?
times greater than under highly reducing conditions. Moreover, it is seen
that under oxidizing conditions uranium solubility will vary as a function
of pH, temperature and groundwater chemistry. Calculated uranium
solubilities are greatest in the Standard Canadian Shield Saline Solution
(SCSSS) reference water because complexation by anionic species is more
important at higher concentrations of complexing ligands (sulphate,
chloride, phosphate, etc.) Recently, published solubility data by the
Swedish Nuclear Power Inspectorate (SKI Project-90, 1991) for
performance assessment of the Swedish waste disposal concept is
consistent with the AECL published data (Table 1). Reference uranium



14

solubilities are reported as 10-s M under oxidizing conditions and 4 x 10-8
M under reducing conditions. The "poor chemistry" values reflect higher
solubility values that can occur under both oxidizing and reducing
conditions as the result of higher than expected concentrations of
complexing ligands in the groundwater. The "poor chemistry" data also
take into consideration uncertainties in the thermodynamic data bases
used to calculate these solubilities.

The mobility of uranium and actinide elements once they are leached from
the waste will also depend on their speciation which in turn is controlled
by the pH and EH of the groundwater as well as its chemical composition
(Table 2). Many of the species are neutral or anionic complexes (hydroxo
or carbonate species) which would be expected to be less strongly sorbed
than the less common cationic species. In order to predict the solute
speciation and select appropriate distribution coefficients for input into
contaminant transport codes, it is clearly necessary to know whether the
groundwater is oxidizing or reducing. Similar arguments also apply to
some fission products. For example, at near neutral pH conditions, QQTc
with a half life of about 213,000 years would be expected to be soluble in
the heptavalent state as the pertechnetate anion (TcCV) under mildly
oxidizing conditions but to precipitate in the tetravalent state as
sparingly soluble TCO4 under mildly reducing conditions.

In view of the importance of groundwater EH on spent fuel stability,
solubility and radionuclide mobility, it is clearly necessary to
characterize the groundwater redox conditions in the geosphere. Available
redox data for deep groundwaters in the Canadian Precambrian Shield were
generated from platinum electrode potential measurements at Atomic
Energy of Canada Ltd. research areas. Figure 8 summarizes the published
ranges in pH and EH measurements for these sites. In groundwater
recharge areas, it is to be expected that the groundwater would exhibit a
trend from relatively low pH and oxidizing EH conditions at shallow depths
to more alkaline pH and reducing conditions with increasing depth or along
the direction of groundwater flow. These trends are followed to some
extent but there is a large scatter in platinum electrode EH measurements
with no well defined depth trends. The lowest EH values are near the UO2-
UC>2(CO3)34- boundary at pH 9 (Figure 6) suggesting that redox conditions at
depth may be insufficiently reducing to guarantee the stability of spent
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fuel in a waste repository. Moreover, because EH is a thermodynamic
parameter governed by the Nernst equation, it is necessary to examine
whether the assumptions implicit in the determination of EH from
platinum electrode potentials are satisfied.

In order to measure EH with an electrode, it is necessary that
thermodynamic equilibrium be established between all electroactive redox
couples in solution. Electroactive redox couples are those capable of
undergoing an electrochemically reversible electron transfer. In natural
waters potential electroactive species are rather limited with the most
likely couples being Fe2+/Fe3+, Mn2+/Mn4+, and SC/HS\ The ability of these
redox couples to control the EH of the groundwater requires that both the
reduced and oxidized species be present in solution at concentrations of at
least 1f>6 M. Confidence in electrode-measured EH values can only be
gained if the measured values agrees with values calculated from the
Nernst equation using measured concentrations of the oxidized and
reduced species comprising the redox couple (for example, ferrous and
ferric iron). If other redox couples are present, such as Mn2+/Mn4+, all
calculated EH values should be internally consistent.

It is probable that most measured platinum electrode potentials are, in
fact, mixed potentials that have no thermodynamic meaning. This arises
from the observation that most groundwaters on the Shield have low
concentrations of potential redox couples and are thus poorly poised.
Moreover, in the case of iron, groundwater pH conditions virtually
guarantee that concentrations of ferric iron will be well below 10-6 M,
although no analytical results of both ferrous and ferric iron in research
area groundwaters have been published to confirm this. Nordstrom and
Puigdomenech (1986) concluded that ferric iron concentrations measured
in deep groundwaters in Sweden are an artifact of poor sample handling
and preservation techniques. These authors showed that the reversible
SC/HS- couple is the dominate control on groundwater EH in these waters
because dissolved sulphide is the dominant electroactive species. In
Canada, the situation is less clear because of the paucity of published
information on concentrations of electroactive species in Shield
groundwaters. In the absence of such data, EH values calculated from
measured platinum electrode potentials should be viewed with caution as
they may not be amenable to quantitative interpretation. Furthermore, it
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should be remembered that the redox potential is strictly an intensity
factor and provides no information about the capacity of a system to
maintain the existing redox conditions. For poorly poised groundwater
flow systems, such as those that are likely to be present on the Shield,
the redox chemistry in the vicinity of a nuclear waste repository may be
dominated by actinide species leached from the fuel.

5.0 CONCLUSIONS

The Cigar Lake and Pocos de Caldas natural analogue investigations have
convincingly demonstrated that uranium can be geochemically immobilized
in a highly reducing environment. At Cigar Lake and Pocos de Caldas
sulphide mineralization appears to be responsible for the reduced nature
of the groundwaters. The Alligators River Analogue study has shown that
although uranium can be remobilized under oxidizing conditions, its
dispersion in groundwater flow systems may be limited if there are
sufficient quantities of mineralogical sorbents, such as clay minerals and
ferric oxyhydroxides, along the flow path to sorb uranium in the
groundwater. Hence these investigations point to two important
geochemical conditions that should be satisfied as siting criteria for a
high level nuclear waste repository: 1) the vault should be constructed in
crystalline rocks containing sufficiently high quantities of reduced
materials, such as sulphides, to maintain a high reducing capacity in the
geosphere surrounding the vault, and 2) fractures in the host rock should
be lined with significant quantities of secondary minerals having high
sorption capacities to retard the movement of any radionuclides that are
transported into the geosphere. The second criterion probably is of
particular importance considering that the first criterion can probably not
be satisfied if plutonic rock selected as the host rock. Because average
plutonic rock typically contains relatively low concentrations of
sulphides, graphite and organic matter, it is prudent to consider other
Shield lithologies, such as greenstone belts, that have higher redox
buffering capacities because of their significantly higher sulphide
contents. Moreover, these rocks can also be expected to contain abundant
clay minerals on fracture surfaces because their high content of mafic
minerals makes them susceptible to neoformation of clay minerals during
water/rock chemical interactions.
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In summary, natural analogue studies suggest that plutonic rocks,
particularly granitic plutons, do not generally possess the most ideal
geochemical attributes that are available in the Shield for the long term
containment of spent fuel. Accordingly, other lithologies present on the
Shield (greenstones, metasediments, etc.) should also be considered as
potential host rocks for a waste repository.
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Table 1. Elemental solubilities used in the SKI Project-90 performance
assessment ( SKI, 1991 ).

Element

Am
Pu
Np
U
Pa
Th
Sn
Tc
Zr
Se

Oxidising

Reference

[M]

4 x 10'7

4 x 10'9

1.5 x lO"3

io-5

1.6 x 10-8

1.7 x lO'9

io-9

High*
10-io

0.1

conditions

Poor
chemistry

[M]

io-3

6 x 10-8

1.5 x 10"3

1.5 x 10"3

io-5

2.2 x 10-8

io-7

High*
io-9

0.5

Reducing

Reference

[M]

4 x 10"7

4 x 10-8

4 x lO"9

4 x 10-8

1.6 x 10-8

1.7 x 10-9

IO-11

2 x 10-9

l o- io

3 x IQ'8

conditions

Poor
chemistry

[M]

io-3

3 x lO"5

4 x lO"9

io-5

io-5

2.2 x 10'8

io-9

10"6

io-9

io-7

* "High" indicates a sufficiently high value to avoid a limit being reached.
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Table 2. Actinide speciation under oxidizing and reducing conditions and
high and low pH.

Element

Am (+3)

Np (+4 or

+5)

Pu (+3, +4,
rarely +6)

U (+4, +5,

+6)

Th (+4)

OXIDIZING
low pH to high pH
neutral

Am3+

NpO2
+

PuO2
+

(U02)3(C03)6-
6

UO2(0H)5
5-

Th(OH)4

Am(C03)
+,

Am(0H)2+,

Am(0H}3

Np(0H)4°,

Np02(C03)

Pu(0H)4,

Am(C03)2-

Am(OH)*,

Np02(C03)2
3'

5-
3

Pu(0H)5"

(U02)3(C03)6-
6

U02(0H)5
5"

Th(0H)4

REDUCING
low pH to high pH
neutral

same as for oxidizing

Np(0H)4

Pu3+, Pu(C03)
+

Pu(0H)4

U(0H)4

uo 2
+

Th(0H)4

Np(0H)4

Np(0H)5-

Pu(OH)4

Pu(0H)5"

U(0H)"5

U02(C03)x
2-Zx

where x = 1 to 3

Th(0H)4



25

NW SE

URANIUM MINERALOGY

ouoouo] UianlnlU wild Pb-U oildtt

j Uranyl alllcalaa

Uranyl phoiphalt*

Dliparatd uranium, adsotbad

Qroundwalar lion

ALTERATION

:, Primary

^:''.. Oulaf halo
V ; Chlotlli-alUrblollU (In achltli)

.*.•" Slllclllcallon (In aandtlona)

Inner halo
\ PervitaWt ehlorlltaatlon and quartz
, nmond (In achltta)

Stcondny
Llmlla (approi.) ol htmallU alttrallonrJ.i

mtlrti

Wcnthtftd zont

B»st ol wcathtrtng
MIDOUE PnOTEBOZOIC

I K I Kombolgl* Formallon (sandatont)

IOWER PBOTEBOZOIC

|MOfs| MIca-quarlz-Kldipai •chin

[ •»» y *| Amphlbolllt

[GMOSJ Garn*l-mlca-quarlz ichlsl

ptMOSJ Giaphllt<mlca-quarlz ichUt

|:*!-;|:f:;j Graphllt*quartz-ch1orlU (ehlai

joChSJ Ouarlz-chloiltt aehltl

L * A * J •"•»•'•< raull brtccla
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Figure 7. Calculated uranium solubilities as a function of pH, temperature
and water chemistry ( Johnson and Shoesmith,1989 ). Curves a and b are
for reference granite groundwater at 25 and 150 <>c, respectively, whereas
curve c is for reference Standard Canadian Shield Saline Solution
( SCSSS ) at 25 °C. All are for highly oxidizing conditions. Curve d is for
the same range of conditions as for curves a-c except under highly
reducing conditions.
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Figure 8. Range in PH/EH conditions for AECL Research Area groundwaters.


