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Quotations

Description as an end in itself is sterile, experiments that answer unasked questions are
irrelevant, and theory unchecked by fact is useless.

— I. B. Thompson, Jr. in Geochim. et Cosmochim. Ada. 34 (1970), 529.

Confucius said: "He who learns but does not think is lost; he who thinks but does not learn is
in danger."

— Analects of Confucius, translated by VVing-tsit Chan. Princeton University
Press, 1963.

Chemists' philosophy:
What is mind? No matter!
What is matter? Never mind!

— A brochure of chemical reagents. (The author apologise for not being able to
identify the exact original).
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Abstract

Three models have been developed, tested and validated in the natural analogue studies of the
Cigar Lake uranium deposit.

In the model of steady-state near-field mass transport, the model concepts ate essentially the
same as those in the models developed for a nuclear waste repository. These concepts are
solubility-limited dissolution, diffusive and advective mass transport, porous medium
approximation, etc. The validity of the model is tested against known helium release. The
results of the model show that the release of uranium is negligibly low; the release of sulphate
is roughly balanced by the release of dissolved hydrogen, indicating possible water radiolysis.
The release of in-situ generated radionuclides are in agreement with field observations.

In the model of radiation energy deposition and its consequences to water radiolysis, the issue
of water radiolysis is addressed directly by calculating the radiation energy deposited in the
pore water in the ore body. The statistic Monte Carlo method is used to simulate the random
process of radiation emission. The results show that or..y a small fraction ol the total radiation
energy w ill be deposited into the pore water.

In the lest of the models of coupled solute transport with geochemical reactions, the observed
hemalisalion (oxidation of pyritc to hematite) in the clay halo adjacent to the ore is simulated.
The chemical reactions are assumed to be of local equilibrium. A constant rate of oxidanl
production, by water radiolysis, is assumed in the ore body. The model results show that, at a
certain rale of oxidanl production, hematite can possibly precipitate in the clay adjacent to Ihc
ore body as is observed. Secondary pyrite also precipitates in the clay. The groundwater is
reducing, even in the ore /one. The model results also reveal a threshold of oxidanl
production rale for hematisation. Below this threshold, hematisation does not occur. This
threshold is in the same of order of magnitude as what is predicted by the above two models.

In general, the above three models are capable of predicting the most prominent features
observed in the Cigar Lake uranium deposit. All models point to a certain extent of water
radiolysis in the ore body. In addition, the existence of a negligibly permeable clay halo and
Ihc presence of reducing minerals like pyritc in the ore and nearby are of vital importance for
the preservation of the uranium ore.

Keywords: models, water radiolysis. mass transport, gcochcmical reactions, radiation energy
deposition, the time-scaling technique, natural analogue studies, nuclear waste management.
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1 Introduction

This thesis consists of six chapters. In Chapter 1, introduction and background are presented,
which include ihe concept of final disposal of nuclear waste, the problems most concerned for
a final repository (possible mechanisms of radionuclide release), the natural analogue studies
as one of the ways to address and solve these problems, and a description of the Cigar Lake
uranium deposit. The scope and objectives of this thesis are also outlined. In Chapter 2.
previous work of other researchers in the literature is briefly reviewed, emphasising the
underlying physical, chemical and numerical principles of three models: mass transport
model, radiation energy deposition and water radiolysis model, and coupled transport/reaction
model. In Chapters 3 to 5, development and test of the three models are presented. The
conceptual models, the mathematical representation of the models, the test and validation of
the models, and the model results are illustrated. The model results are compared with field
observations and possible applications of the models in performance assessment are discussed
where appropriate. Finally, in Chapter 6, is a general discussions and conclusions of the
modelling efforts in this thesis.

1.1 Final disposal of spent nuclear fuel

Permanent isolation in deep geological formations is the most favoured final disposal concept
for medium- to high-level spent nuclear fuel. The Swedish concept of Ihe final disposal of
nuclear waste in the underground bedrock is depicted briefly as follows. The fuel, after being
decommissioned from the reactor, will first be stored in a temporary storage depot for about
40 years. During these 40 years, much of the residual heat will have been emitted and some of
the short-lived fission products will have decayed. The fuel is then encapsulated in metal
canisters and buried in a vault excavated in (he underground crystalline bedrock. The depth of
the vault will be 500 to 1 000 m. The gap between the canister and the inner wall of the vault
will be filled with compact bentonite. The spaces above and below the canister arc also filled
with bentonite. The remaining part ol the vault and the horizontal shaft along which Ihe vaults
are excavated will then be backfilled with a sand/bentonitc mixture (KBS, 1983; SKB, 1992).

In the performance assessment of a final repository, the time span needed to consider is very
long, and the processes that can be of importance for safety are many and often slow. The
performance assessment can therefore not be based solely on the results of experiments. The
analysis must be based en models for known and possible mechanisms that could cause
release of the various radionuclidc.s from (he repository (SKB, 1992).

A fundamental principle of all planning for a final repository in Sweden, as well as in some
other countries, is that its safety shall be based on the multi-barrier principle (SKB, 1992).
The first barrier is the metal canister. The canister will serve as protection during handling of
ihe spent fuel, bin its most important function is as a barrier to prevent release of
radionuclidcs from the fuel. A canister will sooner or later degrade, mainly by groundwater



corrosion. A 25-mm-lhick copper canister will have lifetime in excess of 106 years (King el
al., I994). It is also predicted that no corrosion penetrations will take place on the canister at a
pitting factor of 2 before more than 100 million years have passed (SKB. 1992). However,
there is a slight possibility that there may be some manufacturing fault leaving a small hole.

The spent fuel itself also forms a barrier. The main constituent of the fuel is UCK Under
chemically reducing conditions, the solubility of UCH is extremely low. Experimental results
have shown that uranium concentration could be as low as I0"6 to 10"7 mol H (Forsyth and
VVermc, 1985; Stroes-Gascoyne et al., I985). Field measurement in the ore body of the Cigar
Lake uranium deposit gave values of 10 s to 1O9 mol H (Cramer et al., 1994). With this
extremely low solubility in pore water in ihe repository, the release to the surrounding rocks is
inherently low.

The buller material surrounding the canisters consists of compact benlonite. Essential
properties for the buffer material are: low hydraulic conductivity: good bearing capacity:
suitable plasticity: good thermal conductivity and long-term stability (SKB. 1992). Bcntonite
is rich in swelling clay minerals, such as smectite, of which montinorillonitc is a common
variety (KBS, 1983). On absorbing water, high-density bentonile swel's. which leads to self-
scaling and low hydraulic conductivity, and prevents any initial water-bearing passages from
lasting long in the material. The hydraulic conductivity of bentonite with a density of 2 (XM)
kg n r 1 is about 5 10' '"* m s 1 (Push, 1980). Such low hydraulic conductivity implies that
mass Iransport through the bentonile is mainly by diffusion. For non-sorbing ions, the
diliusivity is less than 6 10 '- m- s 1 (Firiksen and Jacobsson. 1982; Neretnieks, 1985). Clay
minerals usually have a large sorption capacity (Ghaluis el al.. 1993). These characteristics
make the clay an efficient barrier lo prevent release of radionuclides.

Outside the engineered barrier, the repository is surrounded by massive rock. For crystalline
rock as in the Swedish final disposal concept, possible water-conducting palhs are fractures
and networked channels. Fractures and channels were evidenced in Ihe site characterisation of
the Siripa mine in south-central Sweden (Olsson. 1992) and in several other sites. Fracture
frequencies are typically a few fractures per metre at depths below a lew hundred metres
(Nerelnicks. 1993). In addition lo the fractures and channels, most rocks, even dense
crystalline rocks such as graniles and gneisses, have microscopically small fissures between
the crystals. These fissures constitute a pore system, containing water, that is at least partly
interconnected (Nerelnicks, 1993). While the fractures are conducting water, small molecules
can diffuse through the walls of the fractures in and out of the microfissures. This is usually
called matrix diffusion (Ncrctnicks, 1980) and may have a great effect on mass transfer of
radionucJides. The matrix diffusion causes retardation of radionuclidcs, because non-sorbing
species can pcnciraic into the relatively massive non-fractured rocks, and sorbing species can
be absorbed onto the surface of the microporcs.

In Ihe near- and far-field of a repository, (he rock's different mineral components, fracture-
filling products and the buffer materials constitute a solid, stationary phase, while the
groundwaler in (he interconnected fractures and microfissures forms a liquid, mobile phase.
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Thc principle transport of radionuclides and other dissolved species away from the repository.
as well as of reactants into the repository, takes place in the mobile aqueous phase. On Iheir
nay of transport, the species in the aqueous pha.se will constantly interact with the solid
mineral phases, by sorption and desorption. dissolution and precipitation of minerals. It is
therefore important to consider both the composition of the aqueous phase and the mineral
components in the buffer material and the surrounding rocks.

Typical groundwatcr in crystalline rocks at the repository depth is neutral, dilute, and
reducing, with pH values between 7 - 9, Eh between -0.45 to 0 V, and total dissolved species
a few tens to a few hundreds mg H (KBS. 1983; Nordstrom. 1986). Groundwatcr
composition varies from site lo site, and from one rock type to another, but the typical
characteristics mentioned above usually hold.

X-ray powder diffraction analyses (Mclamcd and Pilka'nen. 1994) have shown that, in
addition (o c by minerals, compacted Na-bcntonitc also consists of quartz, feldspars, pyrite.
calcitc and traces of gypsum as the primary accessories. In interaction with groundwatcr. the
clay minerals and calcitc function as pll buffer, and pyrite and other reducing minerals
function as Eh buffer. N.i-bcnlonite degrades gradually when the sodium ion is ion-exchanged
by calcium ion. leading to increased concentrations of sulphate, carbonate and fluoride ions,
or. when the monimorillonile component is transformed into illite. resulting in very re::'nrted
swelling capacity (Miller et al.. 1994).

Geological and fiiincraiogical data of crystalline rocks of four specific sites arc described in
KBS-3 (KBS, 1983). The rock types at these sites arc mainly mctamorphic rocks of granites
and gneisses. The essential minerals arc quart/, K-feldspar, biotitc, plagioclase. amphibolc.
etc. Sulphide minerals like pyrrhotile and pyiie. occur in small mineral concentrations or as
fracture fillings. The ages of these rocks arc Protcro/.oic to Precambrian, ranging from 1.8 to
2.5Gaold(Lundeg;ird, 1967: Lundström. 1976; Perllunen, 1979).

Owing to the relatively long half-lives of some of the fission products and other
radionuclidcs. the assessment of the long-term performance of the spent fuel in a final
repository usually needs to be considered for limes of over millions of years. The
radiomtclidcs have to migrate from the disposal site (usually deep in the underground
bedrock) through the gcosphcrc before they can reach the biosphere. If the migration is slow
and the retardation is strong enough, the radionuclidcs will decay within the gcosphcrc and
will have a very slight chance to come out into the biosphere.

1.2 Natural analogue studies

The very long time span considered makes the long-term performance assessment difficult
and complicated. Models urc often used to predict the performance of the spent fuel. Various
mechanisms and parameters arc integrated in the models. The models themselves need to be
tested and validated. Again, because of the long time span, it docs not suffice just In test the
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models by comparing Ihcm with results of laboratory experiments. Laboratory studies are
often restricted in terms of lime, by slow reaction kinetics at low temperatures, and in terms of
the complexity of the geological system. Therefore studies of natural examples are necessary
complements to the laboratory research. Carefully selected geological analogues provide
information for the extrapolation of laboratory results, and this increases the level of
confidence in the assessment of the disposal concept (Cramer. 1986).

Natural analogue studies are also required and explicitly stated in some countries in their
regulations concerning final disposal of spent nuclear fuel. In the USA. for example, the
regulations call for detailed prediction of the behaviour of natural .ind engineered systems for
up to 10 000 years in the future. The means that is prescribed for making such prediction is
"the use of data from accelerated tests and predictive models that are supported by such
measures as field and laboratory tests, monitoring data, and natural analogue studies"
(Nuclear Regulatory Commission. 1993). as well as "performance assessment"
(Environmental Protection Agency. 1992).

In essence, natural analogue studies use information from the closest possible approximations,
or direct analogies, of the long-term behaviour of materials and processes found in. or caused
by. a repository to develop or test models appropriate to performance assessment work (Miller
el al.. 1994). In natural analogue studies sonic naturally occurring uranium deposit systems
arc investigated. The system studied is usually required lo have features analogous to those of
the final repository. The hydrological. gcochcmical and mincralogical characteristics of the
natural system are usually more intensively studied by field observations and experimental
investigations. The various models may also be applied to the natural system lo lest their
validity. In general, the aims of the natural analogue studies arc lo understand the present-day
features of the natural sysiem formed some million to thousand million years ago. and lo gain
confidence in extrapolating the performance of ihe spent fuel to a comparable geological time
span in future. The uranium mine at Poens dc Caldus in Brazil (Cross el al.. I99I). and Ihe
Cigar Lake uranium ore deposit in Canada (Cramer and Smellic. 1994). arc two such systems
which have been subject to intensive studies. Other analogue sites arc the Oklo mine in
Gabon. Tono deposit in Japan, (he Koongarra deposit in Australia. P.ilniottu I'-Th deposit in
Finland, etc. (Miller et al.. 1991).

The Cigar Lake uranium deposit analogue sile will be described in more detail in ihe next
seclion. Some oihcr natural analogue sites will be briefly described here. Miller el al. (1994)
have given a comprehensive treatment of natural analogue studies in (he geological disposal
of radioactive wastes, based on which ihc following informalion is derived.

The Pocos dc Caldas plateau was formed from a volcanic caldcra. The area was identified as a
promising silc for a nalural analogue sludy of radinnuclidc Iransport in ihc gensphcrc.
Intensive weathering has led to alteration of ihc upper exposed rock and secondary supervene
enrichment of uranium along (he rcdox front, due to the downward migration <»f oxidising
grnundwalcr. This naturally derived redox from provided a suitable case frr (csl of mass
transport model and coupled Iranspnrl/rcaclion model.
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The Oklo site in Gabon is the only known place where fission reactions had occurred. It is
usually nicknamed a "natural reactor". It provided a chance to study the behaviour of some
long-lived fission products. Natural analogue investigaaons have been focused primarily on
the stability and longevity of UO2. the transport and retardation of radionuclides. the
degradation and radiolysis of bitumen, and the produrron of radiolytic oxidants.

The objcciive of natural analogue studies at ihe Tono site is to evaluate the processes of
uranium series raJionuclide migration. The preliminary results indicate that the reducing
conditions have been maintained for. at least, the last million years: limited uranium
migration has occurred along the faults, and Ihe greatest uranium migration has occurred in
the matrix of the ore. The migration in the matrix, has however, been limited to less than I m
in the last million years.

The Koongarra site analogue sludics have two broad objectives, the first being to investigate
the processes leading (0 the decomposition and leaching of (he primary ore (uraninitc and
pitchblende), and the second to investigate the processes of radionuclide transport and
retardation. The analogue study at Palmottu site has. so tar. concentrated on processes that
may affect radionuclide migration and retardation in fractured crystalline rocks, such as
colloids and matrix diffusion.

1.3 The Cigar l^tkc uranium deposit as a natural analogue site

The Cigar Lake uranium deposit is located on the Waierbury Lake property near the eastern
rim of the Athabasca sedimentary basin, northern Saskatchewan. Canada. It is situated at the
unconformity between Aphcbi.in and Archcan (2.6 - 1.7 Ga> mciascdimcnts of the Wollaston
Group (the crystalline basement) and dctriiul units of the unmetamorphosed llclikian (1.7 -
1.0 Ga) Athabasca Group (the sedimentary sandstone) (Bruncton. 1987; Brunchr., 1993). The
mineralisation was formed 1.3 Ga ago by hyilroihcrm.il processes. The deposit occurs at an
average depth of 430 m as a flattened, cast-west elongated body extending over a length of
2 150 m. In its eastern part, where most of the mineralisation is concentrated, the ore /one
reaches a maximum width of 100 111 and maximum thickness of 20 m (Bruncton. I9S7). The
ore was discovered by detailed ore genesis knowledge combined with indirect geophysical
observations, since at the ground surface there is no indication of ihc existence of the
underlying ore.

The geological environment of the Cigar Lake deposit has been described by Bruncton (1987;
1993). The basement rocks under the ore body consist essentially of graphitic mctapclitic
gneisses with intercalations of calc-silic^'c gneisses and rare mcta-arkoscs (Bruncton. 1987;
Bruncton. 1993;. The graphitic gneisses have been subdivided into three units: (I) fine-
grained mctapclitic gneisses; (2) medium- to coarse-grained mctapclitic gneisses: and (3)
augen textured mctapelilic gneisses. The fine-grained mclapclilic gneisses consists of
minerals like quart/. (15 - 25Cr). K-fcldspar and plagioclasc (40 - 707r). biotite (10 - 2O9r).
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cordierite (5 - 15%), graphite (up to 3%), and sulphides (up to 29c). In the medium- to coarse-
grained metapelitic gneisses, graphite and pyrite are always present. The primary
mineralogical composition of the uugen gneisses is similar to that of the fine-grained
metapelitic gneisses, although the relative abundance of the constituent minerals may differ.
The uugen gneisses is also abundant in graphite and pyrite.

Calc-silicate gneisses make up only a small part of the stratigraphic succession. They are
intercalated with the fine-grained metapelitic gneisses, and have a wide range of colours,
textures, and grain sizes. They contain plagioclase, quartz, pyroxene, and K-feldspar. They
also contain graphite and pyrite as accessory minerals.

The present-day thickness of the overlying Athabasca Group sandstone around the Cigar Lake
deposit is approximately 400 m. The sandstone was separated into three main stratigraphic
units (Ramackers, 1986). These three units arc MFd, MFc and MFb. On top of the sandstone
there is a layer of Pleistocene glacial deposits.

Unit MFd, at the top of the sandstone, is represented by a homogeneous fine- to medium-
grained sandstone and is characterised by the occurrence of white to light-yellow, centimetre-
size clay chips. The MFc unit is generally represented by medium- to coarse-grained
sandstone with micro-conglomeratic layers. The matrix is generally slightly richer in clay than
the MFd unit. Unit MFb is the coarsest member. It is represented by medium- to coarse-
grained sandstone and locally conglomeratic layers, passing into a succession of
conglomerate.

The Athabasca Croup sandstone is composed mainly of poorly sorted quartz grains with a
clay matrix. The main component is detrital quartz. Quart/, overgrowths are common. The
interstitial clay content of the sandstones and conglomerates ranges from 2 to 20%. Clay
occurs as a fine-grained, recrystalliscd, interstitial matrix associated with hematite and
consists of kaolinitc and minor ill i to. Illitc is primarily present as fine-grained replacements of
kiiolinite Illocve and Quirt, 1984).

The hydroihermal event was responsible for the uranium mineralisation and the characteristic
alteration of the sandstone and the basement. Alteration of the basement extended to 100 m
below the ore body, and alteration of the sandstone extended upward to about 300 m. The
mineralisation was formed when hydrothermal reducing fluids passing through the basement
were discharged along a ridge on the basement topography into the sediment basin and
interacted with the more oxidising diagenetic uranium-bearing solutions of the red-bed-type
sandstones. The uranium minerals were deposited contemporaneously with the hydrothcrmal
water-rock interaction.

Three stages of mineralisation can be recognised (Bruneton, 1987). The first two stages have
been dated at 1 362 Ma and I 287 Ma respectively, and the last stage is characterised by a
low-temperature assemblage, and is much younger, dated at 293 Ma ago (Cumming and
Krstic, 1992). At least the first two stages were of hydrothermal alteration.
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From top to bottom, the alteration in the sandstone (Bruneton, 1987) displays concentric
zones which consist of (1) bleached sandstone, in which micro-dissemination of iron
sulphides (mainly marcasite) give a grey colour; (2) a quartz zone, characterised by fracturi.ig
with euhedral quartz crystals filling most of the fractures; (4) altered sandstone; (5) a clay
halo surrounding the ore zone.

In this thesis, models are only developed for and tested in the near-field of the Cigar Lake
deposit. Only the properties of the ore body, the clay halo, the altered sandstone and, to some
extent, the basement rocks are important. Properties of the basement rocks have been
discussed. Geological characteristics of the altered sandstone and the clay halo (Bruneton,
1987) will be discussed hereafter.

In the altered sandstone, there is strong fracturing, and clay (illite) appears in the matrix of the
sandstone and along fractures. The clay content progressively increases towards the ore body.
The altered sandstone is friable, producing locally unconsolidated sand (zone of quartz
dissolution). Clay layers appear directly related to the presence of faults. The dominant clay
mineral is illite (Brunclon, 1987). Quartz grains are completely altered, even relict quartz
cores arc present in some samples. Dctrital mica forms less than 15% of the rock (Percival,
1989).

The massive clay zone (the clay halo) is almost entirely composed of clay (illite and kaolinitc)
with rare sandstone remnants. Local concentration of several per cent of uranium are present.
This zone can be subdivided inlo an outer white bleached zone, and a narrow inner red ferric-
rich hemutised zone, with the presence of a combination of hematite and Fe-oxyhydroxides
(Percival et al., 1993). The bleached zone contains i 1 lite and chlorite, with some sulphides
(e.g., pyritc) and sulpharsenides, and represents a reducing zone, The hematitie clay contains
finely dispersed hematite in illite matrix and represents an oxidised zone above the ore
(Percival, 1989). The total thickness of the massive clay is a few metres, and locally up to 12
m, of which the hematitic day is about 1 to 3 m thick (Cramer, 1994).

The uranium mineralisation comprises primarily of uraninite (UO2) and pitchblende
(amorphous LJO2) with subordinate coffinite (USiOj). The total geological reserves are
estimated to be 150 000 metric tonnes of uranium metal at an average grade of 8% by weight.
It is the largest uranium deposit in the world. The mineralisation occurs in a very clay-rich
matrix that is dominated by illite and chlorite with minor carbonates (sidcritc and calcitc) and
accessory phases (e.g., zircon, rutile, phosphates etc.). In addition to uranium, the ore deposit
contains elevated concentrations of sulphides, arsenides and sulph-arscnides incorporating a
broad suite of elements (e.g., Ni, Co, Mo, Pb (radiogenic), Zn, Mn and Fe). In addition to the
prominent mineralisation at the unconformity, some mineralisation has been encountered up
to 300 m above the unconformity (perched mineralisation).

Hydrothcrmal alteration of the basement had obliterated any previous alterations and any
original textures. Two main zones have been identified: the argillised basement zone and the
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altered basement zone. The total argillised basement zone is located immediately below the
richest part of the ore body. All original texture has disappeared and neither graphite nor
pyritc is present. The thickness of this zone is 1 to 3 m, but is thicker where faulted. In the
altered basement zone, original textures are still visible, some alumino-silicate minerals are
strongly altered to Mg-rich and Fe-rich illite and chlorite. Graphite and pyrite are present
(Bruneton, 1987).

There are alternatively occurring aquifers and aquitards in the sandstone overlying the ore
body, which form several flow regimes (Cramer and Nesbitt, 1994). The one that is relevant
to the studies of this thesis is the semi-regional flow regime, in the permeable Lower (altered)
Sandstone. This regime is confined abo%e by the base of the Upper Sandstone and below by
the regolith of the Aphebian basement and the clay-rich matrix surrounding the
mineralisation. Hydraulic conductivity of this regime is 5 • 10"6 ms 1 ' . The clay halo plus the
ore zone is much less permeable, with a hydraulic conductivity of about 1 • 10"9 m s'1

(Winberg and Stevenson, 1994). Mass transport through the clay and ore zones is by all
practical means by diffusion. In the altered sandstone, groundwater flows above the ore/clay
zone from south-west to north-east, i.e., in the direction perpendicular to the elongated axis of
the ore body. The flow around the ore/clay region is deflected above and around the outer
contour of the clay halo (Winbeig and Stevenson, 1994).

Groundwater samples from boreholes throughout the deposit are characterised by their low
ionic strength, neutral pH, reducing electrochemistry and low uranium concentrations
(Cramer et a!., 1994). Uranium concentrations from the ore and clay zones vary between 10 y

to 10'7 mol I1 . The Eh values measured in situ by Au electrode show an Eh range between
about -0.3 and 0.3 V (Cramer et al.. 1994).

The Cigar Lake uranium deposit is notable as an analogue study site because it is located
entirely below the ground surface and there is no surface expression of the underlying deposit.
The following features can be outlined.

(I) The spent nuclear fuel consists mainly of uranium dioxide, with less than V/i by weight of
fission products and other impurities (for BWR with burn-up of 28 000 MWd/tU) (KBS,
1983). The main mineral in the Cigar Lake uranium ore is uraninite, with a chemical
composition very similar to that of the spent fuel. In the Cigar Lake deposit, the ore body is
surrounded by a clay halo which has many properties similar to those of the engineered
barrier. Both of them have very low hydraulic conductivities, and both contain reducing
minerals like pyrite. There is no equivalent in the Cigar Lake deposit to the canisters in the
repository. A final repository is surrounded by crystalline rocks. The Cigar Lake deposit is
situated at the unconformity between the sedimentary sandstone and the mctamorphic
basement. The metamorphic basement has many features similar to the crystalline rocks
surrounding a repository (both of them contain graphites and gneisses). The altered sandstone
is much more permeable to groundwater flow than the crystalline rocks and the Cigar Lake
deposit is a worse case in this sense. The geochemical conditions are similar around a final
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repository and in the near-field of the deposit. Groundwaters are near neutral, considerably
reducing and very dilute in respect to dissolved species.

(2) No neutron-induced fission reactions have occurred to any significant extent at the Cigar
Lake deposit. Some radionuclides are, however, generated by in situ neutron-capture reactions
(Fabryka-Martin et al., 1994). Conceptual and mathematical modellings of the release of these
nuclides are essentially the same in the Cigar Lake site and in a repository site.

(3) Atmospheric oxidants are unlikely to penetrate to the depth of a repository. The only
potential source of oxidants is water radiolysis, i.e., splitting of water into oxidants and
reductants by radiation energy. In the Cigar Lake uranium deposit, the massive clay halo
adjacent to the ore body has been oxidised to hematitic clay, with pyrite/marcasite being
oxidised to hematite and Fe-oxyhydroxides (Smellie et al., 1991). The oxidants might be of
radiolytic origin. This case of hematisation provides an analogue for studying the impact of
radiolysis on radionuclide transport in the final repository. On one hand, the fate and track of
oxidants and hydrogen produced by radiolysis in the deposit can be investigated by mass
transport modelling; on the other hand, some coupled chemistry/transport models can be
tested by simulating the gcochemical evolution of the hematisation process.

I. 4 Objectives and scope of the studies of this thesis

In the performance assessment of spent nuclear fuel, many models have been developed to
describe and predict the long-term behaviour of the repository environment. But very few of
them have the chance to be tested and validated in real natural systems. The great similarities
of the Cigar Lake deposit to a final repository, plus the relatively comprehensive mineral
exploration, test mine and natural analogue field investigations, provide an extremely suitable
case to develop, test and validate the various models.

The objectives of the studies of this thesis are to develop, test and validate models in the
natural analogue studies of the Cigar Lak? uranium deposit. Three models are developed and
tesled: the model of near-field mass transport (Paper I), and the possible applications of the
model results to the performance assessment (Paper II); the model of radiation energy
deposition and water radiolysis (Papers III and IV); and the model of coupled mass
(ransporl/geochemical reactions (Paper V).

In Paper I, a mass transport model is developed. The model concepts are essentially the same
as those in the models developed for a repository. These concepts are: the solubility-limited
dissolution, diffusive/dispersive and advective mass transport, porous medium approximation,
etc. The specific geometry and rock/ore material properties in the Cigar Lake deposit are
taken into account in the development of the model. The model predicts the present-day
steady-state release of aqueous species. The validity of the model is tested against known
helium release. The results of the model indicate that the release of uranium is negligibly
low; the release of sulphate is more or less balanced by the release of dissolved hydrogen,
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pointing to possible water radiolysis. The release of other radionuclides are in agreement with
field observations. In Paper II, possible applications of the mass transport model and the
model results are outlined. The similarities and contrasts between the Cigar Lake deposit and
a final repository are discussed. The validity of the concepts of mass transport models to be
used in performance assessment are stated. It is concluded that, due to the striking similarities
between the two, validity of the models in the natural analogue studies can greatly increase
the credibility of these models in the performance assessment.

In Paper III and IV, the issue of water radiolysis is addressed from a more fundamental angle
of approach, i.e., by calculating the radiation energy deposition in the pore water as well as in
the other constituents of the ore body. The radiation energy is calculated by using knowledge
of the decay of uranium series. In Paper III, large grain size of uranium minerals and clay
minerals, and constant Linear Energy Transfer (LET) are assumed. In Paper IV, these
assumptions are not made, and the distribution of grain size and the variation of the LET are
both accounted for by the statistic Monte Carlo method. The results show that only a small
fraction of the total radiation energy will be deposited into the pore water, a large fraction of it
is just depleted inside the primary grains of uranium minerals from which the energy is
emitted. The oxidation production rate calci'l.tcd by this model is in agreement to the same
order of magnitude with the release rale >f su'phate and hydrogen predicted by the mass
transport model in Paper I.

In Paper V, the coupled mass transport/geochemical reaction model is tested. It is used to
simulate the observed hematisation (oxidation ofpyrite to hematite) in the clay halo adjacent
to the ore body. The water phase is required to be equilibrated with the identified minerals in
the ore zone, in the clay halo surrounding the ore body, and in the altered sandstone outside
the clay halo. The mass transport mechanism is modelled by diffusion of aqueous species
through the porous clay. Precipitation and dissolution of minerals are also considered. Water
radiolysis is the only possible mechanism to generate oxidant. A constant generation rate of
oxidant in the ore zone by radiolysis is, therefore, assumed. The model results show that, at a
certain rate of oxidant generation, hematite can possibly precipitate in the clay adjacent to the
ore body. Slight amounts of uraninitc also precipitates in the clay. Aqueous phase uranium
concentration is extremely low. Secondary pyrite also precipitates in the clay. The aqueous
solution is reducing during the time of simulation, even in the ore zone. This gcochcmical
evolution is expected to have happened at low temperatures, after the prominent hydrothcrmal
processes of uranium mineralisation. The model results also reveal a threshold of radiolytic
oxidant generation rate for the process of clay hematisation. Below this threshold,
Ivjmatisation docs not occur. This threshold is, interestingly, in the same order of magnitude
as the oxidant production rate predicted by our two other models mentioned above.
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Literature review

In this chapter, previous work of other researchers which is related to the studies of this thesis
is reviewed. Emphasis is put on the various models.

2.1 Review of models of spent fuel dissolution (solubility-limited dissolution)

There are three proposed mechanisms of release of fission products and actinides from spent
fuel: gap release, grain-boundary release and matrix release (Johnson et al., 1987). Modelling
of grain-boundary and gap releases assumes that the fission products is released
instantaneously upon groundwater penetration. This includes the release of some fission
products like n 7 Cs, w Tc and i : yI . This lelease is also termed preferential release in the
literature.

Matrix release is usually modelled as a congruent dissolution of the spent fuel matrix with
proportional rate of release of uranium and other radionuclides. Under oxidic conditions,
surface reaction and growth of alteration products arc not rate-limiting processes, neither is
equilibrium dissolution. Transport of oxygen to the dissolved surface and rate of oxidant
formation (potentially by radiolysis) could possibly be the rate-limiting processes (Grambow
ctal., 1989).

Under reducing conditions with a slow process of mass transfer, the UGs dissolution is
chemical rather than electrochemical. It can readily achieve equilibrium under disposal
conditions (Johnson et al., 1987). At equilibrium the detailed reaction kinetics can be ignored,
because the forward and backward reaction rates cancel each other and give no net
contributions to the time variation of the concentrations of the dissolved species. The rate of
dissolution will then not be limited by the rate of chemical reaction, but by the solubility of
the solid constituents and the process of mass transport. This is usually referred to as
solubility-limited dissolution and release (Garisto and Garislo, 1986).

If the concentration of an aqueous species is not far from equilibrium with its sol'ibility-
controlling mineral phases, the dissolution of the mineral will be of solubility limit. The
solubility defines a boundary condition for the conservation equations that describe mass
transport (Garisto and Garisto, 1988). At equilibrium the dissolution rate cancels the
precipitation rate. In a closed system there will be no net release of dissolved species. The
system will be at steady-state (time invariant) as long as the equilibrium conditions are
maintained. In an open system, it is required that the release rate must be small, compared to
the chemical dissolution and precipitation rate, if the aqueous species should be in equilibrium
with the mineral phases . The concentration profile will then be solely determined by mass
transport, with the chemical reactions being fast enough and not rate-limiting processes. Mass
transport can thus be decoupled from related chemical reactions (Liu, 1993). The possible
migration and release of total dissolved uranium can be so modelled where the chemical
environment is reducing and the U3O7 is the thermodynamically stable phase (Garish and
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Garisto, 1986). Both of these conditions are satisfied in the near-field of the Cigar Lake
uranium deposit. Mass transport can also be decoupled from chemical reactions if the aqueous
species is relatively chemically inert. The releases of helium and dissolved hydrogen are two
examples (Liu, 1993).

2.2 Review of models of fluid flow and solute transport in geological formations

Fluid (groundwater) flow in geological formations are either modelled as flow through porous
media (de Marsily, 1986; Bear, 1972; Dullien, 1992; Salles et al., 1993) or flow through
networked channels (Rasmuson and Neretnieks, 1986; Moreno et al., 1990; Johns and
Roberts, 1991; Moreno and Neretnieks, 1993; Moreno and Tsang, 1994).

When a geologic domain lacks macroscopically identified faults and fractures, the domain can
be considered as a porous medium. In a porous medium water flows and solutes are
transported only through the connected micropores. There are essentially two ways to define a
porous medium. One assumes that the medium is a continuum in which a Representative
Elementary Volume (REV) can be defined. The REV should be large enough to give stable
statistical mean values of properties like porosity, but small enough to be treated as a "point"
compared to the domain scales of interest (de Marsily, 1986; Bear, 1972; Dullien, 1992). The
other way to define a porous medium is the random function method. It assumes that the
medium is a realisation of a random process. The properties like porosity can then be defined
as the average over all possible realisations of its point value (de Marsily, 1986). The first
definition is convenient to use for deterministic hydrologieal modelling, and the second is
convenient for stochastic hydrological modelling (Dagan, 1989). The engineered barrier in a
repository is often modelled as a porous medium (Neretnieks, 1985; Piglord and Chambré,
1988; Garisto and LeNeveu, 1990).

Modelling of fluid How through a porous medium is based on the classical relation of
»rmmdwnier flow\ known as Darcy's law (de Marsily, 1986; Linsley Jr. et al., 1988):

V,, = -A'grad/> (2.1)

v = V,,lt (2.2)

where Vp is the water flux (m^ nv2 s'1), often called the Darcy velocity,

K is the hydraulic conductivity (m s"'),
grad/; is the hydraulic gradient (mF^O nr1), with I IT1H2O = 9.8 • 10^ Pa,
E is the porosity, and
v is the groundwater velocity (m s- l).

It is observed, however, that most of the geological formations arc very heterogeneous.
Attempt has first been made to use stochastic models to account for the variations of the rock
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properties, like hydraulic conductivity (Dagan, 1982a; Dagan, 1982b; Neuman ct al., 1987;
Dagan et ah, 1992; Cvetkovic et ah, 1992). The stochastic approach is applicable for
geological formations of moderate heterogeneity, with small variation of hydraulic
conductivities (Moreno and Tsang, 1994). Field observations in several well-organised large
site characterisation projects (e.g., the Stripa Project (Neretnieks, 1993)) showed that there are
strong channelling effects in the crystalline rocks. The groundwater flow is extremely
unevenly distributed. A small amount of the fractures conduct a large amount of the total
flowing water (Abclin et ah, 1985). These observations led to the emergence of the channel
network models. In general, channel network modelling assumes that water is conducted
mainly in the intersected network fractures and channels. This approach is applicable to
modelling of groundwatcr flow in large scale of geological formations where strong channels
arc evidenced.

With solubility-limited dissolution as a source term, modelling of release and mass transport
of the dissolved species through the engineered barrier or in the bedrocks can be either as
How in porous media or as flow in fractures and networks, depending on the properties of the
domain in which transport is modelled.

Mass transport in porous media is often modelled with diffusion in less permeable domain
where groundwatcr can be assumed stagnant, and diffustc .i/dispcrsion plus advection if there
is also groundwatcr flow. The mathematical representation is the mass conservation equation,
plus equations of momentum and energy conservation if the latter two quantities are
simultaneously transported with the former (Crank, 1956; Bird et ah, I960).

Molecular diffusion in an unconfincd fluid is dictated by Fick's law of diffusion: the flux of a
diffusing species is proportional to the concentration gradient. The proportionality constant is
called ilijfusiviix or diffusion coefficient. Diffusion of a species in the micropores of a porous
medium is normally slower than the diffusion in an unconfincd fluid (Neretnieks, 1980;
1985). If sorption is not considered, then:

3 7 7 - i i n d l>r=tDp (2.3)

where l)p is the pore diffusivity,
De is the effective diffusivity (m2 s')>
/)„. is the diffusivity in unconfined bulk water (m2 s1),

e is the connected (flow) porosity of a porous medium, which restricts the
available void volume fraction to mass transport,

T is the tortuosity, which accounts for the effect of a lengthing and wandering cf
the diffusion path, and

8 / ; is Ihe constrictivily, which represents other complicated constriction effects.
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When sorption with a linear isotherm is considered, apparent diffusivity is used (Neretnieks,
1985):

A = " ^ and v' = -£- (2.4)

Ä0 = l + ^ K u P (2.5)

where Dp and Da are the pore and apparent diffusivities respectively (m2 s-l),
v and v" are the groundwater velocity without sorption and the actual groundwater

velocity when there is sorption, respectively (m s'1).
£ is the porosity of the porous med...in,

p is the density of the porous medium (kg nv3),
Ka is the equilibrium constant between the sorbed phase and the aqueous

phase (m3 kg-'), when the sorbed phase concentration is expressed in
terms of sorbed amount per unit mass (kg) of the porous medium.

In the near-field of a final reposiiory, mass transport through the engineered barrier is often
modelled as transport through a porous medium. As the swelling clay minerals give a very
low hydraulic conductivity of the barrier upon contact with water, only diffusional mass
transport is of impor'ancc. Various models differ only in different geometric settings of the
systems and different types of boundary conditions (Neretnicks, 1985), e.g., Garisto and
Garisto (1990) have considered transient, one-dimensional diffusive transport in a cracked
buffer, with constant concentration boundary (solubility-limited) in the canister am1 a
boundary analogous to Newton's cooling law in heat transfer in the outside. In some cases, the
decay of short-lived radionuclides is also accounted for (LeNeveu, 1986).

Solute transport in the far-field is often modelled with both diffusion/dispersion and
advection. The groundwatcr flow pattern has to be somehow simplified, because transport in a
very complicated velocity field is still difficult to deal with, except for inert tracer path-line
test. The most prevailing concepts are the advectivc transport in the fractures and diffusive
transport into the rock matrix between the fractures (Grisak and Pickcns, 1980; Ncrctnieks,
1980). As the far-field model is not directly related to the stuJies in this thesis, it will not be
discussed further. Detailed information can be found in the following literature and the
references therein (Tang et al., 1981; Rasmuson and Neretnieks, 1981; Rasmuson and
Neretnieks, 1986; Moreno and Rasmuson, 1986; Krishnamoorthy et al., 1992).

2.3 Review of models of radiation energy deposition and water radiolysis

Water radiolysis is a very important issue in the concept of final nuclear waste disposal. For
long-term performance of the spent fuel, it is the only possible means to cause the otherwise
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reducing environment to be oxidising. Water radiolysis is caused by the ionising radiation
emitted from various nuclear reactions, and produces both molecular and radical oxidants and
rcductants.

Sunder and Christensen (1993) have carried out chemical kinetic calculations on the gamma
radiolysis of water for different chemical conditions relevant to the studies for the nuclear
waste management program (Sunder et al., 1990; Shoesmith and Sunder, 1992). Different
•values of dose rate have been used as input. Concentrations of oxidants and productants
produced by radiolysis have been calculated for exposure periods up to one year, by using the
appropriate G-values (amount of oxidants and reductants produced per unit amount of
radiation energy absorbed). Under chemical conditions similar to typical groundwater, it has
been shown that most of the radiolytically generated oxidants and reductants react back to
form water, and only 1% of the totally produced oxidants and rcductants will have the
ultimate effect on the redox environment of the system (Christensen and Bjergbakke, 1982).

Absorbed alpha- and beta-radiation dose to water in contact with high burnt-up nuclear fuel
has also been studied (Ingemansson and Elkcrt, 1991). The water is assumed to be distributed
in the cracks of the spent fuel pellets and in the gaps between pellets and the cladding.
Empirical equations of (he mass stopping power (radiation energy absorbed per unit thickness
penetrated in the absorbing material divided by the density of the material) is used. The
results of alpha and beta dose rate, varying with decay time for typical inventories of
radionuclides and fission products, have been shown.

To the author's knowledge, there is no modelling effort made to calculate the radiation energy
deposition and its consequences to water radiolysis in a natural porous medium like a uranium
deposit. In a uranium deposit, the source of radiation energy will be primarily of uranium
decay, because the amount of radionuclides formed by neutron-capture (Fabryka-Martin,
1994) are always small in comparison. In addition, grains sizes of uranium minerals and water
film distribution are much more complicated than in spent fuel pellets. Papers HI and IV in
this thesis present thoughts and techniques about how to model such a natural system.

2. 4 Review of models of coupled transport with reactions

It has long been known that solute transport described solely by mass transport is far from
describing the reality. Both instantaneous dissolution and solubility-limited dissolution have
restricted applications as a source term of a transported solute. Aqueous species arc in
constant interaction with mineral phases in the stationary matrix through which they flow.
Consequently, coupled transport/reaction models are of great interest to very diverse areas of
engineering. Examples can be chemical reaction engineering, oil recovery, ore leaching, and
final nuclear waste disposal. The mass transport part is often treated in the way discussed in
§ 2. 2. The chemical reactions including sorption/desorption, precipitation/dissolution,
acid/base neutralisation, aqueous species complexation, and redox reactions, are more often
than not modelled with local equilibrium. Kinetic approaches have had limited success.
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because theories of heterogeneous kinetics are far less mature and reliable than chemical
thermodynamics. Experimentally determined rate laws are often highly case-dependent, since
the intrinsic heterogeneous chemical reactions are always entangled with mass transfer
through alteration layers that are case-variable. Intrinsic reaction rate by itself can hardly be
experimentally determined. Knowledge of statistic and quantum mechanics might be helpful,
but limited to some simple cases. With a situation as this, kinetic data are extremely scarce,
and the reliable data are few. On the other hand, especially in geological formations, the mass
transport is usually very slow, and geochemical reactions will most likely have enough
retention time to reach equilibrium locally.

Neretnieks (1993a) has reviewed the recent development of coupled transport/reaction
models. In all coupled transport/reaction models, the mathematical representation of the
problem is essentially the same. The transport part is represented by mass conservation
equations, while the reaction part is represented by mass action equations, if local equilibrium
is assumed, otherwise by kinetic law of reaction rales.

The coupLd equations can be solved either in a two-step way or in a one-step way
(Neretnieks, 1993a). Computer programs using the two-step approach are, among many
others. TRANQL (Cederbcrg, 1985), CHEQMATE (Haworth et al., 1988), DYNAMIX (Liu
and Narasimhan. 1989) and HYDROGEOCHEM (Yeh and Tripathi, 1991). In the two-step
approach, the set of transport equations and that of reaction equations are solved one after
another, for each given time step. VViih rapid reactions the reaction step can be treated with
equilibrium (like in CHEQMATE), otherwise kinetics are included. In kinetic modelling, the
driving force for reaction is often assumed to be proportional to the difference between the ion
activity product and the solubility product (Lichtner, 1988). The CIIMTRN family codes,
including CIIMTRN (Miller, 1983), CHMTRNS (Noorishad et al., 1987) and THCC
(Carnahan, 1986), use the one-step approach.

For mass transport coupled with ion-exchange and sorption there is a well-developed
theoretical basis for the propagation of concentration waves through such systems (Rhee ct
al., 1970; Rhee and Amundson, 1970). There is a strong similarity between the waves in
chromatography and systems with precipitation or dissolution fronts (Walsh ct al., 1984;
Bryant ct al, 1986; 1987; Melfferich, 1989). Wiih advcciion dominating in the transport,
essential features of the precipitation/dissolution systems have been identified. The mineral
sequences define the order of mineral phases which exist; aqueous species arc transported at
the same velocity which is termed as coherence; and, what is probably a bit astonishing, is the
downstream equilibrium condition, i.e., aqueous species concentrations in the downstream
region satisfy the solubility limits of some solids even through the solids are not present there.
In this approach, it is crucial to assume that precipitation/dissolution waves propagate at a
steady-state, i.e.. the wave patterns do not change with time. This steady-state propagation is
essential for the simplicity of mineral sequence calculation once and forever, and it is also
necessary for the proof of the downstream equilibrium conditions (Walsh ct al., 1984).
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ModcIIing of non-trivial, real-case problems of coupled mass transport and chemical reactions
are very complicated. Computer simulations are often prohibited by the very long
computation time needed. The problems arise mainly because the solubility of some minerals
is extremely low and the time steps that can be taken in the calculation arc too small, owing to
the constraint of numerical stability of the explicit finite difference method in solving the
parabolic partial differential equations (Lapidus and Pinder. 1982). It will take impractically
many time steps just to dissolve small amounts of minerals. Several approaches have aimed at
easing these difficulties. Quasi-stationary approximation (Lichtncr. 1988) is one of these
approaches. When the total concentration of a component in the aqueous phase is much less
than its content in the solid phases, the mass balance is dominated by the solids. The
accumulation in the liquid can then be neglected, so that the system of partial differential
equations (mass conservation equations) becomes a system of ordinary differential equations.
This approach has been implemented in the program CHEMFRONTS (Biiverman. 1993).

In Paper V in this thesis, coupled transport reaction modelling is implemented by using the
CIIEQMATE tllaworih et al.. 1988) program. The transport equations are solved by forward
cmplicit finite difference method (Lapidus and Pinder. 1982). The equilibrium part is
essentially a modified version of PHREEQE (Parkhurst et al.. 1985). The problem of low
mineral solubility and restricted length of time steps also arises. A time-scaling technique is
developed which is in principle similar to the quasi-stationary approximation, but with a much
more complicated underlying mechanisms. The time-scaling technique will be discussed in
inon- detail in Chapcr 5 and Paper V in this thesis.
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3 Mass transport model

In this chapter and the other two that follow, three models are presented. The mass transport
model is presented in this chapter. The model concepts like the solubility-limited dissolution,
diffusive/dispersive and adv:ctive mass transport, porous medium approximation, etc. are
discussed. The near-field is modelled as one unified entity. The specific geometry and
rock/ore material properties arc taken into account. The model predicts the present-day
steady-state release of aqueous species. The validity of the model is tested against known
helium release. The results of the model indicate that the release o( uranium is negligibly
low; the release of sulphate is more or less balanced by the release of dissolved hydrogen,
pointing to possible water radiolysis. The release of other radionuclidcs arc also in agreement
with field observations. This is the summary of the contents of Paper I. Possible applications
of Ihc model and model results in performance assessment arc outlined. The similarities and
contrasts between the Cigar Lake deposit and a final repository are discussed. It is concluded
that, due to the striking similarities between the two. validity of the models in the natural
analogue studies can greatly increase ihc credibility of these models in the performance
assessment. For a detailed presentation, sec Paper II.

3. I Conceptual modelling

Previous mass transport models emphasised either the transport through the engineered barrier
or the transport in the fractured bedrock. No attempt has been made to model the near-field as
a unified entity. In this chapter, a steady-state, near-field mass transport model is developed to
model the near-field as an entire entity. This model can dirct ly address the issues of major
and trace clement migration.

In the Cigar Lake uranium deposit, the ore body proper together wiih its near field forms a
complicated geochemical system. They arc very heterogeneous, have varying shape and
ihickncss. may be fractured, and in general are very variable. The data on hydraulic
conductivities, water compositions, porosities, fractures etc. in a rock/ore matrix also vary
considerably, and it might not be possible to assign one single representative value to these
entities. The geochemical processes are complex and detailed modelling of them would be
rather difficult. Any model approach must rely on simplifying the system to manageable
detail.

The ore body of ihc Cigar Lake deposit occurs as an irregular lens (§1. 3). In our modelling,
the geometry of the ore body is simplified as a regular lens 800 m long. 50 m wide and 10 m
high, covered everywhere by a clay-rich halo 3 metres thick. Outside and above ihc ore is the
altered sandstone extending to "infinity" (sec Figure 3. I). The validity of this semi-infinity
assumption is justified, as the plume of ihc dissolved species is expected nol to extend very
far away from the ore body. The ore body, the clay halo and the altered sandstone arc all
modelled as homogeneous porous media.
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Altmd Sandstone

Groundwater Flow

Groundwatcr Flow-

Figure 3. I The simplified geometry with advcclive groundwaler flow in the
altered sandstone and aqueous species diffusion in the clay zone.

The model is conceptualised as follows. The groundwater in the ore body is relatively
stagnant and a constant aqueous concentration of the transported species. C,,. is assigned in
the ore body. These arc the measured concentrations in the ore body. Some of these
concentrations arc solubility limitcu (e.g.. total dissolved uranium), others arc generated and
kept constant because of various mechanisms, such as nuclear reactions and water radiolysis.
In general, a steady-state is assumed for (he present-day release, since the ore body was
formed 1.3 Ga ago and has been preserved from any known disturbances after the
hydrothermal processes.

The clay halo is the least permeable medium (see §1. 3) and groundwatcr flow in it is
neglected. The sole mechanism of release through the clay will be molecular diffusion. In the
altered sandstone, groundwatcr flows in (he direction perpendicular to the ore body axis and
parallel to the contour of the clay-sandstone interface, and mass transport is therefore of both
diffusion in the direction perpendicular to the clay-sandstone interface and advection in the
direction of groundwatcr flow. A constant concentration C, is assigned (o represent the
already-existing aqueous species concentration in the approaching groundwatcr.
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3.2 The total release rate

Mathematical representation of the conceptual model and the solution of the mass
conservation equations are presented in detail in Paper I. Sensitivity analysts of the more
complicated equations shows that the total release rate (amount released per unit time in the
entire ore body) can be simplified to the following equation, because the most dominating
transfer resistance is by diffusion in the clay halo.

De,,VVL(C , - C )

Where Nm_ c is the total release rate (mol s'1),
Dpc is the pore diffusivity in the clay (m~ s"'),
£p is the porosity of the clay,
VV is the width of the ore body in the simplified geometry (m),
L is the length of the ore body in the simplified geometry (m),
Co is (he concentration in the ore body (mol nr3),
C/ is the concentration in the upstream water in the altered sandstone (mol nr3),
8 is the thickness of the clay halo (m).

As the mass transport parameters are constant, the total release rate is thus proportional to the
concentration gradient from the ore body to the concentration in water in the altered
sandstone.

3.3 Helium release rale and validation of the model

The model could be tested if there arc independent data of the concentration difference C(, -
C, and the release rate Nnl <•. Such dala arc available for helium. Measured values of helium
concentrations in the groundwatcr in the ore body and the altered sandstone show an apparent
gradient.

When Ihc values of the various mass transport parameters arc adapted, and a concentration
gradient from the ore body to the approaching groundwater exists for a species, the release
rate of that species can be predicted by the model. As the model is based on various
assumptions of the mass transport mechanisms, and the values of the mass transport
parameters arc quite variable, it is appropriate to first test the validity of the model before
using it.

Helium proves to be an excellent species for testing the validity. Helium is continuously
generated by spontaneous decay of the uranium and thorium series and other nuclear



reactions. It is geoehemieally inert. The generation rate can be calculated from the knowledge
of nuclear reactions, which is completely independent of the release model. On the other
hand, helium release rate can be calculated by the release model, because there exists a
distinct concentration gradient of helium from the ore body to 'he outside. At steady-state, the
release rate should be equal to the generation rate if the model is reasonably valid.

Helium is generated by various nuclear reactions when an alpha particle is emitted in the
reaction. The possible nuclear reactions in the near-field of the Cigar Lake deposit are the
decays of the -^V. - ; s U and -?-Th series, some in situ neutron-capture reactions, etc. In the
highly uranium-enriched ore zone, helium generation by -?-Th decay is negligible. In situ
neutron-capture nuclear reactions are also considered to be occurring within the ore body.
Some of these reactions also emit alpha panicles, e.g.. 7Li (n. a ) ?H (Fabryka-Martin et al..
1994), but this is also negligible compared to the generation by uranium decay (see Paper I).

The helium generation rate is calculated by estimating the uranium inventory in the ore body,
and using the decay law. This calculation i> completely independent o( the mass transport
model. At steady-state, the release rate should be equal to the generation rate. The helium
release rate can also be calculated by the release model. The diffusivity of helium in
unconfined water is 6.3 • 10'' m- s 1 (Vivian and King. 1964). The results of helium release
rate calculated by the two independent approaches are shown in Table 3. I.

Table 3. I Helium release rate calculated by two independent approaches

Release rate from the whole ore body (mol a 1 )

Calculated from nuclear reaction 0.46
Calculated from the release model 0.56 (central value)

The results of the two different approaches agree surprisingly well considering the
uncertainties in ouinating the representative values of the various mass transport parameters.
This is encouraging for further explorations with the near-field release model.

3. 4 Upper hound release of uranium

Possible release and migration of uranium and long half-life fission products have important
consequences for the performance assessment of spent nuclear fuel. Since the uranium ore is
hydrothcrmally formed, there is also a less enriched distribution of uranium minerals of the
primary hydrothermal pattern outside the most prominent part of the ore body proper. The
aqueous uranium concentrations are not so different inside or outside the ore body, when there
are solubility-limiting uranium minerals present also outside the ore i-..,Jy. Field observations
showed no obvious concentration gradient of uranium from the ore to the outside. In our
modelling we choose a more or less hypothetical concentration gradient to test the model.
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Uranium release could be even much lower than that predicted by the model. An upper bound
release of uranium calculated by the model is 0.05 g a'1 from the entire ore body, through the
clay halo to the altered sandstone. This value is very small, and the final fate of the released
uranium could well be of diffusion into the rock matrix in the altered sandstone. This is
supported by the lack of evidence at the ground surface of the existence of the underlying ore.

3.5 Track and fate of radiolytically generated oxidants and reductants

In the same sampling points where the helium concentrations were measured, there are also
data of concentrations of dissolved H2, SO42' and other species. Thus a concentration
difference between inside and outside the ore body is known. Then the release rate and thus
an equally large production rate of the species can be obtained from the transport model.
Atmospheric oxygen is unlikely to penetrate to the deep bedrock formation. The only possible
source term of oxidants is the radiolysis of water in the ore body. Despite the effect of
radiolysis the uranium ore has still been stable ever since its hydrothermal formation. It is
worthwhile exploring, with the steady-state release model, the track and fate of the
radiolytically generated oxidants and reductants. The reducing species formed arc primarily
hydrogen molecules. The oxidants can, however, be oxygen molecules, hydrogen peroxide
and some oxidising radicals.

Dissolved hydrogen is more readily mobile and chemically less reactive; most of the
radiolytically generated hydrogen will be expected to be released out of the ore body.
According to mass conservation, the same amount of oxidant (in terms of equivalent) is
generated in the system and may oxidise some reducing constituents (possibly tetravalent
uranium, ferrous iron and sulphides). When oxidised, these species will also be released out c(
the system if no effective fixation mechanisms exist.

An attempt to account for the fate of the oxidising and the reducing species is made.
Hydrogen is assumed to leave the system by diffusion. The rate of escape and thus also the
rate of formation by radiolysis can then be estimated. The fate of the oxidising species is nuve
complex. There is a very small concentration of oxygen. This will diffuse outward. It is
assumed to reac! with ferrous iron in the clay at a redox front about 1 m into the clay. In
addition the transport of the oxidising equivalent which is transported by hcxavalent uranium
is accounted for. All escaping uranium is assumed to be in the hexavalcnt state. This
assumption is not well founded but is of practically no consequence, as will be seen. The
transport of oxidising equivalents by uranium is negligible compared to other means. The
only means of substantial loss of oxidising equivalents that has been found is by sulphate,
which then must be formed by the oxidation of sulphides. The values of release rate by the
various means are shown in Table 3. 2.
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Table 3. 2 Release rate of several redox-related species

Species Release rate (eqv s-' nr-̂  of ore)

Sulphate 1.72- 10 '2

Dissolved H2 2 .34 -10 ' 2

Total uranium 4.74- I(H7

Oxidant consumption rate by oxidation of reducing iron 3.90 • 101 5

The release rate in Table 3. 2 shows that sulphate and dissolved hydrogen are released at a
comparable rate. Total uranium release and oxidant consumption rate by oxidation of
reducing iron account for considerably lower values of the release rate. This could imply that
the sulphides are a potential sink of the radiolytic oxidants. Sulphides are oxidised to
sulphates and a concentration gradient from the ore to the outside is built up. The oxidised
sulphates are then released from the ore body at a rate that balances the release of hydrogen.
The preferential oxidation of sulphides stabilises the tetravalent uranium. This may offer one
possible explanation of the stabilisation of the ore body oser such a long geological time.

For the sulphate to be produced there is a need of sulphides. There is no known concentration
gradient of dissolved sulphide in the water which may lead to transport into the system. There
are, however, sulphide minerals present in the ore and the underlying basement rocks (pyrite
is present in the augen-textured gneisses up to a lew per cent, sec §1. 3), which may be the
source of the sulphides. In the basement rocks several metres immediately below the richest
part of the ore body, pyrite is absent in contrast to other areas in the hydrothermally altered
basement where pyrite is abundant (see SI. 3), but whether this absence is a depletion of
pyritc by later-stage, low-temperature mass transport, or it was simply an earmark of the
hydrothermal alteration, is still not clear. On the other hand, if the process of generation
should have gone on since the ore was formed, remnants of the sulphide ores in the form of
metal oxides would be expected visible. These are not found in sufficiently large quantities.
The source of the sulphides is not yet sufficiently understood.

3. 6 Modelling of release of short half-life rndionuclides

In the ore body, neutrons are produced by (a, n) reactions when alpha-particles emitted in
spontaneous decay attack light elements with large reaction cross-sections. Neutron-induced
fission has not occurred to any significant extent. Some radionuclidcs are, however, produced
by in situ neutron-capture nuclear reactions (Fabryka-Martin et al., 1994). These
radionuclides will be released out of the ore body if they do not decay fast enough. The basic
concepts of the steady-state release model can be extended to model the mass transport and
release of these short-half life radionuclidcs.

To model the release of short half-life radionuclidcs, in addition to the diffusive and advectivc
mechanisms of mass transfer, the generation of the nuclidcs in the ore body, and the decay in
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the ore body, the clay and the altered sandstone, must be accounted for. The generation rate
calculated by Fabryka-Martin et al. (1994) is adapted. The resulting mass conservation
equations are solved numerically by the program TRUCHN, an extension of program
TRUMP (Edwards, 1972).

The model results show that 98.5ft of the generated JH decays within the ore body. Most of
the generated I 4 C and 36CI are released to outside the ore body before decaying. The
groundwater flow pattern confines the released radionuclides in a narrow downstream layer
which makes detection of them difficult. The influence of fractures is also studied. The results
indicate that there is no significant difference between a homogeneous porous medium
approach and a fractured ore body approach.

Several concepts of the near-field release model have been tested. These concepts include
solubility-limited dissolution, porous rock/ore media, diffusive and advective mass transport
through natural clay and in the surrounding rocks. The very good agreement between the
helium generation rate, calculated from alpha decay of uranium series, and the helium release
rate, calculated from the release model, encourages the conclusion that the basic concepts and
the mathematical representation of the model are reasonable. Most of the model results do not
contradict field observations. The model also reveals a possible mechanism, i.e., oxidation of
sulphide to sulphate, for the late of the radiolytically generated oxidants and reductants, and
this i; -ue will be explored further in the next two chapters by means of other models.

3.7 Possible applications of the model to the performance assessment of spent fuel

Owing to the striking similarities in many features between the Cigar Lake uranium deposit
and the environment of a final repository, the near-field, steady-state mass transport model
that has been developed, tested and validated, has large possibilities to be applied to the
performance assessment of the spent fuel in a final repository. We will discuss such
possibilities. A more detailed discussion can be found in Paper II.

Previous concepts of near-field release model developed for the repository can be delineated
briefly as follows (KBS, 19X3). When the groundwater has diffused inwards through the
buffer material, and the copper canister has been penetrated, the release of radionuclides in
the fuel can possibly start. The fuel dissolution is assumed to be solubility limited (see § 2. 1).
Near-field release models usually do not address the inward flow and diffusion of the
groundwater to the spent fuel, but rather assume that, at a certain time (100 000 years in KBS-
3), the canisters have been penetrated, or the canisters have a certain statistic probability of
fabrication fault (it is pessimistically assumed to be 1/1 000). The mass transport model starts
from when a canister has been penetrated.

The highly-compacted bcnlonite clay that surrounds the canister possesses very low-
permeability to water. The How of water will therefore be extremely slow and molecular
diffusion will be by far the dominant mechanism for the transport of the dissolved substances
through the clay.
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Most of the nuclides in the near-field exist as cations dissolved in the groundwater. These
cations have a strong tendency to be sorbed on the surface of the clay particles. A nuclidc that
starts diffusing into the clay will migrate very slowly at the beginning, since most of them are
sorbed onto the clay surfaces. But when sorption equilibrium has been reached, the nuclides
can then migrate further in the pore water. The stage before the sorption equilibrium is
established is considered as unsteady-state or transient state. After the equilibrium, steady-
stat: will prevail. In the models for the final repository, both unsteady- and steady-states are
considered. In the model specifically developed for the Cigar Lake natural analogue study
(Paper I), the steady-state is assumed for the reason that the ore has been preserved in a
relatively closed system for a geologically long time. Sorption is consequently not considered
in the model for the Cigar Lake site.

In steady-state mass transport models for the final repository (Neretnieks, 1978; Andersson et
al., I9S2), both the diffusion in the clay barrier am1 '.lie diffusion in the water in fractures have
been taken into consideration. The diffusion into the rock matrix around the fracture is
negligible, except during the very first stage. The transport into the clay is described as a
three-dimensional diffusion from the surface of the fuel to the fracture openings in the rock.
The transport into the flowing water is described as diffusion in flowing water between two
plane parallel fracture walls. The water How in the rock is determined to a large extent by
regional How conditions. The transport is affected by the hydraulic conductivity, the fracture
frequency of the surrounding bedrock.

The mass transport can be represented by Eq. 3. 2 (KBS. 1983):

N, = - ( C , -0) (3.2)

R is a complex function of geometry and transport properties. When this equation is
compared with Eq. 3. I, and the conceptual models illustrated in Figures 1 and 2 in Paper II, it
can be seen (hat (here exists a similarity between the transport models for the repository and
that for the Cigar Lake site. This is mainly because the Cigar Lake deposit has a similar
geometrical configuration as a final repository, and local groundwatcr flow pattern (the
groundwater passing through a repository or the ore and clay zones are made converged with
streamlines that follow the outer contour of the repository canister or the clay-halo). Major
differences in the two models are that, in the Cigar Lake case, porous media are assumed for
the rock matrices. In the final repository case, the water flow in the bedrock is mainly in
fractures and species also diffuse into the microporcs in the rock between fractures. It can be
concluded that the test and validate of the model in the Cigar Lake site has considerably
increased the confidence in the soundness of our near-field mass transport models, both
previously developed (or the repository, and that presented in Paper I for the Cigar Lake
uranium deposit.
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4 Model Tor radiation energy deposition and its consequences to water radiolysis

In Papers III and IV, the issue of water radiolysis is addressed by a more fundamental
approach, i.e., the radiation energy deposited in the pore water as well as in the other
constituents of the uranium ore body. Given the inventory of uranium, the geometric
dispersion of the ore constituents, including the pore water, the amount of radiation energy
that is deposited into the pore water can be calculated. When G-values of water radiolysis are
known, the production rate of reductant and oxidant by water radiolysis can be calculated.
This production rate can then be compared with estimates of other models. In Paper III, a
special case is considered; while in Paper IV, a generic model is developed, accounting for the
distribution of the solid grain size, the varying Linear Energy Transfer (LET), and other
complications.

4. I Water radiolysis

Water radiolysis is of great concern in the concept of final disposal of nuclear waste in
geological formations. It seems to be the only possible mechanism to change the otherwise
reducing disposal environment to oxidising. The cause of water radiolysis is the nuclear
radiation energy depositing into the pore water and splitting the water into oxidants and
reductants. For detailed mechanisms of water radiolysis, sec §3. 5. The consequences of water
radiolysis are to possibly alter the chemical environment from reducing to oxidising, to
increase dramatically the solubilities of many radionuclides and to considerably enhance their
release. Locally oxidising environment (hcmatisaiion of bleached clay adjacent to the ore
body) was observed in the Cigar Lake uranium deposit (see §1.3), and consequences of water
radiolysis is also theoretically predicted by the mass transport model (Paper I).

4. 2 Features of radiation energy deposition

Three types of radiation are present. They arc alpha-, beta- and gamma-radiation. The first
two arc charged particles, and the third is the radiation of short wave length, high energy
electromagnetic waves. The radiation energy can usually be calculated from knowledge of
nuclear reactions. In a highly uranium-enriched ore like the Cigar Lake deposit, only the
spontaneous decay of uranium scries is important. The source of radiation is predominantly
confined in the grains of uranium-bearing minerals. The radiation energy can, however, be
deposited in any of the other constituents of the ore body, mainly the clay and the pore water.
It is only the portion of the radiation energy that is deposited into the pore water that can
cause water radiolysis.

Heavily charged particles, such as the alpha particles, interact with matter to cause cither
I'xciiation or limitation of the absorber atoms (Knoll, 1989). The tracks of alpha particles in
the absorbing material tend to be quite straight and arc therefore characterised with a definite
penetrating range in a given absorber material.
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The linear energy transfer (LET, sometimes also termed linear stopping power) for charged
particles in a given absorber is defined as the differential energy loss for the particle within
the material divided by the corresponding differential path length (Bethe formula). In SI units,
thi formula is Eq. 4. 1 (Pai'c, 1988):

- — =7—5 -AfZ In—f In 7 — r — r 4.1)

where £ is the energy of the alpha particle transferred into the absorber (J),
x is the co-ordinate along the path of the alpha particle (m),
v is the velocity of the alpha particle (m s- l),
• is the number of protons plus neutrons in the alpha particle (4),
N is the atom number density of the absorber material (nv-1),
Z is the atomic number of the absorber material,
m4, is the electron rest mass (9.109 • 10 ' 3 1 kg),
e is the electron charge (1.602 • 1 0 1 9 C) ,
e,, is the electrical permittivity in vacuum (8.854 • I O " l 2 F n r ' ) ,
c is the velocity of light in vacuum (2.998 • I0 x ms" ' ) .
/ is the average excitation and ionisation potential of the absorber (J).

The parameter / in Eq. 4. 1 represents the average excitation and ionisation potential of the
absorber and is normally treated as an experimentally determined parameter for each element.
For elements consisting of the same atoms, empirical relations between / and the atomic
number of the absorber (Z) are available (ICRU, 1970):

JII .2 + II.7Z Z < 13

" ( 5 2 . 8 + 8.7IZ Z > 13

where / is in the unit of electron Volt (CV). One eV is 1.602 • I O l y J.

For compounds made up of atoms of different elements, the linear energy transfer is assumed
to be additive among the different atoms. This is known as the Bragg-Kleeman rule (Knoll,
1989).

f l ^ V M l (4.3)

where W, is the atomic fraction of the /th component in the compound,
subscript 1 represents the /th component,
subscript c represents the compound.



The linear energy transfer thus obtained for a compound (-dE/dx)c has the same form as Eq.
4. 1 with average "atomic number" (Zc), atom number density (Nc) and average excitation
and ionisation potential (lc) as follows respectively:

(4.4)

The passage of beta particles through matter has some features in common with the behaviour
of alpha particles, e.g., causing excitations and ionisations, but there are some differences.
Beta particles, because of their relatively small mass, are subject to considerable scattering
when passing through an absorber, with frequent changes in direction, and do not have a
definite penetrating depth in a given absorber material. When they interact with matter, part of
the beta-radiation energy is converted into electromagnetic radiation in the form of
hn-mssirahhiiifi (Knoll, 1989), which is essentially electromagnetic radiation.

There are several ways in which gamma-rays interact with an absorbing material. Three of
them are important. In the photoelectric effect, the entire gamma-ray energy is transferred to
an electron of the absorber atom, and ejects it from the atom. The ejected electron behaves
like a beta particle of the same energy in its passage through matter. In a Compton interaction,
a gamma photon makes an elastic collision with an electron of the absorbing material. In the
collision both momentum and energy are conserved, and part of the energy of the incident
photon is transferred to the electron. The photon is also scattered from its initial path. The
pair production occurs when a gamma photon wiih energy in excess of 1.02 MeV (the energy
equivalent of the total mass of an electron and a positron, according to Einstein's relation /: =
me-) passes near the nucleus of an atom, the photon can be annihilated in the strong electrical
field with the formation of an electron-positron pair.

As interactions of beta- and gamma-radiation with matter .ire more complicated, and they are
usually entangled with each other (tin: hreins.Mnililuni' of luta-radiation and the photoelectric
effect of gamma-radiation), the interactions are often modelled not with the LET, but rather
with the absorbed dose rate in water, as described below.

If a mixture of elements or compounds is irradiated with electromagnetic or charged-particlc
radiation, the fraction of the total absorbed energy transferred to each component of the
mixture is proportional to the fraction of the component present by weight, and to the mean
mass collision stopping power (defined as the LET divided by the density of the absorbing
material) of the constituent for the primary and secondary ionising particles of various
energies present in the medium. The latter is not readily determined in practice, and various
approximations have been used, the simplest and most widely adopted being to assume that
the mass stopping powers are proportional to the Z/A ratios for the components (Sprinks and
Woods, 1990):



- 2 9 -

D, (ZIA), n,Z,

-5-"" liTÄT ' = I ^ ; (45)

where D; is the absorbed dose in the ith constituent in the ore body (Gy, i.e., J kg"') .

D,,,, v is the absorbed dose in the mixture of all the constituents (Gy),

Wi is the weight of the ith constituent divided by the total weight of the mixture,

£, is the electron fraction of the ith component in the mixture,

H, is the amount of matter of the ;'th component (mol),

Z is the atomic number of an atom,

A is the mass number.

4 . 3 Features or the uranium minerals

In the Cigar Lake deposit, two generations of uraninite (UO2) and coffinitc (USiO.j) have
been recognised as major uranium-bearing phases (see §1. 3). The ore samples are tcxturally
and chemically heterogeneous. The uranium ore, even though it appears massive in hand
specimen, is actually an aggregate of brecciated, rounded and heavily fractured grains of
uraninite embedded in the host rock, predominantly the illite clay matrix. The disseminated
ore is the dominant variety. Grain sizes range from a few millimetres to less than I
micrometre. The boundaries of the grains arc rounded and embayed, indicating of interaction
with water and dissolution of uraninitc. Even central portions of large grains arc heavily
altered. The analytical techniques used were SEM and BSE (back scattered electron imagery)
(Janeczek and Ewing, 1992). The dissolution of uruiiinitc, loss of lead and coffinitisation
processes were due to hydrothcrmal alteration of uraninite under reducing conditions. There is
no mineralogical evidence for recent groundvvater alteration of uraninite in the samples from
the ore zone (Janeczek and Ewing, 1994). Other researchers (Cramer et al., 1994a) concluded
that crystals of uraninite, without any visible surface alterations (by means of SEM images),
are embedded in a matrix of clay minerals. The occurrence of an oxidation layer locally on the
uraninile .surfaces and cavities is restricted to more porous parts in the ore.

A very important issue is ifall the grain boundaries of the uranium minerals arc accessible to
groundwater. The above investigations show that, the present-day groundwatcr alteration of
uraninitc, if there is any, is not significant. The lack of uraninitc alteration can not completely
rule out the access of groundwater to the uraninite grain boundaries. Microporcs arc always
present in the ore and clay samples. In the following calculations we make the assumption
that all the grain boundaries of uranium minerals arc accessible to groundwatcr.

4.4 Conceptual model for radiation energy deposition and water radiolysis

In this model, the ore body is assumed to consist of three radiation-distinctive constituents,
the grains of uranium-bearing phases, the water films and the clay matrix. This categorisation
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is sufficient for the purpose of this study, because only the source of radiation within the
grains of uranium minerals, and the portions of radiation energy deposited into the grains of
uranium minerals, into the water films and into the clay are of importance.

The geometric dispersion of the various constituents of the ore body is assumed based on field
observations in the Cigar Lake deposit (see Figure 4. 1). The grains of uranium minerals are
assumed to be sparsely distributed throughout the clay matrix. Water films of constant
thickness are assumed to be associated with (adhering to the surface of) every such grain. The
thickness of the water films is determined by the grain size and the averaged porosity of the
ore body. There is no assumption of the clay particle size, because it is of no consequence to
the results. It is, however, assumed that the water associated with the grains of uranium
minerals and the water presented in the clay matrix have the same statistical meaning of
porosity.

Grain of uranium
mineral

Clay matrix Pore water

Figure 4. 1 Conceptual model of the dispersion of ore constituents and alpha-radiation.

Beta- and gamma-radiation may penetrate greater distances than the size of the primary grains
of uranium minerals, but the energy absorbed by water may still not be the total radiation
energy. Other constituents in the solid phases (prominently the clay matrix) will absorb more
energy than the water at the same distance penetrated.
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Alpha-, beta- and gamma-radiation is generated within the grains of uranium minerals. For
alpha-radiation, the average grain size of uranium minerals is much larger than the penetration
range of the alpha particles, most of the radiation energy will be first deposited within the
primary grains of uranium minerals from which the ulpha-radiation is emitted. Only the
radiation emitted from regions sufficiently near to the grain surface will have a chance to
escape the grain and to radiolyse the film of water adhering to the grain surface. The energy
that can radiolyse water will be a small proportion of the total radiation energy.

4.5 The simplified case

In Paper III, a simplified case of the model of radiation energy deposition and its
consequences to water radiolysis is presented. In this simplified case, the grain size of the
uranium minerals is assumed to be much larger than the penetrating range (or depth) of alpha
particles. In addition, the Linear Energy Transfer (LET) is assumed to be constant along the
whole path of an alpha particle. The latter assumption is also made for beta- and gamma-
radiation. For alpha particles, only those emitted from the surface layer of the »rain of
uranium minerals will be able to deposit energy into the adhering water film. Those emitted
inside the grain simply lose all their kinetic energy within the grain. Beta- and gamma-
radiation, however, can penetrate several blocks of solid panicles and pore water films.

With the assumptions and simplifications given above, the fractions of total alpha-, beta- and
gamma-radiation energies, respectively, available for water radiolysis are independent of the
grain size of uranium minerals, provided that it is much larger than the penetrating depth of
alpha-radiation, as mentioned above. For alpha-, and beta-radialion, the fractions arc:

and n.. = respectively. (4.7)
'|l ( l E H Ö / S l + e '

For gamma-radiation, the result is the same as for beta-radiation.

where r) is the fraction of total radiation energy deposited into the pore water,

f. is the porosity of the ore body,

5 is the penetrating depth of the radiation in the absorbing materials,

and the subscripts
a, (3 and y stand for alpha-, beta- and gamma-radiation, respectively,
c and w stand for in the crystal (grain of uranium minerals) and in the water,

respectively.
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4.6 The generic model

In Paper IV, a generic model is presented. Instead of assuming a very large grain size of
uranium minerals, the size distribution is accounted for. For alpha-radiation, the LET is not
assumed to be constant, but is calculated by solving the ordinary differential equation 4. I
numerically, both in UCh and in water. The initial kinetic energy of the alpha particles are
also allowed to be variable, according to their initial energy in the uranium decay chains. A
randomly emitted particle from a grain of uranium mineral first deposits energy in the grain,
according the energy-distance relation in UO? calculated above. If its energy is not
completely dissipated, it will enter the water film and deposit energy in water, according to
the energy-distance relation in H2O. If some energy still remains, it is assumed that it will be
all exhausted in the neighbouring solid, and need not be considered further. All these are
handled by the Monte Carlo simulation method, and is coded into a program in FORTRAN.

The grains are assumed to be cubic with sizes ol lognormal distribution, i.e.:

2G~

where .v is the grain size (m).
In (I is the mean value of the logarithm grain size (In.v),

O is the standard deviation of the logarithm grain size (lav) distribution.

II the thickness of the water film on ihe surface of a solid grain is assumed to be constant, the
relation between this thickness, the porosity of Ihe ore. and the mean and standard deviation
of ihe logarithm grain si/e can be obtained, by means of the statistical definition of porosity.

(4.9)2__
cxp(V+3Inu)

where E(VH) is the volume of water associated with one cubic grain averaged over all
grain sizes (m^),

E(VS) is the average volume of the cubic grain (rrP),

£ is the porosity,

5vl- is the water film thickness (m).

For detailed derivation of Eq. 4. 9, see pages 10 to 11 of Paper IV.
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When parameters of grain size distribution and the porosity are known, the water film
thickness can be calculated. With the nominal range of grain sizes of uranium minerals (see
§4 .3) and a porosity of 10%. the water Him thickness can be calculated. The value is typically
several tens of micrometers.

For alpha-radiation, tens of thousands of different size cubic grains of uranium minerals are
generated randomly by the Monte Carlo method. The size is assumed to obey a lognormal
distribution. Every such generated grain is assumed to have a constant water film on its
surface. In each of the uranium grains, lens of thousands of alpha-radiation emission points
are randomly selected, again by the principle of the Monte Cailo method. The points are
uniformly distributed inside the grain. From each such point, the emission is assumed to have
an equal possibility of going in any direction.

Ail alpha particles arc not assumed to have the same initial energy, but to have different
energies as shown in tables of the uranium decay chains (Ivancvich and Harmon. 1989) with
their frequencies of occurrence also taken into account. All the 8 alpha decays in the --1XU
chain, for example, are also assumed to have the same probability of occurring. This is
tantamount to assuming that i*? ilccay is in secular equilibrium. This assumption appears
reasonable (Smellie et al.. I994).

A randomly emitted particle from a grain of uranium mineral first deposits energy in the
grain, according the energy-distance relation in UO; calculated above. If its energy is not
completely dissipated, it will enter the water film and deposit energy in water, according to
the energy-distance relation in HiO. If some energy still remains, it is assumed that it will be
all exhausted in the neighbouring solid, and is not considered further. The fraction of Ihc total
radiation energy deposited into Ihc pore water is calculated, for individual alpha particles, and
averaged over all the randomly generated alpha particles and all (he grain sizes, by the Monte
Carlo method of computer simulation. The fraction of total alpha energy absorbed by pore
water in an ore of IO9r porosity is shown in Table 4. I for some different assumptions.

Table 4. 1 The fraction of total alpha energy absorbed by pore water ( W7r porosity
of Ihc orcbody).

Constant LET Varying LET as in Eq. 4. 1 Large U grain Size (in Paper III)

0.0184 0.0197 0.0104

For beta- and gamma-radiation, the fraction of energy deposited into the water films i.s
calculated in a different way. The mechanisms of beta- and gamma-radiation arc more
complicated, the absorbed dose rate method is used, see Eq. 4. 5. The ore body is assumed to
consist of 12^ by weight of VOj. \07r by volume of water, and the rcsl is clay. For beta- and
gamma-radiation. Ihc results arc shown in Table 4. 2.
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Table 4. 2 Fraction of total beta- and gamma-radiation energies absorbed by pore

water (porosity is 10%, uranium content is 12% by weight)

Fraction of p + ycnergies deposited in water

0.044 for P + Y (using absorbed dose method in Paper IV)

0.011 for P (using const. LET in Paper III)

0.027 for Y (using const. LET in Paper III)

The emission rate of to'.al radiation energy can be calculated from the inventory of uranium in

the ore body. Then the absorbed dose rate in the pore water can be calculated, by multiplying

the emission rate by the fractions of total energy deposited in water shown in Tables 4. 1 and

4. 2. In water radiolysis, the amount of oxidant and reductant produced per unit energy

absorbed by the water is defined as the G-vuluc for the radiation. For alpha-radiation, the G-

value is 2.87 • 1 0 7 eqv J 1 , and for beta- and gamma-radiation, the value is 4.3 • I0"7 eqv J 1 .

With these values, the oxidant production rate by alpha-, beta- and gamma-radiation can be

obtained. The results are shown in Table 4. 3.

Table 4. 3 Oxidant production rate by alpha-, beta- and gamma-radiation

Production rate in Eqv s 1 nr-' of ore

I»+Y

Total

0.86- 10»»

1.57- K)-»»

0.27- 10 •"'

0.63 • 10"»'

1.13- 10-»»

2.20- 10-»»

(assuming large grains of U minerals, in Paper III)

(in Paper IV)

(using const. LET, in Paper III)

(using absorbed dose rate method, in Paper IV)

(in Paper III)

(in Paper IV)

4. 7 Discussions of the radiation energy deposition model

The results of this generic model show that, due to energy dissipation in the solids, only a

small fraction of the total radiation energy is available to water radiolysis. For a porosity of

the ore of 10%, only about 1.0 - 2.0% of the total alpha-radiation energy and about 3.8 -

4.4% of the total beta + gamma radiation energy arc available for water radiolysis.

For an ore body of 10% porosity, the maximum oxidant production rate by water radiolysis is

1.1 • 10•'" to 2.2 • 10 »'eqv s - l nr 3 of ore. In Paper I, the near-field steady-state release

model predicts a present-day oxidant release rate of about 2.0 • I0"12 eqv s"1 m^ of ore. The
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oxidant production rate must be about the same value at steady-state. The efficiency of
radiolysis (the actual oxidant production rate over the maximum possible oxidant production
rate) is about 1.07c. This value of efficiency is in agreement with what has been projected by
Christensen and Bjergbakke (1982). They suggested a back-reaction factor of the oxidant and
reductant in a similar system of about 100, i. e. about 99% of the oxidant and reductant
produced react back with each other, and only about !% remains to cause further redox
reactions.

The model of radiation energy deposition and its consequences to water radiolysis presented
here is a rather novel approach. This model, especially the generic one presented in Paper IV,
is based on the well-developed theory of radiation of nuclear energy and its interaction with
matter, with a few additional assumptions. These assumptions are mainly of the geometric
dispersion of the various constituents of the ore body. The assumptions made seem reasonable
for a typical uranium deposit. To apply this model to a final repository, modification of these
assumptions may be needed.
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5 Real-case test of coupled solute transport with geochemical reaction models

In this chapter, the contents of Paper V are summarised. The model of coupled solute
transport with geochemical reactions is tested in the Cigar Lake uranium deposit. The case
considered is a real-case, i.e., the model concepts, the parameters used, and the input data are
all obtained from results of field observations. The computer program CHEQMATE
(Haworth et a!., 1988) is used. Efforts are concentrated on simulating the observed
hematisation (oxidation of pyrite to hematite) in the clay halo adjacent to the ore body. Water
radiolysis is the only possible mechanism to generate oxidant to cause the hematisation. The
rate of oxidant production by water radiolysis in the ore of the Cigar Lake uranium deposit
has been predicted by the other two models (Papers I and IV). The issue will be further
explored in Paper V, by testing the coupled transport/reaction model against the observed
hematisation process. A constant production rate of oxidant by radiolysis in the ore zone is,
therefore, assumed. The model results show that, at certain rates of oxidant generation,
hematite can possibly precipitate in the clay adjacent to the ore body. Several other findings
are also very interesting: (1) the hematite can precipitate in /ones where pyrite is not
completely exhausted and the groundwater is relatively reducing; (2) pyrite dissolved in the
ore /one can precipitate as secondary mineral in the clay zone; (3) there exists a threshold of
oxidant production rate, below which the hematisation does not occur. This threshold is,
interestingly enough, found to be in the same order of magnitude as the oxidant production
rate predicted by the other two models (Papers I and IV). Other model results agree with field
observations, like slight amounts of uraninite precipitating in the clay; aqueous phase
uranium concentration being extremely low; and reducing conditions being prevailing in the
aqueous phase in the ore, the clay and the sandstone.

5.1 Model of coupled solute transport with Kcochcmical reactions

In Paper I, a near-field steady-state release model is developed. The model results indicate,
among other things, that a certain extent of oxidant production by water radiolysis is
operating in the ore body. This prediction is further supported by the more straightforward
model of radiation energy deposition in pore water in the ore body and its consequences to
water radiolysis, presented in Papers III and IV,

In the mass transport model in Paper I, solubility-limited dissolution is assumed. The mass
transfer between the aqueous phase and the mineral phases by means of dissolution and
precipitation is not considered. This model is expected to be valid to model aqueous species
release when the source term of the species is of solubility limit of its ihcrmodynamicaily
stable minerals, or the species is chemically inert, or the species is considerably under-
saturated to its known minerals.

In the model of coupled mass transport with gcochcmical reactions, however, the mass
transfer between the aqueous and the solid phases is included. With this model, water/rock
interaction can be simulated. Evolution of both groundwatcr composition and mineral
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sequences in a geological region can be modelled. In the Cigar Lake uranium deposit, the clay
halo adjacent to the ore is observed to have been oxidised, i.e.. some ferrous iron is oxidised
to ferric iron, causing the precipitation of hematite. That region of clay is said to be
hematised. This hematisation process provides a good chance to test the coupled
transport/reaction models.

The coupled transport/reaction models are of great importance in performance assessment of a
final repository. In long-term performance assessment of a final nuclear waste repository, the
chemical interaction of groundwater with mineral assemblage in the engineered barrier and
the host rock formations is of great importance. This interaction can cause dissolution of some
minerals and precipitation of others. Substantial mineral dissolution may introduce new
fracture systems in the rocks, and precipitation may, on the other hand, plug the existing
fractures and pore space. The groundwater flow pattern may thus be altered. What is more
important is that the prevailing reducing chemical environment might also be changed. A
crucial issue is water radiolysis within the repository, by which oxidants and reductants are
produced. The reductanls are primarily the less reactive molecular hydrogen, which is readily
released out of the system. The oxidants are molecular oxygen, hydrogen peroxide and some
oxidising radicals. They are chemically reactive and can react with the reducing minerals
present in the engineered barrier and the host rocks and deplete them. The commonly
encountered reducing mineral is pyrite. When pyrite is oxidised, protons will also be
generated (Lownon, 1982). By means of this mechanism, pll and redox buffering capacities in
the engineered barrier and the host rocks are potentially degraded. The solubility of many
radionuclides may be considerably increased, and their release is consequently enhanced.

The water/rock interaction and the accompanying release of aqueous species can be treated by
coupled mass transport/geochemical reaction models. The mechanisms of mass transport can
be diffusion and advection. The chemical reactions, including sorption/desorption,
precipitation/dissolution, acid/base neutralisation, aqueous species complexalion, and redox
reactions, are often modelled with local equilibrium approximation (Helgeson, 1968; Walsh et
al., 1984; llaworth et al., 1988; Yeh and Tripathi. 1991).

The numerical methods to solve the equations can be classified into two approaches, the one-
step approach and the two-step approach, according to how the coupled equations are solved
(Neretnieks, 1993). See $2.4.

Many programs of coupled transport/reaction models have been developed. All these
programs have pros and cons to one another. Many of them have only been demonstrated to
work successfully for seme highly simplified test problems. Very few of them have been
tested in solving real-case problems in natural geological formations where the model results
can be compared with the results of field observations. Real-case test of models seems,
however, to be the only way to progressively validate the models, and to increase our
confidence in applying them to the long-term performance assessment of spent nuclear fuel.
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5.2 Model settings

The CHEQMATE (Huworth et al., I988) program is used. This program uses the two-step
method to solve the mass transport partial differential equations and the chemical equilibrium
algebraic equations. The partial differential equations are solved with the explicit forward
finite difference method (Lapidus and Pinder, 1982). The boundary conditions can be of
constant concentration or constant flux. In the present study the program is modified to handle
a constant source term in the boundary cell of the ore zone. The source is the constant
production rate of oxidant (represented by molecular oxygen) by radiolysis. The equilibrium
part of CHEQMATE is essentially the program PHREEQE (Parkhurst et al., 1985), with
modifications to quantify mineral precipitation and dissolution.

The modelling is one-dimensional. A column extending from the ore to the clay/sandstone
interface is selected; it is perpendicular to both the ore/clay and the clay/sandstone interfaces
(Figure 5. I). The one-dimensional column is equally diseretised, with the left-most cell
representing the ore /one, the right-most cell representing the altered sandstone, and those in
between representing the clay halo. The left- and right-most cells are the two boundary cells,
where boundary conditions are assigned.

onc-ilinuMisional
column

Figure 5. I

iK'tnaiiscil
cl.iv

Schematic illustration of (he ore, the clay halo and the altered sandstone
together with the one-dimensional column in the clay.

In the cells representing the different /.ones, some minerals identified as abundant and major
in quantity (Smellie ct al., 1991) are input. The mineral compositions of the ore, the clay and
the altered sandstone arc complicated. For the model purpose and also considering the
availability of dala, only several minerals identified as abundant and major in quantities are
included in the model. There are a large amount of uraninite and pyrite, and some illite and
kaolinitc in the ore zone; a domination of illilc with some kaolinite and pyrile in the clay halo
and (he altered sandstone. Minerals in the altered sandstone are only used to determine the
equilibrium composition of the groundwatcr there, as a constant concentration boundary is
assumed in the altered sandstone.
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For the oxidation of ferrous iron minerals to ferric iron minerals in the hematised clay, there
must be a source of oxidant. The measured oxygen concentrations in the ore zone were
assumed in some previous simulations (Liu et al., 1994a) as the source of oxidant for
hematisation. Some of the model results were, however, difficult to understand with this
assumption. The amount of hematite precipitated was much larger than what is observed; in
the ore zone the Eh values were as high as 0.8 V, which is neither observed nor reasonable for
uraninite to be stable.

As a certain extent of oxidant production by radiolysis is predicted by our two other models
(Papers I and IV), it is tried in Paper V to use this oxidant production as a source for the
hematisation of the clay. In the ore zone, a constant oxidant production rate r input as a
source term. The oxidant is represented by molecular oxygen.

The ore body and the clay zones are negligibly permeable to water flow. Groundwater in them
is in practice stagnant. The initial water compositions in the cells representing the ore and the
clay zones are those in equilibrium with the chosen minerals, respectively. The boundary
condition in the ore zone is as follows. In addition to the constant production rate of oxygen,
the aqueous phase is allowed to evolve but always in equilibrium with the mineral phases.
This is a more reasonable condition, compared to the constant concentration and constant (lux
boundary conditions. As the water is stagnant, the evolution of the water composition will be
determined by its interaction with minerals.

The altered sandstone is much more permeable than the ore and the clay zones. In the altered
sandstone, groundwater flows around the ore/clay and is deflected above and around the outer
contour of the clay halo. This How is accounted lor in the boundary condition of the cell
representing the altered sandstone. A constant concentration boundary condition is assumed.
The reason is that, with a How the water in the region immediately above the ore body will be
constantly replenished by the water from the upstream, and the water composition will be
kept practically constant. The constant water composition is obtained by equilibrating the
measured water composition with the selected minerals.

In the clay zone, both mass transport and chemical reactions are simulated. Only diffusion is
considered for mass transport, for reasons discussed above. The chemical reactions arc
modelled with local equilibrium, i.e., in every cell in the clay the system is in chemical
equilibrium. The CflEQMATE program uses the two-step method. In one step, oxidant is
generated at a constant rate in the ore zone, reacting with the reducing minerals to reach
equilibrium. The cells representing the clay zone are also equilibrated. In the other step,
aqueous species are transported by diffusion along their concentration gradient. The transport
step disturbs the chemical equilibrium, and equilibrium is achieved again in the reaction step,
and so on.
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5.3 The time-scaling technique

Modelling of non-trivial, real-case problems of coupled mass transport and chemical reactions
are very complicated. Computer simulations are often prohibited by the very long
computation time needed. The problems arise mainly because the solubility of some minerals
are extremely low and the time steps that can be taken are too small, owing to the constraint
of numerical stability of the explicit finite difference method in solving the parabolic partial
differential equations of mass transport (Lapidus and Pinder, 1982). It will take impractically
too many time steps just to dissolve small amounts of minerals. Several approaches have
aimed at easing these difficulties. See §2.4. In the CHMTRN family of codes (Miller, 1983;
Carnahan, 1986; Noorishad et a!., 1987) implicit methods are used but this in practice does
not remedy this problem.

In the present simulations, [he problems of low mineral solubility and restricted length of time
steps also arise. The quasi-stationary approximation developed by Lichtncr (1988) can not be
directly used in our simulations, because the model settings are different. A time-scaling
technique is developed, specially for I he model settings of the local equilibrium approach and
of diffusion dominating in the mass transport. The basic ideas of the time-scaling technique
are similar to those of the quasi-stationary approximation.

The basic rationale of the time-scaling technique is as follows. When the system is in local
chemical equilibrium both within the aqueous phase and between the aqueous and the mineral
phases, the aqueous phase composition is primarily determined by the minerals present, but
not l<y the quantities of the minerals. This is because minerals are often considered as pure
phases and their activities are taken as unity in the mass action equations. When the mineral
sequence does not change in the system, i.e., neither new mineral emerges nor any existing
mineral is exhausted, the dynamic evolution of the composition of the aqueous phase is
expected to be very slow. Only when mineral sequences change then the aqueous phase
composition starts to change substantially.

The above premise leads to the idea of the lime-scaling technique. During one ;me step, the
amounts of different minerals precipitated and dissolved are calculated. II there is no change
of mineral sequence in this time step in any of the discretised cells in the system, it is
assumed that there will be the same aqueous phase compositions (the same concentration
profiles spatially), and the same amounts of minerals precipitated or dissolved, in the next
time step. This can be extrapolated to the time steps that still follow, until (he mineral
sequence in any of the cells changes. Then the concentration profiles of aqueous species arc
re-calculated. The algorithm to in plcmcnt this idea is to first calculate the aqueous phase
speciation and amounts of minerals precipitated and dissolved in one lime step, and to
multiply the amounts of the minerals precipitated and dissolved by a common magnifying
factor. The elapsed time needed will also be the length of one time-step times the magnifying
factor. The same procedure is carried out as long as no changes of the mineral sequence
occur. Whenever the mineral sequence changes in any cell of the system, the scaling factor is
reduced to account for the shortest time needed, for example, to deplete a mineral. This
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technique is incorporated in a revised version of CHEQMATE, and it works satisfactorily as
has been demonstrated by comparison with other calculations where the technique is not used.

In the testing of the models of redox front migration and geochemistry at the Pocos de Caldas
uranium mine in Brazil (Cross et al., 1991), a mineral-scaling technique has been employed.
The underlying rationale for this mineral-scaling technique is the same as the time-scaling
technique that is proposed here. But the mineral-scaling technique scales down the initial
mineral contents in the system. It has practical difficulties when solubilities of minerals are
considerably different, usually by many orders of magnitude. When the scaling factor is too
small, the less soluble minerals will hardly dissolve and the time steps needed for the
simulation may still be impractically too many. If the scaling factor is too large, the mineral
content can possibly become less than the solubility concentration of the mineral, and the
mineral will dissolve instantaneously upon equilibrium, however small the time step is.

L'nlike the mineral-scaling technique used by Cross et al. (I99I), the time-scaling technique
proposed in Paper V does not scale the initial contents of minerals. It magnifies the amounts
dissolved or precipitated in one time step by a scaling factor. The problem associated with the
mineral-scaling technique has been overcome in the time-scaling technique.

5.4 Model results

Some results predicted by the model are shown 'n Figures 5. 2 to 5. 5. In Figure 5. 2, the
calculated initial water compositions in the oro. tie clay and the altered sandstone are
compared with the measured values for the total elc.nent concentrations. It can be readily seen
that, for most of the elements, the calculated equilibrium concentrations are in good
agreement wilh the measured values. The calculated equilibrium values of Kh are within the
range of variations of the measured values.

Two calculations arc made, both simulating to a time up to 1,17 • I01' years. During the
simulations, the pH, Eh and aqueous species concentrations are allowed to change, as is
caused by solute transport and water/rock interaction. In the first simulation, an oxidant
production rate of 3 • 101 4 mol s'1 I1 of pore water is assumed. In the second simulation, it is
5 • I 0 1 4 mol s 1 I1 . These values are equivalent to 12 • 1O12 and 20 • 10 l 2 eqv s 1 nv3 of
ore. Other calculations show that when the oxidant production rate is below the value of 4 •
I 0 1 2 eqv s 1 iiv* of ore, no hematite will precipitate, i.e., the hematisation process will not
occur. This threshold value of oxidant production rate is, interestingly enough, about the same
value as the on-going oxidant production rate predicted by our mass transport model (Paper I)
and the radiation energy deposition model (Paper IV).

In Figures 5. 3 to 5, 5, results are shown for the simulation by assuming an oxidant production
rate of 5 • I 0 1 4 mol s"1 H of pore water. These results arc pH, Eh and concentration profiles
at time 1.17 Ga, which is almost as long as the age of the deposit. Figure 5. 4 shows that
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ore /DUO. pH = 7.32. Hh = -O.I6K V

I measured
• calculated

day /one. pi I = 5.7X. Kh = -O.OfiX V

H measured
O calculated

Ml!

SS. pH = ()i>l), lih = -I). 120 V

• measured
• calculated

Mi; K II- Al Si C" S

l-'igiire 5. 2 Comparison of model calculated total element concentrations with field
measured values in the ore. the clav and the altered sandstone.
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Figure 5. 3 Profiles of pH and Eh in the clay zone at the time of 1,17 • I09 years.
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Figure 5. 4 Mineral sequences of hematite, pyrite (upper) and uraninite (lower) in the
clay zone at the time 1.17 • 109 years.
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hematite precipitates in the clay zone adjacent to the ore body. The amounts of hematite
precipitated is ! to a few mol 1*' of pore water, which is about a few per cent by weight in the
clay. More hematite will precipitate when the oxidant production rate is larger. The predicted
thickness of the hematised clay is I to 2 m, after 1.17 G:\ which is about what is observed in
the clay halo.

Predicted values of pH (Figure 5. 3, upper) range from 6.3 to 6.6, compared to the measured
values of 5.8 to 7.3 in the ore and the clay zones. Predicted values of Eh (Figure 5. 3, lower)
range from -0.13 to -0.10 V, compared to the measured values of -0.24 to 0.27 V.

The predicted values of major and trace element concentrations (Figure 5. 5) are also
comparable with measured values, being accurate to w ithin the same order of magnitude. The
speciation shows that the dominating species of Fe is Fe-+; lhat of S is SO4-"; that of Si is
H4S1O4. The dominating species of uranium is U(OH>4.

During the simulations, pyrite is assumed to be abundant in the ore /one. The calculations
show- that, with an equilibrium approach, pyritc is always oxidised before uraninitc. in the
range of pH and Eh of the simulations. As long as pyrite is not exhausted in the ore zone,
uraninitc will not be oxidised to any observable amount. Field observations show that there is
pyrite in Ihe ore zone nowadays.

Only pyrite in the ore zone is oxidised. Pyrite in the clay zone is not. Instead, secondary p; rite
precipitates in the clay zone, where hematite also precipitates (Figure 5. 4, upper). A
mechanism of the precipitation of the secondary pyritc will be proposed later. It should be
noted that this phenomenon is rather eccentric or even contradictory to our common intuitive
belief that hematite precipitates at the expense of pyrite ith intra.

In the simulations, a few weight per cent of kaolinite exist initially in the clay zone, but has
dissolved during the later time of the simulations.

A trivial amount of uraninitc can be precipitated in the clay zone (Figure 5. 4, lower). As
aqueous uranium concentration is always low, the amount of uraninitc precipitated is trivial
and can be well neglected from the viewpoint of uranium transport.

5. 5 Discussions of Ihe lest of coupled transport/reaction model

The model results indicate that, in general, the model is capable of predicting the most
prominent features in the site. The predicted features are in agreement with field observations.

Comparison of the calculated equilibrium concentrations in the aqueous phase with the
measured values indicates that, for a relatively closed system like the Cigar Lake deposit, the
aqueous phase is in close equilibrium with the abundant mineral phases. Concentrations of the
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major and minor aqueous species included in the study seem to be limited by the solubilities
otthe following minerals: illite. kaolinite. pyr He and uraninite.

The pyrite in the ore zone is oxidised by the oxidant generated by water radiolysis. Above a
certain threshold of oxidant production rate in the ore /one. hematite can precipitate in the
clay halo adjacent to the ore body. Any primary pyrite initially present in the clay zone will
not be oxidised as ion* as the pyrite in the ore zone is not exhausted. The groundwater in the
near-field is relatively reducing when pyrite is still present.

Where hematite precipitates in the clay adjacent to the ore. pyrite also precipitates as
secondary mineral, adding to any primary pyritc initially present in the system. Because the
dominating aqueous species of iron and sulphur are Fe-+ and SO4-" respectively, within the
pH and Eh ranges, mechanisms for hematite and secondary pyrite precipitation arc proposed
as follows. Part of the pyrite in the ore body is oxidised by the radiolytically generated
oxidant. Sulphate and ferrous iron ions in the aqueous phase are transported from the ore zone
to the clay zone. A small amount of sulphate oxidises some of the ferrous iron to ferric iron
and causes precipitation of hematite. This part of sulphate is thus reduced again to sulphide,
reacts with ferrous iron and precipitates itself as secondary pyrite in the clay, where hematite
precipitates. The rest of the sulphate and ferrous iron, which account for much larger amounts
of the total sulphate and ferrous iron, are simply released out of the system, by diffusional
mass transport.

To sustain the oxidation of pyrite in the ore /one for a time up to more than I Ga. a very large
amount of pyrite should be initially present in the ore zone. The quantity could be as much as
that of the uranium minerals. Pyrite is depleted (or it is just absent) in the altered basement
rock immediately under the prominent part of the ore body (Brunelon. 1993). But it is not
clear if this absence was caused by the hydrothermal events or if it is caused by a low-
temperature mass transport mechanism.

P.ven though there are some difficulties and uncertainties, the models can slill make useful
predictions. In Paper V. for example, the quantitative predictions of the aqueous phase
compositions and the mineral patterns are in rather good agreement with field observations.

It is also wise to test the same model concept or the same possible mechanism w ith different,
relatively independent models. If they agree, our confidence in the concept or mechanism is
increased. The mechanism of water radiolysis is tested in our three different models in this
thesis, one is the near-field steady-state release model (Paper I), one is Ihe radiation energy
deposition movie I (Paper IV). and one is the coupled transport/reaction model presented in
Paper V. All these models point to a certain extent of water radiolysis in the ore body, and all
indicate Ihe same order of magnitude of oxidant production rate by water radiolysis.
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Discussiuns and conclusions

Three models are developed and tested in the natural analogue studies of the Cigar Lake
uranium deposit. The three models are: the near-field steady-state mass transport model; the
model of radiation energy deposition in pore water in the ore and its consequences to water
radiolysis; and the coupled solute transport with geochemical reaction model.

Several concepts are tested in the near-field steady-state mass transport model. These
concepts include solubility-limited dissolution, porous rock/ore media, the aqueous phase
concentration gradient, diffusive and advective transport through natural or engineered
barriers and in the surrounding rock formations.

The helium generation rate, calculated from alpha-decay knowledge, and the helium release
rate, calculated independently by the mass transport model, show surprisingly good
agreement. This docs encourage the conclusion that the basic concepts and the mathematical
representation of the near-field release model are reasonable. Most of the model results do not
contradict field observations. Uranium release rate predicted by the steady-state release model
is negligibly low. This model may be applicable to predict the release in the near-field of final
disposal vaults of nuclear waste.

For the oxidants and reductanls generated by radiolysis, it is found by using the near-field
release model, that the release of Hi is balanced by the release of SO42". It implies that
sulphides may have been preferentially oxidised by radiolytically generated oxidants, while
ferrous iron and tetravalent uranium are not oxidised much in comparison.

For the continuously generated Ml, I4C and - '̂Cl, a very conservative case is considered. The
radionuclidcs generated in the rocks arc assumed to have escaped completely into (he pore
waters without isotope exchange (diluiion) in the rock. The predicted concentrations arc
higher than the measured values. Should the assumption that the radionuclidcs all escape to
the waicr not be made, the predicted concentrations can be made to agree with the measured
values. The modelling results of radionuclide release also show that, only those nuclidcs that
decay fast enough will decay within the ore and clay zones. Others are mostly released out.
Due to the special groundwaler flow patterns in the near-field, the plumes of the released
species are confined (o a very narrow downstream layer and their detection may be very
difficult.

The model also shows that (he negligibly permeable clay halo is quite important in preventing
aqueous species from releasing to outside of the ore body.

The near-tield steady-state release model has the same basic model concepts as with other
mass transport models developed for a final repository. The positive test and validation of the
model docs increase our confidences of the various other mass transport models used in
performance assessment of (he spent fuel.
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The issue of water radiolysis is addressed by a more fundamental approach in the model of
radiation energy deposition. Geometric dispersion of the various constituents of the ore body
is important for alpha energy to be deposited into the pore water, by virtue of the short
travelling distance of alpha particles in matter. For beta- and gamma-radiation, only the
relative amount of water over the relative amounts of the other constituents of the ore body
plays a role.

In considering the geometric dispersion of the ore body constituents, the following
assumptions are made based on the observations from the Cigar Lake deposit.

1I) The ore body consists of disseminated grains of uranium minerals. Alpha-, beta- and
gamma-radiation is emitted from these grains, due to the spontaneous decay of the two
uranium series.

(2) The size of the uranium mineral grains is in the range of millimetres to less than one
micrometre.

(3) The grains are always in contact with water films. The thickness of the water films is
determined by the porosity and is mostly less than 30 fim.

(4) Clay particles or even a massive clay matrix is always present, and in which the grains of
uranium minerals and water pores are situated.

The results of this generic model show that, due to energy dissipation in the solids, only a
small fraction of the total radiation energy is available to water radiolysis. For a porosity of
ore of 10%, only about 1.0 - 2.0% of the total alpha-radiation energy and about 2.0 - 4.3% of
the total beta + gamma radiation energies are available for water radiolysis.

For an ore body of 10% porosity, the maximum oxidant production rate by water radiolysis is
114-10-i2 to 225IO 1 2 eqv s 1 tiT* of ore. The near-field release model in Paper I predicted a
present-day oxidant release rate of about 2-10' l2 eqv s 1 m -1 of ore. The oxidant production
rate must be about the same value at steady-state. The efficiency of radiolysis (the actual
oxidant production rate over the maximum possible oxidant production rate) is about 1.0 %.
This value of efficiency is in agreement with what has been projected by Christensen and
Bjergbakke (1984). They suggested a back-reaction factor of the oxidant and rcductant in a
similar system of about 100, i, e. about 99 % of the oxidant and rcductant produced react back
with each other, and only about 1 % remains to cause further redox reactions.

In the test of coupled mass transport with geochemical reaction models presented in Paper V,
the concepts of diffusional transport in porous medium and local chemical equilibrium are
tested. Comparison of the calculated equilibrium concentrations in the aqueous phase with the
measured values indicates that, for a relatively closed system like the Cigar Lake deposit, the
aqueous phase is in close equilibrium with the mineral phases abundant in quantity.
Concentrations of the major and minor aqueous species included in the study of this paper
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seem to be determined by the solubilities of the following minerals: illite, kaolinite, pypte and
uraninitc.

Hematisation is observed in the clay adjacent to the ore body. The model results show that,
above a certain rate of oxidant production by water radiolysis, hematite can precipitate in the
clay adjacent to the ore body. Where hematite precipitates in the clay adjacent to the ore,
pyrite also precipitates as secondary mineral, adding to any primary pyrite initially present in
the system. Because the dominating aqueous species of iron and sulphur are Fe2+ and SO42-
within the pH and Eh ranges, mechanisms for hematite and secondary pyrite precipitation are
proposed as follows. Part of the pyrite in the ore body is oxidised by the radiolytically
generated oxidant. Sulphate and ferrous iron ions in the aqueous phase are transported from
the ore zone to the clay zone. A small amount of sulphate oxidises some of the ferrous iron to
ferric iron and causes precipitation of hematite. This part of sulphate is thus reduced again to
sulphide, reacts with ferrous iron, and precipitates itself as secondary pyrite in the clay, where
hematite precipitates. The rest of the sulphate and ferrous iron, which account for much larger
amounts of the total sulphate and ferrous iron, are simply released out of the system, by
diffusional mass transport.

When the pyrite is present, the groundwater will be reducing. The solubility of uranium is
extremely low, resulting in a negligible or practically no release of uranium, which is in
agreement with field observations.

The model results also show that magnesium, potassium and silica are all released out from
the ore body to the clay and the altered sandstone. Part of the released potassium and
magnesium from the ore zone is incorporated into illitc in the clay zone, resulting in ;:
conversion of kaolinite to illite. It seems that, within the pH and Eh ranges, illite is chemically
more stable than kaolinile. This is not in agreement with the retrograde kaolinisalion process
proposed by other researchers (Cramer and Nesbilt, 1994), and needs further investigation.

Difficulties and uncertainties in these kinds of investigations and computer simulations lie in
that the initial paleo scenario is not always clear. Some special difficulties are to estimate the
initial inventory of the various minerals to be used as initial mineral concentrations. In our
simulations we chose large amounts of pyrite and uraninite in the ore zone. The rest is illite
and kaolinite. In the clay zone, the initial input of illitc is about 95% by weight, that of
kaolinile is about 1.6% by weight, and pyritc 2-3%, which are more or less the present-day
quantities of the minerals. We have not tested if, for example, the paleo quantity of kaolinitc
was larger than what is assumed here, should the kaolinitc be still completely exhausted and
converted to illite.

To sustain the oxidation of pyrite in the ore zone for a time up to more than 1 Ga, a very large
amount of pyrite should be initially present in the ore zone or available nearby. The quantity
could be as much the uranium minerals. Pyrite is depleted (or it is just absent) in the altered
basement rock immediately under the prominent part of the ore body (Brunelon, 1993). Bui it
is not clear if this absence was caused by the hydrothermal events or it is caused by a low-
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temperature mass transport mechanism. There is no obvious concentration gradient of
aqueous iron from the basement to the ore zone, at least at present-day, even though some
fractures may conduct iron to the ore body. Pyrite is identified in the ore body, in a few to ten
per cent by weight, indicating that it is still not completely exhausted. It is not clear if the
reducing capacity that has lasted for a long time, since the ore was formed, has all been
because of pyrite. It could be well possible that, in the initial stages, reducing capacities of
some other minerals like graphite and hydrocarbons were also important.

It should be noted that other uncertainties also exist. Quantitative predictions and
interpretations should not be over-stated. The efforts in modelling the very complicated
heterogeneous natural systems can at best achieve quantitative predictions in an accuracy of
within one to a few orders of magnitude, an accuracy of, say, a few per cent seems to be too
difficult to achieve. With a situation as this, the quantitative results predicted by the models
can only be interpreted to indicate a certain order of magnitude.

Even though there are these difficulties and uncertainties, the models can still make useful
predictions. In Paper V, for example, the quantitative predictions of the aqueous phase
compositions and the mineral patterns are in rather good agreement with field observations.

It is important to test the same model concept or the same possible mechanism with different,
independent models. If they agree, our confidence in the concept or the mechanism is
increased. For example, the concepts of aqueous species release (Liu ct al., 1994) are tested
both by the mass transport model and by the known helium generation from nuclear reactions,
which arc two independent approaches. The mechanism of water radiolysis is tested in our
three different models in this thesis (Papers I, IV and V). All these models point to a certain
extent of water radiolysis in the ore body, and all indicate the same order of magnitude of
oxidant production rate by water radiolysis.

In general, the three models developed and tested in this thesis are capable of predicting the
most prominent features in the Cigar Lake uranium deposit. The predicted features are in
agreement with field observations. The relatively less permeable clay halo and the presence of
reducing minerals like pyiitc in the ore zone and the basement arc the two important factors
that help to have reserved the uranium ore for the long geological time. Besides, all the three
models point to a certain extent of water radiolysis in the ore body, and the oxidant
production rate is around 2 • 10'17- eqv s'1 m"3 of the ore.
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