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RÉSUMÉ

L'évaluation de la sûreté et de la réalisation à long terme du concept
canadien de stockage permanent des déchets de combustible nucléaire est une
entreprise unique et délicate étant donné qu'il faut faire des prédictions
pour des périodes s'échelonnant de 10* à 106 a dans l'avenir. Les rensei-
gnaient s servant à la modélisation à des fins d'évaluation sont en grande
partie basés sur des observations lors d'essais à court terme en labora-
toire et sur le terrain. Les analogues naturels peuvent servir de réfé-
rence à des fins d'évaluation de la sûreté et ainsi fournir des renseigne-
ments utiles et illustrer qualitativement l'interaction des processus et
matières se manifestant dans les systèmes naturels complexes.

Dans le présent rapport, on examine les renseignements existants provenant
des analogues naturels et utilisés à l'appui du concept canadien, en met-
tant particulièrement l'accent sur le stockage permanent du combustible usé
des réacteurs CANDU (CANada Deuterium Uranium). Dans l'introduction, on
donne la définition des analogues naturels et un aperçu des divers types
d'analogues et d'études d'analogues. L'examen se décompose en sections se
rapportant aux éléments principaux du système de stockage permanent :
l'installation souterraine, la géosphère et la biosphère. On donne des
exemples particuliers pour chaque élément. En outre, il y a une section
qui traite de plusieurs systèmes naturels complets comportant un certain
nombre d'éléments et processus semblables à ceux qui existent dans le con-
cept de stockage permanent et sont à l'étude dans un certain nombre de pays
dans le cadre de leur programme de gestion des déchets.
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ABSTRACT

The assessment of the long-term safety and performance of the Canadian
concept for disposal of nuclear fuel vaste is a unique and challenging
undertaking, because the predictions have to be made for time periods in
the range of 104 to 106 a into the future. The data used for the
assessment modelling is in large part based on observations from short-term
laboratory and field experiments. Natural analogs can provide a reference
for the safety assessment, providing both useful data and a qualitative
illustration of the interaction of processes and materials in complex
natural systems.

This report reviews the available natural analog information used in
support of the Canadian concept, with particular emphasis on the disposal
of used CANDU (CANada Deuterium Uranium) fuel. The introduction gives a
definition of natural analogs and an overview of the various types of
analogs and analog studies. The review is broken down into sections
pertaining to the major components of the disposal system: the vault, the
geosphere and the biosphere. Specific examples are given for each. In
addition, a section deals with several comprehensive natural systems that
contain a number of features and processes similar to the disposal concept
and that are under study by a number of countries as part of their waste
management programs.
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PREFACE

In 1992, 15% of the electricity generated in Canada was produced using
CANDU* nuclear reactors. A by-product of the nuclear power is used CANDU
fuel, which consists of ceramic uranium dioxide pellets and metal structur-
al components. Used fuel is highly radioactive. The used fuel from
Canada's power reactors is currently stored in water-filled pools or dry
storage concrete containers. Humans and other living organisms are pro-
tected by isolating the used fuel from the matural environment and by sur-
rounding it with shielding material. Current storage practices have an
excellent safety record.

At present, used CANDU fuel is not reprocessed. It could, however, be
reprocessed to extract useful material for recycling, and the highly radio-
active material that remained could be incorporated into a solid. The term
"nuclear fuel waste," as used by AECL, refers to either

the used fuel, if it is not reprocessed, or

a solid incorporating the highly radioactive waste from
reprocessing.

Current storage practices, while safe, require institutional controls such
as security measures, monitoring, and maintenance. Thus, storage is an
effective interim measure for protection of human health and the natural
environment but not a permanent solution. A permanent solution is dispos-
al, a method "in which there is no intention of retrieval and which, ideal-
ly, uses techniques and designs that do not rely for their success on long-
term institutional control beyond a reasonable period of time" (AECB 1987).

In 1978, the governments of Canada and Ontario established the Nuclear Fuel
Waste Management Program "... to assure the safe and permanent disposal" of
nuclear fuel waste. AECL Research was made responsible for research and
development on "... disposal in a deep underground repository in intrusive
igneous rock" (Joint Statement 1978), Ontario Hydro was made responsible
for studies on interim storage and transportation of used fuel, and .has
contributed to the research and development on disposal. Over the years a
number of other organizations have contributed to the Program, including
Energy, Mines and Resources Canada; Environment Canada; universities; and
companies in the private sector.

The disposal concept is to place the waste in long-lived containers; em-
place the containers, enveloped by sealing materials, in a disposal vault
excavated at a nominal depth of 500 to 1000 m in intrusive igneous (pluton-
ic) rock of the Canadian Shield; and (eventually) seal all excavated open-
ings and exploration boreholes to form a passively safe system. Thus there
would be multiple barriers to protect humans and the natural environment
from contaminants in the waste: the container, the very low-solubility
waste form, the vault seals, and the geosphere. The disposal technology
includes options for the design of the engineered components, including the
disposal container, disposal vault, and vault seals, so that it is adapt-
able to a wide range of regulatory standards, physical conditions, and
social requirements. Potentially suitable bodies of plutonic rock occur in
a large number of locations across the Canadian Shield.

* CANada Deuterium Uranium, registered trademark of AECL.
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In developing and assessing this disposal concept, AECL has consulted
broadly with members of Canadian society to help ensure that the concept
and the way in vhich it vould be implemented are technically sound and
represent a generally acceptable disposal stratigy. Many groups in Canada
have had opportunities to comment on the disposal concept and on the waste
cianageraent progran. These include government departments and agencies,
scientists, engineers, sociologists, ethicists, and other members of the
public. The Technical Advisory Committee to AECL on the Nuclear Fuel Vaste
Management Program, whose members are nominated by Canadian scientific and
engineering societies, has been a major source of technical advice.

In 1981, the governments of Canada and Ontario announced that "... no
disposal site selection will be undertaken until after the concept has been
accepted. This decision also means that the responsibility for disposal
site selection and subsequent operation need not be allocated until after
concept acceptance" (Joint Statement 1981).

The acceptability of the disposal concept is now being reviewed by a
federal Environmental Assessment Panel, which is also responsible for exam-
ining a broad range of issues related to nuclear fuel waste management
(Minister of the Environment, Canada 1989). After consulting the public,
the Panel issued guidelines to identify the information that should be
provided by AECL, the proponent of the disposal concept (Federal Environ-
mental Assessment Review Panel 1992). AECL is preparing an Environmental
Impact Statement (EIS) to provide information requested by the Panel and to
present AECL's case for the acceptability of the disposal concept. A
Summary will be issued separately. A total of nine primary references will
summarize major aspects of the disposal concept and supplement the inform-
ation in the EIS.

In accordance with the 1981 Joint Statement of the governments of Canada
and Ontario, no site for disposal of nuclear fuel waste is proposed at this
time. Thus in developing and assessing the disposal concept, AECL could
not design a facility for a proposed site and assess the environmental
effects to determine the suitability of the design and site, as would norm-
ally be done for an Environmental Impact Statement. Instead, AECL and
Ontario Hydro have specified illustrative "reference" disposal systems and
assessed those.

A "reference" disposal system illustrates what a disposal system, including
the geosphere and biosphere, might be like. Although it is hypothetical,
it is based on information derived from extensive laboratory and field
research. Many of the assumptions made are conservative, that is, they
would tend to overestimate adverse effects. The technology specified is
either available or judged to be readily achievable. A reference disposal
system includes one possible choice among the options for such things as
the waste form, the disposal container, the vault layout, the vault seals,
and the system for transporting nuclear fuel waste to a disposal facility.
The components and designs chosen are not presented as ones that are being
recommended but rather as ones that illustrate a technically feasible way
of implementing the disposal concept.

After the Panel has received the requested information, it will hold public
hearings. It will also consider the findings of the Scientific Review
Group, which it established to provide a scientific evaluation of the dis-
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posai concept. According to the Panel's terms of reference "As a result of
this review the Panel will make recommendations to assist the governments
of Canada and Ontario in reaching decisions on the acceptability of the
disposal concept and on the steps that must be taken to ensure the safe
long-term management of nuclear fuel wastes in Canada" (Minister of the
Environment, Canada 1989).

Acceptance of the disposal concept at this time would not imply approval of
any particular site or facility. If the disposal concept is accepted and
implemented, a disposal site would be sought, a disposal facility would be
designed specifically for the site that was proposed, and the potential
environmental effects of the facility at the proposed site would be assess-
ed. Approvals would be sought in incremental stages, so concept implement-
ation would entail a series of decisions to proceed. Decision-making would
be shared by a variety of participants, including the public. In all such
decisions, however, safety would be the paramount consideration.



1. INTRODUCTION

1.1 PURPOSE OF THIS REPORT

AECL Research (AECL) is assessing a concept for the safe disposal of
nuclear fuel vaste in Canada (Hancox 1987). The disposal concept is to
place nuclear fuel vaste in corrosion-resistant containers and emplace the
containers vith sealing materials in an engineered vault at depths of 500
to 1000 m in plutonic rock of the Canadian Shield. Humans and the environ-
ment vould be protected from contaminants in the vaste by several barriers:
the vaste itself, the container, the sealing materials, and the rock. This
disposal concept permits a great deal of flexibility in its implementation,
which means that a vide range of circumstances could be accommodated. The
safety of nuclear fuel vaste disposal is regulated by guidelines issued by
the Atomic Energy Control Board (AECB 1987), vhich require quantitative
predictions for up to 104 a and qualitative predictions (or reasoned
arguments) for performance thereafter.

The development of the disposal concept and the research tovards assessing
the safety of the concept are based on knovledge and understanding of the
materials and processes involved. This knowledge and understanding provide
both the qualitative (conceptual models) and quantitative (databases) input
to the assessment of the disposal concept. The assessment models, being
the mathematical representations of the knovledge and understanding of the
disposal system, are needed to calculate the long-term predictions on the
performance of the disposal system and, thus, to assess the future safety
and environmental impacts.

The conceptual models and databases are products of laboratory and field
research programs, such as the Canadian Nuclear Fuel Waste Management
Program (CNFWMP). Hovever, laboratory and field experiments are, by
necessity, carried out over relatively short periods of time. Therefore,
additional information and data are required to provide confidence in the
safety of the disposal concept and in the predictions from assessment
models vhen extrapolating to time periods of thousands-to-millions of
years.

Studies of natural analogs provide important information for evaluating and
improving our knowledge and understanding of the disposal concept.
Improved conceptual models and databases, in turn, result in better
assessment models, enhancing the level of confidence in the safety
predictions from these models. In addition, analogs can be valuable
illustrative tools vhen consulting on the disposal concept vith the non-
expert and the public.

This report reviews information on natural analogs for many of the
processes and scenarios expected to occur in a disposal system for used
nuclear fuel. Also, specific analog information is provided in support of
a case study to assess the disposal of used CANDU fuel in a "reference"
disposal system (see Preface).
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1.2 DEFINITION AND USE OF ANALOG INFORMATION

A natural analog, or analog, is a natural system in which natural processes
occur over long periods of time, where the materials, processes and
conditions are similar to those in a disposal vault. The origin of the
analog system say be natural or anthropogenic, but the processes in this
system cannot be controlled by man. For instance, the corrosion of an
archeological metal object over hundreds or thousands of years is a natural
process if the system in which the object was found has not been affected
by man during that time period.

No natural system exists that is analogous to a complete disposal system.
Because the disposal of used nuclear fuel involves the emplacement of a
large volume of U02-based waste deep inside a natural rock formation, the
comparison with certain large and ancient uranium-ore deposits is tempting.
The obvious absence of engineered components in a natural uranium deposit,
such as the container and cement-based seals, and the absence of thermal
and radiation fields from the waste, however, preclude a direct comparison
with a disposal vault. On the other hand, the long-term stability of a
U02-based ore in a similar, but less ideal, system provides information
that is important feedback to the disposal objective of long-term isolation
of U02-based fuel waste. Thus, carefully selected natural systems may be
studied for processes expected to occur in a disposal system. For
instance, a natural uranium deposit may be studied for the processes and
materials controlling the long-term U02 stability and the migration of
radionuclides from the ore. But the long-term performance of other
materials and processes, such as container corrosion and concrete
stability, require the study of separate analogs.

Analog information is primarily qualitative or, at best, semiquantitative,
because data are obtained by reconstructing the natural system's long and
often complex history. The results and conclusions from an analog study .
are seldom unambiguous, because it is impossible to obtain 100% certainty
for the values of all the parameters in such reconstructions. For
instance, the study of an analog system can provide the present-day hydro-
geological framework for water-rock interaction processes, but it may be
impossible to know exactly how this framework evolved over the past 104 to
106 a. Similarly, a reaction rate measured for a certain geochemical
process in an analog system may only be matched with an experimentally
obtained value if one can be absolutely sure that the process in the
natural system was not affected by an event that has eluded detection. For
this reason an analog cannot be used for direct validation of a mathematic-
al code for safety assessment. Analog information must rather be used to
revise and refine our knowledge and understanding, as reflected in the
conceptual models and databases, and, thus, can increase the confidence in
the validity of the code and its predictions.

The following points give examples for the use of analog information in the
overall safety assessment of a disposal concept:

FEEDBACK on conceptual models
Comparison of analog information with that of the conceptual
models, such as the composition of the disposal system or
subsystem(s) and the processes occuring therein. This
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provides feedback on the reality and boundary conditions of
the conceptual models and on the input to the assessment code:
for instance, the importance and role of certain materials and
processes in radionuclide migration, such as colloids,
organics and microbes, can be obtained from the study of
natural analog systems.

FEEDBACK on laboratory data
For instance, the applicability over long periods of time of
mineral dissolution and corrosion rates obtained from
laboratory experiments can be evaluated by comparing them with
rates obtained from the study of natural dissolution and
corrosion in geological or archeological systems.

TEST tools used in assessment models
For instance, solubility/speciation codes and their
thermodynamic databases, sorption Kd-database, etc., are tools
used in assessment codes. The quality of such tools can be
evaluated through application in analogous natural systems by,
for example, comparing 'blind' predictions of certain
parameter values from a code with actual measured values from
the natural system.

TEST actual assessment models
For instance, submodels of an overall assessment model, such
as a fuel-dissolution model or mass-transport model, can be
evaluated through application in appropriate natural systems.

FEEDBACK to concept design
For instance, studies of thermal alteration of bentonite in
analogous natural systems provide feedback to design
parameters of the disposal concept regarding the maximum
thermal regime in the vault if bentonite alteration must be
minimized. Similarly, redox buffering/control in analogous
natural systems may provide feedback on the conceptual model
for redox control in the buffer surrounding the waste package.

During the past decade, the evolution of waste management research programs
has led to a better understanding and focus of the role of natural analogs
in performance assessments. Whereas early on in waste management programs
the analog information was dominantly qualitative, recent analog studies
focus on well-constrained systems capable of providing more specific and
quantitative feedback.

However, this progression of the role and use of analog information depends
on the successful interaction between those who develop and use the
mathematical model, and those who provide the conceptual model and related
database input. In other words, the assessment code must be, as close as
possible, a realistic representation of the actual system and processes to
obtain confidence in the predictions from this code. Finally, the
confidence in the validity of any model is directly depending on the
quality of the related database. It can not be stressed enough that the
accuracy and consistency of the data also determines the acceptance of a
model.
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1.3 TYPES OF ANALOGS

Since a natural analog is an uncontrolled natural process, the study of a
natural analog concentrates on reconstructing and defining the evolution
and conditions of the process. The success of such a study depends on

the degree of similarity between the natural component or
process and that in the concept,

the scale and complexity of the system in which the analog
occurs,

the level of detail and confidence in data obtained, and

the ability to obtain accurate data relative to the time
scale of the process.

Most analogs are found in geological systems and, of those, the majority
are related to natural geochemical processes involving water-rock
interaction. Anthropogenic analogs are also studied for some of the man-
made materials (such as metals, glasses and cement-based aggregates) in
archaeological systems, and for processes resulting from man-made
activities (such as fallout from nuclear weapons and natural dispersion
from mine tailings).

1.4 SCOPE OF THIS REPORT

This report reviews the body of analog information for many aspects of the
Canadian disposal concept, and makes particular reference to the case study
for used nuclear fuel in granite, as described in the EIS and primary ref-
erence documents. The report follows the same general subdivision as used
for the overall disposal system: the vault (Section 2), the geosphere
(Section 3) and the biosphere (Section 4). The vault includes the waste,
the engineered barriers and the host rock immediately surrounding the exca-
vation. The geosphere is the undisturbed zone of natural host rock separ-
ating the vault from the biosphere. The biosphere is the zone to which man
has ready access through, for example, respiration and the consumption of
food and water. It includes the upper part of the host-rock formation, the
overburden and the atmosphere, in which biological life dominates.

The materials, processes and conditions for which analogs are reviewed in
this report have been identified as the most important ones, based on ob-
servations of both experimental and natural systems, and based on their
role in assessing the potential performance of a disposal vault. The re-
view is based on information from the open literature and on information
obtained from research carried out by AECL as part of the CNFUMP. Where
possible, for each analog direct reference is made to the related aspect in
reports describing the Vault Model (Johnson et al. 1994) and the Geosphere
Model (Davison et al. 1994).

Detailed descriptions of the analogs are provided in the eleven Appendices
at the back this report. The following references provide additional
overviews on natural analog literature: Brookins 1984, Chapman and McKinley
1987, Chapman et al. 1984, Come and Chapman 1988, Cramer 1984, IAEA 1989.
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2. VAULT \

2.1 USED-FUEL DISSOLUTION

2.1.1 Its place and role in the disposal concept

Since Canada does not reprocess^ its used fuel, the primary emphasis in the
CNFWMP has been on developing\and assessing a technology for the direct
disposal of used CANDU fuel. The used fuel consists of a crystalline uran-
ium-oxide (U02) matrix together with small quantities (<2 wt.%) of fission
and activation products from the nuclear reaction process. Some of the
radioactive isotopes, or radionuclides, are in solid solution in the U02.
Others, such as 14C, 129I and 13\Cs, may be present as interstitials or in
microscopic inclusions with the U02\grains, or may be released, from the
grains in small quantities during\reactor irradiation. On average, approx-
imately 8£ of the inventories of Cs and I are released from the grains
during reactor operation, of which 2% reside in the fuel-sheath gap and the
remaining 6% is present at U02 grair. Boundaries. The fuel-sheath gap com-
prises the space between the zircaloy, f̂ uel sheath and the U02 pellets to-
gether with any cracks or fissures that\develop in the U02 pellets during
irradiation in the reactor. The inventory present in this gap is released
rapidly upon contact with water, whileythe inventory at grain boundaries
appears to be released more slowly as the\U02 matrix dissolves. However,
because of limited data on the rate of release of fission products at grain
boundaries,, it has been conservatively assumed, in modelling the dissolut-
ion of used fuel (Johnson et al. 1994), tWt this grain boundary inventory
is also immediately released upon exposure! of the fuel to groundwater.

In the Vault Model for the case study (Johnson et al. 1994), the release
model for those radionuclides in solid solution in the U02 is based on
congruent dissolution of the U02 matrix. Th\is\ model assumes that (1) U02
is the stable, solid phase for uranium, based on thermodynamic data; and
(2) all nuclides in the U02 matrix are released\at the same rate. Since
the dominant, solid, uranium phase found in natural uranium ore deposits is
uraninite, which is >80% U02 (with the remaindfer\being largely radiogenic-
Pb), these deposits are used as analogs for fuel matrix dissolution. The
study of U02 stability and of processes at U02 grain boundaries during the
geological evolution of an ore deposit can provide information relevant to
understanding the long-term behaviour of used fuel under disposal condit-
ions.

Thus, the information being sought from natural analogs is

whether U02 is stable and under what conditions (including
.radiolysis),

what is the solubility of U02 and what the controlling
parameters are,

whether the release of radionuclides contained in the U02
matrix occurs congruently upon dissolution of the U02, and

what is the retention capability of U02 for natural radio-
nuclides and nuclear reaction products.
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In addition to testing the validity of the U02-dissolution model, natural
vater-rock interaction in a uranium deposit can be used to test computer
codes for speciation of dissolved uranium and other radionuclide species.
The comparison of predictions from a speciation code with the actual obser-
ved phases in the water provides feedback on the quality of the codes.

TABLE 1
USED-FUEL ANALOGS

Disposal Concept Cigar Lake Oklo

Used CANDU fuel contains
about 86 wt.Z U.

U02 assumed to be stable
phase under the redox
conditions expected in a
disposal vault 500 to
1000 m deep in plutonic
rock.

U-content in completed
vault is 1.5 x 105 Mg U.

Fission and activation
products are main radio-
active isotopes.

Congruent dissolution
assumed for most
isotopes.

U concentration in
groundwater is assumed
to be limited by the
solubility; median value
is 10-9 mol/L in
reducing groundwater.

U ore, mostly U02,
from 8 to 55 wt.% U.

UO2 appears stable having
persisted for 1.3 Ga.
No indications of U
deposit at surface.

Estimated ore reserve
is 1.5 x 10s Mg U.

Spontaneous fission
and decay products.
Relatively high con-
centrations of 239Pu and
129I suggest limited
dissolution from U02
matrix.

Apparently congruent.
Radiogenic Pb from
1.3 x 109 a of decay
still found in uraninite.

U concentrations in
present-day reducing
groundwaters are
<10-7 mol/L.
Good predictions from
certain speciation codes.

U ore, mostly U02,
from 25 to 60 wt.% U.

Bulk of U02 survived
2 Ga in relatively open
system. More than 80%
of U, Th, Pu, Nd, Zr,
Pa and Te retained
where formed during
criticality.

Estimated ore reserve
is 2 x 103 Mg U.

Spontaneous fission and
activation products.
Poor retention of
gaseous and volatile
elements under extreme
conditions of
criticality. Of nuclear
reaction products, more
than 807, of U, Th, Pu,
Nd, Zr, Pa and Te were
retained where formed
during criticality.

Information is incon-
clusive because of un-
certainties regarding
escape mechanisms for
isotopes during criti-
cality.

No information avail-
able on hydrogeochem-
istry in the undisturb-
ed deposit.
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2.1.2 Analog information

High-grade uranium deposits, such as those at Cigar Lake in Saskatchewan,
Canada, and at Oklo in Gabon, have been studied as natural analogs for
used-fuel dissolution. Whereas the Cigar Lake deposit contains large
amounts of natural-U02 that remained well preserved for about 1 Ga, the
similar but older deposit at Oklo contains fossil reactor zones in which
nuclear fission reactions occurred about 2 Ga ago. The fact that both
deposits are located in porous sedimentary formations and have remained
stable, despite contact with groundwaters over extremely long periods of
time, warrants the extraction of analog information on natural-U02 stabil-
ity and dissolution.

Detailed information from extensive studies on the Cigar Lake and Oklo
deposits is given in Appendix A and B, respectively. The key observations
from these two deposits relating to used-fuel dissolution have been summar-
ized in Table 1.

2.1.3 Conclusions

Natural uraninite under low-temperature conditions shows
long-term stability. This supports the assessment predict-
ions of long-term stability of U02-based fuel waste based
on thermodynamic data, solubility control and limited water
access (Johnson et al. 1994).

At Oklo, natural uraninite under extreme conditions, such
as those of sustained criticality, underwent limited dis-
solution and degradation. The bulk of uraninite in the
reactor zones survived long periods of criticality and 2 x
109 a of subsequent erosion and uplift in an open system.

Natural uraninite in the Oklo reactor zones exhibited poor
retention of gaseous elements and of those that were volat-
ilized under the extreme conditions of criticality.

Natural uraninite under low-temperature conditions shows
good retention of nuclear reaction products, such as thor-
ium, plutonium and tellurium, occurring either in solid
solution or as separate phases within the U02 matrix.

2.1.4 Analog feedback to safety assessment

The above conclusions support the assumptions for the used-fuel dissolution
model which is part of the Vault Model (Johnson et al. 1994). This applies
in particular to the assumptions of thermodynamic stability of U02, con-
trolled by congruent dissolution, and under reducing conditions with limit-
ed water access. The data from both Cigar Lake and Oklo show that U02 can
remain stable for well over 109 a under mildly to strongly reducing condit-
ions, including the effects from radiolysis. Studies on the composition of
the surfaces of the natural-U02 phases from these deposits indicate that,
upon interaction with groundwater, surface dissolution is controlled by a
surface oxidation layer. At Cigar Lake, compositions of groundwaters in
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contact with this surface layer show that dissolution of the natural-U02
phases results in uranium concentrations of <10'7 mol-U/L for pH values
within the range of 5 to 10 and under mildly reducing conditions (Eh <0.2
V). The high contents of Th, Pb, Pu and I isotopes in the U02 minerals
suggest both good retention of the isotopes in, and congruent dissolution
of, the bulk U02 matrix.

The testing of computer codes for the speciation of dissolved radionuclides
and other trace elements in the Cigar Lake analog system showed the import-
ance of the quality of the thermodynamic database used in these codes. In
addition to the quality of the uranium data set, the accuracy of the redox
calculations also determines the realibility of the computer codes. In
general, the predictions from the correct codes gave good-to-conservative
values compared with the measured data from Cigar Lake. The inclusion of
several uranium deposits with different redox regimes (i.e., deep st reduc-
ing, shallow = oxidizing), provides a range of conditions for the testing
of speciation codes.

2.2 CONTAINER

2.2.1 Its place and role in the disposal concept

The primary function of the disposal container is to isolate thô used-fuel
bundles from contact with groundwater in the disposal vault (Johnson et al.
1994). The container must be resistant to corrosion under the conditions
anticipated in the vault, which include the potential for high-salinity
groundwater, mechanical stresses from the hydrostatic pressure and from the
swelling pressure of the buffer, maximum temperatures of 90 to 100°C, and
gamma-radiâtion fields from the used fuel. The minimum design life for the
container is -500 a. Titanium and copper are being considered as candidate
container materials in the Canadian concept, and a titanium container is
considered as a reference design in the case study.

The corrosion resistance of titanium depends on the formation of an adher-
ent, passive layer on the metal surface, which protects the underlying
reactive metal. The passive layer formed during uniform corrosion of ti-
tanium can consist of anatase and rutile (Ti02). In addition to uniform
corrosion, local, non-uniform corrosion mechanisms have been identified and
studied. Crevice Corrosion (CC) can occur under very aggressive condit-
ions, when the passive layer is breached in a small local patch, exposing
the underlying metal, and proceeds via a different reaction mechanism than
uniform corrosion (Ikeda et al. 1989). Failure of a highly stressed Ti-
container, caused by hydrogen-induced cracking (HIC) is also considered
under the vault conditions. As a conservative approach, in developing a
failure model for titanium containers, CC and HIC are considered to be the
primary failure mechanisms. Uniform corrosion proceeds at a very slow rate
over the bulk of the container because of the presence of the passive oxide
layer.

Copper, on the other hand, corrodes uniformly at a predictable rate and
does not usually form a passive layer in neutral saline solutions. In
potable water, pitting of copper is observed; however, in the absence of
strongly passlvating films, or in the absence of oxidants, it appears that
pits will not likely propagate to significant depths (King et al. 1993).
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The Pitting Factor (PF) can be used as a measure of the extent of pitting
corrosion and is defined as the ratio of pit depth (measured from the orig-
inal surface) to the mean depth of general (uniform) corrosion. At pres-
ent, pitting has not been ruled out as a potential failure mode for copper
containers. Its impact is being assessed on the basis of a statistical
analysis of pit depths measured under more aggressive conditions than those
anticipated in a disposal vault.

TABLE 2
CONTAINER ANALOGS

TITANIUM CONTAINER

Cigar Lake Other Analogs

Rutile (Ti02) is present in U ore and
host rocks. Stable over 109 a in
aggressive, hydrothermal environment
and radiation fields.

Low solubility of Ti .in natural
aqueous solution indicated by
preservation in hydrothermal alter-
ation halos, behaviour in weathering
profiles, Ti02 in beach sands
(e.g., Cramer and Nesbitt 1983).

COPPER CONTAINER

Archaeological Objects Native Copper

Small bronze artefacts from Sweden.
>80% Cu; buried in soil or graves for
1000 to 3000 a; PF of 2 to 3, and the
higher the surface frequency of
corrosion pits, the lower the maximum
pit depth (Bresle et al. 1983).

Pure copper coins buried in mud
under 20 m of seawater for 300 a
showed uniform corrosion.

Bronze cannon buried in compacted
clay in the sea off Sweden for
-300 a (Hallberg et al. 1987).
Corrosion layer of Cu20 and
Cu2C03(OH)2, to maximum depth of
0.8 mm, derived from dissolution of
CuO inclusions, not of Cu matrix.
The mean corrosion rate was estimated
to be <5 x 10*5 mm/a, or <0.5 mm in
10« a.

987, Cu boulders buried in glacial
outwash (sand and gravel) at least
8000 a within 1 m of surface
(Bresle et al. 1983, Johnson 1989).
Corrosion layer of copper oxide up
to 0.6 mm thick on surface.
Estimated PF of 2 to 6.

Marcos (1989) concludes that native
copper may be stable over the
long term in low temperature, low
water-to-rock environment given
appropriate conditions, including
groundwater compositions with
moderate pH, low Eh, low total
dissolved solids and low chloride.

Native Cu is stable in high-grade
U-ore at Cigar Lake. Euhedral
crystals occur among 109-a-old
uraninite. Current conditions of
water-rock interaction similar to
those identified by Marcos (1989).
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2.2.2 Analog information

There are no direct natural analogs for either a titanium or a pure-copper
container. However, there are analogs for the formation and long-term
stability of the Ti02 passivation product in the Cigar Lake deposit
(Appendix A) and there are natural and anthropogenic analogs for uniform
and pitting corrosion for copper from native copper deposits and archaeol-
ogical artefacts (Appendix C).

At Cigar Lake well-developed (euhedral), unaltered crystals of Ti02 and
native copper are found among euhedral U02 crystals in the high-grade ore.
Native copper also occurs as euhedral crystals protruding into cavities.
The stability of native copper in contact with aqueous solutions requires
very strong reducing conditions, compatible with U02 stability and with the
measured groundwater composition. The stable preservation of Ti02 and
native copper has occurred over millions of years, possible since the de-
posit was formed, under conditions including an aggressive hydrothermal
environment and high-radiation fields.

Several analogs exist for copper in archaeological objects from Sweden and
in native copper from deposits in North and South America and Europe. The
period of corrosion of these objects ranges from about 300 to 800 a, which
is roughly equivalent to the target design life of 500 a specified for the
used-fuel disposal container in the Canadian Program. The results of a
study on copper coins found in Sweden show that the pitting factor for the
1000- to 3000-a-old objects is from 2 to 3, whereas the 300-a-old coins
showed only uniform corrosion. In a separate study, Hallberg et al. (1987,
1988) analyzed the corrosion of a bronze cannon that had been almost com-
pletely buried for about 300 a in a vertical position in moderately com-
pacted clay, consisting mainly of illite and montmorillonite, in the sea
bottom near Sweden. The copper content of the cannon is more than 96%,
with tin, zinc, iron and lead as alloy additives. From the analysis of the
corrosion features, the matrix impurities and the redox chemistry at the
cannon-clay interface, it is concluded that copper in the corrosion prod-
ucts is derived from the dissolution of the CuO inclusions rather than from
dissolution of the copper matrix. The presence of reduced iron and organic
matter aided the redox reaction, converting oxidized copper to reduced
copper. In general, this study estimated the mean corrosion rate, during
the 310 a of submarine burial, to be 1.4 x IQ-5 mm/a, or <0.5 mm in 104 a
for a pure copper. A separate estimate of the corrosion rate was made
based on the analysis of the copper diffusion profiles in the clay sedim-
ents adjacent to the buried cannon. This latter estimate gives a range for
the corrosion rate of between A and 11 x 10'5 mm/a.

Marcos (1989) reviewed the occurrence of native copper in different geolog-
ical settings. The conclusions from this study are largely qualitative and
state that native copper may have long-term stability in a low-temperature,
low water-to-rock ratio environment given the appropriate conditions.
These conditions include groundwater compositions with moderate pH, low Eh,
low total dissolved solids (TDS) and low chloride concentration.

Table 2 summarizes the analog information for both titanium and copper
containers.
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2.2.3 Conclusions

Geological information shows that Ti forms Ti02 as an alt-
eration and passivation product similar to that observed in
corrosion experiments conducted in the laboratory.

Geological information shows that Ti02 as an alteration
product can remain stable for extended periods of time
(e.g. ~1 Ga at Cigar Lake) under both aggressive hydrother-
mal and low-temperature conditions. The formation of a
Ti02-passivation layer could thus potentially enhance the
durability and integrity of an uniformly corroding Ti-cont-
ainer.

Corrosion analysis of natural and archaeological copper
objects shows low, uniform corrosion rates in near-surface
environments over periods of up to 8000 a.

Analysis of non-uniform corrosion of archaeological copper
objects shows that pitting corrosion can be linked to im-
purities in the matrix and that a higher surface frequency
of corrosion pits results in a lower maximum pit depth.

Native copper shows long-term stability (>104 a) in low-
temperature, low water-to-rock environment, under condit-
ions similar to those expected in a waste vault (e.g.,
radiation field, low Eh, moderate pH).

2.2.4 Analog feedback to safety assessment

Although the reference container in the Canadian Program only includes a
titanium-based container in the Vault Model (Johnson et al. 1994), a
copper-based container is considered as an alternative in the disposal
concept.

Although natural analogs for titanium metal do not exist, the observations
on natural Ti02 provide supporting evidence for the predicted long-term
integrity of uniformly corroding Ti-containers. The role of a passive
layer of Ti02 on the surface of a titanium container is very important in
limiting the general corrosion rate of the container. Although two other
local, corrosion mechanisms (Crevice Corrosion and Hydrogen-Induced Crack-
ing) have been identified, the formation of a Ti02 layer is considered to
have a general passivating effect on corrosion in the long-term. The anal-
og observations on Ti02 stability and corrosion resistance for millions of
years, even under extreme conditions of hydrothermal temperatures and high-
ly saline water compositions, support the preditions on the integrity of
Ti-containers (Johnson et al. 1994).

The observations on native copper and archeological copper objects provide
supporting evidence that copper disposal containers will be able to remain
intact for thousands of years under the anticipated conditions in the dis-
posal vault.
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2.3 CLAY BUFFER

2.3.1 Its place and role in the disposal concept

Concepts for sealing a disposal vault include placing a clay-based barrier
or "buffer" around the vaste container, that is, between the vaste contain-
er and the host rock in the disposal vault. The reference buffer in the
Canadian program consists of a 1:1 mixture of processed Na-bentonite clay
and graded quartz-sand. This buffer is expected to perform a number of
functions, including

limiting groundwater movement near the container,

limiting the migration of dissolved or colloidal radionucl-
ides away from a breached container, and

providing mechanical support for, and heat transfer away
from, the container.

Research has shown that the bentonitic clay will control the swelling and
hydraulic properties of the buffer (Dixon et al. 1985, 1986; Gray et al.
1985; Cheung et al. 1987; Pusch et al. 1987; Pusch and Karnland 1988a).
Clay minerals, in particular bentonite, are known to sorb trace elements
and radionuclides. Clay mineral layers can also trap and fix colloids and
particles from moving groundwater. Furthermore, the clay buffer is design-
ed to minimize the transmission of mechanical stress from the host rock to
the container through plastic deformation. The buffer is designed to
function as a long-term barrier, maintaining its stability and properties
well beyond the design life of the containers (-500 a).

2.3.2 Analog information

Although mixtures of bentonitic clay and aggregate do not occur naturally,
extensive natural clay (bentonite and associated clay minerals) deposits of
different ages and with different natural histories do exist. These clay
deposits can provide information on the long-term stability and performance
of bentonite under varying conditions. For example, a deposit of bentonite
at Avonlea, Saskatchewan (Appendix D), has recently been studied to assess
the natural long-term performance of bentonitic clays as self-sealing bar-
riers. Other bentonite deposits, mainly in Europe (Appendix E), have been
studied to obtain information on the long-term stability and thermal alter-
ation of bentonite. In addition, information of potential relevance to the
performance of clay-based barriers comes from studies of uranium deposits,
such as those at Cigar Lake, Saskatchewan (Appendix A), and in the Alligat-
or Rivers region of Australia (Appendix F) and from studies of an archaeol-
ogical site in China (Appendix G).

Detailed information relevant to the performance of a clay buffer is given
for each analog in the appropriate appendix at the back of this report, and
this information is summarized in Table 3.
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TABLE 3
CLAY BUFFER ANALOGS

Concept Avonlea Cigar Lake

Material: Mixture of
bentonite and quartz.

Hydraulic Properties:
High swelling capac-
ity and low hydraulic
conductivity (K).

Bentonitic clay-shale depos-
it stable for 70 to 100 x
106 a.

Can generate swelling
pressure >600 kPa and main-
tain K-values of 10"1J to
10-12 m/s.

Chemical properties:
Assumed to sorb many
elements from water.

Illite-rich clay halo
around U deposit in sand-
stone.

Hydraulic conductivity in
clay zone of 10-6 to 10-9

m/s; in unfractured clay of
10-8 to 10-9 m/s; in sand-
stone, 10-5 m/s.

Compositions of groundwater
in ore zone and host rocks
indicate effective isola-
tion by clay-rich halo for
at least ,104 a.

Clay in contact with ore is
enriched in U, Pb, Th, Ra,
REE, etc., indicating re-
tention by clay minerals.

Australia Europe China

Koongarra U-deposit
containing kaolinite,
illite and some
montmorillonite.

Preferential reten-
tion of oxidized U by
illite and montmoril-
lonite for at least
105 a.

Natural bentonite deposits.

Sweden: limited conversion
of smectite to illite at 100
to 120°C during ~107 a. In-
significant changes in plas-
tic properties. This con-
version is controlled by the
availability of potassium.

Italy: clay effective bar-
rier to water, gas or geo-
thermal fluids over ~106 a.
On Sardinia, alteration of
clay and silica dissolution
at >200°C resulted in cemen-
tation of contact zone of
clay and hot lava. Narrow
transition zone illustrates
insulating capability of
bentonite.

Kaolinite-rich layer around
items in shallow burial
site.

Hydraulic conductivity of
kaolinite is higher than
that for bentonite. Kaolin-
ite has little swelling
capability.

No penetration of ground-
water through clay into
burial site for >2100 a.
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2.3.3 Conclusions

Hydraulic conductivities of clay deposits, in particular of
bentonite-rich deposits, are always significantly less than
that of intact granite and can be maintained for very long
periods of time (103 to 109 a).

Low-temperature (<100°C) alteration results in little
change in either composition or properties of bentonite on
a time scale of millions of years.

The availability of potassium likely controls the convers-
ion of bentonite to illite, particularly at higher tempera-
tures (>100°C).

Illite is stable for millions of years in contact with
groundwater, with a pH range of 6 to 8, in the radiation
field of the high-grade uranium deposit at Cigar Lake.

Cementation of clay minerals by silica becomes important at
high temperature (>100°C), through dissolution of excess
silica and subsequent precipitation at grain boundaries.

Montmorillonite and illite exhibit good fixation and re-
tention of uranium and other selected radionuclides over
very long time periods (105 to 109 a), including under
oxidizing conditions.

2.3.4 Analog feedback to safety assessment

The information obtained from natural clay deposits supports the assumpt-
ions in, and conclusions from, the model used to assess the performance of
clay-based buffer and backfill materials in the Vault Model (Johnson et al.
1994). Specifically the assumption of bentonite stability under vault
conditions for a time period of up to 104 to 105 a is supported by the
observations from natural clay deposits. The conditions required for
natural alteration of bentonite to illite support the conclusion that only
minimal alteration of bentonite in the buffer will occur under the expected
disposal conditions, even in 106 a. Such minimal changes will not signif-
icantly affect the mass transport properties of the buffer and backfill.
In fact, even if bentonite were to alter to illite to some extent, the
observations from natural illite deposits (e.g., at Cigar Lake) indicate
that the mass transport properties of the altered buffer would remain
similar to those of the fully bentonitic material.

2.4 CONCRETE

2.4.1 Its place and role in the disposal concept

In the disposal vault, concrete or grout will not surround the waste and
will not be a primary physical or chemical barrier (i.e., similar to a
clay-based buffer) for radionuclides in groundwater moving away from the
waste container. Concrete and cement-based grouts may be used to seal
fractures, drill holes and excavated openings during and following em-
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placement of waste in the disposal vault. The long-term stability and
integrity of cement-based sealing materials may be affected by interaction
with groundwater and by the thermo-mechanical response of the repository
system. Moreover, the composition of groundwater may change on contact
with cementitious materials, potentially resulting in more alkaline waters
contacting the container and the waste, or affecting the migration of
radionuclides. In addition to inorganic chemical reactions, the stability
of concrete may be affected by microbiological processes involving bacteria
that live on nutrients present in the concrete or in the clay backfills and
host rock that encase the seals. However, biodégradation of concrete has
only been reported to occur under aerobic conditions (Stroes-Gascoyne and
Vest 1994), and is therefore not expected to be significant under the re-
ducing conditions expected in a sealed disposal vault.

Experimental work on modern (portland cement) concrete has shown that
calcium-silicate-hydrate (CSH) phases are the important binding compounds
that largely determine the mechanical and hydraulic properties of concrete.
The CSH phases form during maturation of the concrete through hydration of
primary calcium-silicate phases, where silica may be substituted with alum-
inum and/or iron. Alternatively, the calcium-silicate may incorporate
alkali elements from the addition of pozzolanic materials to the concrete
(e.g., crushed volcanic rock or slag). Because the calcium-silicate phases
are metastable (amorphous to semiamorphous), their stability with time is
important for the long-term integrity and performance of concrete. The
calcium-to-silicate (C/S) ratio in the CSH phases may be used as a measure
of maturity and stability of the concrete, with 1.7 being the average ratio
for mature, modern concrete. For comparison, CSH phases with a C/S ratio
of <0.88 are quite soluble and dissolve congruently (Atkinson et al. 1987).
The hydration of the primary phases generates highly alkaline pore-water
solutions in the concrete, which may persist for prolonged periods and may
affect the composition of groundwater through access to these pore solut-
ions.

Recent research in grouting technology has led to the development of high-
performance grouts capable of sealing fine fissures in rock (Onofrei et al.
1992). These grouts contain fine-grained material including pozzolanic and
organic (superplasticizers) compounds. Modelling the data from both labor-
atory and field experiments shows very promising results with regard to
resistance to chemical leaching and longevity (Onofrei et al. 1992, Gray
1993). The experimental data also show that, upon contact with ground-
water, the release of the superplasticizer from the calcium-rich phases of
the grout is very slow. Such a slow release of organic compounds is not
expected to significantly affect radionuclide mobility in the groundwater.

The observed degradation mechanisms of concrete potentially include carbon-
ation of hydrated phases, acid corrosion mediated by bacteria, attack by
highly saline solutions and formation of alteration products with larger
specific volumes, leading to cracking and spalling of the concrete. How-
ever, substitution of traditionally used calcium-aluminate phases by other
calcium compounds in modern candidate concretes for use in a disposal syst-
em has reduced the detrimental effect of chemical corrosion and subsequent
spalling. Furthermore, cracking and spalling are unlikely to occur under
the confined conditions of concrete and grout in the setting of a disposal
vault, and without any known biodégradation mechanism under the ambient
reducing conditions.
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2.4.2 Analog information

There are no natural analogs for long-term stability and integrity of con-
crete with modern composition, but some anthropogenic analogs exist in
historic and ancient concretes that have similar principal components
(Mallinson and Davies 1987). The historic analogs date back -1AO a, where-
as ancient or archaeological concretes and mortars date back -7500 a
(Stanley 1979). How useful the information from these analogs is depends
on the history of preservation, particularly the contact with water and the
conditions prevailing during interaction with water. Historic analogs are
found in old dams and docks, and analogs of ancient concrete are found in
aquaducts, public thermal baths and fortifications, nostly in Europe (see
Appendix E for details). In addition, one study focusses on the microbiol-
ogy in natural, highly alkaline groundwaters in Oman as an analog for
groundwater in contact with concrete (Appendix H).

Mallinson and Davies (1987) provide a good review of the published literat-
ure relating to the analysis of old cements and concretes. In addition,
they report on the results of a number of physical and chemical tests car-
ried out on a suite of concrete samples of various ages. Mallinson and
Davies (1987) found many reasons for the survival of ancient concretes,
which they summarize as follows:

careful selection and preparation of materials;

high standard of workmanship and quality control;

stability of cementitious compounds (e.g., calcite, CSH);

dense microstructures, created by good compaction'(includ-
ing surface polishing), thus preventing the ingress of
deleterious agents;

environmental factors, which may include a moderate climate
and absence of interference by man; and

the absence of steel reinforcement.

Experimental and field evidence for degradation of concrete due to the
effects of bacteria is currently limited to aerobic conditions. However,
the potential effects of some of the anaerobic microbes, such as sulphate-
reducing bacteria (SRB), are of special interest in concrete corrosion
because of their known tolerance to withstand other extreme environments.
Also, the activity of certain anaerobic bacteria, such as SRB, denitri-
fiers, methanogens and other microbes, will produce gases which may affect
the integrity of concrete. For example, a build up of a significant gas
pressure may propagate micro cracking. Table 4 summarizes the information
on concrete analogs.
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TABLE 4
CONCRETE ANALOGS

Concept Analog

Concrete specially
formulated to enhance
long-term stability and
performance.

Alkaline pore water and
microbial activity.

Samples from the U.K. containing CSH phases were
found to be stable after 60 to 140 a, following
prolonged contact with seawater. Concrete, con-
taining CSH phases, in Hadrian's Wall, U.K., has
lasted 1800 a, and in thermal baths in France for
2000 a. In contrast, the masonry in the thermal
baths, lacking a source of reactive silica, has
badly deteriorated.

In Oman, spring water has a pH of 11 to 11.5 and
formed mineral precipitates similar to those
found in concrete pore waters. Aerobic and an-
aerobic heterotrophic bacteria dominate, but low
nutrient supply limits their activity. SRB were
isolated, but the extent of their activity and
ability to survive at pH 12 to 13 are not known.

2.4.3 Conclusions

CSH phases, similar to the principal component of modern
concretes, are stable and durable under certain conditions
for at least 1800 a.

The isolation of certain anaerobic heterotrophic bacteria
from natural alkaline groundwaters suggests that bacteria
can survive in highly alkaline, concrete pore waters.
However, bacterial activity will be limited by the low
supply of nutrients and water in modern low-permeability
concrete that would be used in a disposal vault.

Research on samples of old concretes has only been possible
because these concretes have survived. Also the samples
have generally not been exposed to aggressive agents or
conditions other than atmospheric carbonation, leaching by
rain or seawater, and freeze-thaw cycling. In addition,
research on concrete undertaken as part of nuclear waste
management programs has resulted in different formulations
of concrete containing special additives to enhance long-
term stability and performance (Onofrei et al. 1989).
Therefore, any information from studies of concrete analogs
must be evaluated with great care when trying to use this
information to assess the long-term stability of modern,
specially formulated, cement-based materials.

2.4.4 Analog feedback to safety assessment

The use of concrete, in the reference vault design used for the case study
in the EIS, is limited. In fact, cementitious materials, used primarily



- 18 -

for concrete bulkheads, constitute <1X of the total filled volume of the
completed vault. Although the bulkheads are used to seal the rooms and
tunnels in the reference vault, they are located at a distance of at least
12 m from the nearest vaste container. Therefore, the effect, of the relat-
ively small volume of -concrete on radionuclide transport vill be negligible
compared with the effects from the large volumes of backfill and host rock
through which the groundwater will migrate. The biggest effect concrete
bulkheads may have is on the composition of the backfill clays in the reg-
ions adjacent to the concrete bulkheads.

In a study by Pusch (1982), the interaction of cement on compacted bento-
nite was investigated at temperatures in the range of 10 to 20°C. Although
the results are not conclusive, this study estimates that the bentonite
could convert to zeolite over a distance of no more than 1 cm from the
cement/clay interface in periods of 500 to 1000 a. Another study
(Andersson and Fountain 1981) reports on the effect of concrete on glacial
clay following more than 70 a of contact. This historic analog showed a
mineralogical change of the smectite mixture to analcime (a zeolite miner-
al) in only the first 50 /im from the concrete/clay contact. An extrapolat-
ion of these data, based on the good agreement between the results of both
these studies, suggests that no more than a 10-cm-wide contact zone in the
bentonite would be altered to zeolite (a mineral with excellent sorption
properties) after 104 a. This result supports the assumption that the
alteration effect of concrete on the clay backfill will not significantly
change the transport properties of the backfill (Johnson et al. 1994).

2.5 RADIOLYSIS

2.5.1 Its place and role in the disposal concept

Radiolysis of groundwater results from the interaction of ionizing radia-
tion with the aqueous phase. Energy from the radiation is absorbed by the
water molecule, dissociating H20 into both stable and transient components,
which may change the composition of the water. Radiolysis is a complex
process, involving many different dissociation products and fast recombin-
ation reactions.

Groundwater in contact with the used-fuel waste in a disposal vault will be
exposed to a-, B- and -y-radiation from the U02 matrix and from the nuclear
reaction products contained in and on the U02 matrix. However, the radiol-
ysis effect from Y-radiation in thin layers or films of groundwater is
small compared with the energy absorbance from a- and /3-radiation which
achieve relatively small penetration depths in water. Furthermore, 7-
radiolysis would be the only radiolysis process in water not directly in
contact with the waste, such as pore water in the clay buffer, because of
the shielding provided by the waste packaging and container. It is pre-
dicted that the -y-field, present 300 to 500 a after emplacement and follow-
ing the container failure, would be small compared with the remaining a-
and j9-fields in water directly in contact with the waste (Tait and Johnson
1986).

The effect of the a- and ^-radiation on the groundwater depends on the type
and extent of the radiolysis reactions and on the composition of the
aqueous phase. Alpha radiolysis is considered to be the more important
process affecting the dissolution of used fuel in the long term, because a-
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radiolysis is a near-surface process (absorbing all the energy within the
first few microns of water at the solid interface) and will be sustained at
approximately the same level for about 104 a before decreasing by about two
orders of magnitude at 105 a after emplacement (Tait and Johnson 1986).
Experimental work has demonstrated that a-radiolysis in thin layers of
groundwater produces primarily molecular species, such as H2, H202 and 02,
but will also produce reactive free-radical species, such as e"aq, H-, «OH
and H02- (e.g., Shoesmith et al. 1985r Christensen and Bjergbakke 1986).
These species can affect the redox conditions of the groundwater, depending
on the presence of other dissolved compounds in the water that may scavenge
one or more of these radiolysis products. For instance, reduced iron and
sulphur, and organic carbon are scavengers of the radiolysis-produced oxid-
ants H202 and 02, and may result in accummulations of H2 during radiolysis
(Johnson et al. 1994, p.335). Also, at low ambient temperatures, H2 is
relatively unreactive compared with the reaction kinetics for oxidation of
multivalent elements in the presence of the oxidants. Sunder et al. (1990)
found that also at temperatures £lOO°C, the presence of H2 in water reduces
the rate of oxidation and dissolution of U02. Thus, groundwater undergoing
radiolysis can become reducing or oxidizing, depending on the presence or
absence of oxidant scavengers.

2.5.2 Analog information

High-grade uranium deposits with high, natural radiation fields are import-
ant systems for analog study of radiolysis in groundwater. These studies
include mainly the deposits at Oklo, Gabon (Appendix B), and in the Atha-
basca Basin of northern Saskatchewan (Curtis and Gancarz 1983, Cramer
1986b, Dubessy et al. 1988) (Appendix A). Natural radiolysis was also
studied in igneous rocks and salt formations (see reviews by Vovk 1987
a,b). Table 5 summarizes the information on radiolysis analogs.

TABLE 5
RADIOLYSIS ANALOGS

Concept Cigar Lake Oklo

Nuclear reaction products
produce a-, /3- and ir-
radiation fields.

The 7-field 300 to 500 a
after disposal is small
compared with a- and 0-
fields.

The a- and 7-radiation from
natural uranium ore may
cause radiolysis of water in
pores and fractures in ore
zone. U02 age of >10

9 a
indicates that U dissolution
is not significant when fer-
rous iron is available as a
scavenger of oxidizing spe-
cies produced by radiolysis.

Extreme conditions of
criticality in high-
grade ore zones are
very different from
concept conditions.
U ore remains after
significant a- and 7-
radiolysis of water in
contact with ore during
~2 x 109 a.

2.5.3 Conclusions

Evidence has been found in several uranium deposits sug-
gesting that a- and/or 7-radiolysis of the groundwater in
contact with high-grade uranium ore may have occurred over
long periods of time, i.e. from 106 to 109 a.
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The increase in oxidation potential due to low-temperature
radiolysis of groundwater in such uranium deposits is buf-
fered by oxidant scavengers, such as ferrous iron, sulphur
and organic carbon.

2.5.4 Analog feedback to safety assessment

The analog studies of high-grade uranium deposits have so far not been able
to prove a direct link between the observed solid or solution phases in the
deposit and radiolysis as predicted by model calculations. However, if the
observed, long-term, negligible effects on the current water-ore interact-
ion in these deposits are indeed caused by radiolysis, then this would
support the conclusion that the potential effects of radiolysis on radio-
nuclide migration in a disposal vault be small to negligible (Johnson et
al. 1994). This conclusion is further strengthened when it is considered
that radiolysis likely occurred during the entire geological history of
these uranium deposits (i.e., 1 to 2 x 109 a), without any known detriment-
al effect on the stability of the uraninite ores or on radionuclide migrat-
ion.

2.6 ORGANIC MATTER MD BACTERIA

2.6.1 Its place and role in the disposal concept

Dissolved organic matter and microbial activity in the vault environment
surrounding the used fuel may affect the performance of engineered barriers
and the mobility and migration of radionuclides (Stroes-Gascoyne and Vest
1994). Although certain effects due to organics and bacteria may be in-
dependent of each other, these two components are often coupled. Organic
compounds are important nutrients for bacteria; thus, their availability
may control the abundance and activity of microorganisms. On the other
hand, bacteria can produce organic products, such as chelating agents and
surfactants, which can directly or indirectly affect the mobility of radio-
nuclides.

Although a granitic host rock environment has a low content of both natural
organic compounds and essential nutrients for bacteria (e.g., Pedersen
1987, 1989; Stroes-Gascoyne and West 1994), the completed vault may contain
much higher contents of both. Human intrusion through vault excavation,
the emplacement of surface-derived materials such as clay and concrete, and
groundwater movement will likely introduce both organic materials and
microorganisms into the vault. However, Oscarson et al. (1990) concluded
that the small amount of organic material (<1.2 wt.%) present in the clay-
sealing materials will not adversely affect the engineering performance and
mass-transport properties of the buffer and backfill. In a completed
vault, the ambient conditions at depth, such as temperature, pressure,
radiation dose and chemistry, are sufficiently different from those at
surface that certain types of bacteria will either not survive or, at
least, their growth and activity will be suppressed. However, some bacter-
ia are tolerant of extreme conditions (West and Arme 1985, McKinley et al.
1985, Stroes-Gascoyne 1989). Experimental work has identified the follow-
ing processes and their potential effects on the stability of used fuel and
engineered barriers, as well as on radionuclide mobility (e.g., Choppin
1988, Falck 1988, Champ 1984, West et al. 1987):
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Bacteria may alter the redox condition of the system, which
may affect the dissolution of the U02 and the speciation of
some of the contained multivalent radionuclides.

Bacteria may alter the pH of the groundvater in contact
with the engineered barriers and thus may affect the long-
term stability and performance of the concrete seal's,
buffer and backfill, container or the host rock.

Prolific growth of bacteria may reduce the hydraulic con-
ductivity of the barriers through the formation of bio-
films, which in turn enhance radionuclide retardation
through their fixation capacity.

Organic compounds produced by bacteria may affect radio-
nuclide migration through complexation or through changing
the sorption properties of mineral surfaces or the bacteria
themselves.

Bacteria can also metabolize or directly absorb certain
metals, including uranium, lead and cadmium (e.g., Lundgren
and Silver 1980). In addition, metal absorption has been
observed on biomass even when the cells are dead.

2.6.2 Analog information

Analog studies on the uranium deposits at Cigar Lake (Appendix A) and Poços
de Caldas in Brazil (Appendix I) have included work on the occurrence and
role of organic matter and/or bacteria on U02 stability and radionuclide
migration. The uranium ore in the Oklo deposit (Appendix B) is associated
with hydrocarbon materials (e.g. Nagy 1992; Moulin and Vilarem 1992), and
observations from the preliminary studies on these materials indicate that
the hydrocarbon phases have contributed to the immobilization of both uran-
ium and selected fissiogenic isotopes. However, the analog studies cur-
rently under way on the Oklo deposit have not yet reported much detailed
information on the aqueous organic chemistry nor any information on the
occurrence and role of microbes.

Microbiological characterization work was carried in the Osamu Utsumi and
Morro do Ferro deposits as part of the Poços de Caldas analog study (West
et al. 1992). The investigations focussed on the microbial actvity in and
around the redox front developed by the local surface-derived weathering in
uranium-rich volcanic rock. The weathering process apparently supplies the
energy and nutrients to support low microbial activities at the redox
fronts, producing between 0.01 and 0.1 g dry biomass/m2 of redox front.
One main observation is that abundant sulphate-reducing bacteria (SRB),
found in and around the redox fronts, must be involved in mediating redox
reactions in the local sulphur geochemistry. The overall conclusion from
this study is that the observed microbial activity involves mainly the
catalysis of specific redox reactions and the organic byproducts from this
microbial activity do not appear to affect trace element mobilization.

The characterization of organic compounds in the Cigar Lake groundwaters
(Cramer and Smellie 1994) included the determination of total organic
carbon (TOC) in all waters, of volatile and solvent extractable organics
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and of humic compounds, and detailed characterization of fulvic acids (in-
cluding 14C ages). The results of these studies include the following
observations:

The TOG content in all surface and groundwaters is <2 mg/L,
except in ore zone waters (up to -11 mg/L). Volatile and
solvent-extractable organics account for «10% of the TOC
(most of which are probably contaminants), and only 15 to 25%
of TOC are humic substances except in the altered sandstone
(<10%) and in the ore zone (<2%);

The humic fraction in all groundwaters consists largely of
low-molecular-weight fulvic acid, with the oldest 14C ages
measured being those for humics from the ore zone (ranging up
to 15,000 a); and

The abundance and complexing capacity of fulvic acids in all
groundwaters is insufficient to have a significant influence
on the speciation of either U4+ or U6+.

Microbial studies on both water and rock samples from the Cigar Lake depos-
it (Cramer and Smellie 1994) were focussed on the identification and quant-
ification of micro-organisms, and on evaluating the effect of microbial
activity on the redox and uranium chemistry. The results of these studies
include the following observations:

Despite low nutrient contents in the groundwaters, micro-
organisms are present in all groundwaters and seem capable of
surviving in radiation fields;

Anaerobe bacteria are, on average, about 10 times more abund-
ant than aerobe bacteria, in agreement with the prevailing
reducing chemical environment in the deposit; and

Sulphate-reducing, iron-related and denitrifying bacteria are
common in both groundwaters and rocks from the most reducing
parts of the deposit, and their mediation in redox reactions
may contribute to the redox-buffering capacity of the system.

From the studies at Cigar Lake, the overall conclusion on the role of
organics is that the humics in the groundwaters are unlikely to play any
significant role in either speciation or mobilization of uranium or any
other actinide with a valency of ̂ 4. The overall conclusion on the role of
micro-organisms is that bacteria can survive in natural radiation fields
and their activity may contribute toward maintaining a reducing chemical
environment, thereby reducing the potential for dissolution and mobilizat-
ion of redox-sensitive radionuclides.

2.6.3 Conclusions

Although both organic compounds and microorganisms are
found in all deep groundwaters, the availability of nu-
trients and energy sources in most crystalline rocks limits
bacterial activity.
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Bacteria can grow and be active under the conditions an-
ticipated in a vault. In particular, sulphate-reducing
bacteria appear unaffected by radiation fields, high alkal-
inity and temperatures.

Observed nicrobial activities in natural analog systems
indicate that microbes contribute to redox control and
fixation of dissolved trace elements and radionuclides.

Information from the Cigar Lake uranium deposit shows that
bacterial activity and dissolved organic carbon in the ore
zone groundwaters have no significant effect on radio-
nuclide mobility, but rather contribute to U02 stability
(through mediation of redox reactions) and radionuclide
fixation.

2.6.4 Analog feedback to safety assessment

The analog information on organic materials and microbes suggest that their
overal role and effect on U02 stability and radionuclide mobility will be
very limited in a disposal vault. The supplies of nutrients and energy
form the crucial controls on bacterial growth and activity, and these sup-
plies are expected to be minimal in granite. In fact, the analog informat-
ion from Cigar Lake suggests that, despite a good supply of nutrients in
the clay-rich host rock of the uranium mineralization, microbial activity
contributes to U02 stability through mediation of redox reactions (the
energy supply). The analogy with the clay-based buffer surrounding the
waste in the vault includes the supply of organic nutrients and the physic-
al barrier to bacterial transport, but does not include the high radiation
fields and temperatures around the waste containers. Microbial activity
under the adverse conditions in the vault's near field, including heat,
radiation and limited space and nutrients (only from the buffer and back-
fill), will likely be of even more limited consequence to radionuclide
migration compared with the natural 'open' systems of high-grade uranium
deposits.

2.7 RADIONUCLIDE MIGRATION

2.7.1 Its place and role in the disposal concept

The only conceivable mechanism for the transport of radionuclides from the
waste to the biosphere, following the failure of the engineered barriers,
is that of radionuclide migration in groundwater. The migration of radio-
nuclides in an aqueous phase can occur either as a dissolved species or as
a suspended particle (or 'colloid'). Advective flow of groundwater can
transport a radionuclide both as a dissolved species and as a colloid.
However, the advective flow of groundwater in a disposal vault will be
minimized by the emplacement of engineered barriers, such as the clay-based
buffer and backfill materials. Therefore, the migration of radionuclides
through these barriers will be primarily controlled by diffusion in the
aqueous phase of the saturated buffer and backfill under the conditions in
the vault. Advective groundwater flow will then be encountered in the
crystalline host rock.
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The rate of diffusion through the clay-based barriers will be affected by
the ambient conditions in the vault, such as the thermal gradient across
the barrier, and the composition and redox conditions of the groundwater in
the saturated system. The rate of diffusion across a barrier may also be
affected by advective flow of groundwater in the host rock, under the
influence of thernal and/or hydraulic gradients in the host rock
surrounding the backfilled vault. Significant mass transport by advective
flow of groundwater in the host rock may cause 'chemical pumping' by
maintaining a low chemical potential of the diffusing radionuclide in the
host rock at the interface with the clay-based barrier. Although advective
flow of groundwater can be driven by both hydraulic and thermal gradients,
only hydraulic gradients in the host rock are likely to be of significance
(e.g., Scheier et al. 1992). The thermal gradients from the waste out into
the host rock are expected to be only small, and may thus only have a minor
effect on the diffusion process across the buffer.

The location and layout for the excavation of a disposal vault inside a
body of crystalline rock will be determined by the distribution and density
of fractures in the rock. To minimize the access of water to the vault,
and the advective flow of water near the vault, a design objective for the
layout of the vault includes a zone of intact, minimally fractured rock
between the excavation and the nearest known fractures. The main mechanism
of radionuclide migration accross this socalled 'exclusion zone' will then
also be controlled by diffusion through the water-saturated, interconnected
pores of the rock.

Thus, radionuclide migration in the vault, from the waste to the nearest
fracture flowpath in the host rock, will mainly be a diffusion-controlled
process. The thermal conditions in the vault, following emplacement of the
waste, will initially be similar to those of a low-temperature (<100°C)
hydrothermal regime, and will return subsequently to the ambient tempera-
tures at depth.

2.7.2 Analog information

There are only a few analogs that are relevant to radionuclide migration
under hydrothermal conditions through a clay buffer or clay-rich backfill.
The uranium deposit at Oklo is one such site where, in addition to uranium,
some information has been obtained regarding migration of fission products
(Appendix B). The uranium deposit at Cigar Lake also provides some inform-
ation because its evolution includes a period of thermal decay at temperat-
ures below 100°C (Appendix A).

Other analogs of radionuclide migration in thermal regimes are found in
hydrothermal sediments surrounding locations where deep hydrothermal solut-
ions are being discharged into the cooler sediments (Appendix J). The
solutions contain, among other elements, rare-earth elements (REE) whose
behaviour in aqueous solutions is analogous to some of the nuclear reaction
products, such as the lanthanide Nd as an analog for Am and Cm (Krauskopf
1984).
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An analog example of low-temperature diffusion of radionuclides through a
clay-based buffer is found at the Loch Lomond site (MacKenzie et al. 1990-
Hooker et al. 1985). The sediment of this freshwater loch contains a -1-m-
thick marine horizon, which is the source for diffusing halogens (e.g., CI,
I and Sr) into the surrounding freshwater sediments. The diffusion rates
calculated from detailed analyses of the halogen profiles in these latter
sediments are about one order of magnitude lower than those predicted from
laboratory experiments on halogen diffusion through clay-based materials.
Thus, this analog provides feedback for the refinement of experimentally-
derived diffusion coefficients with data obtained from a long-term experi-
ment in a natural system.

TABLE 6
ANALOGS FOR RADIONUCLIDE MIGRATION

Cigar Lake Oklo Hydrothermal Sediments

Low hydraulic conductivity
of clay-rich matrix has
limited bulk mass transfer
and migration of U and
associated radionuclides
from the mineralization at
temperatures s!00°C.

Limited dissolution of
primary minerals and dis-
tribution of reduced- and
oxidized-iron minerals in-
dicate any solutions of
oxidized U passed along
fractures rather than
through clay matrix.

Redox conditions are con-
trolled predominantly by
Fe2VFe3+. Coprecipita-
tion of radionuclides
with the ferrihydrites
also limits their migrat-
ion.

There is no information on
role of colloids in radio-
nuclide migration under
elevated temperatures.

Mo, Tc, Ru, Pd, Ag, Sb and
Te appear to have been
contained in the vicinity
of the reactor zones. Sn,
Cd and I migrated farther
out into the host rock.
Iodine may have been lost
as a gas or volatile com-
pound during criticality
(Brookins 1984). No in-
formation on path of mi-
gration or form of migra-
ting radionuclides.

Hydrothermal Sediments

In Massif Central, France,
hydrothermal waters con-
tain low U and REE because
of fixation of U in iron
oxides and hydroxides, and
of REE in carbonates. REE
migration <1 mm from host
rock through solution at
neutral pH (e.g., Sturchio
et al. 1986). Hydrothermal
activity is not expected
to affect REE content of
host rock.

In saline water near
seafloor vents, REE have
coprecipitated with iron
oxyhydroxides (Olivarez
and Owen 1989).

Granitic rocks

Hydrothermal and low-
temperature alteration
of granite shows that
radionuclides can be .
mobilized by diffusion
through the rock matrix
over distances of tens
of metres on a timescale
of 108 a. Alteration by
diffusion along distinct
fractures deep in the
rock is controlled by
the redox conditions and
aqueous mass transport
in the fractures. This
fracture-controlled
alteration of granite
matrix is limited in
scale to tens of centi-
metres.

There are only a few relevant analogs for radionuclide diffusion in cryst-
alline rock such as granite, and include mainly uranium-series disequili-
brium studies in granitic rocks (see Appendix K). These studies include
the analysis of diffusion-controlled radionuclide migration in both fresh
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and altered granitic rock matrices along fractures, where the migration
process has occurred on timescales of millions of years (e.g., Gascoyne and
Cramer 1987, Griffault et al. 1993, Kamineni 1986). Despite the long time-
scale and variable redox conditions of the processes in these rocks, the
scale of radionuclide migration occurring only ranges from several centi-
metres to several metres.

Table 6 summarizes the information on analogs for radionuclide migration in
the vault.

2.7.3 Conclusions

Migration of radionuclides in the Oklo and Cigar Lake U-
deposits, under low to moderate temperatures, has largely
been contained by the clay-rich host rocks. Any evidence
for migration appears to be restricted to migration along
fractures connecting this host rock to the surrounding
aquifer.

There is no information on the role of colloids in radio-
nuclide migration under moderate hydrothermal temperatures
through the clay-rich host rocks in the Oklo and Cigar Lake
deposits. Colloids are not important in radionuclide mi-
gration across the clay-rich halo around the ore at Cigar
Lake under the current, low-temperature, conditions (Vilks
1994).

At Oklo, Mo, Tc, Ru, Pd, Ag, Sb and Te appear to have been
contained in the host rock close to the reactor zones.

Iodine in the Oklo deposit has not been retained in situ.
However, it may already have been lost from the reactor
zones under the extreme conditions of criticality as a gas
rather than in solution.

The Fe2+/Fe3* couple is important in redox control, and
precipitating iron-oxyhydroxides are important scavengers
for dissolved radionuclides, even in systems containing
saline water at elevated temperatures.

2.7.4 Analog feedback to safety assessment

The information on natural migration of radionuclides, from systems with
conditions similar to those predicted in the vault, supports the assumpt-
ions and input of the models used in the reference case study (e.g.,
Johnson et al. 1994). This applies in particular to the assigned role of
the Fe2+/Fe3+ couple in controlling the redox conditions, the role of co-
precipitation of dissolved radionuclides with ferrihydrites, the exclusion
of colloids in modelling radionuclide migration, and the assigned import-
ance of fractures in enhancing radionuclide migration.
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3. GEOSPHERE

3.1 VATER-ROCK INTERACTION

3.1.1 Its place and role in the disposal concept

The host rock under consideration in the disposal concept is stable pluton-
ic rock in the Canadian Shield, such as granite and gabbro. The natural
barrier objective for the host rock requires a large, relatively intact
rock mass located in a tectonically stable regime. The 'geosphere' is then
the volume of rock separating the vault from the biosphere, and includes
the natural undisturbed rock where only groundwater can mediate radio-
nuclide migration. The compositions of the aqueous (groundwater) and solid
(host rock) phases along migration flowpaths will determine the degree of
mobility and the extent of migration of radionuclides. These groundwater
and host rock compositions are, in turn, determined by the water-rock
interaction processes along the groundwater flowpaths in the geosphere.

The natural water table and flow regime of groundwater in the host rock
will be disturbed during construction of the disposal vault. Resaturation
of the vault and restoration of the groundwater regime will occur following
completion of disposal of the waste and backfilling of the vault. In
addition, an adjustment of groundwater movement will occur in response to
';he thermal regime imposed on the vault and host rock by the emplaced fuel
vaste. Because of the this thermal regime, the temperature of a 372-m-wide
envelope of host rock surrounding the vault at depth, is expected to rise
by between 8°C (at 372 m from the vault edge) and 25°C (at the vault edge)
during the 104 a following completion of the vault (Colder Associates
1993). Thus, water-rock interaction will occur at only modest above-
ambient temperatures in this host-rock envelope, with the greatest
temperature rise occurring in the host rock immediately adjacent to the
excavated vault. This temperature rise may affect both existing
alteration-mineral assemblages and new alteration where groundwater
penetrates along new migration paths. In particular, new alteration
products may form in the Excavation Disturbed Zone (EDZ) of freshly exposed
host rock surrounding the excavated openings (Johnson et al. 1994).

Vater-rock interaction and radionuclide migration are coupled processes
during rock alteration. However, coupling of these processes will clearly
not occur during the period that the waste remains isolated inside the
disposal containers. When groundwater finally comes in contact with the
vaste, the freshly exposed host rock in the EDZ will already have had time
to become altered to some extent. The extent of this alteration will
depend on a number of factors, such as the water-to-rock ratio (here def-
ined as the ratio of volume of connected water to a given volume of rock),
•che composition of the rock in contact with the water, the reaction kinet-
ics and the time period of elevated temperature in the system. The second-
ary mineral phases produced by water-rock interaction are important because
they may retard radionuclide migration through sorption and colloid format-
ion.

Natural analogs for water-rock interaction in the geosphere, particularly
for freshly exposed rock, include examples ranging from weathering of gran-
ite, through low-temperature alteration, to geothermal systems in granite.



- 28 -

3.1.2 Information from weathering analogs

Ambient low-temperature alteration of fresh crystalline igneous rocks, in
particular granite, is analogous to the early stages of weathering ("incip-
ient weathering"). Alteration of the rock along a fresh fracture at depth
occurs in an environment with relatively poor mass transfer of constituents
dissolved from the rock matrix. This alteration is similar to that occurr-
ing at a weathering front in a well-developed weathering profile or during
early diagenesis, where constituents are invariably leached from the pri-
mary rock-forming minerals. Unless the hydraulic conductivity of the
fracture and the flux of groundwater are increased substantially, as would
occur, for instance, in major shear zones, the extent of low-temperature
alteration will be limited over a 106-a period. Table 7 summarizes the
information relevant to water-rock interaction from natural weathering
analogs.

The secondary mineral assemblages formed during incipient weathering (at
<100°C) of fresh granitic rocks are similar despite a range in composition
for the fresh rocks (Nesbitt and Young 1989). The dominant phases of the
secondary mineral assemblage include clay minerals (illite and chlorite),
carbonate (calcite), and iron oxides or hydroxides, and form as the result
of alteration of mainly plagioclase and biotite in about equal proportions
(Nesbitt and Young 1984). These alteration products form at low tempera-
tures regardless of the groundwater salinity, because of the thermodynamic
instability of the primary igneous minerals in a low temperature aqueous
system. However, the rate of formation of the alteration products is con-
trolled by the kinetics of the weathering reactions (which proceed faster
with increasing temperature) and by the redox conditions. Below 25°C, the
reactions progress slowly, as evidenced by the formation of natural profil-
es of incipient weathering on granites in cooler climates. Only when sig-
nificant mass transfer occurs, through continued removal of dissolved con-
stituents, can the initially formed clays change further to kaolinite and,
ultimately, to gibbsite. This formation of gibbsite occurs in the more
mature sections of a weathering profile and can take millions of years to
develop.

Data from outcrops, drill cores and underground excavations in granitic
rocks show evidence for low-temperature alteration along joints and fract-
ures, where the main alteration products are illite, chlorite, calcite and
iron oxides or hydroxides (e.g., Kamineni 1983, Smellie 1985, Gascoyne and
Cramer 1987, Griffault et al. 1993). Recent low-temperature alteration of
fresh granite in surface outcrops of the Lac du Bonnet granite shows minim-
al formation of calcite and illite, and only slight discolouration (from
iron oxidation) to a depth of 10 cm. This degree and extent of alteration
represents at least 104 a of water-rock interaction, since the last period
of glaciation affected this granite. Although visible alteration in this
and other examples appears limited, there is evidence that diffusion (both
in and out) of dissolved ions through solutions in the pore matrix extends
to greater depths and takes place relatively rapidly. Uranium-series dis-
equilibrium data on samples from the Lac du Bonnet granite indicate prefer-
ential redistribution of uranium isotopes through oxygen diffusion in the
matrix of the near-surface parts of the granite (Gascoyne and Cramer 1987).
In another example, diffusion of chlorine and bromine from seawater into
the matrix of fresh granite blocks immersed in seawater for 30 a had reach-
ed a steady state during that period of time (Jeffériés 1987). The
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conclusion from these examples of low-temperature alteration of fresh gran-
ite under relatively high water-to-rock ratios is that aqueous diffusion of
dissolved species through the interconnected pores in the rock matrix can
be fairly rapid, i.e., reaching depths of up to -1 m in tens to hundreds of
years.

TABLE 7
WEATHERING ANALOGS

Analog Observation Comments

Outcrops, drill cores,
underground excavations
in granite.

Surface outcrops of
Lac du Bonnet granite.

Well-developed surface
weathering on granite.

Fresh granite blocks
immersed in seawater
for 30 a.

Igneous rocks at depth
(e.g., Kamineni and
Bonardi 1983, Smellie
and Rosholt 1984, Gas-
coyne and Cramer 1987,
Griffault et al. 1993).

Low-temperature alteration
along joints and fractures.

Low-temperature alteration
in surface outcrops took
place over at least 10* a
since last period of
glaciation.

Ferrous iron from igneous
and hydrothermally altered
minerals is important in
redox reactions at weather-
ing front.

Diffusion of Cl and Br into
matrix of granite block.

Low-temperature alteration
in fractures with low
hydraulic conductivity.
Penetrating distance of
several centimetres.

Main alteration products
are illite, chlorite,
calcite and iron oxides
or hydroxides (e.g.,
Kamineni 1983, Smellie
1985, Gascoyne and
Cramer 1987).

Minimal formation of cal-
cite and illite. Slight
discoloration from iron
oxidation down to 10 cm
from surface. Relatively
rapid diffusion (in and
out) of dissolved ions
through solutions in pore
matrix to greater depths.
Preferential redistribu-
tion of U isotopes in
matrix of near-surface
granite (Gascoyne and
Cramer 1987).

Equilibration reached
within 30 a
(Jeffériés 1987).

Similar remits where
high-temperature altera-
tion occurred previously.
Probably hydrothermal al-
teration products plugged
the section, reducing the
porosity (Melnyk and
Skeet 1986).

Interpretation of low-temperature alteration along fractures and cracks in
igneous rocks at depth is often complicated by the preceding history of
hydrothermal alteration associated with the original emplacement and cool-
ing of the pluton. However, careful analysis of the alteration features
and products can distinguish different types of alteration and their extent
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(e.g., Kamineni and Bonardi 1983, Smellie and Rosholt 1984, Gascoyne and
Cramer 1987). In fractures with low hydraulic conductivity, the penetrat-
ion distance of low-temperature alteration appears to be limited to a scale
of several centimetres, even when preceded by higher temperature alterat-
ion. The depth and extent of low temperature alteration is probably limit-
ed by reduced porosity in a previously hydrothernally altered section due
to plugging by hydrotherraal alteration products (Helnyk and Skeet 1986).

3.1.3 Information from hydrothermal alteration analogs

Many detailed studies have been conducted of hydrothermal alteration of
granitic rocks in fossil hydrothermal systems and, although fewer in numb-
er, in currently active geothermal systems. The relevance of the results
of these studies to potential hydrothermal alteration (at <100°C) of gran-
itic host rock in a disposal vault depends on the type of granite selected
for disposal and those in the alteration studies. The host rocks under
consideration for a future disposal vault are stable granitic plutons in
the Canadian Shield. The natural barrier objective for the host rock re-
quires a large, relatively intact rock mass located in a stable tectonic
regime. Many large Archean granitic plutons (or "granites"), varying in
age between 2.3 and 2.7 Ga, are found in the Canadian Shield in areas that
have been tectonically stable for very long periods of time. Their compos-
itions range from granodiorite to granite, a compositional range also com-
monly found within each intrusive. In general, the Archean granitic magmas
have evolution histories of cooling and chemical differentiation that are
different from those of younger granitic plutons. The Archean granites in
tectonically stable regimes do not show evidence of extensive chemical
differentiation during crystallization, to the point where significant
volumes of water-saturated residual magma evolved. Also, these granites
are invariably surrounded by high-grade metamorphic host rocks, which did
not provide a large source of water to significantly affect the magmatic
evolution. Consequently, the granites do not contain abundant miarolytic
cavities, zones of greisenization or tourmalinization, abundant large peg-
matites and quartz veins, or abundant extension fractures with intense
alteration aureoles. These features are much more common in post-Archean
granites, particularly, in tectonic regimes containing volcanic and sub-
volcanic magma emplacement.

Active hydrothermal (or "geothermal") systems invariably involve tempera-
tures in excess of 100°C and, even in those with temperatures presently
below 100°C, higher temperatures occurred during earlier stages of activity
(Fournier 1983). This is the normal progression for thermal decay of a
plutonic magma following emplacement, taking millions of years to reach the
ambient temperatures for the depth of emplacement. Thus, many of the ana-
log examples of hydrothermal alteration of granite include rocks that have
seen a complex history of magmatic differentiation, deuteric alteration and
high-temperature hydrothermal alteration. These processes would have pre-
conditioned the original pristine granite, for example, from chloritization
of the biotite and saussuritization of the plagioclase, to formation of
iron oxides and illite. Alteration studies on many of the Hercynian (~300
x 106-a-old) granites in Europe, such as those in Cornwall, U.K., and
France (e.g., Alderton and Rankin 1983, Allman-Uard 1985, Durrance 1985,
Griffault et al. 1987, Parneix et al. 1987) clearly show this complexity
and extent of alteration. Also, studies on younger Tertiary (-20 to 40 Ma-
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TABLE 8
ANALOGS FOR HYDROTHERMAL ALTERATION

Analog Hydrothermal Alteration Comments

Hercynian granites in
Cornwall and France,
-300 x 106-a-old.

Tertiary granites in
U.S.A., -20 to 40
x 106-a-old.

Empire Creek stock at
Marysville, Montana.

Ballons granite,
France.

Cornwall granite,
U.K.

Hercynian Auriate
granite, Central
Massif, France.

Lac du Bonnet granite,
Manitoba, Canada.

Complex and extensive alter-
ation (e.g., Alderton and
Rankin 1983, Allman-Ward
1985, Durrance 1985,
Griffault et al. 1987,
Parneix et al. 1987).

History of extensive fractur-
ing and hydrothermal alter-
ation (e.g., Haverslew and
Tammemagi 1985; Tammemagi et
al. 1983, 1986; Shea 1988).

Extensive hydrothermal alter-
ation and water circulation
to great depths (Tammemagi et
al. 1986).

Substantial hydrothermal
alteration (up to ~200°C)
occurred over -105 a.

Kaolinization and other
alteration features from
complex history of magmatic
differentiation and secondary
and hydrothermal alteration
(Bristow 1977, Durrance 1986)

Complex hydrothermal altera-
tion: even at 200 to 300°C
alteration of fresh granite
along subvertical fractures
and veins is limited to -1 cm
(Parneix et al. 1987).

Results similar to previous
example along low-permeable
fractures (Gascoyne and
Cramer 1987).

Studies of these two
analogs show significant
hydrothermal alteration,
and formation of abundant
secondary phases require- j
>106 a, even with fast
reaction-kinetics at high
temperatures. A signifi-
cant groundwater flux and
a high water-to-rock,
ratio are also required.

Current geothermal system
which has been active .tor
20 - 50 x 103 a is super-
imposed on older cycles
of hydrothermal activity
and alteration.

This alteration super-
imposed on older altera-
tion events (Griffault
et al. 1987).

Granites intruded zone of
major teccoaic activity
that continued for tens
of millions of years
after emplacement,
resulting in many cycles
of hydrothermal activity
through continuously ex-
panding network of perme-
able fractures.

Alteration controlled by
diffusion from fracture
in rock matrix; epidote,
chlorite and calcite
formed as main secondary
phases.
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old) granites in the U.S.A. (e.g., Haverslew and Tammemagi 1985, Tammemagi
et al. 1983, 1986; Shea 1989) show a history of extensive fracturing and
associated hydrothermal alteration. The information from these studies
shows that significant hydrothermal alteration and the formation of
abundant secondary phases requires time periods well in excess of 106 a,
even with fast reaction-kinetics at high temperatures. In addition to the
time requirement, a significant flux of groundwater and a high water-to-
rock ratio are also required for substantial hydrothermal alteration to
develop. Granites with significant hydrothermal alteration or currently
active geothermal systems are invariably found in tectonic stress zones.

Models which aim at predicting the extent of hydrothermal alteration (at
<100°C) of fresh intact granite, and of slightly altered granite along
existing cracks and fractures, must consider the evolution history of the
host-rock pluton. For example, hydrothermal alteration and water circulat-
ion in the Empire Creek Stock near Marysville, Montana, have occurred ex-
tensively and to great depths. However, the present geothermal system is
considered to have been active for the past 20 to 50 x 103 a and is super-
imposed on previous cycles of hydrothermal activity and alteration
(Tammemagi et al. 1986). The substantial hydrothermal alteration (up to
~200°C) in the Ballons granite, Prance, is thought to have occurred during
a ~105 a period, but this hydrothermal event was superimposed on previous
alteration events (Griffault et al. 1987). The well-known kaolinization
and other alteration features in the Cornwall granites in southwest England
are the result of a long and complex history of magmatic differentiation,
deuteric and hydrothermal alteration of the granites (Bristow 1977,
Durrance 1986). The granites intruded a tectonic zone during a period of
major activity that continued for tens of millions of years after magma
emplacement, resulting in many cycles of hydrothermal activity through
continuously expanding networks of permeable fractures. On the other hand,
a study of the Hercynian Auriat granite in the Central Massif of France
shows a history of complex hydrothermal alteration and, in addition, the
effect on previously unaltered granite (Parneix et al. 1987). Alteration,
in the range of 200 to 300°C, of fresh granite along subvertical fractures
and veins is limited to widths of a few millimetres up to about one centi-
metre. This alteration was controlled by diffusion from the fracture into
the rock matrix that formed epidote, chlorite and calcite as the main se-
condary phases. Similar results have been reported by Gascoyne and Cramer
(1987) for the extent of hydrothermal alteration in the Lac du Bonnet gran-
ite along low-permeability fractures.

The information obtained from a number of hydrothermal alteration analogs
is summarized in Table 8.

3.1.4 Conclusions

The extent of alteration of freshly exposed granite depend
mainly on the water-to-rock ratio and the flux of water
through the system. This applies to both low-temperature
and hydrothermal alteration.

Alteration of granite at ambient low temperatures in the
geosphere surrounding a waste vault will be controlled by
water access through fractures. The extent of alteration
will be limited on a time scale of 106 a.
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The minerals formed by low-temperature alteration of gran-
ite are mainly illite, ferric oxides/hydroxides and calc-
ite, with minor amounts of kaolinite.

Alteration of granite (both fresh and previously altered)
at temperatures of up to -100°C will strongly depend on the
groundwater flux through the system and will be limited in
extent in times of up to 104 a.

The minerals formed by hydrothermal alteration of granite
are mainly epidote, chlorite, ferric oxides and calcite.

During water-rock interaction, ferrous-iron from mafic
minerals in the host rock is important in redox control at
the alteration fronts, and precipitating iron-oxyhydroxides
are important scavengers for dissolved radionuclides, even
in systems containing saline water at elevated tempera-
tures.

The age, cooling history and tectonic regime of a granite
are very important with respect to the susceptibility of
the rock to alteration.

3.1.5 Analog feedback to safety assessment

The above information and conclusions support the conceptual models of
water-rock interaction used in the performance assessment for. both the
Vault Model (Johnson et al. 1994) and the Geosphere Model (Davison et al.
1994). The extent of water-rock interaction will be determined by the
access and flux of water into the vault, similar to examples of natural
alteration in saturated rock. In relative terms, the degree of alteration
of excavated host rock will be highest in the EDZ, because the- exposed
fresh rock will be altered in a higher water conducting zone and under
higher temperatures compared with the adjacent intact rock. However, in
absolute terms, analog data indicate that this alteration will still be
minimal during the initial period of 104 a following vault closure. The
dissolution of ferrous-iron from both fresh and hydrothermally altered
mafic minerals in the host rock will provide both important redox control
and retardation of dissolved radionuclides. Sorption and diffusion in the
host rock matrix will be the controlling processes for radionuclide migrat-
ion through the EDZ and through the intact rock surrounding fractures.
Although analog data indicate that diffusion through intact granite matrix
can reach tens to hundreds of metres, there are no exact time-dependent
data on the rates of diffusion in these analogs (e.g., Jefferies 1987,
Gascoyne and Cramer 1987). i/owever, the diffusion gradient across a zone
of intact granite will be dependent on the chemical potential of the dis-
solved radionuclide in the ED2 of the host rock which, for redox sensitive
elements and species, is controlled by the iron redox chemistry of the
water-rock interaction.
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3.2 RADIONUCLIDE MIGRATION

3.2.1 Its place and role in the disposal concept

The migration of radionuclides in groundwater, through the vault in the
near field, through the host rock in the far field and through the over-
burden in the biosphere, is the main mechanism contributing to a potential
effect on humans and the environment. Once water has penetrated through
the clay buffer and the container, and is in contact with the waste itself,
radionuclides are expected to dissolve and be transported in the ground-
water to the surface. Radionuclides in groundwater can migrate by diffus-
ion and advection. Diffusion dominates under static or low-flow condit-
ions, whereas advection dominates in moving groundwater. Diffusion is
relatively slow, occurring in the interstitial and connected pore water in
the matrix of a rock or backfilling material. For instance, the migration
of dissolved radionuclides through zones of intact rock surrounding the
excavated vault will be controlled by diffusion. Advection occurs in
interconnected cracks and fractures, that contain migrating groundwater,
and includes both dissolved species and those attached to colloids and
other suspended particles. Since groundwater is the essential medium for
radionuclide migration, the interaction of groundwater with the different
minerals and rocks along its migration path can have a large effect on the
extent of radionuclide migration. Thus, natural analog studies of radio-
nuclide migration focus on the processes of diffusion, advection and water-
rock interaction.

3.2.2 Migration in solution

Research on analogs for radionuclide migration in the vault and for the far
field includes studies on granitic rocks at Atikokan, Ontario and Lac du
Bonnet, Manitoba (Appendix K) and on the uranium deposit at Cigar Lake
(Appendix A). In addition, the distribution of radionuclides and trace
elements has been studied in a number of granites in countries whose waste
management programs are also considering granite as a potential host rock.
These countries include France (Cathelineau and Vergneaud 1989), Sweden
(Smellie et al. 1986, Fabryka-Martin et al. 1989), and Switzerland
(Alexander et al. 1987, 1988).

The important information from analog sites where radionuclide migration
has been studied is summarized in Table 9, whereas additional information
on matrix diffusion in granite also comes from weathering studies as dis-
cussed in Section 3.1.2.

3.2.3 Migration as colloids

Radionuclides can migrate in the groundwater in solution or as suspended
particles. In the latter case, the radionuclide may have precipitated as a
solid particle or may be attached to an existing particle of a different
composition. The size of the particle determines to a large extent its
transport properties: particles larger than about 1 ̂ m generally settle or
are filtered out of the water (Vilks 1994). Particles less than about
1 /im, referred to as colloids (or radiocolloids when containing a radio-
nuclide), generally remain suspended. Particles less than 1 nm are consid-
ered to be "in solution".
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TABLE 9
ANALOGS FOR RADIONUCLIDE MIGRATION IN SOLUTION IN THE GEOSPHERE

Analog Observations Comments

Atikokan and
Lac du Bonnet,
Canada.

Cigar Lake.

Granites in
France,Sweden,
Switzerland.
(References in
first para-
graph of Sec-
tion 3.2.2).

Stripa,Sweden.

Near surface, fractionation
of 234U from 238U, and large
excess of 230Th. No loss of
Ca or Na from rock matrix.

At depth, bulk leaching of U
.̂eases except where ground-
water is oxidizing.

At depths of 150 to 200 m,
U, Th, REE and other trace
elements redistributed along
fractures, sorbed on low-
temperature alteration
minerals or crystallized.

U dispersed in sandstone
host rock.

U in contact zone between
clay and ore zone, fixed to
Fe oxides/hydroxides and
illite, and precipitated as
uraninite.

Oxidative bulk leaching of U
from the matrix along frac-
tures over 106 a may exceed
40 cm into the rock, whereas
Th remains immobile.
Under ambient temperatures
at depth, diffusion of dis-
solved radionuclides into
matrix along a fracture is
limited to a few centimetres
from the fracture surface.

129I transferred from gran-
ite matrix into groundwater.
Concentration of 129I in-
creases with depth, suggest-
ing increasing residual time
for the groundwater from
depths of 360 m to >1000 m
(Fabryka-Martin et al. 1989)

Oxidizing surface water pene-
trates permeable rock matrix
causing rapid, bulk leaching/dif-
fusion of U from granite surfaces.

Groundwater becomes more reducing
at depth. Slower, more selective
dissolution, isotope fractionation
and redistribution of U occur.

Zone of low-temperature alteration
minerals acts as sink for trace
elements, fixing dissolved or
colloidal elements from the water
by sorption and (co)precipitation.

Primary origin for U in sandstone
(Appendix A). Low groundwater
flux in ore zone maintains reduc-
ing conditions, favouring stabil-
ity of U02 and USi04.

Secondary dispersion of U (see
Appendix A). Latest oxidative
dissolution of U and migration to
clay-ore contact occurred ~3
x 108 a ago.

Results agree with those for Ati-
kokan and Lac du Bonnet granites.
Dissolved radionuclides fixed by
sorption on alteration minerals
such as chlorite, clay and Fe
oxide/hydroxide, or by precipita-
tion or radiocolloid formation.
Fixation may be adversely affect-
ed by redox conditions, or high
contents of carbonate, phosphate
or fluoride in solution.

!• common in granite groundwater.
Poor substitution of I" for other
anions in minerals (Fuge et al.
1978). Also, granite is poor in
I- scavengers (e.g., Cu-minerals
and organic phases). Significant
retardation of iodide migration
through granite is unlikely.
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Experiments have shown that colloids can easily be transported in moving
water and, under certain conditions, move faster than dissolved species.
Migration of a dissolved radionuclide may be retarded by its precipitation
or sorption onto a different solid phase. If some of the solid phase can
be mobilized by grounawater flow, the radionuclide may continue its migrat-
ion as a colloid. Within fractures in rocks, colloids may be stirred up by
fluctuations in the rate of water movement. Thus, colloids are often made
up of fragments of minerals lining the fracture, including phases precipit-
ated from solution. Other types of colloids, including organic phases and
bacteria, have been found in the natural groundwaters of typical granites.

The migration of radionuclides that are irreversibly sorbed onto a colloid
will depend on the behaviour and survival of the colloid in the ground-
water, along the tortuous, fracture-controlled, migration path through the
host rock. However, the migration of reversibly sorbed radionuclides is
also affected by compositional changes of both groundwater and granite host
rock along the migration path. These may change considerably over depths
of only a few hundred metres (e.g., for the Eye-Dashwa Lakes pluton:
Gascoyne et al. 1987, Kamineni 1986; and for the Lac du Bonnet pluton:
Gascoyne et al. 1989, Gascoyne and Cramer 1987). For instance, changes in
groundwater salinity affect colloid mobility, and changes in the content of
organic materials in groundwater and colloids affect the fixation of a
radionuclide on colloids.

The migration of radionuclides associated with colloids through the geo-
sphere depends also on the amount of radiocolloids released to the geo-
sphere from the vault. This release of radiocolloids will depend on the
performance and integrity of the buffer and backfill, which acts as a phys-
ical barrier ('filter') to colloid transport. Natural colloid studies have
been carried out in various geological systems, including igneous rocks and
sediments (see summary in Vilks et al. 1991a). These studies include the
determination of the concentration and composition of colloids and suspend-
ed particles, and the analysis of trace elements and radionuclides assoc-
iated with them. Information from a natural system, with geometry analog-
ous to that in the vault, comes from the uranium deposit at Cigar Lake
(Vilks et al. 1988, 1993) (Appendix A).

Colloid studies and the role of colloids in radionuclide migration are
reviewed and discussed by Vilks (1994). The main points from these studies
are summarized in Table 10.

3.2.4 Conclusions

Evidence from natural water-bearing fractures in granite
indicates that alteration minerals in the fracture and the
altered host matrix are important sites for fixation of
radionuclides being transported by groundwater.

Fixation of radionuclides (including REE analogs) from
groundwater occurs when changes in composition or condit-
ions occur along the water-migration path in the fracture.
This fixation process may be in the form of sorption or
precipitation of dissolved radionuclides, or by physical
trapping of suspended radiocolloids. Furthermore, compared
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with the amount of radionuclides sorbed onto the rock, the
amount sorbed on colloids is not significant.

The limited extent of low-temperature alteration around
many natural fractures in granite at depth suggests that
radionuclide migration by matrix diffusion may be limited
to the first few centimetres from the fracture surface into
the rock matrix.

Observed concentrations of natural colloids in granite
groundwaters are very low (<1 mg/L) and will make minimal
contributions to radionuclide migration through the host
rock.

Clay zones are effective barriers to colloid migration.

TABLE 10
ANALOGS FOR RADIONUCLIDE MIGRATION AS COLLOIDS IN THE GEOSPHERE

Analog Observation Comments

Granites in Canada
(Vilks and Drew 1986,
Vilks et al. 1991b),
Sweden (Tjus and Wik-
berg 1987),' Switzerland
(Degueldre et al. 1989,
Vilks and Degueldre
1991).

Radioactive waste dis-
posal and test facili-
ties (Champ and Robert-
son 1985, Buddemeier
and Hunt 1988); natural
U deposits in Australia
(Airey 1984, Ivanovich
et al. 1987), Brazil
(Smellie 1989a), and
Canada (Vilks et al.
1988, 1993).

Cigar Lake

Low concentration of natur-
al radionuclides in these
granitic rocks. Colloid
contents in granite ground-
waters are typically
<1 mg/L (Vilks 1994).

Trace elements and radio-
nuclides, including U, Th,
&?,, Am, Cs, Co, Ce, Eu, Ru,
Sib, Pu and Zr, are associ-
ated with natural colloids
and suspended particles in
natural groundwater.

Highest colloid concentra-
tions (up to 22 mg/L) found
in ore and surrounding clay
(including basement under
the ore). Concentrations in
overlying sandstone are
«3 mg/L. In groundwaters
in ore and clay zones, sig-
nificant U associated with
particles; mainly dissolved
U in sandstone groundwater.

These low concentrations
indicate colloid-facilita-
ted migration of radio-
nuclides will be minimal.

Ratio of radionuclide con-
centration in colloidal
form to that in solution
depends on solubility,
sorption coefficient, to-
tal concentration and size
distribution of particu-
lates, groundwater compo-
sition, mineralogy of host
rock and fractures, etc.

Distribution of amorphous.
Fe oxyhydroxides in clay
at clay-ore contact and
association of U with Fe-
containing particles in
ore zone indicate clay
zone is effective barrier
to radiocolloid migration.
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3.2.5 Analog feedback to safety assessment

The conceptual models for groundwater flow and radionuclide migration used
in the Vault and Geosphere Models (Johnson et al. 1994, Davison et al.
1994) are based on information and data from natural systems. The inform-
ation from analog studies provides additional feedback for further refine-
ment of these conceptual models. Information on groundwater flow in natur-
al geothermal and low-temperature systems supports the concept for ground-
water migration occurring predominantly through the interconnected network
of fractures in the crystalline host rock of a disposal vault. The evi-
dence from studies of natural water-rock interaction indicates that, within
a period of 104 a, only very minor alteration of fresh granite can be ex-
pected with a low water-to-rock ratio and at temperatures of less than
100°C. The dissolution of ferrous iron from the mafic minerals in the
granite plays both a controlling role in the redox conditions at the alter-
ation front and in the retardation of dissolved radionuclides through co-
precipitation and sorption on ferrihydrites. The role of colloids in
radionuclide migration in granitic host rock is negligible as shown by the
results from analog studies.

4. BIOSPHERE

4.1 INTRODUCTION

For the vault and geosphere, a key role for analogs is to extend our under-
standing of processes to timescales of 104 to 106 a. For processes that
control the normal functioning of the biosphere and normally stabilize over
several years or decades, analogs are used to study the steady-state con-
ditions for these processes. For instance, many of the mass and energy
transfers that cause the biosphere to function naturally are those that
cause radionuclides to migrate. These processes will see little or no
effect from a flux of radionuclides being discharged from the vault through
the geosphere into the biosphere.

The biosphere in Northern Ontario has evolved substantially since the last
glaciation, about 104 a ago, and continues to evolve. However, present
variation across the Precambrian Shield is substantial, and includes vary-
ing stages of evolution. As such, the present environment includes many of
the features expected to occur over time (Davis et al. 1993, Elson and
Vebber 1991). Therefore, extensive use has been made of analogs for the
modelling of specific processes in the biosphere. In effect, the main
assumption in the Biosphere Model (Davis et al. 1993) is that the current
biosphere is the appropriate, natural system analog for the biosphere after
disposal of used fuel in a vault. The derivation of parameter values from
natural systems is extensively documented in the reports describing the
aquatic (Bird et al. 1992), soil (Sheppard 1992), atmosphere (Amiro 1992)
and food chain/dose (Zach and Sheppard 1991) submodels.
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TABLE 11
ANALOGS FOR RADIONUCLIDE MIGRATION AND FIXATION IN THE BIOSPHERE

Process Analog Comments

Net Sedimentation
in Lakes.

Flux through
Lakes.

Migration through
Soil.

Agricultural
Practices.

Spacial Variation
in Plants and
Soils.

Continuous deposition of
aquatic particulates, which
accumulate radionuclides and
other elements, resulting in
stratification of sediments.
Vertical mixing limited to
0.01- to 1-mm layer of recent
sediment. (Norton 1986,
Evans et al. 1983, Johnson
et al. 1986, Jaakkola et al.
1983, Brunskill et al. 1984,
Cornett and Chant 1988).

Flushing of water bodies
causes major loss of radio-
nuclides from biosphere.

Soil profiles in the Shield
result frum leaching of ele-
ments weathered from parrent
minerals. Upward migration,
via diffusion and periodic
changes in flux direction, is
slow. Centre of mass contam-
inant moves downward.

Agriculture on Shield for
<200 a. Elsewhere in
world, agriculture practiced
for several thousand years.

Irrigation without regard for
salt accumulation results in
site abandonment. At present
little irrigation in Shield.

Plant/soil concentration
ratios (CR) were measured for
23 stable elements in samples
from the Shield, to study
spacial variability and cor-
relation to environment
(Sheppard and Evenden 1989).

Permanent incorporation of
radionuclides into recent
sediments (Bird et al. 1992),

Ca, remaining in the water,
and Cd, which is removed from
the water as a sediment, re-
present extremes in behaviour
expected of radionuclides
(Bird et al. 1992).

Net downward migration of
soil contaminants (Sheppard
1992).

With traditional agricultural
technology, soils should re-
main productive for at least

a<

Irrigation can cause soil
quality to deteriorate.
Applicable to radionuclides
so included in model.

Results provide basis for CR
values for radionuclides in
submodel, and for correlating
CR with measures of sorption
in soil.

continued..



TABLE 11 (continued)

Process Analog Comments

Transfer from
Near-Surface
Sources.

Transfer to
Humans through
the Food Chain.

Atmospheric
Suspension.

Speciation, Fixa-
tion and Sedimen-
tation in Marine
Environments and
Sediments.

Soil-to-plant transfer of U
over near-surface U deposits
over long term (Sheppard and
Thibault 1983, Sheard et al.
1988). Transfer of fallout
Cs through food chain, from
soil to plants to herbivores
to carnivores in boreal
forests over long term
(Zach et al. 1989).

Intake and metabolic trans-
fers of dietary I and H
(Zach and Sheppard 1991).
Individual elements used as
analogs (Johnson and Dunford
1983).

Sol?,-to-human transfer of
Ra, Th, U and various stable
elements.

Background exposure to Th
obtained from autopsy data.

Atmospheric dust loadings
assumed analogous to suspens-
ion of radionuclides on soil
particles.

Ocean aerosols assumed anal-
ogous to lake-derived aero-
sols. Gaseous release of I
into atmosphere from lakes
based on similar releases
from ocean (Amiro 1992).

(Fowler et al. 1983, 1987;
Goldberg et al. 1978; Sanchez
et al. 1988; Smith and
Walton 1980; and others)

Data confirm experimentally
derived parameter values.
Analogs give confidence in
food-chain models for long-
term assessments.

Analogs for 129I and 3H.

Compared with food-chain
transfers of analogous suite
of radionuclides (Kocher
1987).

Used to compute transfer
doses from soil contaminated
with Th (Sheppard et al.
1990).

Greater wave action in ocean
leads to conservatively high
estimates of lake-derived
aerosols.

Not necessarily applicable to
present-day Canadian Shield.

continued..



- 41 -

TABLE 11 (concluded)

Process Analog Comments

Fixation, Release
and Dispersion
from Surface and
Near-Surface
Deposits.

Soil Formation
from Loess.

Deposits of actinides and
other elements in mine
tailings, peat, soil and
shallow bedrock (Coker
and DiLabio 1979; Dunn
1983a,b; Eisenbud et al.
1984; Landstrôm and
Sundblad 1986; Levinson
et al. 1984; Linsalata et
al. 1987; Roberts et al.
1989; Waite et al. 1988,
1989; and others).

Mobilization and incorpo-
ration of radionuclides
from eolian deposits
(e.g., Tian et al. 1987).

Not necessarily applicable to
present-day Canadian Shield.

Not necessarily applicable to
present-day Canadian Shield.

4.2 ANALOG5J FOR RADIONUCLIDE MIGRATION AND FIXATION

Analogs for processes in the biosphere are abundant, and these have been
used to derive parameter values and build the conceptual models for the
biosphere assessment models. The information from the main analog examples
is summarized in Table 11; more details and other examples can be found in
the references.

4.3 CONCLUSIONS

The current biosphere of the Canadian Shield is the appropriate, natural
system analog for modelling and predicting the natural evolution of the
conditions and processes of the biosphere during the 104 a following the
disposal of the used fuel in the vault. Analogs for processes in the bio-
sphere support the predictions of the biosphere submodels.

5, SYSTEM ANALOGS

5.1 INTRODUCTION

A system analog is a natural system from which information on several
processes and parameters can be obtained simultaneously, because it con-
tains a number of analogous components and processes that have interacted
under conditions that are relevant to the disposal concept. The overall
performance of a whole natural system over a long period provides valuable
information on the coupling of processes and their effects on the stability
and performance of various system components. A good example is the.
present-day biosphere of the Canadian Shield as a system analog for the
biosphere in the concept, where the present environment includes many of
the components, processes and conditions of interest. Natural deposits of



uranium ore are potentially important system analogs for the disposal con-
cept because of the presence of U02 and associated radionuclides in an
environment that may also contain clay minerals and groundwater, and be-
cause such analogs invariably have survived several major disturbances
during their geological history.

The following sections briefly describe the four main uranium deposits that
have been studied as system analogs. Details of the deposits and the spec-
ific aspects studied are discussed in the previous sections and in Append-
ices A, B, F and J.

5.2 OKLO

The Oklo uranium deposit (formed about 2.05 x 109 a ago) is located in
Gabon, west Africa, and contains lenses and zones of very high grade ore
(25 to 60 wt.£ U) surrounded by halos of intermediate-grade ore (up to 25
wt.% U) inside sandstone host rock (see Appendix B). To date, more than a
dozen high-grade ore lenses have been identified in which spontaneous fis-
sion occurred shortly after the deposit was formed. These 'reactor zones',
containing primarily pitchblende and uraninite, produced both heat and
fission and other nuclear reaction products during a period of between 6
and 9 x 10s a.

The preservation of the high-grade deposit at Oklo and its fossil reactor
zones is of major interest as a system analog. The deposit experienced
extreme physical and geochemical conditions (during criticality) and prod-
uced the same radionuclides as those found in fuel waste. The deposit
provides analog information on a number of aspects, including used-fuel
dissolution, redox conditions, radiolysis, water-rock interaction, natural
geological barriers and radionuclide migration. The latter aspect is of
particular interest because this is the only known natural system that has
contained appreciable amounts of fission products and other nuclear react-
ion products for long periods of time. Detailed analytical work on the
retention of fission products in one of the reactor zones and in its sur-
rounding host rocks (Curtis et al. 1989, Loss et al. 1989) confirmed that
the natural system of the deposit has been effective in retaining most of
the fission products. However, some of the nuclear reaction products that
were volatile during the periods of criticality, such as Cs, Cd and I, were
either totally lost from the system or showed poor retention in the host
uraninite.

5.3 CIGAR LAKE

The Cigar Lake deposit contains a large high-grade uranium mineralization
(average grade ~8 wt.% U, maximum grade -55 wt.% U) in a clay-rich matrix
inside a sandstone host rock (see Appendix A). The 1.3-Ga-old deposit has
been very well preserved despite being situated in a highly-fractured zone
within 50 m of a major sandstone aquifer. Analog studies on the Cigar Lake
deposit have provided information on a number of aspects including used-
fuel dissolution, clay barriers, colloids, organics and bacteria, radiol-
ysis and radionuclide migration. Further discussion of this deposit as a
system analog can be found in Goodwin et al. (1989), and the results of a
comprehensive analog study on the deposit are reported in Cramer and
Smellie (1994).
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The general observation from Cigar Lake is that there is no indication on
tlw surface of the rich uranium ore deposit 430 m below. In other words,
since the current topography and overburden were formed during the last
glaciation, any potential migration of radionuclides' from the ore has not
reached the surface environment during at least 10* a. Thus, the combinat-
ion of natural barriers must have been effective in isolating the uranium
ore from the surface environment, despite thousands of years of geological
processes, including water-rock interaction, erosion, uplift and glaciat-
ion.

5.4 POCOS DE CALDAS

Some of the processes studied in the actinide and rare-earths deposits near
Poços de Caldas, Brazil (see Appendix J), provide important information
relevant to processes in both the geosphere and biosphere of a disposal
system. The shallow uranium deposit, which is exposed in the Osamu Utsumi
mine, has and is been affected by surface-derived weathering processes, and
studies have been conducted on this water-rock interaction (in particular
on the development of redox fronts) and associated radionuclide migration.
The Morro do Ferro deposit (thorium and rare-earths) provides analog in-
formation related to the migration of radionuclides, including colloid
transport, and to radionuclide uptake by plants, animals and man. Thorium
and some of rare-earth elements have been studied as chemical analogs to
waste radionuclides such as Pu, Am and Cm. The study of the Osamu Utsumi
roll-front-type deposit is important in understanding the role, rate and
coupling of processes involved in rock alteration, including high-tempera-
ture water-rock interaction, hydrogeology, groundwater chemistry, colloid
transport and microbial mediation. The alteration histories of both orig-
inal deposits at Morro do Ferro and in the Osamu Utsumi mine are thought to
have followed a similar course over geologic time.

5.5 KOONGARRA

The analog study on the Koongarra uranium deposit in Australia (see Append-
ix F) has provided information on processes affecting radionuclide migrat-
ion in the geosphere and biosphere, including water-rock interaction, redox
chemistry, oxidative-dissolution of U02, and microbial mediation. The
study of radionuclide migration has provided information on sorption, col-
loid transport, and mobility of isotopes produced by natural nuclear react-
ions, such as 93Tc, 129I and 239Pu. In this deposit, part of the original
uraninite deposit has remained preserved below the weathered zone, whereas
the part within the weathering horizon has undergone dissolution. The
oxidative dissolution and limited migration of uranium during millions of
years of weathering processes has been studied to provide feedback to the
conceptual models and databases for U02 stability.

5.6 CONCLUSIONS

A good system analog provides important information on the
interaction and coupling of natural processes and on the
overall performance of geological barriers for the isolat-
ion of radionuclides over millions of years. Uranium ore
deposits have been found to be particularly useful systems
to study because they also include natural U02 which is a
potential analog for used nuclear fuel.
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The Oklo uranium deposit is the only known system analog in
which nature has produced significant quantities of fission
products (and other isotopes), and isolated all but a fev
for about 2 x 109 a under conditions far more extreme than
those expected in a disposal vault. The isotopes that were
not retained in the system (mainly volatiles) were likely
lost as a result of the extreme conditions during critical-
ity.

The Cigar Lake deposit demonstrates that U02 can be stable
in contact with groundwater for 109 a, where natural clay-
rich zones provide a barrier between the U02 and the aquif-
er. The clay-rich matrix to the uranium mineralization
also provides a suitable medium which facilitates redox
buffering to be maintained by a complex interaction of
inorganic, organic and microbial processes. The deposit
does not have any direct surface signatures, indicating
that any secondary mobilization during the 104 a since the
last glaciation either did not occur or must have been
limited.

Near-surface uranium deposits, such as those at Poços de
Caldas and Koongarra, provide comprehensive information on
the extent and coupling of processes in an oxidative weath-
ering environment in an open system at the geosphere-bio-
sphere interface. The limited radionuclide migration under
those conditions over millions of years provides confidence
in the performance of natural barriers and processes in the
isolation of disposed U02-based nuclear fuel for 10

4 to
106 a.

6. CONCLUSIONS

The physical, chemical and biological processes that occur as a result of
disposal of nuclear fuel waste will proceed in much the same way that
natural processes have proceeded over long, geological time scales with
natural materials. The burial of a large amount of U02-based used fuel
deep underground, inside a clay-rich barrier, mimics the setting in which
nature has preserved large deposits of natural U02 for millions to billions
of years, in systems that are much more open to groundwater than are ex-
pected in a disposal vault in plutonic rock. The most important informat-
ion that can be derived from such natural systems is the qualitative
assessment of what processes, components and parameters control the natural
'experiment' (or analog). Therefore, the foremost objective of any analog
study is to develop a conceptual model describing the behaviour of the
natural system and its evolution with time. This conceptual model provides
an important reference for the disposal concept, the design of engineered
barriers and the selection of suitable host-rock formations. In addition,
natural analog studies may provide data which, together with those obtained
from laboratory experiments, form the database for use in modelling exer-
cises. The conceptual models and databases obtained from both laboratory
and field studies form the input for the mathematical codes used to support
the safety assessment of the overall disposal concept with time. Ultimate-



ly, analog information can thus be used to support the validation of the
assessment models and thereby provide confidence in the model predictions.

However, the role of a natural analog may be limited in providing some of
the quantitative data required by the rigorous constraints of most assess-
ment codes. The complexity of natural systems and the difficulty in re-
constructing their history of evolution provide both facts and interpretat-
ions i but these are not necessarily the quantitative data required by the
code modellers. For instance, the study of the natural fission reactors in
the Oklo deposit provides "good" estimates of the abundance of fission
products formed and of the extent of their retention in the deposit, but
the estimates are based on measurements of uranium isotopes remaining after
a very long and complex history of the deposit. The information obtained
from such a study provides a reference to the modeller on the scale and
boundary conditions of the process(es) affecting the fission products
rather than an accurate quantitative reference.

The information from natural analogs is important because it can provide an
understanding of the role and complexity of the processes involved in
nature and hov they may affect the performance of a disposal vault. It
also demonstrates that all aspects, both beneficial and detrimental, have
been accounted for and are considered in the concept. Analogs can provide
confidence in the predictions of the safety and performance of the disposal
concept. This is particularly relevant to the time scale involved, which,
at 104 to 106 a, is relatively short in nature. For instance, information
on the effects and rate of weathering on granite over the past 104 a (i.e.,
since the last glaciation) provides confidence in the prediction that ef-
fects on granite from interaction with groundwater in a disposal vault will
be limited.

The following are the main conclusions from the review of natural analogs
relevant to the Canadian concept for disposal of used nuclear fuel:

There is no single analog system, including natural analogs
for the engineered barriers, for the disposal concept as a
whole. Certain large uranium deposits, as system analogs,
provide valuable information on a combination of processes
and many of the relevant components of the disposal con-
cept. However, no such deposits are known in granite, the
candidate host rock of the disposal concept.

Most important natural analog studies have focussed on
components and processes relevant to the near field of the
disposal vault, and addressed the geochemical processes of
water-rock interaction and radionuclide migration.

Natural uraninite, as an analog to the used-fuel matrix,
shows long-term stability under relevant low-temperature
conditions (i.e. <100°C). This Is consistent with the
predictions based on the thermouynamic data and solubility
of U02 in a system with redox buffering and limited access
to water. At Oklo, natural uraninite not only survived
criticality and 2 x 109 a of subsequent erosion and uplift
but also retained many of the fission products.



Natural clay deposits, such as the Avonlea bentonite depos-
it and the illite-rich rocks at Cigar Lake, can maintain
very low hydraulic conductivities, undergo little alterat-
ion at temperatures below 100°C, and have good fixation and
retention for most radionuclides, for very long periods of
time.

Alteration of granite (both fresh and previously altered)
at temperatures of up to ~100°C will strongly depend on the
groundwater flux through the system, and is limited by the
kinetics of the geochemical reactions. Fresh granite ex-
posed by the vault excavation will undergo only minor alt-
eration during the first 104 a in a confined system with
low hydraulic conductivity and mass transport.

Information from uranium deposits shows that radionuclide
migration, even under moderate temperatures, through clay-
rich host rock has been limited and restricted mainly to
migration in fractures. Iron oxyhydroxides are important
scavengers for dissolved radionuclides, even in systems
containing saline water at elevated temperatures such as
that expected in a disposal vault deep in the Canadian
Shield.

Alteration minerals in fractures and their altered granite
host matrix are important sites for fixation of radio-
nuclides being transported by groundwater. When the water
encounters different compositions (i.e., minerals) or cond-
itions (e.g., mixing at fracture intersection) along the
migration path, a dissolved radionuclide may be retarded
through sorption, chemical precipitation or radiocolloid
formation. Natural colloid concentrations in granite
groundwaters will only make a minimal contribution to
radionuclide migration through the geosphere, where
migration rates are expected to be extremely slow.

The present biosphere of the Canadian Shield is a good
analog for the biosphere in the disposal concept, including
many of the processes expected to occur over considerable
time periods.

Uranium deposits provide valuable information on the long-
term stability of natural U02 and on many of the processes
affecting radionuclide migration. The deposits illustrate
that nature has effectively isolated many radionuclides,
including many fission products, in relatively open systems
for periods of millions to billions of years.
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APPENDIX A

CIGAR LAKE

A.I INTRODUCTION

Since 1984, AECL Research has carried out analog studies on the high-grade
uranium deposit at Cigar Lake, near the southwestern tip of Waterbury Lake
in the Athabasca Basin in northern Saskatchewan. The Athabasca Basin has
several other uranium deposits, including those at Cluff Lake, Rabbit Lake
and Key Lake. The Cigar Lake deposit is notable, however, because it is
located entirely below the surface at a depth of about 430 m, at the uncon-
formity contact of the Athabasca Sandstone Formation and the metamorphic
basement complex (Figure 1). There are no direct indications at the
surface (radiological, thermal, geophysical or geochemical) that give
evidence of the underlying ore deposit. (Discovery was made from detailed
knowledge of ore genesis, combined with indirect geophysical observations.)
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FIGURE 1: Schematic cross section through the Cigar Lake deposit showing
the uranium mineralization and its host rocks, including the
lithologie characteristics related to hydrothermal alteration
and weathering. (USS= upper sandstone; LSS= lower sandstone).

The ore body occurs as an irregularly shaped lens about 2000 m long, 25 to
100 m wide and 1 to 20 m deep (Bruneton 1987, 1993). The primary uranium
mineralization consists of uranium oxides (mainly uraninite, U02) and
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uranium silicate (coffinite, USi04) in a matrix of clay minerals (illite,
chlorite and kaolinite). Other minerals associated with the ore. include
sulphide, arsenide and sulphoarsenide minerals of nickel, cobalt and
radiogenic lead- The average grade of the ore is about 12 wt.£ U, with
maximum localized concentrations in excess of 55 vt.Z U. The total ore
reserve is estimated to be 1.5 x 10s Mg U.

Uranium mineralization occurred about 1.3 Ga ago (Gumming and Krstic 1992)
at temperatures of 150 to 200°C, when reducing hydrothermal fluids were
discharged from the basement into the sandstone and mixed with the uranium-
bearing diagenetic solutions of the sandstone. These hydrothermal fluids
were also responsible for other aspects of the deposit, including
alteration of the sandstone and formation of a clay halo around the ore and
a quartz-cemented cap above the ore. Following the period of hydrothermal
activity and ore formation, the thermal decay to ambient temperatures of
between 50 and 100°C (for a depth of several kilometres during the
Proterozoic era), lasted tens of millions of years. At the time, the depth
of the mineralization below the surface was more than 3 km. The deposit
has been brought to its present elevation through erosion and uplift of the
sandstone formation during the past 1 Ga. During this period, several
distinct tectonic disturbances occurred, which have also been dated in
neighbouring deposits. The last major tectonic event occurred about 300 Ma
ago and caused changes in both the groundwater flowpaths and composition,
resulting in limited uranium remobilization and producing small perched
uranium mineralizations along fractures above the main ore zone. The
youngest geological disturbance to affect the area occurred during the last
glaciation, around 104 a ago, depositing about 40 m of glacial overburden
on top of the eroded sandstone.
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FIGURE 2: Schematic section through the Cigar Lake deposit showing the
conceptual hydrogeological model with three distinct flow
regimes (I to III) and calculated particle velocities (Vj).
(OB= overburden; SS= sandstone).
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A.2 GROUNDUATER

The ore deposit is located in the conglomerate-rich lower sandstone unit,
which is currently the main aquifer in the region (Figure 2). Recharge
occurs through the local aquifer, in the overburden, and through the
intermediate aquifer, in the upper sandstone unit (Cramer and Nesbitt
1993a,b). The deposit is centred at the intersection of the unconformity
and major vertical-to-subvertical fractures in the basement rocks. These
fractures are now pathways for groundwater migration cutting across the
sandstone and basement formations. In the present-day regional aquifer,
the groundwater moves from southwest to northeast above the unconformity,
and over the ore and clay zones through the altered sandstone that overlies
the ore and clay zones in the deposit.

Although the ore zone is saturated with respect to groundwater, recharge
from the altered sandstone is extremely slow, apparently limited by water
migration along fractures through the clay. The hydraulic conductivity of
the ore and clay zones is ~10~9 m/s. In contrast, the hydraulic
conductivity of the altered sandstone, which surrounds the clay zone in the
sandstone aquifer, is 10-5 m/s.

Detailed study of the groundwater composition in the deposit indicates that
dissolved uranium concentrations are consistently low - even for water in
contact with the ore. Dissolved uranium concentrations in groundwater from
the ore zone are <10'6-5 mol/L and average 10-9 mol/L in waters from out-
side the ore zone (Cramer 1986b, Cramer et al. 1987, Cramer and Nesbitt
1993b). The concentration of dissolved uranium in the groundwater and the
mineralogy of the deposit indicate reducing conditions in the ore deposit.
In the ore zone, U02 (uraninite) is associated with ferrous iron phases,
sulphides and organic phases. High-resolution, X-ray photoelectron
spectroscopy (XPS) spectra show that the oxidation state of uranium,
measured as the U(VI)/U(IV) ratio, in the surface layers of the natural
uraninites is equal to, or lower than, that of U307 (Sunder et al. 1988,
1992). The X-ray diffraction (XRD) data confirm the presence of an
oxidized phase, most likely U409-U307, in addition to U02. Scanning
electron microscopy (SEU) images show the uraninite crystals covered with a
layer of sub-micron (1 micron = 1 /jm) crystals rooted in the U02 matrix.
Calculations based on the presence of U307 in contact with groundwater
containing uranium concentrations from 10"7 to 10-9 mol/L indicate an upper
limit for oxygen fugacity of about 1Q-40 Pa. The Eh values for groundwater
from the ore zone are consistent with such a low-oxygen fugacity. This
information supports work by Shoesmith et al. (1984) which shows that the
dissolution rate of U02 does not become significant until it is oxidized
beyond the U02 33 (û O,) stage. The presence and activity of sulphate-
reducing bacteria may also contribute to the reducing conditions of the
groundvaters.

The strongly reducing conditions in the ore deposit favour stability of
solid U02 and USi04 rather than dissolution of uranium (Cramer 1986b,
Cramer et al. 1987, Cramer and Nesbitt 1993b). Although several
disturbances have affected the uranium deposits in the Athabasca Basin,
including the Cigar Lake deposit, as evidenced by isotopic age
determinations (e.g., Pagel 1983, Gumming and Krstic 1992), the cummulative
secondary dispersion of uranium from all these disturbances has been rather
limited. These dispersions occurred when the tectonic activity (re)opened
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fractures through the ore, causing an increase in groundwater flux and
temporarily disturbing the reducing conditions in the ore zone. Along
these fractures uranium from the ore dissolved in the groundwater and
migrated up fractures until fixed, mainly by precipitation as uraninites
but also by sorption onto Fe-oxides and hydroxides and illite (Fercival et
al. 1988, Percival 1990). Well defined and dated remobilizations of
uranium that can be related to these disturbances (all >290 Ma old) are
confined along fractures in the first -5 m of the clay zone overlying the
mineralization and along some fractures extending further out into the
overlying sandstone. The scale of these remobilizations appears to be
minor as illustrated by the typical concentration (maximum ~4000.ug/g U) of
such a perched mineralization located about 160 m above the mineralization.

A.3 RADIOLYSIS

Although it has not been possible to demonstrate the occurrence of radiol-
ysis in the water-saturated mineralization in the Cigar Lake deposit
(Christensen 1994), there is evidence suggesting such a process may take
place on a local scale. For instance, measurements of the a- and -y-fluxes
from ore samples indicate that the energy doses are high enough to produce
radiolysis in water that is in direct contact with the ore. However, any
potentially significant radiolysis would likely result from the ore's 7-
radiation in water-bearing horizons and fractures within the ore, because
the bulk of the uranium mineralization occurs inside a clay matrix which
will shield the water from the a-radiation.

A zone of ferric iron oxides and hydroxides occurs at the upper contact
between the ore and clay zones. This red zone is an anomaly within the
otherwise strongly reduced mineralogy of the rocks in the deposit, where
iron is present mainly in pyrite (FeS2). The presence of amorphous ferri-
hydrites closely associated with the high-grade ore suggests that oxidation
of ferrous iron occurs in this system and that iron acts as a scavenger of
oxidants. The oxidation rate of ferrous iron in non-saline water at pH 7
is fast (in the order of seconds to minutes) and is first order with
respect to oxygen. This fast rate may explain the formation of the
amorphous ferrihydrites through the reaction of dissolved ferrous iron with
oxygen produced by radiolysis, before the oxygen has reacted with the
uranium. Since radiolytic reduction of ferric iron (by e~ ) can lead to
the decomposition of hydrogen peroxide (Tait and Johnson 1986), the
dissolution of unstable ferrihydrites and hematite may thus account for
both regeneration of ferrous iron and suppression of hydrogen peroxide.
Furthermore, an excess of chemically unreactive hydrogen can also control
the production of the oxidizing species 02 and H202 during radiolysis
through recombination reactions. Thus, during radiolysis, both dissolved
iron and hydrogen may be involved in controlling the dissolution of the
uranium minerals through reaction with the oxidizing species. The presence
of thermodynamically unstable iron phases (both in the clay contact and as
colloids in the water) and of significant hydrogen in the dissolved gas
phase of the ore-zone water (up to 3 mg/L H2) supports this model for ac-
tive radiolysis in the Cigar Lake ore.

In a study on fluid inclusions in quartz from two similar uranium deposits
(Rabbit Lake and Cluff Lake) in the Athabasca Basin, Dubessy et al. (1988) .
observed H2-bearing fluids inside the inclusions. Some of the inclusions
contained 02 in addition to the H2, indicating chemical disequilibrium,
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i.e., these trapped fluids are relatively young. This is consistent with
the morphology, distribution and salinity of the inclusions in the quartz,
which also indicate a relatively young age for the inclusions. The con-
centrations of H2 and 02 in the fluids are consistent with a radiolysis
model where the aqueous phase is in contact with U02. Although similar
studies have not been undertaken at Cigar Lake, the similarity of this
deposit to those mentioned above supports the observations in water and
rock samples from Cigar Lake regarding active radiolysis.

Although other processes do affect the redox conditions of the groundwater
in the ore zone at Cigar Lake, radiolysis of the water combined with oxi-
dant scavenging by Fe2 + may be an important component of the total redox
chemistry. The preservation of >l-Ga-old U02 in this deposit indicates
that, if radiolysis occurs, it does not lead to significant uranium
dissolution, provided ferrous iron is available as an oxidant scavenger.

A.4 TITANIUM AND COPPER

Titanium occurs in the uranium ore and its host rocks mainly as rutile
(Ti02). Titanium was originally present in detrital phases, such as
ilmenite and magnetite, in the clastic sediments that were laid down in
what is now the Athabasca Basin. Alteration of the detrital phases oc-
curred during erosion of the sediment source, and during subsequent
diagenesis and hydrothermal alteration (Hoeve and Quirt 1984, Cramer
1986a). The reconstruction of conditions for this latter alteration, which
is associated with deposition of the uranium ore, shows temperatures from
150 to 200°C, salinities of the solutions from 250 to 350 g/L, and
durations of several tens of millions of years (Pagel 1983, Pagel et al.
1980). Titanium oxide formed during alteration of the detrital Fe-Ti
oxides and, upon dissolution of the quartz matrix of the original
sandstone, became enriched as refractory phase together with the clay
minerals in the ore and clay zones of the deposit. Well-developed
(euhedral), unaltered crystals of Ti02 are found among euhedral U02
crystals in the high-grade ore, indicating stability over 1 Ga, under
conditions including an aggressive hydrothermal environment and high-
radiation fields.

Native copper is found in the high-grade uranium mineralization, occurring
as interstitial grains but also as euhedral crystals protruding into cavi-
ties. The stability of native copper in contact with aqueous solutions
requires very strong reducing conditions, compatible with U02 stability and
with the measured groundwater composition. Although detailed information
on the age of this native copper is not available, the occurrence of
euhedral, non-corroded crystals among 1-Ga-old U02-U307 and USi04 suggests
that this native copper is stable over geological time in an aqueous system
as found at Cigar Lake. The enormous redox buffering capacity of the
deposit, with respect to the redox conditions during water-rock interaction
in the deposit, has likely been active for most of the past 1 Ga. Except
for major disturbances, such as the youngest tectonic event around 300 Ma
ago, water-rock interaction must have occurred under strongly reducing
conditions within the ore zone to maintain the bulk U02 mineralization. It
is therefore likely that the euhedral native copper in the water-bearing
cavities in the high-grade ore has been stable for at least 104 a. Further
research is needed to establish age constraints for this native copper.
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A.5 ORGANIC MATTER AND BACTERIA

The uranium ore is closely associated with the presence of graphite in the
underlying basement rocks. This association is common to all other uranium
deposits in the Athabasca Basin and to most sandstone-type uranium deposits
throughout the world. Solid hydrocarbon phases are found in both the ore
body and the clay zone surrounding the ore, whereas graphite in the base-
ment contact immediately below the deposit has been depleted or corroded
over a distance of several tens of metres. This corrosion of graphite and
the distribution of the hydrocarbons resulted from the hydrothermal pro-
cesses during the period of sandstone alteration and ore deposition.

At present, dissolved organic phases are found in the groundwaters through-
out the deposit, with total organic carbon (TOG) concentrations from 6 mg/L
in the clay zone, to 16 mg/L in the ore zone, to 29 mg/L in the basement.
In addition, the groundwater contains significant concentrations of C02 and
CH4. Although an initial study on the speciation of dissolved organic
carbon (DOC) compounds in the deep groundwaters failed to obtain a mass
balance for DOC, it was established that most of the humic fraction con-
sists of fulvic acids (Petterson et al. 1994).

Besides carbon, the deposit contains significant amounts of other nu-
trients, such as S, N, P and H, for biosynthesis, and multivalent elements
and compounds as energy sources for bacteria to thrive. Reducing condi-
tions dominate in both the rocks and the groundwater. The information on
both bacteria and geochemistry suggests the involvement of bacteria in
controlling the redox conditions of the groundwater.

Microbial analyses established the presence and activity of bacteria in the
ore and in samples of deep groundwater from different parts of the deposit
(Champ 1986, Stroes-Gascoyne et al. 1994). On the basis of adenosine
triphosphate (ATP) analyses, all samples, including those from the high-
grade ore zone, contained relatively large numbers of microorganisms, from
10s to 107 cells/mL. Additional plating tests showed the presence of both
anaerobic and aerobic bacteria, with a much greater abundance (by an order
of magnitude) of the former.

However, some contamination of the natural microflora, from drilling and
sampling activities, is inevitable. Of the anaerobic bacteria, sulphate-
reducing, iron-related and denitrifying bacteria have been identified, and
strong indications were found for the presence of methanogenic bacteria
(Stroes-Gascoyne et al. 1994, Francis 1994). The high concentrations of N2
in the dissolved gas phase (up to several hundred cm3/L N2, including
samples collected underground under artesian conditions) and the low
concentrations of nitrate in the groundwaters are consistent with
microbially catalyzed denitrification, although some of the nitrogen may
have been entrained during recharge of the surface-derived meteoric waters.

Additional work to establish the abundance and activity of microbes in this
deposit is in progress (Francis 1994).

A.6 CLAY ZONE

The ore deposit is surrounded by a clay-rich halo. The thickness of this
clay zone above the ore varies between 1 and 30 m and contains 30 to 802
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clay minerals (illite and kaolinite). The thinner clay zone below the ore
contains about 30% clay minerals (illite and chlorite).

The low hydraulic conductivity of the clay zone is an important parameter
in the effective isolation of the ore zone from the large and highly con-
ductive aquifer in the altered sandstone. The ore zone is saturated with
respect to groundwater, and any connection of the water in the ore zone
vith that of the overlying aquifer in the altered sandstone must be
restricted to fractures through the clay zone. The bulk hydraulic
conductivity values for the clay zone range from 10-6 to 10'9 m/s with
representative values for unfractured matrix clay from 10-8 to 10'9 m/s,
similar to that of the ore zone. The compositions of groundwater in the
ore zone also indicate effective isolation from the sandstone aquifer, both
on a long time scale (up to ~104 a, based on isotope data) and on a short
time scale (based on pH, Eh, dis-solved oxygen, uranium and radium
measurements during a large-scale, 9-day pump test). Measurements of the
36Cl concentration in the groundwaters from the ore zone show relatively
high values (up to 8300 x 10-15 36C1/C1, Cornett et al. 1994), which can be
attributed to the production of 36C1 by neutron capture on 35C1 in the ore
zone waters. Leaching of 36C1 directly from the ore will be minimal,
because the bulk of the hydraulically conducting horizons in the ore zone
are not directly in contact with the highest grades of the uranium
mineralization, which are surrounded by a clay matrix. In addition,
leaching experiments demonstrate that only very low amounts of chloride can
be leached from the ore (Cornett et al. 1994) resulting in a <4£
contribution from leaching of high-grade ore to the 36Cl/Cl value of the
groundwaterwater. Thus, because of the long half life for 36C1, the build
up of the high 36Cl-abundance indicates a relatively long residence time
for groundwater in the ore zone, possibly in the range of 104 to 10s a,
which must be directly related to the effective sealing capacity of the
clay zone overlying the ore. Additional qualitative evidence for this
sealing capacity also comes from observations made during the underground
drilling program carried out by the mining company. Vhen boreholes were
drilled up into the ore zone, from a drift in the basement underneath the
deposit, very little ore-zone water was recovered from each hole (<50 L)
and no observable recharge occurred into the hole from the large aquifer in
the overlying sandstone, unless the drilling accidentally penetrated
through the clay zone into the aquifer.

The dominant clay mineral, illite, probably formed by high-grade diagenetic
alteration of kaolinite and possibly of a mixed-layer illite/smectite pre-
cursor (Percival et al. 1988). Within the deposit, hydrothermal activity,
in the range of 150 to 200°C, has increased the crystallinity of illite
locally to reflect low-grade metamorphic conditions. Minor quantities of
kaolinite, chlorite (sudoite) and a chlorite/illite mixed-layer phase also
occur, particularly in the ore zone (Percival and Kodama 1989, Percival et
al. 1993). No distinction can be made between illites of possible diage-
netic and hydrothermal origin, based on D and 180 data. The illites have D
and 180 values similar to illites from other uranium deposits in the Atha-
basca Basin. However, these latter illites, all from deposits located
close to the present-day surface, have high H20 contents, indicating de-
gradation or retrograde alteration of the original illite. Illites in the
deep Cigar Lake deposit have low H20 contents, which is consistent with the
absence of any evidence for recent alteration by surface-derived processes.
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Illites from the alteration halo have been dated using the K-Ar method
(Percival 1990). The resulting ages of between 1148 and 1255 Ma are
younger than the U-Pb age of 1320 Ma for the primary uranium ore, and
probably indicate closing ages (the time that the crystal structure became
closed to further loss of Ar gas) for illite during the thermal decay of
the hydrothermal system. A younger closing age of 815 Ma for a chlorite-
illite sample from the basement, also observed in other Athabasca deposits,
may reflect a slower thermal decay as a result of a significantly lover
hydraulic conductivity of the basement rock compared with that of
sandstone. On the other hand, a chlorite-illite sample from the ore zone
does not contain any 40Ar and, thus, has an apparent age of zero.
Radiation damage to the clay lattice has likely caused the loss of argon
gas from this mineral sample.

A.7 RADIONUCLIDE MIGRATION

The sandstone host rock underwent hydrothermal alteration in a wide zone
surrounding the location of discharge of hot solutions from the basement,
prior to, and at the same time as, uranium mineralization. This alteration
is characterized by changes in the colour and the clay content of the sand-
stone. The brick-red, unaltered hematite-rich sandstone changes to grey-
white, owing to the dissolution of the hematite. The clay content of the
altered sandstone increases towards the ore zone as a result of dissolution
of quartz from the rock matrix and newly formed hydrothermal phases. The
dissolved quartz reprecipitated in the cooler host rock above the ore, in
an arch-shaped quartz cap. Illite was the main clay mineral formed during
the hydrothermal alteration and is associated with high concentrations of
refractory minerals, such as zircon, anatase, leuzocene, rutile, apatite
and monazite. Kaolinite is also present.

The primary uranium mineralization precipitated uraninite (U02) and coffin-
ite (USi04) inside the clay-rich zone. However, some uranium was also
fixed from the mineralizing solutions in the host sandstone surrounding the
ore and clay zones by precipitation as small uraninite crystals and by
incorporation into silicates (Percival et al. 1988). The distribution of
uranium in the sandstone can be correlated with the extent of hydrothermal
alteration (Cramer 1986b). Arguments for a primary origin for uranium
dispersed in the sandstone above the ore body are (1) the distribution of
highest uranium concentrations in the sandstone above the ore roughly par-
allels the upper boundary of the hydrothermally formed quartz cap (Cramer
1986b), (2) uranium is present as uraninite in the sandstone and incorpo-
rated in silicates, and (3) anomalies for lead (from decay of uranium),
zinc, vanadium and thorium are associated with corresponding uranium anom-
alies in the sandstone matrix more than 300 m vertically above the ore
(Clark 1987).

The first few metres of the clay zone overlying the ore are enriched in
uranium, thorium, radium, lead, lanthanides and several other trace ele-
ments. Part of this enrichment is due to a higher concentration of acces-
sory minerals, such as zircon, apatite and monazite. However, the exponen-
tial decrease in concentration of the elements away from the clay-ore
contact indicates that the main source of the elements is the ore deposit.
Data on the contents of uranium and of rare-earth elements (REE) in samples
from the clay show overall higher values for the clay-size fractions
(<2 /jm) than for the coarser-size fractions. A selective chemical extrac-
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tion study on the clay samples further shows that the uranium is associated
mainly with uraninite and residual silicates. Any uranium dispersed as a
result of initial hydrothermal alteration was likely adsorbed by the
neoformed clay minerals and incorporated in the clay-mineral lattice. In
the iron-rich samples, uranium is also associated with crystalline iron
oxides; in iron-poor samples, it is associated with amorphous iron oxides.

Uranium-series isotope measurements on whole rock samples from the clay
zone and the altered sandstone further confirm that uranium migration does
not occur on any significant scale (Smellie et al. 1994).

Natural fission has occurred since the formation of the ore body and con-
tinues today, producing extremely small quantities of fission and activa-
tion products. Measurements of the 239Pu, "Tc and i*9! show that the ore
contains high contents of these naturally produced isotopes (expressed as
atomic ratios: up to 11.3 x 10'12 239Pu/U, up to 13.5 x 1C-12 "Tc/U, and
up to 2.7 x 10-12 129I/U) (Curtis et al. 1993), and these measured values
show a reasonably good correspondance with those obtained from calculations
of the production rates of these isotopes (Fabryka-Martin et al. 1994).
This suggests dissolution of these radionuclides from the U02 matrix has
been limited on the time scales of these isotopes' half lifes. A more
detailed study of nuclear reaction products in this deposit is currently
underway as part of the collaboration between AECL and the Los Alamos
National Laboratory.

A.8 SUMMARY OF ANALOG INFORMATION

The study of the Cigar Lake deposit has provided valuable information and
feedback to the conceptual models and databases which are used to argue the
safety of the disposal concept and to refine the input to the assessment
models. The analog information has been summarized as follows (Cramer and
Smellie 1993):

(1) U02 dissolution and stability
Information on composition, age.and solubility
MAIN CONCLUSIONS: - long-term thermodynamic stability

- minimal dissolution during 108 a
- congruent dissolution controlled by
surface alteration

(2) Clay sealing
Information on clay composition, stability and hydraulic
properties
MAIN CONCLUSIONS: - illite (rather than bentonite) has

provided effective, long-term sealing
- long-term stability of illite
- excellent barrier to radionuclide
migration

(3) Colloids
Information on composition, formation, stability and
sorption properties
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MAIN CONCLUSIONS: - colloid concentrations are generally
very low with only a small fraction of
radionuclides on colloids

- colloids in ore zone sealed in by clay
halo

- colloids are not important in
radionuclide migration

(4) Groundwater chemistry
Information on composition, redox control, speciation,
solubility and water-rock interaction
MAIN CONCLUSIONS: - interaction with clay minerals controls

bulk composition
- redox chemistry strongly controlled and
buffered by iron redox-couple

(5) Radiolvsis
No definitive information on occurrence or rate of
radiolysis; only indirect evidence suggesting its
occurrence
MAIN CONCLUSIONS: - no dissolution of U02 by radiolytic

oxidation
- scavenging of radiolytic-produced
oxidants likely by dissolved Fe2+

(6) Organics and Microbes
Information on composition and abundance of organics, and
on abundance, type and activity of microbes
MAIN CONCLUSIONS: - microbes can grow and be active in

radiation fields
- microbial mediation in redox control
and buffering

- no adverse effects from organics or
microbes on radionuclide migration
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APPENDIX B

OKLO

B.I INTRODUCTION

The Oklo uranium deposit is located in Gabon, west Africa, and vas formed
about 2.05 x 109 a ago. The deposit occurs in the Franceville Basin in
south-east Gabon, within a 5- to 6-m-thick zone of Lower Proterozoic
fluviatile sandstone and conglomerate with argillaceous and carbonate
cement. It consists of lenses and zones of high grade ore (25 to 60 wt.%
U) surrounded by intermediate-grade ore halos (up to 25 wt.% U) in
sandstone host rock (containing <1 wt.% U). The reactor zones, the high-
grade ore lenses in which spontaneous fission occurred, contain no quartz,
and are rich in iron, chlorite and illite. The alteration halos in the
sandstone contain different polymorphs of chlorite and illite. The uranium
mineralogy consists primarily of pitchblende and uraninite, which formed at
temperatures of 140 to 160°C. Total reserves exceed 2 x 103 Mg U, and the
ore has been mined in a large open pit for about 20 a, followed in recent
years by underground mining down to a depth of about 450 m. Since 1972, a
total of 15 reactor zones have been discovered in the Oklo deposit.

An extensive literature base exists on the Oklo deposit, of which the
following references have been used in this report: Cortial (1985), Cowan
(1976), Curtis (1985), Curtis and Gancarz (1983), Curtis et al. (1989),
Gauthier-Lafaye (1986), Gauthier-Lafaye and Weber (1984), Jakubick and
Church (1986), Loss et al. (1989) and Berzero and D'Alessandro (1990). The
report by Jakubick and Church (1986) provides a comprehensive literature
review on the geological and geochemical conditions of this deposit.
Currently, a new international program of analog studies is in progress,
under the auspices of the Commission of the European Communities (CEC
1993). These multidisciplinary studies include work on both the Oklo
deposit and similar deposits at nearby Okélobondo and Bagombé. Preliminary
results from this new program have been reported in Hémond et al. (1992),
Menet-Dressayre and Ménager (1993), Chapuis and Blanc (1993) and Holliger
(1993).

A short time after the deposit was formed (~2 Ga ago) several kilometres
below the surface, nuclear fission started in the zones with the highest U
grades (>30 wt.% U) and lasted intermittently between 6 to 9 x 105 a.
During each period of criticality, the reactor zones produced heat energy
equivalent to a few hundred kilowatts, and the total amount of energy-
equivalent produced in the deposit during the 6 to 9 x 10s a has been
estimated at 5 x 1011 MJ. The temperatures in'the deposit were between 400
and 600°C (corresponding to a reaction-induced temperature elevation on the
order of 200 to 400°C) during this period, with the maximum temperatures in
the uraninite-rich reactor zones. At the time of nuclear fission, the
estimated depth of the deposit ranges between 1.5 and 4.5 km, and the
estimated maximum hydraulic-pressure ranges between 80 and 100 MPa. A
total of 6 to 12 Mg of 235U underwent fission at integrated fission
densities of approximately 1019 fissions/g, giving calculated neutron
fluences of between 1020 and 1021 neutrons/cm2. The nuclear fission
reactions produced fission products (about 10 Mg) and other nuclear
reaction products, including 4 Mg of 239Pu.
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Following the end of the period of nuclear fission cycles, the geological
history of the deposit during the subsequent ~2 Ga vas relatively quiet and
was dominated by gradual erosion and uplift of the deposit to its present
location, i.e., within 500 m from the surface.

B.2 RETENTION OF U AND NUCLEAR REACTION PRODUCTS

Uraninite in the reactor zones survived for 2 x 109 a; however, there is
evidence that small portions of the uraninite were dissolved and removed
from these zones (Curtis 1985). This evidence comes from detailed analysis
of the various isotopic signatures remaining from the fission and
activation products, in particular neodynium (Curtis et al. 1989, Loss et
al. 1989, Hémond et al. 1992). The dissolution of uraninite here is
thought to have occurred because of the extreme conditions in the reactor
zones during criticality, including localized oxidizing conditions produced
by radiolysis. However, of the nuclear reaction products, more than 80% of
the U, Th, Pu, Nd, Zr, Pa and Te have been retained within the ore where
they were formed. Although the processes of retention and loss are
complicated, uraninite appears to play an important role in this retention
as the host for these elements. Curtis et al. (1989) suggest that the
retention or loss of certain non-volatile elements may be related îo the
formation, within the uraninite host matrix, of separate phases for these
elements under the extreme conditions of criticality. Although not
detected in the Oklo uraninites, such phases are found in used U02 reactor
fuel. At Oklo, the stability of each phase, under the conditions
prevailing during the last 2 x 109 a, would therefore have determined the
extent of retention within the uraninite host.

Uraninite from the reactor zones shows poor retention of nuclear reaction
products that were volatile during criticality, such as Cs, Cd and I
(Curtis 1985, Curtis et al. 1989). Therefore, loss of these elements
likely occurred during criticality when the physical conditions imposed on
the uraninite host were most severe, far exceeding those expected in a
disposal vault. The poor retention of lead in uraninite in the reactor
zones (Curtis et al. 1989) may have also resulted from its loss from the
uraninite crystal as a gaseous phase. In addition, radon, the intermediate
gaseous daughter in the uranium decay series, may readily escape from the
U02 matrix in an open system. Thus, the loss of lead from the uraninite
may also indicate that substantial amounts of radon escaped from the
reactor zones both during and following the period of criticality.

B.3. RADIOLYSIS

Radiolysis may have contributed to mineralogical and chemical changes in
the reactor zones and the host rocks adjacent to these zones by affecting
the redox chemistry. Dubessy et al. (1988) detected H2 in fluid inclusions
in quartz from the reactor zones and the rocks adjacent to these zones.
Measurements on the inclusions indicate heterogeneous trapping of H2 and
aqueous solution at low pressures and low temperatures (from -70 to 100°C).
They conclude, from the compositional data and the distribution of the
inclusions, that this H2 may have formed by radiolysis during the sustained
fission reactions, although younger a-radiolysis of organic matter and/or
water is given as another possible mechanism.
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Curtis and Gancarz (1983) evaluated the fossil record of oiineralogical and
chemical changes in and around the reactor zones of the Oklo deposit, vith
special reference to the redox state of iron. They concluded that the net
reduction of ferric iron in the reactor zones may be due to radiolysis-
produced H2. This reduction of ferric iron is probably associated vith an
enrichment of iron in these zones, compared vith the surrounding rocks.
The oxidation of part of the uranium and of certain fission products by
radiolytically-produced oxidants caused these elements to be mobilized from
the reactor zones into the first few metres of the adjacent host rock. The
uranium content of the deposit, in particular of the reactor zones, has
remained high enough (up to 60 wt.% U) since the time of nuclear
criticality to potentially have produce significant a-radiolysis in the
vater in contact with the uranium deposit during its subsequent ~2 Ga
history. However, any potential effects of radiolysis on the integrity of
the U02 matrix and on radionuclide migration during criticality cannot be
determined with certainty, because of the most recent geological history of
this deposit in a weathering regime and its exposure in an open pit during
several decades prior to the detailed studies. Despite the potential
effects of radiolysis, both during and after the periods of criticality,
the uranium ore remained well preserved, probably because of the redox
buffering capacity of the associated iron and sulphide minerals in the ore.

B.4 ORGANIC MATTER AND BACTERIA

The uranium ore in the deposit at Oklo is associated with hydrocarbon
material, although there is no correlation between uranium concentration
and the amount of organic carbon in the rock (Jakubick and Church 1986,
Cortial 1985). Bituminous material is also preserved in the reactor zones
and was likely present during the period of criticality as shown by its
content of 235U and fission products (Gauthier-Lafaye 1986). The
bituminous material in the Oklo deposit shows a high degree of evolution
and is most mature in the reactor zones where it occurs as oxidized
anthracitic bitumen displaying radiation damage. The high degree of
maturation of the organic matter in this deposit compared with that in the
surrounding host rocks is attributed to the hydrothermal conditions
resulting from the nuclear reactions.

No information is available on dissolved organic carbon contents in the
groundwaters of the deposit prior to mine excavation or on growth or
activity of bacteria in the high-grade ores of this deposit.

B.5 RADIONUCLIDE MIGRATION

The clay-rich host rock around the reactor zones has two distinct zones
resulting from the thermal transient of the sustained fission reactions.
The inner zone contains both chlorite and illite, whereas the outer zone
contains only illite. The total thickness of both zones reaches several
metres around the less than 1-m-thick reactor zones. Dispersion of fission
products must have occurred during and immediately following the period of
nuclear fission. Following the cessation of criticality, temperatures
decreased to ambient temperatures, which, at a depth of several kilometres
during the Archean eon, remained about 100°C for millions of years
(Gauthier-Lafaye and Weber 1984). Loss et al. (1989) and Hémond et al.
(1992) studied the distribution of a number of fission products in the host
rock surrounding two reactor zones (#9 and #10), whereas Curtis et al.
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(1989) studied the inventory of the same fission products. In addition,
Curtis (1985) reported on the distribution of uranium from the reactor
zones in the immediately adjacent host rock.

Of the nuclear reaction products known to have been lost to some extent
from the reactor zones, significant amounts of Mo, Tc, Ru, Pd, Ag, Sb and
Te have been contained in the clay-rich zones closest to the reactor zone
in which they formed, despite the long history of uplift, erosion and
weathering since fixation of these elements. However, mass balance
calculations show that some elements, such as Sn, Cd and I, have been lost
from the vicinity of the reactor zones. For Sn, for instance, only the
soluble component of Sn has been studied, which may account for the low
value obtained for the clay-rich halo. Data on Cd and I indicate that both
elements probably migrated farther into the host rock, to distances of
several tens of metres, although some uncertainty remains regarding the
radiogenic evolution sequence for Cd isotopes. Iodine, on the other hand,
may have been lost as a gas or a volatile compound in the aqueous fluid
phase, mainly during the period of nuclear fission when conditions were
more extreme (Brookins 1984). There is no information indicating whether
the above-mentioned radionuclides migrated in colloidal form, or whether
this migration occurred predominantly along fractures or also through the
matrix of the host rocks.

A recent study (Bros et al. 1993) on the Oklo uranium deposit found
evidence suggesting limited migration of plutonium from the host uraninite
in the reactor core. Plutonium would have migrated about 30 cm to where it
appears to have been incorporated in clay minerals being formed adjacent to
the reactor core during periods of hydrothermal activity. The exact
location of the enriched 235U (the daughter product indicating the presence
of the 239Pu parent) is not known, nor are the conditions under which the
plutonium was extracted from the uraninite in the reactor core. However,
it is likely that this extraction and mobilization occurred under reducing
conditions (Bros et al. 1993) and under extreme hydrothermal conditions
during or following the periods of criticality.
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APPENDIX C

COPPER CONTAINER ANALOGS

Several analogs exist for copper in archaeological objects from Sweden and
in native copper from deposits in North and South America and Europe. The
period of corrosion of these objects ranges frora about 300 to 800 a, vhich
is roughly equivalent to the target design life of 500 a specified for the
reference disposal container in the Canadian Program.

The archaeological objects from Sweden include mostly small bronze
artefacts, such as coins and tools, and a bronze cannon. A study of the
pitting corrosion on these small artefacts (Bresle et al. 1983) focussed on
objects with copper content of well over 80%, although some lower-content
samples were also analyzed. Most objects had been buried either in soil or
in graves for 1000 to 3000 a. One set of almost-pure copper coins had been
buried in mud under about 20 m of seawater for about 300 a. The results of
this study show that the pitting factor for the 1000- to 3000-a-old objects
is from 2 to 3, whereas the 300-a-old coins showed uniform corrosion
instead of pronounced pitting corrosion. A correlation was found between
pit frequency and pit depth, indicating that a higher frequency of
corrosion pits on the metal surface results in a lower maximum pit depth.

In a separate study, Hallberg et al. (1987, 1988) analyzed the corrosion of
a bronze cannon that had been almost completely buried for about 300 a in a
vertical position in moderately compacted clay, consisting mainly of illite
and montmorillonite, in the sea bottom near Sweden. The copper content of
the cannon is more than 96%, with tin, zinc, iron and lead as alloy
additives. The metal matrix contains inclusions of slag products,
primarily consisting of CuO. The corrosion layer on the cannon consists
mainly of Cu20 and Cu2C03(OH)2, and is uniform in composition across tha
whole surface. The depth of the corrosion reaches 0.8 mm in places. From
the analysis of the corrosion features, the matrix impurities and the redox
chemistry at the cannon-clay interface, it is concluded that copper in the
corrosion products is derived from the dissolution of the CuO inclusions
rather than from dissolution of the copper matrix. The presence of reduced
iron and organic matter aided the redox reaction, converting oxidized
copper to reduced copper. In general, this study estimated the mean
corrosion rate, during the 310 a of submarine burial under aggressive
conditions, to be 1.4 x 10'5 mm/a, or <0.5 mm in 104 a for a pure copper.
A separate estimate of the corrosion rate was made based on the analysis of
the copper diffusion profiles in the clay sediments adjacent to the buried
cannon. This latter estimate gives a range for the corrosion rate of
between 4 and 11 x 10"5 mm/a. Further detailed analysis and modelling of
the data for this cannon analog are being undertaken to provide additional
information for the corrosion of candidate copper containers (King et al.
1993).

Bresle et al. (1983) studied a lump of native copper from the same locality
in Michigan, U.S.A., as a native copper boulder described by Johnson
(1989). The material is 98% copper and the boulders are found in glacial
outwash, buried in sand and gravel within 1 m of the surface. The boulders
are considered to have been buried since the last glacial retreat, in other
words for a minimum of about 8000 a. The surface of the native copper is
covered by a corrosion layer of copper oxide (unknown composition) up to
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0.6 mm thick. Analysis of pitting corrosion of the native copper below
this oxide layer resulted in an estimated pitting factor of between 2 and
6, the range being due to uncertainty in determining the mean corrosion
rate.

Marcos (1989) reviewed the occurrence of native copper in a number of
geological settings and from literature data and examination of available
samples. His review includes the same deposit of native copper boulders in
Michigan (described above) and occurrences of native copper in a number of
different host rocks. The formation of these latter deposits (dating back
millions of years) is magmatic and/or hydrothermal, and the native copper
concentrations are generally small (maximum size of the copper particles is
a few centimetres). The history of alteration of the native copper inside
the various host rocks is not known, but all show different degrees of
alteration consisting of coatings of alteration layers. The alteration
likely involved low water-to-rock ratios, since the copper is found inside
crystalline rock in intimate contact with (often unaltered) minerals of the
host-rock matrix. Native copper is stable in the present-day groundwa'cer
found in several of the native copper deposits. However, hydrothermal
solutions may have caused alteration of the native copper during its early
history. The conclusions of Marcos (1989) are largely qualitative and .
state that native copper may have long-term stability in a low-temperature,
low water-to-rock ratio environment given the appropriate conditions.
These conditions include groundwater compositions with moderate pH, low Eh,
low total dissolved solids (TDS) and low chloride concentration.
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APPENDIX D

THE AVONLEA CLAY DEPOSIT (SASKATCHEWAN) AS A BUFFER ANALOG

The bentonitic clay-shale deposits near Avonlea in Saskatchewan (~90 km
south of Regina) were first sampled in 1984 and then examined in more
detail in 1989 (Oscarson et al. 1990). They are of Late Cretaceous age
(6.64 to 9.75 x 107 a old), and were originally deposited as volcanic ash
layers in a shallow brackish sea. The ash was subsequently buried,
consolidated and altered to bentonitic mudstones and shales. These
deposits have been subjected to extensive faulting and fracturing as well
as periods of localized, but intense, desiccation following the last period
of glaciation. Given access to free water, these fractured clays swell,
sealing the desiccation/fault-induced fissures, and thus limiting water
movement through them. Laboratory testing of these materials found that,
although they contain a high concentration of soluble salts (34 g/L), they
maintain an ability to generate a significant swelling pressure (>600 kPa)
and still have a low hydraulic conductivity (10'11 to 10'12 m/s; Oscarson
et al. 1990).
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APPENDIX E

EUROPE

E.I CLAY ANALOGS

A number of bentonite deposits in Europe have been studied as analogs for
long-term stability and performance of a bentonite buffer, undergoing
different types of thermal alteration. These deposits are at Kinnekulle
and on Gotland, Sweden (Smellie 1989b, Pusch and Karnland 1988), on
Sardinia, in France (Pusch and Karnland 1988) and in Italy (Benvegnù et al.
1988).

Both Swedish bentonite deposits are of Ordovician age and originated as
sediments of volcanic ash in a marine environment. The Kinnekulle deposit
has a maximum thickness of 2 m and the clay component consists of mixed
layers of montmorillonite and illite (Smellie 1989b). The Gotland deposit
is only 0.3 m thick and consists of a mixed-layer phase of hydrous mica/
montmorillonite and neoformed illite (Pusch and Karnland 1988). Both
deposits have underground thermal alteration resulting from nearby magma
deposition. The thermal conditions for alteration of the Kinnekulle
deposit have been estimated at 100 to 110°C for several hundred years
followed by at least 103 a at <100°C; those for alteration of the Gotland
deposit have been estimated at 110 to 120°C for at least 107 a. The
alteration of smectite in both deposits produced limited conversion to
illite (only 25X of total clay fraction in the Gotland deposit), and was
probably controlled by the availability of potassium. The plastic
properties of the clays in both deposits did not change significantly,
indicating that the release of excess silica is insignificant under these
conditions. The dissolution of smectite releases silica which, when not
consumed in the formation illite, can form quartz and thereby alter the
plastic properties of the clay deposit.

The Miocene bentonite deposit on Sardinia (Pusch and Karnland 1988)
consists of >10-m-thick layer formed from a volcanic marine sediment. This
deposit has been affected by the deposition of a hot rhyolite lava on top
of the bentonite, soon after the formation of the deposit. The thermal
effect from the lava resulted in alteration of the bentonite within the
immediate contact zone (-1 m thick) at temperatures of >200°C, followed by
a transition zone (-0.5 m thick) at temperatures of 100 to 200°C. The
thermal alteration occurred over <1 a. At present, the clay contains 70 to
90£ montmorillonite, except for the sintered contact (-0.25 m thick), which
contains 60 to 702. The short-term heating resulted in very small changes
in the composition and properties of the bulk of the deposit, but caused
major changes in the immediate contact zone. In this latter hot zone,
cementation, caused by silica dissolution, and partial transformation of
the montmorillonite caused a reduction in swelling and plastic propertie.
of the clay.

The contact zone and the transition zone in the bentonite also provide
evidence for the thermal insulation properties of bentonite. Considering a
temperature of >800°C for the rhyolite lava and two possible scenarios for
alteration (one for wet and one for dry bentonite), modelling by Pusch and
Karnland (1988) shows similar rapid thermal decay for both scenarios.
Similar steep temperature profiles are also obtained in modelling the
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evolution of the temperature profile through a bentonite buffer surrounding
a disposal container with a maximum surface temperature of 100°C (Johnson
et al. 1994).

Benvegnù et al. (1988) describes many sites in Italy where information has
been collected on the natural sealing capacity of clay. These sites
include examples of the effectiveness of clay layers in preventing water
(including hydrothermal solutions) and gas migration (e.g. He, C02, Hg,
etc.), such as found in the geothermal region of central Italy where
hydrothermal solutions and gases are contained or their migration paths
controlled by the clay-rich stratigraphy. Examples (e.g. from tunnels and
other excavations) are given of clay sealing in deposits undergoing uplift,
erosion and fracturing while maintaining overall low hydraulic permeability
in the deposit due to the clay plasticity. The effect of heat on a clay
deposit is described from one locality in central Italy, where a mafic
magma (-800°C) intruded partly into a Pliocene (-4 Ma) clay deposit and
caused physical and chemical changes in the clay contact zone. The
observed changes in the clays from this site are similar to those described
by Pusch and Karnland (1988) for the Miocene deposit on Sardinia. From a
clay quarry at Dunarobba, north of Rome, an interesting example is
described of the isolating property of clay, where fossil tree stumps are
found embedded in lacustrine clay. The clay, deposited 1.5 Ma ago, has
prevented both lignification and silicification of the wood, thus retaining
its original structure. The clay layers have isolated the tree trunks for
about 1 Ma from the oxidizing waters vhich freely circulated through the
overlying sand deposits.

E.2 CONCRETE ANALOGS

Examples of historic concrete, with ages from 60 to 140 a, from different
sites in the U.K. were studied by Majumdar et al. (1988). The samples came
from a cement plant (-140 a old), a factory and a quay (both samples -90 a
old), and a naval dock (-60 a old). All samples contain calcium-silicate-
hydrate (CSH) phases with calcium-to-silicate (C/S) ratios of between 1.3
and 1.7, and in the case of the naval dock, retained a compressive strength
of about 40 MPa. These results indicate that concretes can remain stable
and durable even after prolonged contact with seavater.

Archaeological concrete samples from several countries in Europe, including
the U.K., France, Italy and Greece (Petit 1989, Majumdar et al. 1988), have
been studied and range in age from 1500 to 2500 a. The essential
difference in composition between these archaeological concretes, and that
of modern concrete, is that the ancient concrete is a lime-based hydraulic
cement where the basic hardening mechanism is carbonation. The discovery
of the benefits of using calcium-silicate-based cement came only in the
late 18th century. Nevertheless, some of the archaeological concrete
samples show the presence of CSH phases. It is thought that the use of
locally available, impure materials, possibly in combination with certain
maturation conditions, produced CSH phases in these concretes.

For example, the concrete in samples from Hadrian's Wall, U.K. contains CSS
phases that are linked to the use of chert (a form of Si02) in the mortar,
thereby skewing the overall composition towards calcium silicate. Here the
presence of CSH phases and the C/S ratio of between 1.10 and 1.21 provide
an indication of the durability of CSH phases formed more than 1800. a ago.



- 92 -

Another example is found in concrete and mortar from about 2000-a-old
thermal baths in France (Rassineux et al. 1989). These Roman baths ceased
operating tovards the end of the second century AD, and have been buried in
soil and exposed to weathering for the last 1800 a. The CSH phases (with
C/S ratios between 1.0 and 1.6) were found in concrete and mortar
containing fragments of crushed brick from which reactive silica was
derived during the maturation reactions. These latter reactions, which may
have been aided by the thermal effect of the hot air and water used for the
baths, also produced a void-filling phase (ettringite), resulting in a
strong and low-permeability concrete. In contrast, masonry cement without
the addition of crushed brick was completely carbonated and, as a result,
badly deteriorated. The information from these baths shows that CSH phases
have survived for about 1800 a without any noticeable recrystallization and
contributed to the long-term stability and strength of the concrete.
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APPENDIX F

AUSTRALIA

F.I INTRODUCTION

The Alligator Rivers district in the Northern Territory of Australia
contains several large uranium deposits, such as at Koongarra, Nabarlek,
Ranger and Jabiluka, and many small uranium prospects.

F.2 CLAY ANALOGS

The Austatom uranium prospect, one of the small prospects, consists of a
secondary uranium deposit in a fully weathered schist about 70 m below the
surface (Shirvington 1983). The schist is rich in clay minerals containing
abundant kaolinite, illite and minor amounts of montmorillonite. A study
of the U-series isotopes in this deposit and its weathered host rock shows
a minimum age of 3.6 x 105 a for the deposit, and a preferential retention
of oxidized uranium by illite and montmorillonite in the rock. The isotope
data indicate that the dissolution of 234U from kaolinite-based clay is
preferentially suppressed when illite and/or montmorillonite is present,
even under strongly oxidizing conditions (Shirvington 1983). These latter
conditions are shown by the ferrous/ferric ratio and the absence of
significant U(IV) in the rock. This information suggests that oxidized
uranium (U(VI)) in the rock is likely present as isomorphic substitution in
the lattice of the illite or irontmorillonite minerals.

F.3 KOONGARRA

Analog scoping studies were initially carried out on all four large
deposits; however, the Koongarra deposit has been the main focus for
detailed studies since the mid-1980s (Duerden et al. 1987, Duerden 1992).
The Koongarra deposit of uraninite-rich veins is located in a near-surface
oxidizing environment (from ~10 to -100 m below surface) in quartz-chlorite
schists (>1.6 x 109 a old) near the contact with a sandstone formation.
Weathering of the uranium mineralization and its host rocks penetrates down
30 m from the surface and has produced a tongue-like fan of secondary
deposits (containing pitchblende, uranium silicates and phosphates)
extending down-slope over about 80 m. The hydrogeology is relatively
simple d?d includes recharge along a fracture escarpment to the north and
lateral movement through the deposit to the south.

A 5-a international program of analog studies was started in 1987 with the
main objective to study radionuclide migration in this deposit, and to
develop models for radionuclide migration relevant to performance
assessment (Duerden 1992). The main process is the weathering of the
uranium mineralization, through interaction with recharging oxidizing
surface waters, and the lateral migration of the weathering plume with
redistribution of the uranium and associated nuclides. The dominant
retardation process for the uranium is fixation on secondary oxides of iron
and manganese.

The Alligator Rivers Analogue Project held a Final Workshop in October 1992
in Toledo, Spain. The proceedings of this workshop will be published in
1994.
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APPENDIX G

CHINA

The more than 2100-a-old burial site near Changsha in southern China is an
anthropogenic analog for a clay-based sealant, even though the clay is not
bentonite (Lee 1985, Lee et al. 1986). The site (also known as Mawangtui)
consists of two earthen mounds, and excavation in one of these mounds in
1972 revealed a tomb 16 m below the surface and well below the existing
water table. The cadaver, together with other objects and artefacts, was
surrounded by a multicomponent barrier of various materials, including
fabric wrappings, several wooden coffins, a charcoal layer and a kaolinite-
rich layer. The cadaver and some of the materials inside the coffin were
well preserved, indicating effective isolation from outside water and air
for more than 2100 a. The 60- to 300-cm-thick, kaolinite-rich layer,
consisting of a grey-coloured clay containing reduced iron, is considered
to be the main sealant. Compared with other types of clay (white and
yellow) in similar Chinese burial sites, this clay was the best sealant,
thus providing the best preservation. These white and yellow kaolinite-
rich clays contain separate oxidized-iron phases, which may affect the
swelling properties of the clay. The hydraulic conductivity of the grey-
coloured kaolinite in the Mawangtui tomb was low enough to prevent the
penetration of groundwater for more than 2100 a under shallow burial
conditions. Therefore, considering that kaolinite has a hydraulic
conductivity at least an order of magnitude higher than that of bentonite
and illite, and has no appreciable swelling capability, sealants based on
bentonite or illite should perform better than kaolinite under similar
conditions.
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APPENDIX H

OMAN

Alkaline groundwaters emanating from a number of springs in Oman, Arabian
Gulf (Bath et al. 1987) and in Jordan (Khoury et al. 1992, Alexander et al.
1992) were studied as analogs for highly alkaline pore-water solutions from
concrete. In particular, the studies analyzed chemical solubility and
speciation for a number of elements, and the microbial activity in these
natural waters as an analog for the viability and growth of microorganisms
in a vault environment that includes concrete, for example as a sealing
material and for structural support.

The hydrogeochemistry of the spring waters resembles concrete pore-water
compositions, including pH values of 11 to 11.5 which are close to those of
concrete pore waters. In addition, the mineral precipitates in the spring
waters, such as portlandite, resemble those found in concrete pore waters.
Even though the bacteria counts in these groundwaters are low, the genera
found are similar to those in less extreme environments. The dominant
bacteria in the alkaline waters are both aerobic and anaerobic
heterotrophic species, some of which were cultured at pH above 10 and 11.
Activity measurements indicate that, besides high pH, the low supply of
nutrients also limits activity in these natural waters. Although sulphate-
reducing bacteria (SRB) were isolated from some of the springs, there is
uncertainty about their activity and ability to survive at the pH 12.5 to
13. of concrete pore water.

Alexander et al. (1992) summarizes the results of testing different
speciation codes carried out by four independent groups. Good agreement
was obtained between the four modelling groups with respect to chemical
predictions on solubility and speciation for a number of elements.
However, the accuracy of the predictions is strongly dependent on the
thermodynamic data incorporated in each code.
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APPENDIX I

POCOS DE CALDAS

1.1 INTRODUCTION

A comprehensive natural analog study has been conducted on two ore deposits
near the town of Poços de Caldas in Minas Gérais, Brazil (Smellie et al.
1987, Smellie 1989, Chapman et al. 1992). The 60 to 80 x 106-a-old
deposits occur in a Cretaceous complex of alkaline intrusive rocks,
consisting mainly of phonolites and syenites of volcanic to subvolvanic
origin. One contains a uranium deposit of pitchblende and uraninite, which
is mined in the Osamu Utsumi mine. The second, containing an ore rich in
thorium and rare-earth elements (REE), is located in a hill known as Morro
do Ferro and has not been mined (Eisenbud et al. 1984, Linsalata et al.
1987). The area contains a number of hot springs, and the rocks in the
area have undergone deep, local, hydrothermal alteration. Subsequently, a
low-temperature, surface-derived weathering has been superimposed locally
on the (older) hydrothermal alteration.

1.2 OSAMU UTSUMI

The uranium deposit at the Osamu Utsumi mine is within about 100 m of the
surface, and has been affected by secondary remobilization of pitchblende
and uraninite from the surface-derived redox front. This front represents
the penetration of surface waters along deeply plunging fracture zones in
the rocks, which has oxidized the rocks to depths >70 m from the surface.
This alteration is superimposed on the hydrothermal alteration, which is
characterized by clay-mineral formation, whereas the oxidized phonolite is
characterized by the presence of limonite and the absence of sulphide.
Below the redox front, the characteristic iron phase is pyrite and here the
groundwaters are mainly reducing. Uranium in the deposit occurs as fine-
grained aggregates of pitchblende disseminated throughout the matrix of the
unoxidized rock. Most of the elements in the rock show effects of
mobilization near the redox front, resulting in the formation of larger
accumulations of uranium with well-developed colloidal structures
associated with iron oxyhydroxides.

The near-surface deposit has relatively low contents of dissolved organic
carbon in the groundwaters, and overall it is poor in nutrients (Smellie
1989). However, energy available from pyrite oxidation and possible
nutrient cycling are thought to be able to support microbial activity.
Information from detailed microbial analysis is not yet available, but
geochemical observations strongly suggest the involvement of iron-oxidizing
bacteria in pyrite oxidation, to produce ferrous iron and polymeric or
colloidal sulphur. As yet, no firm conclusions can be made on the role of
organic matter or of bacterial activity in radionuclide migration in this
deposit.

1.3 MORRO DO FERRO

The ore deposit at Morro do Ferro is located on the south side of the hill,
extending down to a depth of about 50 m and containing between 0.5 and 3.0%
thorium and REE. The richest portion of the ore lies within 10 m of the
surface. The phonolite and syenite host rocks are strongly altered by both



- 98 -

hydrothermal alteration and weathering. These processes caused a network
of weathering-resistant magnetite dykes (1 to 5 m thick) in the host rock
and lateritic-soil cover (1 to 3 m thick) on the surface. The thorium and
REE are widespread in the surface material and are especially concentrated
near some of the dyke contacts. Physical and chemical transport of these
elements into the surface and groundwaters draining from the site has
resulted in relatively high concentrations of these radionuclides in soil
and plants within the watershed. For instance, thorium is transported
primarily in association with colloidal organic compounds and deposited
downstream in soil from which plants have subsequently extracted the
radium-daughter isotopes 226Ra and 228Ra.

1.4 USE OF ANALOG INFORMATION
s-

The main focus of this analog study related to the testing of several
models and hypotheses regarding radionuclide mobilization and migration,
which may be used in performance assessment (McKinley et al. 1992, Chapman
et al. 1992). The topics included (a) the testing of codes for trace
element solubility and speciation, (b) the role of colloids in radionuclide
migration, and (c) the testing of predictions for reactions at redox
fronts. The results of this study and their application in performance
assessment can be summarized as follows (McKinley et al. 1992, Chapmsn et
al. 1992):

(a) - "Blind" predictions of trace element solubilities and speciation,
carried out by different groups, agreed very well with each
other, providing confidence in the codes and databases used.

- Comparison of the "blind" predictions with actual measured values
in Poços de Caldas waters showed the predictions to be
conservative to very conservative (i.e., predicted values are
higher than actual measured values).

- These conservative predictions may be due to incompleteness of
the current thermodynamic databases, i.e., exclusion of solid-
solutions.

(b) - Inorganic colloids and organics are present in Poços de Caldas
waters and several trace elements (e.g., REE) and radionuclides
(e.g., Th, U) are clearly associated with these colloids and
organics.

- Colloids appear not to contribute significantly to elemental
mobility in either the shallow or deep groundwaters.

(c) - Water-rock interactions produce very sharp redox fronts (on the
order of millimetres to a few centimetres), with oxidation of
ferrous iron as the redox-controlling process having fast
reaction kinetics compared with diffusion.

- A "redox trap" mechanism at Poços de Caldas immobilizes many
relevant trace elements as co-precipitates with secondary iron
minerals.
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The sharp redox fronts at Poços de Caldas provide qualitative
information for modelling the development of a redox front (from
potential radiolysis) in the buffer surrounding a disposal
container.
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APPENDIX J

HYDROTHERHAL SEDIMENTS

In studies of low-temperature (15 to 60°C) hydrothermal solutions from
active springs in the Massif Central, France, fractionation of the REE
during vater-rock interaction was observed (Michard et al. 1987, Sanjuan et
al. 1988). Rising, hot, C02-rich waters, originating from a migmatitic
granite, mix with shallow, subsurface, dilute waters and cool in a sedi-
mentary reservoir. The resulting hydrothermal solutions have low uranium
and REE contents, which is attributed to their fixation on iron oxides and
hydroxides, and on carbonates (including siderite) respectively. However,
enrichment of the heavy REE (Gd-Yb) in the waters is attributed to complex-
ation with aqueous carbonate species. Recent work on higher temperature
hydrothermal solutions (up to ~350°C) from various active geothermal sites
(Michard 1989) shows low REE concentrations in neutral pH waters,
reflecting the same REE distribution pattern as the host rock. In fact,
the REE contents of secondary mi.-.erals formed from hydrothermal alteration
of rhyolite (the volcanic equivalent of granite) suggest (e.g., Sturchio et
al. 1986) that REE migration from the host rock through the solution has
taken place on a scale of less than 1 mm. Generally, hydrothermal activity
is not expected to affect the REE content of the solid phases unless the
water-to-rock ratio is very high and the pH is low.

Many saline hydrothermal solutions emanating from seafloor vents are en-
riched in REE compared with average seawater (Hinkley and Tatsumoto 1987,
Olivarez and Owen 1989). However, the seawater near such vents is actually
depleted in REE (compared with normal seawater at a comparable depth),
whereas the hydrothermal sediments surrounding these vents are enriched in
both REE and iron. According to Olivarez and Owen (1989), this anomaly is
explained by REE coprecipitation with iron oxyhydroxides when the emanating
hydrothermal solutions mix with the seawater. Although the water-to-rock
ratios in these hydrothermal seafloor systems differ from those expected in
the vault, this analog shows the importance of iron oxyhydroxides as
scavengers of dissolved radionuclides, even in saline solutions at elevated
temperature.
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APPENDIX K

ATIKOKAN AND LAC DU BONNET

Granitic rocks at Atikokan in Ontario and Lac du Bonnet in Manitoba have
been studied to obtain information on natural radionuclide migration.
Uranium, thorium and REE are indigenous to granitic rocks, and these
elements are considered to be chemical analogs for some of the vasts
radionuclides, i.e., U for Np, Th for Pu, and REE for Am and Cm.

Analyses of various granite sample suites, containing (1) pristine granite,
(2) altered granite and (3) fracture-filling minerals, indicate that uran-
ium, thorium and REE are mobilized and redistributed during alteration.
Results of these studies on the granites at Lac du Bonnet and Atikokan have
been published by Gascoyne and Schwarcz (1986), Gascoyne and Cramer (1987),
Kamineni (1986), Kamineni and Bonardi (1983), Kamineni et al. (1986) and
Griffault et al. (1993).

Upon alteration of granite, the extent of radionuclide migration depends on
a number of factors, including type of alteration, redox chemistry and
granite petrology. The type of alteration of granite is mainly a function
of temperature, ranging from high temperature through intermediate (hydro-
thermal) to low temperature. All three types of alteration are found in
granitic rocks at all depths. However, because of the higher permeability
of the stress-relaxed granite at, and near, the surface, low-temperature
alteration at surface, in the form of weathering, differs from low-tempera-
ture alteration at depth. Pervasive bulk leaching of uranium from surface
granite, to depths of tens of metres, occurs by diffusion when oxidizing
surface water penetrates the permeable rock matrix. Such bulk leaching of
uranium (i.e., all isotopes are leached at the same rate) can be
demonstrated by the absence of fractionation of 234U from 238U, and a
corresponding large excess of the 230Th daughter from the uranium decay
chain. This leaching process must be relatively rapid, at least on a
geological time scale, because no appreciable loss of calcium and socîium
(which are highly soluble and not sensitive to redox conditions) is seen in
the rock matrix. With increasing depth, bulk leaching of uranium from the
rock ceases except in fractures containing oxidizing groundwater, (i.e.,
recent recharge from surface sources). At depth, groundwater becomes more
reducing and uranium dissolution is slower and more isotope-selective,
causing isotopic fractionation and redistribution of uranium rather than
bulk removal.

In fact, mass balance relations in sample suites of altered and pristine
granite from depths greater than about 150 to 200 m suggest a 'closed sys-
tem' (i.e., no mass transport out of the system) behaviour of the granite
upon alteration where groundwater flux is low (Gascoyne and Cramer 1987).
In these samples, uranium, thorium, REE and other trace elements of
interest have been mobilized and redistributed along the water-bearing
fractures upon alteration of the granite from pristine to highly altered.
Large concentrations of these elements occur in and around fractures, that
are filled with low-temperature alteration minerals, where they are either
associated with clays and iron oxides, due to sorption, or crystallized as
separate phases, such as uraninite, bastnaesite and thorite. The zone of
alteration minerals in the host rock immediately adjacent to the fracture
acts as a sink for trace elements that are mobilized from deeper in the
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rock matrix and diffuse towards the fracture. The 'closed-system'
behaviour is also reflected in strontium isotope studies (Kamineni et al.
1990, Peterman and Kamineni 1990), where the isochron for the altered
samples is rotated about the mean value for the bulk rock. This
observation indicates that the Rb-Sr whole-rock systems probably remained
closed during alteration, at volumes larger than the actual samples used
for analysis.

The surfaces and infillings of fractures, consisting of low-temperature
alteration minerals, also fix dissolved or colloidal radionuclides from
groundwater migrating through the fracture by sorption and precipitation.
Data for the Eye-Dashwa Lakes plutonic rock at Atikokan and the Lac du
Bonnet granite (Kamineni 1986, Kamineni et al. 1986) show high concentra-
tions for uranium, thorium and REE in the fracture infillings and in the
adjacent, highly altered granite, resulting both from sorption on clay
minerals and goethite and from precipitation as separate minerals. In
addition, uranium isotope data for samples of rubble infillings in frac-
tures from the Lac du Bonnet granite (Gascoyne and Cramer 1987) show
evidence of recent (<1 Ha) migration and fixation of uranium, most likely
through the process of or-recoil in the permeable rubble zone of the
fractureo Thus, depending on local conditions and/or the mineralogy of the
migration paths, groundwaters in different parts of a granitic rock may
mobilize radionuclides by dissolution or colloid formation and these can
sub-sequently be removed from the migrating groundwater by sorption and
preci-pitation.
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