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PREFACE

This report concerns a study which is part of the SKI performance assessment project
SITE-94. SITE-94 is a performance assessment of a hypothetical repository at a real site.
The main objective of the project is to determine how site specific data should be
assimilated into the performance assessment process and to evaluate how uncertainties
inherent in site characterization will influence performance assessment results. Other
important elements of SITE-94 are the development of a practical and defensible
methodology for defining, constructing and analyzing scenarios, the development of
approaches for treatment of uncertainties and evaluation of canister integrity. Further,
crucial components of an Quality Assurance program for Performance Assessments
were developed and applied, including a technique for clear documentation of the
Process System, the data and the models employed in the analyses, and of the flow of
information between different analyses and models.

Bjorn Dverstorp
Project Manager



Sammanfattning

Statens kärnkraftinspektion har genomfört säkerhetsanalysprojektet SITE-94 bl. a.
för att undersöka hur platsspecifika data bäst kan användas i arbetet med
säkerhetsanalysen, och utvärdera hur platsspecifika egenskaper inverkar på
säkerhetsanalysens resultat Projektet omfattar en säkerhetsanalys för ett
hypotetiskt djupförvar för använt kärnbränsle placerat vid SKBs Äspölabora-
torium, där en stor mängd platspecifika data finns tillgängliga.

I denna rapport beskrivs hur platspecifika geokemiska data kan utnyttjas i
modeller som simulerar den långsiktiga utvecklingen av när området. De
idealiserade modeller som använts bygger på antagande om jämvikt vid ett
sluttillstånd, eller stationärt tillstånd, i tre slutna system som representerar
vattenmättad bentonit, korrosionsprodukter från korrosion av järn i kapseln, och
använt bränsle. En viss mängd platspecifikt grundvatten antas först nå jämvikt
med bentonit och därefter med korrosionprodukterna från kapseln. Ett tredje,
slutet system som representerar använt kärnbränsle, modelleras som bränsle-
upplösning i 1 kg vatten som varit i kontakt med korrosionsprodukter från
kapselmaterialet, kopplat till antagande om konstant hastighet för produktion av
oxidanter, som bildas genom oc-radiolys av H2O(^. I denna modell simuleras
också utfällning av sekundära faser, som bestämmer lösligheten av radionuklider
som lösts upp från bränslet. I beräkningarna används version 7.2 av den geo-
kemiska datorkoden EQ3/6, med dess termodynamiska databas, dataO.com.R22.

Resultaten, vars primära syften är att illustrera ansatsen i modelleringen och att
användas i den fortsatta analysen i SITE-94, indikerar att redoxpotentialen och
pH i närområdet kontrolleras av samverkan mellan grundvattnet och bentonit-
bufferten, järnet i korrosionsprodukter från kapseln och använt kärnbränsle.
Sådana reaktioner förutses kontrollera närområdets Eh och pH inom ett smalt
område, och kan då ge löslighetsbegränsade källtermskoncentrationer, eftersom
man i säkerhetsanalsyser ofta antar att de löslighetsbestämmande faserna är enkla
oxider eller hydratiserde oxider. Större spridning i lösligheter uppstår dock för
grundämnen som har en mer komplex speciering och förekommer i flera oxida-
tionstal inom det område av Eh-pH som förekommer i närområdet (tex. Se).

Slutsatsen är att kemiska modeller som beskriver utvecklingen av kemin i när-
området kombinerade med termodynamiska modeller för speciering och löslig-
hetsberäkningar för radionukliderna, kan användas för att infoga platsspecifika
data i säkerhetsanalysen, och för att hantera osäkerheter som finns inneboende i
både platsegenskaper och i konceptuella modeller för närområdeskemin. Det är
emellertid viktigt att expertbedömningar, liksom allmän försiktighet iakttas så att
modellresultaten blir konservativa i förhållande till kända och dokumenterade



osäkerheter. Allra viktigast är kanske att förstå att det inte går att modellera de
komplexa kemiska förhållandena och de långa tidsskalorna (som är nödvändiga
vid en analys av slutförvaring av kärnavfall), med hög noggrannhet För säkerhets-
analyser räcker det emellertid med uppskattningar, och modelleringsansatser av
den typ som beskrivits i denna rapport kan användas. Teknisk oberoende gransk-
ning (peer review) och korsvisa jämförelser med närområdeskoncept som använts
i andra säkerhetsanalyser ger en bra utgångspunkt för att skapa trovärdighet åt
resultaten av modellering av närområdet.



Executive Summary

The Swedish Nuclear Power Inspectorate is carrying out the SITE-94 Project
to determine how site characterization data can best be assimilated into the
performance assessment process, and to evaluate how uncertainties inherent in
site properties could influence performance assessment results. The project
includes a trial performance assessment of a hypothetical geologic repository
for spent nuclear fuel, using site-specific data from the Aspo Hard Rock
Laboratory.

This report evaluates methods for the incorporation of site data into models
simulating the long-term chemical evolution of the near field. The models are
based on limiting conditions at equilibrium, or steady state, in three closed
systems representing fully saturated bentonite, Fe° corrosion products of the
canister, and spent fuel. A 1 kg reference mass of site groundwater is assumed
to equilibrate first with bentonite and then with the canister's corrosion
products. A third closed system representing spent fuel is modeled in terms of
spent-fuel dissolution in 1 kg of water evolved from the canister, coupled with
steady-state constraints on the rate of oxidant production by a radiolysis of
H2CK/). Precipitation of secondary minerals controlling the solubilities of
radioelements dissolved from spent fuel is also simulated in this model.
Version 7.2 of the EQ3/6 geochemical software package and its supporting
composite thermodynamic database, dataO.com.R22, are used to carry out
these calculations.

Results, though intended primarily to illustrate the modeling approach and to
support a companion study in which radionudide solubilities are calculated for
the SITE-94 performance assessment, suggest that near-field redox potentials
and pH would be controlled by interactions of site groundwater with the
bentonite buffer, with Fe corrosion products of the canister, and with spent
fuel. Such reactions are predicted to control the near-field Eh and pH over a
narrow range, and could thus control solubility-limited source-term
concentrations because simple oxides or hydrous oxides are often assumed in
performance assessment models to be solubility limiting. Broader ranges in
solubility will arise, however, for elements displaying complex speciation
behavior and multiple oxidation states over the range of near-field Eh-pH
conditions (e.g., Se).

It is concluded that chemical models of near-field evolution combined with
thermodynamic models of radionudide speciation-solubility behavior can assist
efforts to assimilate site characterization data into the performance assessment
process, and to deal with uncertainties that are inherent in both site properties
and in concepts of near-field chemistry. It is essential, however, that expert
judgement and prudence should be exercised such that model results are



conservative with respect to acknowledged and documented uncertainties.
Most importantly, it must be recognized that it is probably not possible to
model with a high-level of accuracy the complex chemical environments and
long timescales involved in disposal technologies for nuclear wastes. For
performance assessment, however, only bounding values are needed, and
modeling approaches such as described in this report are useful for this purpose.
Technical peer review and cross-comparisons of near-field modeling concepts
adopted in other performance assessments provides a basis for building
confidence in the results of near-field modeling.
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1 Introduction

The Swedish Nuclear Power Inspectorate (SKI) is carrying out the SITE-94
Project to determine how site characterization data can best be assimilated into
the performance assessment process, and to evaluate how uncertainties inherent
in site properties could influence performance assessment results (SKI SITE-
94). The project includes a trial performance assessment of a hypothetical
geologic repository for spent nuclear fuel, using site-specific data from the
Aspo Hard Rock Laboratory.

This report evaluates methods for the incorporation of site data into models
simulating the long-term chemical evolution of the near field. Such models are
important for performance assessments because the chemical environment in
the near field controls the solubility-limited source-term concentrations of
radioelements released from spent fuel. An approach is demonstrated for
calculating variations in groundwater chemistry resulting from interactions of
Aspo site groundwater with the bentonite, canister, and waste-form
components of the engineered barrier system. In these near-field models, site
groundwater is assumed to equilibrate first with bentonite and then with the
canister's corrosion products. A third closed system representing spent fuel is
modeled in terms of spent-fuel dissolution in the solution evolved from the
canister.

The modeling approach is applied in a companion study to evaluate
radioelement solubilities for use in the SITE-94 performance assessment
(Arthur and Apted, 1996). The primary focus of the present study is thus on
model development, and how site-specific data can be assimilated into these
models. The models are described in Section 2. Examples illustrating the use
of the models are discussed in Section 3. Concluding remarks in Section 4
address specifically the predicted evolution of Eh-pH conditions in the near
field, because these solution parameters are critical determinants of
radioelement speciation-solubility behavior (Arthur and Apted, 1996).



Chemical Models of Near-Field Evolution
The near field of a Swedish repository for spent nuclear fuel will consist of a
system of multiple engineered barriers emplaced in crystalline host rocks at a
depth of 500m (SKI SITE-94). The engineered barriers include spent fuel rods
in a canister consisting of an inner Fe° layer and an outer layer of Cu°. A
bentonite buffer will separate the canister from the host rock.

The chemical evolution of this system will be controlled by reaction-diffusion
phenomena driven by the inherent thermodynamic instability of some barrier
materials (spent fuel and Fe°), and by irreversible reactions leading to
equilibrium among other materials, their alteration products, and the ambient
geochemical environment (bentonite and Cu°). The governing equations for
reaction-diffusion systems can in principle be solved as a function of space and
time (Lichtner, 1985). In practice, however, assumptions are necessary to
reduce the chemical complexity of the near-field system to manageable levels.

We have chosen to approximate the chemical evolution of the near field in
terms of limiting conditions at equilibrium, or steady state, in three closed
systems representing fully saturated bentonite, Fe° corrosion products of the
canister, and spent fuel (Table 2.1). A 1 kg reference mass of site groundwater
is assumed to equilibrate first with bentonite and then with the canister's
corrosion products. A third closed system representing spent fuel is modeled
in terms of spent-fuel dissolution in 1 kg of water evolved from the canister,
coupled with steady-state constraints on the rate of oxidant production by a
radiolysis of H2CK/). Precipitation of secondary minerals controlling the
solubilities of radioelements dissolved from spent fuel is also simulated in this
model.

Reaction path calculations are carried out to simulate the cumulative effects of
reversible and irreversible reactions in distributing components among and
within the phases in the respective near-field systems. All the reactions,
regardless of whether they are homogeneous or heterogeneous, contribute to
progress in advancing the system from an initial state of disequilibrium to a
final state of overall equilibrium (bentonite, canister models), or to a steady
state determined by the relative rates of spent-fuel dissolution and radiolytic
oxidant production (spent-fuel model). Version 7.2 of the EQ3/6 geochemical
software package (Wolery, 1992) and its supporting composite
thermodynamic database, dataO.com.R22, are used to carry out these
calculations.

The following sections describe how site data and concepts are incorporated
into the near-field models. The specific cases are intended to illustrate a
general approach that could be taken to evaluate the effects of such
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Na+
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SO42-
HCO3-
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2100
8.1

1890
42
8.8
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560
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1.5

0.005
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8.1
-025

Saline

3050
7.3
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1.6
—
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8.0
-0.25

Dilute

32.5
2.2
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4.9
—
18
48

115
0.9
—

4.2
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0.0

Bentonite-Equilibrated Porewater

Canister-Equilibrated Porewater

Mineralogy

Mineral
(volume %)

Smectite
Quartz
Plag.
Carbonate
Pyrite

75
15
7

1.4
0.3
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Composition"
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NaAlSi3O8

CaAl2Si2O8

CaCO3

MgCO3

FeCO3
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23

6
1

98
2
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0
0
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Sn
I
Cs
Ra
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U
Np
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Pu

1.3e-3
8.0e-3
7.8e-4
8.4e-2
1.5e-4
1.4e-2
1.4e-9
3.7e-7
4.1e-l
6.0*4
3.2e-5
3.1e-3

T

15

/an

15
/80

15

Notes

B

C

SF

1EBS:

MX-80 bentonitc with 30% porosity. Solid-solution models for smectite, plagioclase,
and carbonate assume ideal mixing of end-member components.

Magnetite is assumed to be the only corrosion product of Fe°.

Radioelements are assumed to be uniformly distributed in the matrix. Partial inventory
at 1000 years assuming an average PWR fuel with a burnup of 33,000 megawatt days per
metric ton initial heavy metal (Bruton and Shaw, 1988).

B- bentonite; C- canister, SF- Spent Fuel. * Basis species concentrations in mg H, Eh in V.
** Solid-solution components in italics: mol% (bentonite), or mol lOOg"1 spent fuel.

Table 2.1. Initial Conditions in the Near-Field Models.



uncertainties on predictions of near-field evolution and performance.

2.1 Initial Conditions and Assumptions

2.1.1 Canister failure time

The canister failure time is important because it controls the radionuclide
inventory when water first contacts the waste. A canister failure time of 1000
years is assumed in the present study. This failure time is also adopted in
SITE-94 (SKI SITE-94).

2.1.2 Transients

The anticipated long service-life of the canisters would delay contact of the
spent fuel by groundwater until most transients arising from waste
emplacement have dissipated. These early transients could impact the chemical
evolution of the near field, however. During the pre-closure period, for
example, when tunnels, shafts, and boreholes are open, the host rock will be
continuously exposed to air. Oxidation of ferrous sulfides and aluminosilicates
could occur at this time. The effects of the resultant oxidized region of the
host rock on the evolution of geochemical conditions in the near field is
unclear, but it is assumed that the effects are likely to be relatively small nvrr
the long term (SKI SITE-94). Other transient periods not considered in this
study include the post-closure period of host-rock heating, resaturation of the
bentonite buffer, corrosion of the steel/copper canister, and the corrosion of
Zircaloy cladding around spent fuel.

2.1.3 Temperature

A maximum near-field temperature of 80°C, and a minimum near-field
temperature is 15°C, is assumed. The minimum temperature is most realistic
for calculations involving spent fuel dissolution and evaluations of radioelement
speciation-solubility behavior because the thermal period in the repository is
expected to be relatively short lived, and because a canister failure time of
1000 years is assumed. The maximum temperature could be relevant,
however, for an alternate scenario involving early canister failure.

2.1.4 Groundwater composition

The compositions of the SITE-94 reference groundwater and two variants are
shown in Table 2.1. The reference groundwater composition is based on
chemical characterization of multiple groundwater samples from the 530 - 535
m sampling interval in borehole KAS02 at the Aspo site (Smellie and
Laaksoharju, 1992; Glynn and Voss, 1996). A deep saline groundwatcr from
Aspo borehole KAS03, and a shallow dilute groundwater from Aspo borehole



HLXOl reflect the range in salinities observed at this site. Both the KAS02 and
KAS03 waters are reducing and alkaline. The shallow groundwater, however, is
slightly acidic and relatively oxidizing. All the water samples are nearly pristine
(i.e., they contain a very low content of contaminating drilling fluid).

Measurements of dissolved Al are unavailable for the groundwaters in Table
2.1. Such data are necessary, however, to evaluate heterogeneous equilibria
involving aluminosilicate minerals. It is therefore assumed that all the
groundwaters initially contain 0.01 mg I-1 ZAP. This appears to be a
reasonable upper bound, because aluminum concentrations in most natural
waters rarely exceed this value (Hem, 1970).

In the following discussion the KAS02 groundwater is referred to as the
Reference groundwater. The KAS03 and HLXOl groundwaters arc referred to
as the Saline and Dilute variants of the reference groundwater, respectively.

Z1.S Scenarios

The initial groundwater compositions and assumed near-field temperatures
could approximate conditions in the repository corresponding to various
possible scenarios of repository evolution:

1) reference groundwater (15°Q; moderate salinity, sub-horizontal flow of
groundwater corresponding to present-day conditions at the Aspo site,

2) reference groundwater, early canister failure (80°C); present-day conditions
with early breach of containment.

3) saline groundwater (15°C); upward flow of deep saline groundwater during
permafrost or advancing/retreating glaciation, and

4) dilute groundwater (15°C); downward flow of shallow dilute groundwater
during glacial retreat.

Conditions 3 and 4 are linked to the Central Scenario of repository evolution
considered in SITE-94.

In addition to these conditions, highly oxidizing conditions in spent fuel are
considered in this study. Oxidizing conditions could be generated by a-
radiolysis of water near spent-fuel surfaces, possibly followed by outward
propagation of an oxidizing front into the host rock.

'• the symbol,£, refers to the total dissolved concentration of the indicated element.



2.1.6 Spent fuel composition

The assumed radioelement inventory in spent fuel at 1000 years post-closure is
given in Table 2.1 The data are for an average PWR fuel with a burnup of
33.000 megawatt days per metric ton initial heavy metal (Bruton and Shaw,
1988). The spent-fiiel composition on Table 2.1 differs slightly from the
composition adopted in SITE-94 (SKI SITE-94). These differences arc not
significant, however, for the present purpose of illustrating the general effects
of spent-fuel dissolution and radionuclide speciation-solubility behavior during
radiolytic oxidant production.

11 Bentonite Model

22.1 Previous studies

Previous modeling studies of bentonite-water interactions differ in the
approach used to simulate day-water reactions. Ion-exchange models simulate
Na+, K+, Ca2+, and Mg2+ exchange on smectites in MX-80 bentonite (e.g.,
Wanner 1987, Wanner ct al., 1992) and Kunigcl-Vl bentonite (Umcki et al.,
1991). A solid-solution model for smectite constrained by ideal mixing
among end-member components (Bourcier, 1985), has been used to evaluate
the chemical buffering properties of bentonite (Arthur and Apted, 1991). A
similar solid-solution model constrained by ideal site-mixing among atoms on
smectite's octahedral, tetrahedral, and exchange sites has been used to model
smectite-water equilibria in natural groundwaters and springs (e.g., Aagaard
and Helgeson, 1983).

222 Model description

The ideal-mixing model described by Bourcicr (1985) is included in EQ3/6,
and is adopted for use in the present study. The model is summarized by the
following equation:

SI., - i^ogj^-), (2.2.2.1)

where SIJJ represents the saturation index for the n-component solid-solution
mineral, X/ denotes the mole fraction of the i-th end-member component, Q
refers to the ion-activity product for dissolution of the i-th component, K,
stands for the corresponding equilibrium constant, and d; represents the activity
of the component in the solid solution (<*,• = X, if mixing is ideal). Equation
(2.2.2.1) enables calculation of the saturation index for a solid-solution mineral,
given the activities of relevant aqueous species, and the ion-activity products
and equilibrium constants for dissolution reactions involving all the end-
member phases.



Incorporation of this model into EQ3/6 is useful for solving problems involving
an evolving fluid in equilibrium with both solid-solution and stoichiometric
minerals. Because the fluid is constantly changing composition, it is necessary
to continuously determine the least-soluble solid-solution composition as the
system evolves irreversibly from an initial state of disequilbrium to a final state
of equilibrium. This is accomplished in EQ3/6 by computing the maximum
value of Equation (2.2.2.1) at successive increments of reaction progress toward
attainment of equilibrium.

Several of the minerals in MX-80 bentonite are complex solid solutions,
including smectite, plagiodase and carbonate. Solid-solution models for all
these minerals are available in EQ3/6. The end-member components in these
models for smectite, plagiodase, and carbonate are:

smectite Ca-, Mg-, K-, and Na-beidellite
Ca-, Mg-, K-, and Na-nontronite
Ca-, Mg-, K-, and Na-montmorillonite

plagiodase albite
anotthitc

carbonate calcite
magnesite
siderite

The initial composition of smectite is assumed to be 99% montmorillonitc.
Analytical data for MX-80 bentonite from Mclamed and Pitkanen (1993) is
used to calculate the mole fractions of Ca-, Mg-, K-, and Na-montmorillonite
end members (Table 2.1). The initial concentrations of each of the other
smectite end-member components (beidellites and nontronites) are assumed to
be 0.125%. Plagiodase is assumed to be Na-rich (98% albite, 2% anorthite),
consistent with the assumed rhyolitic composition of the volcanic-ash
precursors of Wyoming bentonites. Carbonate is assumed to be 100% calcite.

The mineral fractions in Table 2.1 refer to modal abundances (volume
fraction). EQ3/6 deals with moles of reactants per kilogram of water, however.
Conversion of the modal data into compatible input for EQ3/6 involves the
following assumptions and calculations:

• porosity = 30%; 1 kilogram H2O(/) therefore corresponds to a total
volume of solids, Vt, « 2333 cm* (assuming pmo(l) = 1 g m cm-3).

m, = V t - (V/V>v°,-1 ,

where,



m,- - moles of reactant / [per kilogram H2CK/)],
V,7Vt - rcactant's modal abundance, and
v0,- - rcactant's molar volume (cm3 mol-1).

Molar volume data in dataO.com.R22 are used in these calculations. Minerals
comprising less than 1% of MX-80 bentonite, and organic carbon, are not
included in the model.

Bentonite water interactions are simulated using the reaction-path model in
EQ3/6. It is assumed that a 1 kg reference mass of groundwatcr (Table 2.1)
reacts irreversibly with the solid-solution and stoichiometric minerals in
bentonite. Changes in aqueous-solution and solid-solution compositions are
continuously calculated as the systems evolve from an initial state of
disequilibrium to a final state of global equilibrium. If changes in the aqueous
solution composition result during this transition in a condition of
supersaturation with respect to a stoichiometric mineral, the mineral is assumed
to precipitate in a state of partial equilibrium. Similarly, if such changes result
in a state of supersaturation with respect to the composition of a solid-solution
mineral, then its composition is adjusted according to Equation (2.2.2.1).

22.3 Modal calibration

The bentonite model is calibrated using experimental data from Snellmann et
al. (1987), who investigated interactions of MX-80 bentonite and a synthetic
standard Swedish groundwater over 540 days at approximately 25°C and 1 bar
total pressure. Key criteria in the calibration are the experimental data on
variations in pH and Eh, and concentrations of Na+, Mg2+, Ca2+, and K+.

The experimental data are summarized as follows:

• pH increased from an initial value of 8.12 to a maximum of 9.58, and then
subsequently decreased to a steady-state value of 9.09,

• the initial Eh is not reported, but the experimental system was maintained
under strongly reducing conditions [samples were maintained under a
90%N2(g)/10%H2(g) gas mixture]; Eh measurements (glassy carbon and
Ag/AgCl electrodes) indicated a gradual reduction in Eh from -0.19V
(after 7 days) to -0.32V (at the end of the experiments),

• Na+ concentrations increased continuously from 2.25 x 10-3 to 1.01 x 10-2

mol 1-1,

• Mg2+ concentrations decreased continuously from 1.9 x 10-4 to 1.9 x 10-5
mol 1-1,

• Ca2+ concentrations decreased from 4.4 x 10-4 m o l l-l to a minimum of



3.17 x 10-5 mol 1-1, and then increased slightly to 4.57 x 10-5 mol H, and

• K+ concentrations decreased from 1 x 10-4 to 4.6 x 10-5 mol I-1.

The results of model calculations for Eh and pH are shown in Figure 2.2.3.1.
The parameter £ denotes the reaction-progress variable employed in the
reaction-path model. It corresponds to the total number of moles of reactants
dissolved. Equilibrium is attained after dissolution of all the plagiodase, at
which point the smectite solid solution, quartz, carbonate, and pyrite are also
equilibrated with the porewater.

The calculated variations in pH closely match the experimental data (Figure
2.2.3.1). The presence of a maximum, followed by decreasing pH, is correctly
simulated. The predicted maximum (9.45) closely matches the experimental
data (9.58), as does the predicted pH at equilibrium (9.13 versus 9.09). The
calculated variations in Eh are also consistent with the experimental data. The
calculated equilibrium value is « 20mV more negative than the value measured
at the end of the experiments.

The calculated trends in concentrations of Na+, Mg2+, Ca2+, and K+ are similar
to those observed in the experiments. The final calculated concentration of
M g 2 + (2.8 x 10-7 mol l-l), however, is a factor 0.006 lower than the
experimental data. Final calculated concentrations of Na+ (1.8 x 10-2 mol I-1),
Ca2+ (1.7 x 10-5 mol l-l), and K+ (5.8 x 10-6 m o l l-l) arc similar to
experimental values (1.0 x 10-2, 4.57 x 10-5, and 4.6 x 10-5 m o l l-l,
respectively).

It is important to note that several model parameters are adjusted to obtain
optimal agreement with the experimental data of Sncllmann et al. (1987).
First, it is assumed that paragonite, a Na-bearing phyllosilicate, does not
precipitate at any stage of reaction progress. This assumption greatly improves
agreement between the experimental and calculated results for Na+, and causes
a more realistic Na-zeolitc, clinoptilolite (solid-solution), to control aqueous
Na concentrations at equilibrium. A similar constraint is necessary to improve
agreement in the model with the experimental data for K+. In this case, it is
assumed that stoichiomctric K minerals do not precipitate. This constraint
improves agreement between the model and experimental data, and leads to
control of K+ concentrations by smectite and clinoptilolite solid solution. An
initial Eh of -250 mV is assumed in the model simulations, because the initial
Eh of the experiments is unknown (although it is probably reducing). It has not
been tested whether other assumed initial Eh values improve, or worsen, the
agreement with Eh measurements at 7 to 540 days.

The agreement between model and experimental results for pH, and, more
qualitatively for Eh, provides some confidence that the model is a reasonable
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Figure 2.2.3-1. Comparison of Model Calculations [solid (pH) and dashed (Eh) lines] and
Experimental Data (Snellmann et al., 1987) for MX-80 Bentonite Interaction
with Standard Synthetic Swedish Groundwater

first approximation for the realistic prediction of the long-term chemical
evolution of the buffer. It is important to emphasize, however, that important
aspects of bentonite-water interactions are still unresolved (e.g., Arthur et al.,
1993; Arthur, 1994). Alternative models of bentonitc-water interaction are
proposed (e.g., Wanner 1987, Umcki et al., 1991, Wanner et al., 1992), and
provide similar agreement to experimental data as that discussed above.
Although equilibrium is assumed in the present model, it is unclear whether
such conditions are actually attained in the experiments of Snellmann et al.
(1987).

Canister Model

2.3.1 Previous studies

The corrosion reactions of copper and mild steel have been analyzed by many
workers, and useful summaries of these studies can be found in general reviews
such as Nagra (1984) and Wikramaratna et al. (1993), as well as in more
detailed studies on copper (e.g., Swedish Corrosion Research Institute, 1983;
Werme et al., 1992a) and steel (e.g., Nerctnicks, 1985; Marsh, 1988).

10



2.3.2 Model description

This model considers the effects on near-field groundwaters of reactions
involving corrosion products of the canister. It is assumed that the canister is
similar to the ACP design (SKI SITE-94), which consists of an inner shell of
carbon steel and an outer shell of copper.

Copper and its corrosion products are not considered in the model. Copper
has been selected, in part, because of its thcrmodynamic stability in water over
a large range of mildly oxidizing to mildly reducing conditions that is similar
to the redox conditions of many Swedish groundwaters.

Copper is, however, susceptible to corrosion under moderately oxidizing
conditions forming cuprite or other Cu-O phases. Oxidizing conditions are not
expected in a deep repository in the crystalline rocks in Sweden, except for a
possible transient initial period following repository closure (Werme, 1992a) or
deep circulation of oxidizing surface waters under some postulated scenarios.

Copper can also corrode under reducing conditions when sufficient dissolved
sulfide, polysulfides, and/or sulfate permits formation of cuprous sulfide.
Measured concentrations of sulfide in groundwater are typically less than 0.1
ppm, and direct corrosion by sulfate is kinetically hindered below 100°C (SKI,
1991). These considerations suggest that copper corrosion will be a slow
process, and likely will have minimal effects on the bulk composition of near-
field groundwater. Nevertheless, the pH, redox potential, and concentrations
of S, Cu and Fe may be locally controlled by equilibria involving Cu and Cu-
Fe-S corrosion products. Because pyrite (iron sulfide) is already included as a
phase in the bentonite, it is considered that explicit inclusion of a Cu-Fc-S
phase would not be needed at this preliminary stage of analysis; such copper
corrosion products could be included in subsequent models.

In contrast to Cu°, Fe° in steel in contact with water is thermodynamically
unstable at all temperatures and hydrostatic pressures expected in the near
field. Under anaerobic conditions, corrosion is induced by reactions involving
water (Neretnieks, 1985):

3Fe° + 4H2O(l) - Fe3O4 + 4H2(aq)

Because Fe° is unstable under all repository conditions in contact with water,
the above reaction proceeds irreversibly to the right. The presence of
additional solution species (e.g., sulfide, phosphate, silica, aluminum) could
result in precipitation of other corrosion products, including pyritc, siderite,
and/or ferrous-ferric aluminosilicates. Experiments at high temperatures (150°,
200°, and 250°C) in a sustained reducing environment (maintained by basalt-
water interactions) indicate, for example, that: 1) magnetite is the first
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corrosion product to form, 2) magnetite is subsequently coated by a ferric-day
mineral tentatively identified as saponite (a tri-octahedral smectite), and 3) the
corrosion rate is reduced either by accumulation of a corrosion-product layer or
build-up of dissolved ferrous ions in solution (Anantatmula et al., 1984;
Anantatmula and Fish, 1987).

It is assumed here that increases in ferrous concentration and the formation of
corrosion-product layers will reduce corrosion to a low, steady-state value until
all the Fc° in the canister is altered to corrosion products. This may take on
the order of several hundred to several thousand years. This period is of
significance because of the generation of H.2(g) and possible mechanical
consequences arising from formation of two-phase conditions and a build-up of
Hiig) pressure at the canister-buffer boundary. Reaction of iron into corrosion
products is, however, a relatively short, transient period and it will be ignored
because of this transient character, as discussed earlier.

After the metallic iron has completely corroded, the composition of the water
in contact with the canister will be controlled in the long-term by an approach
to equilibrium with the corrosion products. It is further assumed that
magnetite is the only product mineral initially present.

The conceptual model is implemented as a closed-system, irreversible reaction
involving magnetite and solutions evolved from bentonite-water interactions,
with the objective of calculating the composition of the aqueous phase and
coexisting alteration products (of magnetite) at equilibrium. This model does
not require calibration because magnetite is assumed a priori to be the only
reactant initially present.

2.3.3 Alternative models based on hematite stability

Under mildly oxidizing/mildly reducing conditions, ferric iron compounds
may form as alteration product of magnetite. Amorphous ferric oxyhydroxide
is metastable compared to hematite (and other ferric oxides and hydroxides,
such as goethite). Amorphous ferric oxyhydroxide is commonly found in
weathering environments and persists over geologic time scales for kinetic
reasons.

To evaluate consequences on near-field evolution of possible uncertainty in the
nature of Fe(III) alteration products of magnetite, the conceptual model for
the canister is bounded with two alternate assumptions:

• Model Cl: hematite is kinetically hindered from equilibrating, and

• Model C2: hematite equilibrates if conditions are appropriate.
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In Model C l , other ferric-bearing phases are assumed to equilibrate with
magnetite if conditions occur that lead to their stability.

2.4 Spent-Fuel Model

2.4.1 Previous studies

Models for the interaction between groundwater and the UO2 matrix of spent
fuel include solubility-based dissolution models (e.g., Garisto and Garisto,
1985), a-radiolysis driven dissolution models (e.g., Werme, 1992b), reaction-
path models (e.g., Bruton and Shaw, 1988), and electrochemical dissolution
models (e.g., Shoesmith and Sunder, 1991). The selection of an appropriate
model depends on the expected redox conditions at the surface of the UO2
matrix. This selection is made extremely difficult because of the possible
generation of oxidants from y- and a-radiolysis at this surface. Preliminary
studies indicate that there is a threshold rate below which the rate of oxidative
dissolution becomes negligible in comparison with solubility-based dissolution
(Shoesmith and Sunder, 1991). Extrapolating this threshold model suggests
that oxidative dissolution of the UO2 matrix by a-radiolysis would persist for
up to 10,000 years after repository closure, although the difficulty in obtaining
a-radiolysis data makes this time period uncertain. Accordingly, emphasis has
been placed in these analyses on evaluating the progressive oxidative dissolution
of UO2 under an assumed high production rate of oxidants by a-radiolysis.

Electrochemical models of oxidative dissolution of the UO2 matrix of spent
fuel are based on steady-state corrosion potentials [Ecorr (V)] determined by
the relative rates of anodic dissolution (UO2 - UO22 + + 2e-) and oxidant
reduction (Shoesmith and Sunder, 1991). The steady state corresponds to a
non-equilibrium, kinetically poised closed system comprising residual
unreacted spent fuel, partially oxidized surface layers of UO2+X (0 < x < 1),
and an aqueous solution in which oxidant concentrations are sustained at fixed
levels. Such systems could be generated by a-radiolysis of water occluded
within pores in spent fuel and

Extending such models to simulate concurrent variations in radioelement
aqueous speciation and solubility behavior is necessary to evaluate the effects of
oxidative spent-fuel dissolution on radioelement releases from a nuclear-waste
repository. Electrochemical models may be inappropriate for this purpose
because EcorT refers to the potential measured at the UO2+X surface, not to the
redox potential [Eh (V)] of the aqueous phase. The corrosion potential and Eh
arc fully coupled, however, as evidenced when Ecorr £ -0.1 V (versus SCE) by
systematic increases in anodic dissolution rates with increasing oxidant
(Oiiaq), H2O2) concentrations and a-source strength (Shoesmith and Sunder,
1991). A corollary of such behavior is that invariant oxidant concentrations
must correspond to a fixed rate of electrochemical dissolution. Moreover,

13



oxidant concentrations could be poised at steady state by balanced rates of
irreversible anodic dissolution and radiolytic oxidant production. This
suggests that an Eh-referenced model of oxidative UO2 dissolution could be
constrained such that the relative rates of fuel dissolution and oxidant
production cause the system to evolve from initially reducing conditions to
steady-state limits corresponding to the metastable coexistence of UO2 and
more oxidized uranium alteration minerals, such as UO2.33, UC>2.67» o r UO3
(Figure 2.4.1.1).

Such constraints are evaluated in this section and are used in scoping
calculations to gain insight into possible effects of oxidative UO2 dissolution
on the solubility and aqueous speciation behavior of released actinides and
fission products. The calculations are carried out using the reaction-path
model of irreversible mass transfer in EQ3/6 and the dataO.com.R22 database,
which includes the NEA database for uranium (Grenthe et al., 1992).

Z4Jt Model description

Thcrmodynamic modeling of reactions involving the UO2 matrix of spent fuel
and radiolytically generated oxidizing solutions is complicated by:

• segregation from the matrix of fission products to grain boundaries and the
fuel/cladding gap,

• solid-solution behavior of spent fuel,
• complex mechanisms of oxidant production by a, p, and y radiolysis, and
• alteration of fuel U(IV) to higher oxides, including U4O9, U3O7, L^Og,

andUO3 .

A number of assumptions are necessary to reduce this complex behavior. All
the radioelements in spent fuel are thus assumed to be homogeneously
distributed in the fuel's matrix. Solid-solution behavior is approximated in
terms of heterogeneous reactions involving a spent-fuel component, UO22, and
ideal mixing is assumed. Thermodynamic data for pure crystalline uranium
dioxide are adopted for the component in a standard state of unit activity.
The U3O8 phase is considered in the present analysis because thermodynamic
data in dataO.com.R22 indicate it would be stable at relatively low
temperatures3. Radioelements are assumed to be released in stoichiometric
proportions to the dissolution rate of UO2- Model constraints on the relative

2 - italics distinguish components from minerals with the same stoichiometiy.

3- these data may be questionable, however, because U3O8 has not been observed as an
alteration product of uraninitc oxidation in natural systems (Finch and Ewing, 1991).
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Figure 2.4.1.1. Schematic Diagram Illustrating Spent-Fuel Model Constraints. Invariant
O2(aq) concentrations at UsOg-schoepite (UO3:2H2O) equilibrium (venical
dashed line), for example, would correspond to a fixed rate of oxidative spent-
fuel dissolution (horizontal dashed line), according to experimental dan from
Shoesmith and Sunder (1991). To sustain dissolved oxygen concentrations at this
level, Oi{aq) would have to be produced at a rate that is constrained by the rate it
is consumed in reactions forming l^Og and schoepitc. Steady-state constraints on
the relative rates of such reactions are described in the text.

rates of oxidant production and matrix dissolution are described in the
following paragraphs.

Radiolysis effects induced by P and y emitters in spent fuel are expected to be
relatively less important than the effects of a radiolysis, which could persist
long after canister failure (Shoesmith and Sunder, 1991). Radiation could
decompose water near fuel surfaces, producing hydrogen and oxidizing species
such as Ojiaq) and H2O2. The mechanisms and rates of these reactions are
poorly understood, however, and even rough estimates of net oxidant
production rates are extremely limited (Christensen and Bjergbakke, 1982).

The effects of radiolysis are therefore simulated by assuming a fixed rate of
02(04) formation by the following reaction:

O 2 - O2(aq). (2.4.2.1)
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The fictive reactant, C>2» is not a true reactant. Rather, it is used in EQ3/6 as a
model source of oxidants from which reactive O2 {aq) is produced at a fixed
rate. The effects of reactions such as this are highly localized because most of
the available alpha-particle energy is deposited within a thin layer of water
adjacent to fuel surfaces (Christensen and Bjergbakke, 1982). The resultant
dependency of radiolytic effects on the surface area of spent fuel is modeled
implicitly by assuming that the surface area is constant, and that the entire
amount of a 1 kg reference mass of solution experiences the effects of radiolysis
simultaneously.

Oxidative dissolution of spent fuel is a complex process involving uptake of
O2- at interstitial sites in the fluorite structure of UO2, which generates a range
of surface compositions up to l^C^Shoesmith and Sunder, 1991; Finch and
Ewing, 1991). Dissolution of the oxidized surface material transfers U(VI)
species to the aqueous phase. Schoepite and/or other U(VI) minerals may
precipitate if conditions become sufficiently oxidizing. This behavior is
approximated in terms of the following reactions:

UO2 + -O2(aq) - U O 0 t 2 / x ) , (2.4.2.2)
x

where x refers to a stoichiometric factor = 8, 6, 3, and 2 for UO(2 + 2/1) =
UO2.25 (U4O9), UO2.33 (U3O7), UO2.67 (U3O8), and UO3, respectively. The
rate-limiting step in these reactions could involve O2- diffusion into UO2,
irreversible matrix dissolution, aqueous oxidation of U(IV) to U(VI), or
precipitation of UO(2 + 2/x)-

A steady state of invariant oxidant concentrations would require that the
Oi(aq) mass consumed by reaction (2.4.2.2) is precisely balanced by an
equivalent amount produced radiolytically. The reaction rate relative to the
rate of oxidant production is fixed under such conditions by:

<l»o m = 0 - 1 Voj*A$r (2.4.2.3)

The summation in this equation refers to all reactions (JT) in which Ojiaq) is a
reactant or product, d«o2(«f) denotes the net change in the number of moles of
dissolved oxygen (d»o2(«f) = 0 at steady state), Mo2(»q),j stands for the
stoichiometric reaction coefficient for O2(aq) in the^'-th reaction (negative for
reactants, positive for products), and d^y (mol) represents the degree of
advancement of thcy'-th irreversible reaction toward attainment of equilibrium.
Equation (2.4.2.3) and analogous equations for other aqueous constituents (not
necessarily at steady state) are the primary constraints used in EQ3/6 to model
irreversible mass transfer (Wolcry, 1992).
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For the conditions of interest in the present model, O2 (aq) concentration is
controlled primarily by reactions (2.4.2.1) and (2.4.2.2) because aqueous
concentrations of other oxidizable species are likely to be small compared to
that of U(IV). Evaluation of Equation (2.4.2.3) for these conditions gives:

= ^ 2 A 2 2 (2.4.2.4)

O l/u)3A22 ^2AZ1

The quantity on the right hand side of this equation represents the relative rates
of reactions (2.4.2.1) and (2.4.2.2), and it is treated in EQ3/6 as an adjustable
parameter. Equation (2.4.2.4) indicates that these rates are fixed at steady
state, however, and that they are determined by the value assumed for the
stoichiometric factor, x, in reaction (2.4.2.2), and by the stoichiometry
assumed for Oiiaq) in reaction (2.4.2.1).

This generalized steady-state relation among reaction rates is analogous to
conditions generating steady-state corrosion potentials in electrochemical
models (Shoesmith and Sunder, 1991). In the present approach, the rates of
reactions (2.4.2.1) and (2.4.2.2) are adjusted such that invariant Ojiaq)
concentrations are attained at steady state. Target 02(44) concentrations are
selected such that one, or two, UO(2 + 2/x) solids coexist metastably with respect
to UO2 (Figure 2.4.1.1). The steady-state Oi{aq) concentration is related to
aqueous-phase redox potentials (Eh) and pH via the equilibrium reaction:

2H2O(i) - 4H* + 4e- + O2{aq).

Referencing the effects of oxidation to variations in Eh and pH permits
concurrent evaluation of the aqueous speciation-solubility behavior of
radioelements dissolved from the fuel.

There are important differences and possible limitations, however, between this
kinetic-balancing approach and electrochemical models. The latter models
assume that the surface of the fuel is initially oxidized to a composition
approximating U3O7, and that U(VI) is then released to solution from this
oxidized surface layer. The present model cannot account for such surface
oxidation, and instead assumes that U(IV) is dissolved from UO2, that
subsequent reactions with C^G* )̂ may oxidize aqueous U(FV) to U(VI), and
that UO(2 + 2Jx) m»y then precipitate (not necessarily on the surface of UO2) if
the aqueous solution is sufficiently oxidizing. The first two steps in this
sequence represent overall anodic dissolution, but do not account for surface
oxidation. The model also assumes that the rates of reactions (2.4.2.1) and
(2.4.2.2) are constant, and it therefore does not presently account for possible
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effects of variations in solution chemistry on the dissolution rate.

The stoichiometric constraints in Equation (2.4.2.4) are used in EQ3/6 to
calculate reaction-paths simulating irreversible dissolution of spent fuel and
radiolytic oxidant production as the closed system evolves to steady-state
conditions. Preliminary calculations assume vigorous oxidant production with:

v 0 .̂2*2.1 - 1. and

2.

This drives the evolution of the system through sequential precipitation and
dissolution of U4O9 and U3O7, and eventual precipitation of U3O8 (Figure
2.4.1.1). The reaction path is assumed to terminate at steady state when the
fuel matrix, U3O8, and UO3 coexist mctastably. Stoichiometric release of
radioelements from the matrix, and possible precipitation of solubility-
controlling solids, is modeled as a function of evolving solution chemistry
governed by matrix dissolution and aqueous oxidation.

Initial conditions in the models are defined by the temperature, initial solution
composition, and the composition of spent fuel. A temperature of 15°C is
assumed. The initial solution chemistry is assumed to result from interaction
of crystalline-rock groundwaters with bcntonite (MX-80) backfill (Section 2.2)
and canister corrosion products (Section 2.3). The assumed radioelement
inventory in spent fuel at 1000 years post-closure is given in Table 2.1 (Section
2.1.6).

2.4.3 Model calibration

It is not possible to calibrate the spent-fuel model because experimental data
are lacking. The present model is intended to explore the dependence of
radioelement aqueous speciation-solubility behavior on the relative rates of
spent-fuel dissolution and radiolytic oxidant production. As such, the model
may be considered a first step toward more refined models that could be
developed when experimental data characterizing relevant conditions become
available.

18



3 Model Results

The results of calculations simulating sequential interaction of site
groundwaters with bentonite, the canister, and spent fuel are evaluated in this
section. The results are considered with respect to two main topics: 1) near-
field evolution of Eh-pH conditions, and 2) radioelement speciation-solubility
behavior attending the oxidative dissolution of spent fuel. With regard to the
latter topic, the results for Pu, Tc and Am are considered in detail because they
illustrate two types of behavior: 1) solubilities are controlled by evolving Eh-pH
conditions, and 2) in addition to Eh and pH, solubilities are controlled by
other elements released from spent fuel. Radioelement solubilities calculated
on the basis of similar models as discussed in this report for the near-field host
rock, and bentonite and canister components of the EBS, are summarized by
Arthur and Apted (1996).

3.1 Evolution of Near-Field Solution Chemistry

Calculated solution compositions in the bentonite buffer and the canister [for
both models Cl (hematite is assumed not to equilibrate) and C2 (hematite is
assumed to equilibrate)] are shown in the following tables (initial groundwater
compositions are given in Table 2.1):

Table 3.1.1 reference groundwater at 15°C,
Table 3.1.2 reference groundwater at 80°C, and
Table 3.1.3 saline groundwater at 15°C.

The following comments in Section 3.2 - 3.4 arc based on the data in these
tables.

The calculated solution composition in bentonite equilibrated with the dilute
groundwater at 15°C is, however, also included in Table 3.1.4. This table is
included primarily to illustrate that although interaction of site groundwaters
with bentonite often generate only minor variations in solution chemistry
(Tables 3.1.1 - 3.1.3), it is apparent that such interactions involving the dilute
groundwater at 15°C are much more pronounced. The dilute groundwater is
initially relatively acidic and oxidizing. Equilibration of this groundwater with
bentonite is characterized by transition to alkaline and reducing conditions via
reactions involving smectite and pyritc. Thus, the significant changes in the
dilute groundwater composition after interacting with bentonite is due to the
fact that this solution is initially farther from equilibrium with bentonite than
the reducing and relatively alkaline reference and saline groundwaters.
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PH

Eh(V)

Na+

K*

Mg2*

a2*
SiO2H)

A13*

£Fe

a-
HCO3-

ES

P

HPO4
2-

Host Rock
Concentration

(mol l-i)

8.10

-0.250

9.13e-2

2.07e-4

1.73c-3

4.72e-2

1.46e-4

3.71e-7

4.37e-6

1.89e-l

1.64c-4

5.83c-3

7.89e-5

1.56e-7

Bentonite
Concentration

(mol l-l)

8.33

-0.253

, 2.04e-l

5.63e-5

4.24e-5

1.56e-3

7.27e-5

2.22e-8

1.83e-8

1.96e-l

1.67e-3

6.68e-3

8.68e-5

1.69e-9

Canister: Cl
Concentration

(mol l-i)

8.31

-0.240

2.04e-l

5.63e-5

4.24e-5

1.55e-3

7.24e-5

3.26e-17

9.20e-7

1.96c-l

1.67e-3

6.68e-3

8.68e-5

1.77e-7

Canister: C2
Concentration

(mol l-i)

12.20

-0.543

2.08e-l

5.64c-5

5.05e-8

1.77e-4

1.26e-5

1.23c-9

1.82c-9

1.96e-l

3.l6e-4

1.54e-4

8.70c-5

2.64c-l 0

Table 3.1.1. Evolution of Near-Field Solution Compositions: Reference Groundwater at 15°C.

32 Effects of Hematite Stability/Metastability

The calculated results of the reference and saline groundwaters reacting with
bentonite, and then with magnetite corrosion products of the canister, are given
in Tables 3.1.1 - 3.1.3. In addition to initial groundwater composition and
temperature, the models differ depending on whether hematite is assumed to
be a potential reaction product (canister models Cl and C2, Section 2.3.3).

The effects on pH and Eh of hematite precipitation in the canister are much
greater than the effects caused by differences in temperature. When hematite
is not included in the models (canister model Cl) the pH and Eh are nearly
unchanged compared to their values in the reference groundwater equilibrated
with bentonite. When hematite is included in the models (canister model C2),
however, pH increases by about 4 units at 15°C (Tables 3.1.2 and 3.1.3) and
about 3 units at 80°C (Table 3.1.2). The equilibrium Eh calculated when
hematite is included in the models is reduced at both temperatures by more
that 200 millivolts compared to the initial groundwaters after equilibration
with bentonite.
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PH

Eh(V)

Na*~

K*

Mg2+

Ca2*

SiO2(*j)

Al 3 +

I F C

cr*
HCO3-

IS

F-

HPO42-

Host Rock
Concentration

(mol 1-')

8.10

-0.250

9.13e-2

2.07e-4

1.73e-3

4.72c-2

1.46e-4

3.71 e-7

4.37e-6

1.77e-l

1.64e-4

5.83e-3

7.89e-5

1.56e-7

Bentonite
Concentration

(mol H)

7.27

-0.268

1.91c-l

8.54e-4

1.65e-5

1.25e-3

7.16e-4

6.34e-7

2.26e-8

1.78c-l

2.95e-3

6.53c-3

7.89e-5

2.28e-9

Canister: Cl
Concentration

(mol 1-1)

7.26

-0.261

1.91e-l

8.54e-4

1.63e-5

1.24e-3

7.12e-4

3.38e-12

3.58e-7

1.78e-l

2.94e-3

6.53e-3

7.95e-5

1.56e-7

Canister: C2
Concentration

(mol l-i)

10.10

-0.518

1.91e-l

8.54e-4

1.28e-8

1.49c-5

2.67e-4

6.07c-8

1.09e-ll

1.79e-l

2.15e-3

2.68e-3

7.92e-5

2.29e-9

Table 3.1.2. Evolution of Near-Field Solution Compositions: Reference Groundwater at 80°C.

PH

Eh(V)

Na*~

K+

Mg2*

Ca2*

SiO2(«?)

AP+

ZFc

ci"

HCO3-

IS

Host Rock
Concentration

(mol l-i)

8.00

-0.250

1.33e-l

1.87e-4

2.06e-3

l.lc-1

l.O4e-4

3.71e-7*

1.43e-6

3.47e-l

1.80e-4

2.81e-3

Bentonite
Concentration

(mol 1-1)

7.96

-0.243

3.83e-l

1.4le-4

1.09c-4

7.85e-3

1.17e-4

2.76e-8

4.28e-8

3.81c-l**

3.86C-3

8.39e-3

Canister: Cl
Concentration

(mol l-l)

7.95

-0.225

3.83e-l

1.4le-4

1.09c-4

7.84e-3

1.17e-4

8.64e-17

1.46e-6

3.81e-l

7.57e-4

8.39e-3

Canister: C2
Concentration

(mol l-i)

11.95

-0.547

3.83e-l

1.41e-4

6.87e-8

7.10e-3

4.05e-5

2.76e-8

4.26e-10

3.81c-l

1.68e-5

6.17e-4

Table 3.1.3. Evolution of Near-Field Solution Compositions: Saline Groundwater at 15CC.
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PH

Eh(V)

Na*

K+

Mg 2 +

Ca 2 + "

SiO2(aq)

A13*

IFC

a-"
HCO3-

2S

Host Rock
Concentration
(mol l-i)

6.50

0.00

1.4le-3

5.63e-5

2.02e-4

4.27e-5

6.03e-5

371e-7

7.56c-5

5.08e-4

1.88c-3

4.98e-4

Bentonite
Concentration

(mol l-i)

9.32

-0.328

1.72e-2

4.25e-6

3.74e-7

1.52e-5

2.22c-4

1.85e-7

4.98e-9

5.61e-4

1.31e-2

1.06e-3

Table 3.1.4 Evolution of Near-Field Solution Com-
positions: Dilute Groundwater at 15°C.

The alteration mineralogy corresponding to these variations in solute
concentrations is dominated by Fe-bearing minerals. The reaction path when
hematite is included in models for the reference groundwater at 15° and 80°C
is controlled by mineral buffering in the sequence4 (Figure 3.2.1):

pyritc - hematite - hematite + pyrite - hematite + pyritc + magnetite.

When hematite is not included in the models, however, reactions include:

pyritc "* goethite + carbonate(ss) + smcctitc(ss) - goethite + carbonate(ss) +
smcctite(ss) + magnetite,

at 15°C and,

pyrite - pyrite + carbonate(ss) •* pyrite + carbonate(ss) + smectite(ss) -
pyrite + carbonate(ss) + smectite(ss) + magnetite,

at 80°C. All the solid solution minerals are iron rich. The smectites are
predominantly Na-nontronite (Fe3+ is the principal ion occupying octahedral

(ss) indicates the mineral is a solid solution.
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Figure 3.2.1. Evolution in Eh-pH Conditions as Bentonice-Equilbraced Reference
Groundwater Reacts with the Canister at 15° and 80°C. Solid lines and arrows
indicate the evolutionary path for canister Model Cl: dashed lines and arrows
indicate the path for canister Model C2. Point a indicates equilibrium with
smectite(ss) + magnetite; Point b indicates equilibrium with magnetite + saponite
[an Fe(III) cri-octahedral smectite]; Points c indicates equilibrium with magnetite
+ hematite + pyritc.

sites), with lesser amounts of Ca-nontronite and K-nontronite. In addition, the
carbonate solid solution in the model at 80°C contains 4% of the siderite
component. Relatively small amounts of these Fe-bearing minerals and solid-
solutions effectively buffer the solution Eh. If hematite does form, its
solubility reduces Fc(III) concentrations sufficiently to cause the nontronites to
become unstable, and buffering is then controlled by hematite ± pyritc ±
magnetite.

3.3 Evolution of Near-Field Redox Conditions

An example of variations in Eh and pH driven by near-field interactions is
shown in Figure 3.3.1 for the reference groundwater at 15°C (Table 3.2.1):
canister Model C2. Initial equilibration of this groundwater with MX-80
bentonite results in minor shirts in Eh and pH. Reactions in the canister with
bentonite-equilibrated porewatcr increase pH and decrease Eh as equilibrium is
approached with pyrite + hematite + magnetite. Subsequent reactions of
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Figure 3.3.1. Simulated Evolution in Eh and pH as Reference Groundwater (GW)
Equilibrates with Bentonite (B) and Magnetite Corrosion Products of the Canister
(C; canister Model C2). Subsequent evolution in Eh-pH conditions generated by
oxidative dissolution of spent fuel (SF) is shown in relation to stability fields of
UO2 and higher-oxide alteration phases.

canister-equilibrated porewater with spent fuel are dominated initially by
radiolytic oxidant production, which increases Eh at nearly constant pH. The
pH decreases abruptly when oxidation stabilizes U4O9, and continues to drop
as oxidation progresses through sequential precipitation/dissolution of U4O9,
UsOy, and U3O8. These near-field interactions result in a solution that is near-
neutral and significantly more oxidizing than the site groundwater.

Similar reaction paths are generated over the range in groundwater
compositions, temperatures, and conceptual models considered in this study.
As noted in Section 3.1, however, important differences result depending on
whether hematite is assumed to be a product of magnetite-water reactions
(Figure 3.3.2). If not, smectite clays equilibrate with pyrite and magnetite.
This results in very small shifts in Eh and pH compared to analogous
conditions in which hematite is assumed to be stable. Subsequent reactions
with spent fuel tend to overcome such differences in solution compositions
evolved from the canister, however. Final solutions in all the cases considered
are predicted to be near-neutral (pH 6.5 to 7.5) and oxidizing (0.2 to 0.3 V).

Spent-Fuel Dissolution and Radionuclide Speciation-Solubility
Behavior

The paragenesis of UO(2 + 2/x) as steady-state conditions are approached is
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Figure 3.3.2. Simulated Evolution in Eh and pH as the Saline Groundwater (filled circle)
Equilibrates with Bcntonite and Magnetite Corrosion Products of the Canister
at 15°C. The evolutionary path that includes canister Model 1 are shown by the
dashed line. The evolutionary path that includes canister Model 2 is shown by the
dash-dot-dashed line.

illustrated in Figure 3.4.1 for the saline groundwater and canister Model
Cl (hematite is assumed not to equilibrate). The U4O9 phase and U3O7 are
predicted to coexist over a very narrow interval of reaction progress
(proportional to the amount of spent fuel reacted). Dissolution of U3O7
commences when U3O8 begins to form. Steady-state conditions are attained
when schoepite first appears. Soddyite [(UO2)2SiO4:2H2O] is stabilized early
in this paragenetic sequence by the relatively high S\Oi{aq) content of this
solution (soddyite does not form if SiOjiaq) concentrations are much lower
than in the model considered here). Assuming one "mole" of spent fuel equals
lOOg (Bruton and Shaw, 1988), about 1 g of fuel is converted to U3O8 +
schoepite + soddyite at steady state. Model results for the other cases
considered indicate that about 10 g of fuel must be reacted per kg of solution
before similar steady-state conditions are attained.

Figure 3.4.2 illustrates calculated variations to steady-state conditions in Pu,
Tc, and Am molalities for:

• the reference groundwater at 15°C; canister Model C2,
• die saline groundwater at 15°C; canister Model C2, and
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Figure 3.4.1 Paragenesis of Uranium Minerals to Steady-State Conditions. The point labelled
"a" refers to the first appearance of schoepite, and thus to attainment of assumed
steady-state conditions.

• the saline groundwater at 15°C; canister Model Cl .

These variations are representative of similar trends calculated for the other
radioelements in spent fuel. The amount of fuel matrix reacted scales with the
variations in Eh and pH, such as shown in Figures 3.3.1 and 3.3.2. The left-
most diagonal lines in Figure 3.4.2 represent stoichiometric dissolution of the
radioelement from spent fuel. Horizontal lines indicate reaction intervals over
which the released radioelements are quantitatively precipitated in a solubility-
controlling phase. Curves with slopes more positive than that for
stoichiometric dissolution indicate dissolution of both spent fuel and a
previously precipitated solid. Negative slopes indicate evolution to conditions
of enhanced stability of the solubility-controlling phase. Amorphous hydrous
oxides of Pu [PuC>2:2H2O(<im)] and Tc [TcC>2 :2H2O(<«H)] are assumed to be
solubility controlling. The least soluble solid among several oxide, hydroxide,
and hydroxy-carbonate phases is assumed to control Am solubilities. The
Pu(OH)5" species in dataO.com.R22 is not considered in these calculations
because available experimental solubility data do not indicate amphotcric
behavior at high pH (see Arthur and Apted, 1996).

The data for Pu in Figure 3.4.2 suggest that the initial differences in aqueous
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Figure 3-4.2 Variations at 15°C in Aqueous Pu, Tc, and Am Concentrations During Dissolution
and Oxidation of Spent Fuel. The numbers refer to the following evolutionary
paths: 1) reference groundwater - bentonite - canister (Model C2) - spent fuel; 2)
saline groundwater - bentonite - canister (Model C2) - spent fuel; 3) Saline
groundwater - bentonite - canister (Model Cl) - spent fuel.

compositions and subsequent effects of radiolysis on spent-fuel dissolution have
minimal effects on solubility-limited Pu concentrations. The low solubility of
PuO2:2H2OUm) quickly limits aqueous Pu concentrations to less than lO8-5
mol kg*1 after a small amount of spent fuel has reacted. Plutonium
concentrations are thereafter unaffected by the evolution in Eh-pH conditions.
This simple behavior is due to the fact that a single solubility-controlling phase
is assumed in the calculations and because a single aqueous species, Pu(OH)4°,
is calculated to dominate Pu speciation over the simulated Eh-pH range.

Trends in Tc concentrations (Figure 3.4.2) are similar to those of Pu. The
greater solubility of TcO2:2H2O(<*>») and lower Tc inventory in spent fuel
(Table 2.1), however, delays the onset of solubility limiting conditions, if at all,
to more advanced stages of dissolution. Intervals of solubility-limited Tc
concentrations are predicted for the reference and saline groundwaters when
reactions with bentonite and the canister (Model C2) generate strongly
reducing and alkaline conditions. Eventually, however, redox conditions
become sufficiently oxidizing to destabilize TcO2:2H2O(dm). Dissolution of
this solid returns Tc to solution, and Tc concentrations are thereafter limited
only by the stoichiometric release rate from spent fuel (a short interval of re-

27



precipitation of TcC»2:2H2O(/*»i) is evident, however, in the results for the
evolved reference groundwater). Technetium concentrations in the evolved
saline groundwater (canister Model Cl) are not limited by TcC>2:2H2O(<««)
solubility.

A maximum difference of about 2 orders of magnitude in Am concentrations
(Figure 3.4.2) results from the initial differences in solution compositions. The
initial solubility-controlling phase in calculations involving evolved reference
and saline groundwaters (canister Model C2) is Am(OH)3. It is subsequently
replaced, however, by AmOHCO3 when HCO3- concentrations increase
sufficiently by release of C from dissolution of the fuel matrix and by
decreasing pH. In calculations for the evolved saline groundwatcr and canister
Model C l , AmOHCO3 is predicted to be the only solubility controlling
phase. The complex evolution in Am concentrations results from the evolution
in Eh-pH conditions, the effects of pH on Am(OH)3 and A111OHCO3
solubility, and, in die latter case, by the effects of pH on the aqueous-speciation
behavior of C released from spent fuel.
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4 Concluding Remarks

Chemical models of near-field evolution combined with thermodynamic
models of radionudide speciation-solubility behavior can assist efforts to
assimilate site characterization data into the performance assessment process,
and to deal with uncertainties that are inherent in both site properties and in
concepts of near-field chemistry. It is essential, however, that expert
judgement should be exercised such that model results are conservative with
respect to acknowledged and documented uncertainties. Most importantly, it
is probably unrealistic to expect that the complex chemical environments and
long timescales involved in disposal technologies for nuclear wastes can be
modeled with a high degree of accuracy. For performance assessment,
however, only bounding values are needed, and modeling approaches such as
described in this report are useful for this purpose. Technical peer review and
cross-comparisons of modeling concepts adopted in other performance
assessments provides a basis for building confidence in model results.

Models of near-field evolution and radionudide speciation-solubility behavior
could provide an important link between performance assessment and site
characterization. The results discussed in Section 3, though illustrative,
suggest that the redox buffering behavior of near-field materials could simplify
efforts to assess repository performance in rdation to site characterization data.
The aqueous speciation and solubility behavior of the actinides and many
fission products are primarily Eh-pH dependent (Arthur and Apted, 1996).
Redox potentials and pH are controlled by interactions of site groundwater
with the bentonite buffer, with Fe corrosion products of the canister, and with
spent fuel. Buffering is intrinsically convergent in nature because it entails an
approach to, or attainment of, equilibrium. This is illustrated by the results in
Section 3. where calculations indicate the total range in Eh and pH when spent
fuel coexists with U3O8 and UO3 is 0.2 - 0.3V and 6.5 - 7.5, respectively, over
the range of groundwater compositions, temperatures, and conceptual models
considered. Such narrow ranges in Eh and pH could generate correspondingly
narrow ranges in source-term concentrations because simple oxides or hydrous
oxides are often assumed in performance assessments to be solubility limiting
(Mckinley and Savage, 1996; Arthur and Apted, 1996). Broader ranges in
solubility will occur for elements displaying complex speciation behavior and
multiple oxidation states over the near-field Eh-pH range (e.g., Se).

Results such as shown in Figure 3.4.2 should be tempered by a view of the
entire near-field system, however. As radioelements migrate from the a-
radiolysis field, the relatively uniform reducing environments of the canister
and bentonite (e.g., Figures 3.3.1 and 3.3.2) will cause precipitation of more
oxidized radioelements. Furthermore, the variability such as shown in these
figures will not be significant to the overall predicted performance of the
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repository if the maximum calculated concentration is less than that which
would pose a threat to public health and safety.
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