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ABSTRACT

Used fuel containers in a deep geological repository will be subject to various forms of corrosion. For con-
tainers made from oxygen-free, phosphorus-doped copper, the most likely corrosion processes are uni-
form corrosion, underdeposit corrosion, stress corrosion cracking, and microbiologically influenced
corrosion. The environmental conditions within the repository are expected to evolve with time, chang-
ing from warm and oxidizing initially to cool and anoxic in the long-term. In response, the corrosion
behaviour of the containers will also change with time as the repository environment evolve. A reac-
tive-transport model has been developed to predict the time-dependent uniform corrosion behaviour
of the container. The model is based on an experimentally-based reaction scheme that accounts for
the various chemical, microbiological, electrochemical, precipitation/dissolution, adsorption/desorption,
redox, and mass-transport processes at the container surface and in the compacted bentonite-based seal-
ing materials within the repository. Coupling of the electrochemical interfacial reactions with processes
in the bentonite buffer material allows the effect of the evolution of the repository environment on the
corrosion behaviour of the container to be taken into account. The Copper Corrosion Model for Uniform
Corrosion predicts the time-dependent corrosion rate and corrosion potential of the container, as well as

the evolution of the near-field environment.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The Nuclear Waste Management Organization (NWMO) is
developing the technology for the long-term management of Can-
ada’s used nuclear fuel. The NWMOs recommended approach,
Adaptive Phased Management, was accepted by the Government
of Canada on June 14, 2007. Adaptive Phased Management in-
cludes development of a deep geological repository (DGR) in a suit-
able rock formation such as the crystalline rock of the Canadian
Shield or Ordovician sedimentary rock [1]. Fig. 1 shows a schematic
of several different conceptual designs for a DGR in Canada [2].

Copper has been selected as the reference corrosion-barrier
material for the used fuel container (UFC) in a potential DGR in a
crystalline rock host formation [3]. Various container designs have
been considered [4], but a possible configuration would involve the
isolation of 324 used fuel bundles in a container comprising a car-
bon steel (C-steel) load-bearing vessel and an outer corrosion-bar-
rier of oxygen-free, phosphorus-doped (OFP) copper (Fig. 2). OFP
copper was developed in the Swedish program and is, essentially,
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oxygen-free copper (equivalent to UNS C10100) with the addi-
tional requirements of <5 ppm O, 50-70 ppm P, <0.6 ppm H, and
<8 ppm S [5]. Phosphorus is added to improve the creep ductility
of the material, and the H and S contents are minimized for the
same reason. The oxygen specification was based on the need to
avoid weld porosity using electron-beam welding, although fric-
tion stir welding is now the reference method for the final closure
weld in Sweden.

2. The repository environment

A number of different options currently exist for the design of a
deep geological repository for nuclear fuel waste in Canada (Fig. 1).
The DGR would comprise a series of engineered and natural barri-
ers, forming a multi-barrier system [2]. From the container out-
wards, these barriers could be: the wasteform itself, in the form
of highly insoluble irradiated UO, pellets clad in a Zircaloy fuel
sheath; the container; inner buffer material, consisting of com-
pacted 100% bentonite clay; outer buffer material, a compacted
50:50 mixture of Na-bentonite clay and sand; dense backfill mate-
rial, a compacted 70:30 mixture of crushed granite and bentonitic
and glacial-lake clays; light backfill, a compacted mixture of
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Fig. 1. Conceptual designs for a deep geological repository in Canada [2].
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Fig. 2. Conceptual used fuel container design for 324 used fuel bundles comprising
a carbon steel support vessel and outer OFP copper corrosion-barrier [4].

Na-bentonite and sand; the excavation-disturbed zone (EDZ)
around he periphery of the tunnels and rooms, and the host rock
itself. Both of the repository design options shown in Fig. 1 contain
these various barriers, but differ in their orientation and
placement.

From the viewpoint of the corrosion behaviour of Cu containers,
the three most important environmental parameters in the DGR
are the relative lack of oxidant, the restrictive mass-transport con-
ditions, and the presence of saline groundwaters. The only signifi-
cant source of oxidant is atmospheric O, trapped in the pores of the
buffer and backfill materials as they are compacted and placed in
the repository. Because of the low porosity of these materials, this
trapped O, amounts to only 20-50 mol/container, depending upon
the repository design. There are no other significant sources of
oxidant because deep groundwaters are anoxic and the expected
radiation dose rate at the surface of the container (<0.1 Svh™') is
too small to produce significant amounts of radical and molecular
oxidizing species from the radiolysis of groundwater.

As well as limiting the amount of available oxidant, the com-
pacted buffer and backfill materials also restrict the rate of mass-
transport of species to and from the container. Transport occurs
by diffusion only, with effective diffusion coefficients approxi-
mately 100 times lower than in bulk-solution [6]. Chloride is the
dominant anion in deep groundwaters at potential repository loca-
tions, with concentrations typically in the range 0.1-5.0 mol dm~—>
at depths of 500-1000 m [7]. Other significant environmental fac-
tors are the elevated container surface temperature (maximum
~90-100 °C) and the presence of an external load on the container
(5-10 MPa from the 500-1000-m head of groundwater, up to
5MPa from the swelling pressure of the buffer material, and
30 MPa hydrostatic pressure due to an assumed 3000-m-thick ice



F. King et al./Journal of Nuclear Materials 379 (2008) 133-141 135

sheet). The elevated temperature (T) will cause the buffer material
closest to the container to partially desiccate initially, resulting in
both liquid and vapour phases. The rate at which the buffer and
backfill sealing materials saturate with groundwater, and hence
the time at which the full external load is imposed on the con-
tainer, will depend on the design of the repository and the proper-
ties of the surrounding rock.

An important aspect of the repository environment is that it will
change over the extended periods of time of interest for nuclear
waste management. Construction of the repository and emplace-
ment of the heat-generating waste will disturb the benign condi-
tions of the undisturbed rock formation. Slowly over time, the
conditions in the DGR will evolve however, until eventually they
resemble the conditions that prevailed prior to excavation. Thus,
initial conditions will be warm and oxidizing because of heat out-
put from the container and because of the presence of trapped
atmospheric O,. Conditions will become cooler and anoxic as the
activity of the used fuel decreases and as the trapped O, is con-
sumed by container corrosion, by reaction with oxidizable miner-
als (mainly Fe(Il)-containing minerals) and other species in the
buffer and backfill materials, and by microbial activity. This evolu-
tion of conditions is illustrated schematically in Fig. 3. Throughout
this time, the Cl~ concentration in the buffer and backfill pore-
water will increase as Cl~ ions diffuse into the repository from
the saline groundwater. Eventually, the conditions in the reposi-
tory will be identical to those in the surrounding rock, i.e., an ambi-
ent temperature of ~10-15 °C, anoxic, saline ([Cl"] in the range
0.1-5.0 mol dm~3, depending upon repository depth and location),
and water-saturated.

If sulphide ions are present, H,O can also act as an oxidant for
copper [8,9]. The model described here was developed to describe
the corrosion behaviour of copper containers in a DGR in Canada.
Neither the type of bentonite historically considered in Canada
(Avonlea bentonite) nor the host crystalline rock of the Canadian
Shield contain sulphide minerals. However, should a pyrite-con-
taining bentonite be considered in the future, or if the Ordovician
sedimentary deposits are shown to contain sulphide minerals, then
the possibility of sulphide-induced corrosion would also need to be
considered.
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Fig. 3. Schematic illustrating the evolution of environmental conditions within a
deep geological repository. As the trapped O, is consumed and the container surface
temperature decreases, the repository environment will evolve from warm and
oxidizing initially to an indefinite period of cool, anoxic conditions. At the same
time, the pore-water salinity will increase as Cl~ diffuses in from the saline
groundwater.

The corrosion behaviour of the containers will change with time
as the environmental conditions within the repository evolve. In
general, the initial warm, oxidizing period will be the most aggres-
sive. Oxidant is available and temperatures are at their hottest.
Once all the trapped O,, and any Cu(ll) species produced by con-
tainer corrosion, have been consumed corrosion should cease since
there will be no available oxidant to support corrosion. Therefore,
provided Cu containers survive the initial warm, oxidizing period
intact, they will become thermodynamically stable in the reposi-
tory environment, ensuring virtually indefinite containment of
the used fuel.

3. Corrosion behaviour of copper containers

Fig. 4 illustrates the mechanism proposed for the uniform corro-
sion of Cu in buffer and backfill materials in O,-containing Cl~
environments [8-10]. This mechanism is based on the results of
various experimental studies of the electrochemical and corrosion
behaviour of Cu and of the properties of the clay-containing buffer
and backfill. Various types of process are included in this mecha-
nism: interfacial electron-transfer reactions, homogeneous redox
reactions, precipitation/dissolution processes, adsorption/desorp-
tion, and mass-transport processes.

The interfacial electrochemical processes included in the mech-
anism have been studied in some detail. Based on our own work
and that of others [11-13], the anodic dissolution of Cu in CI~ solu-
tions proceeds reversibly via an adsorbed CuClaps intermediate to
produce dissolved CuCl, species (described by rate constants kay,
kap, kps and kyp, in Fig. 4). Oxygen reduction on Cu can be character-
ized as an irreversible 4-electron process producing OH™ (rate con-
stant k¢), although the detailed mechanism depends on factors
such as the interfacial pH and the presence of catalytic surface
intermediates [14-16]. A combination of these two interfacial
mechanisms accounts for the variation of the corrosion potential
(Ecorr) of Cu in Cl~ solutions over a wide range of [0,] and mass-
transport conditions, including compacted clay [17]. As a conse-
quence of the fact that both anodic and cathodic reactions are un-
der transport control in compacted media, Ecogr is insensitive to
the detailed interfacial mechanism for the reduction of O, [17].
The possibility of Cu(Il) acting as an oxidant is also included in
the mechanism through an irreversible interfacial reduction
process (rate constant kq). Because of the stabilization of Cu(l) by
complexation with Cl~, Cu does not undergo disproportionation
in CI~ environments [18].

Several homogeneous redox processes are included in the
mechanism. Cupric species are formed from the oxidation of
CuCl; by 0, [19,20]

4CuCl, + 0, + 2H,0 - 4Cu?* + 8Cl™ + 40H . (1)

The rate of reaction is first-order with respect to both [CuCl; ] and
[O,], with the value of the rate constant k; increasing with T and
pH, but inversely dependent on [Cl ] because of the stabilization
of Cu(I) as CuCl, complexes [19]. Cupric species, observed as dis-
solved and precipitated Cu(ll) in corrosion experiments in com-
pacted buffer [21], are formed exclusively by reaction (1), since it
has been shown that Cu dissolves only as Cu(l) in CI~ and Cl7/
SO2~ solutions over the range of potentials of interest [22]. The
other homogeneous redox reactions in Fig. 4 involve Fe(II), formed
by the dissolution of Fe(II)-containing minerals in the rock and clay,
such as biotite (with the general formula K(Mgg ¢_1 sFell 4_1 2)(SizA-
1)0,(OHF),), magnetite, and pyrite. Dissolved Fe(Il) reacts with
either dissolved O, (rate constant ks) or with Cu?* (rate constant
ks). The reaction between Fe(ll) and O, is pH-dependent and is
first-order with respect to both [Fe(II)] and [O;] [23]. The reaction
with Cu?* is assumed to be first-order with respect to [Fe(Il)] and
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Fig. 4. Mechanism for the uniform corrosion of copper in compacted buffer and backfill materials saturated with O, containing saline groundwater. The J's and k’s denote
diffusive fluxes and rate constants for the various mass-transport, electrochemical, chemical, microbiological, precipitation/dissolution, adsorption/desorption and redox

processes included in the mechanism.

[Cu®*]. These latter processes are responsible for the expected evolu-
tion to anaerobic conditions in the repository.

The results of corrosion experiments in compacted buffer show
the presence of precipitated Cu,0 and CuCl, 3Cu(OH); on the sur-
faces of Cu coupons [21]. Due to the high surface area:volume ratio
in compacted media, precipitation may also occur on the clay,
sand, and rock surfaces in the buffer and backfill. Precipitation of
Cu,0 and CuCl, 3Cu(OH), (rate constants k, and ks, respectively)
is assumed to occur once the concentrations of CuCl, and Cu®* ex-
ceed the solubilities of the respective solid phases for the particular
conditions of [C]7], T and pH under consideration. Re-dissolution of
these phases is also included in the mechanism (rate constants k_,
and k_s, respectively), at a rate which is dependent upon the sur-
face area of the precipitated phase and pH, but not on [Cl™] [24].
Similarly, the precipitation and re-dissolution of a secondary Fe(II)
phase is included in the mechanism (rate constants k;/k_;) to ac-
count for the accumulation of unreacted Fe(Il). Ferrous species that
react with either O, or Cu?* are assumed to precipitate irreversibly
as an Fe(IlI) solid.

Na-bentonite is a cation-exchanging mineral possessing a net
negative surface charge [25]. Adsorption of dissolved Cu species
has been shown to have a significant impact on the corrosion of
Cu in compacted buffer material [21]. The extent of adsorption of
Cu depends on its speciation, with cationic Cu(Il) species (aquated
Cu?*, CuOH* or CuCl*) strongly adsorbed but negatively charged
CuCl; not adsorbed at all. Adsorption and desorption are described
mechanistically using a kinetic Langmuir isotherm (rate constants
k4 and k_4, respectively), with the rate of adsorption proportional
to the number of vacant adsorption sites and the rate of desorption
proportional to the number of occupied sites. Adsorption/desorp-
tion processes are frequently modelled using linear, equilibrium
adsorption isotherms. However, the results of corrosion and
adsorption experiments suggest that a Langmuir, rather than a lin-
ear, isotherm is more appropriate for the corrosion of Cu in com-
pacted buffer material [21,26]. Furthermore, a comparison of the
rates of adsorption/desorption with the transit time of diffusing
species between adjacent adsorption sites suggests that equilib-
rium is unlikely to be established [6], as is frequently assumed.

The possibility of O,-consumption by aerobic microbes is also
included in the model (rate constant kg in Fig. 4). Although a
more-detailed microbial model is available [27], the rate of aerobic
respiration is treated here simply as a pseudo first-order process,

with the value of the rate constant derived from the results of
0,-consumption in a long-term in situ test [28].

Mass-transport of solutes in buffer and backfill occurs by diffu-
sion only. The hydraulic conductivities of the two materials are
sufficiently low (<1071°-10">ms~!) as to preclude convective
mass-transport. The double layer region adjacent to the randomly
orientated clay, sand and rock surfaces do not cause migration of
charged species [29]. Buffer and backfill materials can be described
in terms of an equivalent porous medium, in which the effective
diffusion coefficient (D.) is given by [6,10,29,30]

De = TeeD, 2)

where 7 is the tortuosity factor, ¢. is the effective porosity for mass-
transport and Dy is the bulk-solution diffusion coefficient. Both 7

il

=

e

Fig. 5. Schematic illustrating the various types of pores in compacted buffer
material. (1a) Isolated pores, (1b) pore volume associated with the inter-lamellar
spaces between clay particles, (2a) through-pores for diffusive mass-transport, (2b)
storage or dead-end pores.
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and & have values of ~0.1 for compacted buffer material [30]. Dif-
fusion occurs through only part of the total porosity, that associated
with through pores (denoted 2a in Fig. 5). The total porosity is com-
posed of an accessible porosity, comprising through and dead-end
pores (2a and 2b, respectively in Fig. 5), and an inaccessible poros-
ity, comprising isolated pores and the pore space between clay and
aggregate particles too small for diffusants to enter (1a and 1b,
respectively). The total porosity depends on the compaction den-
sity, but it is divided approximately equally between accessible
and non-accessible pores [31]. Because part of the pore volume is
not accessible to diffusants, some of the trapped O, is not available
to support corrosion and some of the adsorption sites will remain
unoccupied. Consequently, the adsorption capacity of compacted
clay is found to be less than that of unconsolidated material [31].
If the initially elevated temperature causes desiccation of the buffer,
0, may partition into the vapour phase (rate constants kg/k_g in Fig.
4), resulting in rapid O, diffusion to the container surface [10].

The diffusion of Cu in compacted clay and buffer material has
been studied in some detail. Copper concentration profiles were
observed in corrosion experiments in which a Cu coupon was
placed in contact with a column of compacted buffer material
[21]. Although the time dependence of the interfacial [Cu] was
not accurately known, it was possible to estimate values for the
apparent diffusion coefficient of Cu(ll) and Cu(I) (as non-sorbing
anionic CuCl; species) (D,) as a function of T [32].

4. Mathematical aspects of the copper corrosion model

The mathematical model is based on the corrosion model in Fig.
4 and a 1-dimensional (1-D), multi-layer description of the various
mass-transport barriers surrounding the container (Fig. 6). An arbi-
tray number of mass-transport layers can be included in the model
representing, the inner and outer buffer material, light and dense
backfill material, the EDZ, and the host rock. Each layer is described
by its porosity and tortuosity factor, the content of Fe(Il) minerals,
and the time-dependent degree of saturation. A given material can
be described by multiple layers in the model in order to provide a
better description of the spatial dependence of the saturation front.
The model is referred to as the Copper Corrosion Model for Uni-
form Corrosion (CCM-UC). Other variants of the model have been
developed to predict the extent of microbiologically influenced
corrosion (CCM-MIC) [27] and of stress corrosion cracking (CCM-
SCC) [33], but are not discussed further here. A summary of the val-
ues of the electrochemical, precipitation/dissolution, adsoprtion/
desorption, redox, and mass-transport input parameters is given
in Appendix A. A description of the basis for these values is given
by King and Kolar [9].

A series of reaction-diffusion equations is written for the vari-
ous diffusing and non-diffusing species considered in the model,
of the general form

Buffer Backfill

%

oc D oc
fam = Ay (gewo &) + £ ZRi, 3)
and
ac
5k (4)

respectively, where c is the pore-water concentration, &, is the
accessible porosity, and R; describes the rates of the homogeneous
reactions (denoted by rate constants k; through kg in Fig. 4). The
10 species considered in the model are (Fig. 4): dissolved O,, O,
in the gas-phase, dissolved Cu(I) (as CuCl;), precipitated Cu(I) (as
Cu,0), dissolved Cu(ll) (as Cu®*), precipitated Cu(ll) (as
CuCl; - 3Cu(OH),), adsorbed Cu(ll), CI~, dissolved Fe(Il), and precip-
itated Fe(II). In addition, a heat-conduction equation is included to
simulate the effect of varying temperature within the repository.

The reaction-diffusion equations are solved using finite-differ-
ence techniques subject to a set of boundary and initial conditions.
The boundary conditions (bc) for 0,, CuCl, and Cu®" and Cl~ at
x =0 are defined by electrochemical expressions for the respective
interfacial reactions shown in Fig. 4. These expressions are used to
develop a mixed-potential model, enabling the corrosion potential
(Ecorr) and corrosion rate (icogrr) to be determined [17]. Dissolved
Fe(Il) is assigned a zero-flux bc at x =0 and, since the remaining
species do not diffuse, the respective mass-balance equations can
be used as bc for these species. At the far boundary (the groundwa-
ter-bearing fracture), the diffusing Cu species are assigned a zero
concentration bc, and O,, Fe(Il) and Cl~ have constant-concentra-
tion bc determined by the composition of the groundwater.

The initial conditions depend on the system being modelled.
Invariably, the layers are taken to be initially free of all Cu species.
In the example shown here, we assume time-dependent saturation
of the various materials by incoming groundwater. The groundwa-
ter is assumed to be anoxic and to be saturated with Fe(Il)
(~107> mol dm~3). The incoming groundwater is diluted by the
fresh water used to compact the buffer and backfill materials.
These materials are compacted at either 80% (buffer and dense
backfill) or 33% (light backfill) of their saturated moisture contents.
Therefore, there is significant air-filled void space in these layers.
Oxygen partitions between the vapour and aqueous phases accord-
ing to Henry’s law.

In the simulations described here, a total of eleven mass-trans-
port barriers were assumed, three for the inner buffer, two for the
outer buffer, and one each for the light and dense backfill materi-
als, the inner and outer EDZ, and the near- and far-field host rock.
These layers are represented in the model by 725 grid points. The
spacing of the grid points is determined by a geometrical progres-
sion, so that the points closest to the container, where the concen-
tration profiles are generally the steepest, are closely spaced and
the points further away become increasingly widely spaced. The

EDZ Intact Rock

Fig. 6. Schematic representation of the series of 1-dimensional mass-transport barriers used in the model to simulate the various engineered and natural barriers.
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smallest and largest grid spacings are of the order of 10 um (at the
container surface) and 2 m (in the rock layer). The size of the time
increments is determined using an adaptive time-step algorithm
which takes into account both the number of iterations required
for convergence and the maximum change in concentration of
any of the ten species in the previous time-step. Thus, small
time-steps are used when concentrations are changing rapidly, as
at short times, but when the concentration changes are small, long-
er intervals are used to minimize CPU time. The algorithm can han-
dle abrupt changes in Ac encountered during the integration.

The output from the model includes the time-dependent values
of Ecorr and icorg, and the concentrations of each of the ten chem-
ical species as a function of distance and time. All other parameters
are derived from these concentrations.

5. Model predictions

The CCM-UC was used to predict the uniform corrosion behav-
iour of copper UFC in a DGR in crystalline rock. Fig. 7 shows the
predicted time dependence of Ecorg and icorr during the evolution
of the repository environment. The rapid flux of O, to the container
surface from the initially aerobic buffer material results in rapid
corrosion initially, which then decreases as the O, supply dimin-
ishes. In fact, the major oxidant is Cu(Il), formed from the homoge-
neous oxidation of Cu(l) by O,. The increase in Ecogrg is due to the
increase in the interfacial concentration of CuCl; (see below).

Both Ecorr and icorr are undefined for periods between ~2
months and 100 years because, based on the assumed time depen-
dence of the degree of saturation of the inner buffer material, the
relative humidity at the container surface is predicted to be too
low (<60%) to support electrochemical processes. Only once the
container begins to cool and the buffer saturates does electrochem-
ical activity, and hence corrosion, resume. By that time, however,
the interfacial concentrations of O, and of Cu(Il) are small and
the corrosion rates are correspondingly low.

Ecorr is calculated from the i/E expression for the anodic reac-
tion [9,17]

2.3RT k i
Ecoe = E + lo { ab <CORR

ICORR 4 ey [C c1*> 5
F kafkbf[(:li]é nF kb [CuCl, ] } (3)

where E° is the standard potential for the anodic electron-transfer
reaction, [Cl7]o and CuCl; are the interfacial concentrations of CI~
and CuCl, and n, F, R and T are the number of electrons transferred
(n = 1), the Faraday constant, the gas constant and the absolute tem-
perature, respectively. In general, Ecorg is a complex function of a
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Fig. 7. Predicted time dependence of the corrosion potential and corrosion rate of
copper used fuel containers.

number of time-dependent variables, including the interfacial con-
centrations of CI~ and of CuCl, and temperature.

Fig. 8 shows the predicted time dependence of the integrated
charge density for the anodic and two cathodic reactions consid-
ered in the model, expressed in terms of an equivalent thickness
of copper. The total amount of corrosion is predicted to be
<2 um, with approximately equal amounts occurring before and
after the container surfaces dries out. Of this corrosion, >99% is
supported by the reduction of Cu(Il) and only a small amount by
the reduction of O,.

The CCM-UC also predicts the speciation of the corroded copper
as determined by the relative kinetics of the redox, precipitation/
dissolution, and sorption/desorption processes. Fig. 9 shows the
predicted time-dependent speciation of copper in terms of the spa-
tially integrated amounts (in units of mol dm~2 as a result of the
use of a 1-dimensional model) of dissolved CuCl;, precipitated
Cu,0, dissolved Cu?*, precipitated CuCl, 3Cu(OH),, and adsorbed
Cu(II). Up to a time of ~200 years, Cu(Il) species predominate, with
the majority of corroded Cu present in the system as Cu(ll) ad-
sorbed on the bentonite clay. This prediction is consistent with
the results of laboratory corrosion experiments involving com-
pacted bentonite in which steep Cu concentration profiles were ob-
served in the clay adjacent to the copper surface [21]. At longer
times, however, Cu(l) species predominate as both the O, and
Cu(Il) in the system are consumed by reaction with Fe(II) minerals
and by corrosion of the container.

An important aspect of the evolution of the environment is the
consumption of the initially trapped O, and the transition from
aerobic to anaerobic conditions. In the CCM-UC, O, is consumed
by (i) interfacial cathodic reduction on the container surface, (ii)
the homogeneous oxidation of Cu(l) to Cu(Il), (iii) reaction with
Fe(Il) minerals in the dense backfill, EDZ, and host rock, and (iv)
aerobic microbial activity. Microbial activity is restricted to loca-
tions in the repository in which the water activity exceeds the
threshold of 0.96 required to support metabolic processes
[27,34,35]. Based on this criterion, microbial activity does not oc-
cur in the 100% bentonite inner buffer at any time, and only occurs
in the outer buffer and backfill materials once the degree of satu-
ration has increased following the initial desiccation, a period that
varies between 27 and 71 years following closure of the repository,
based on the assumed saturation characteristics.

Fig. 10 shows the predicted time dependence of the consump-
tion of both gaseous and dissolved O,. The model predicts a reduc-
tion in the initial O, inventory by five orders of magnitude after 57
years and by nine orders of magnitude after 200 years. Although
there is no specific definition of the terms “anoxic” and “anaero-
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Fig. 8. Predicted time dependence of the integrated charge density for the anodic
and cathodic processes, expressed in terms of an equivalent thickness of copper.
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Fig. 10. Time-dependent consumption of the initial inventory of gaseous and
dissolved oxygen in the repository.

bic”, from a practical viewpoint, the establishment of anoxic condi-
tions can be considered to occur somewhere between these two
times. However, it should be noted that Cu(Il) remains in the sys-
tem for a period of 300-500 years after closure (Fig. 9), so the re-
dox conditions near the container will remain “aerobic” for some
time longer. (The “spikes” in the dissolved O, curve correspond
to the times at which different layers are assumed to become fully
saturated and the remaining gas-phase O, in the respective layers
dissolves in the pore-water).

The spatial distribution of the amount of O, consumed by aero-
bic microbial activity is shown in Fig. 11. No microbial O,-con-
sumption occurs in the inner 100% bentonite buffer because of
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Fig. 11. Predicted spatial dependence of the contribution of microbial activity to
the consumption of oxygen in the repository.

the low water activity in that material. However, increasing
amounts of O, are consumed in the outer buffer, and dense and
light backfill layers. The amount of O, consumed in each layer is
a function of the inventory of O,, which in turn is a function of
the porosity and the initial degree of saturation, and the duration
of microbial activity, which depends on the time at which the layer
becomes sufficiently saturated to permit microbial activity. In this
regard, microbial activity occurs earlier in the outer buffer and
dense backfill materials (largely because of the higher initial de-
gree of saturation in these layers), but the light backfill has a much
greater initial inventory (72% of the total O, in the repository, com-
pared with only ~6% in each of the outer buffer and dense backfill
layers). Therefore, more O, is consumed by microbial activity in the
light backfill than in either the outer buffer or dense backfill layers.

Another cause of O,-consumption is reaction with ferrous ions
released from Fe(Il)-containing minerals in the sealing materials
and host rock. (The current simulations were performed for a
repository in granitic host rock, which contains several weight %
biotite). Oxygen-consumption by redox reaction with Fe(II) occurs
primarily in the EDZ and host rock and in the dense backfill, which
is the only one of the sealing materials that contains crushed rock
(Fig. 12). (Unlike other bentonites, the Avonlea bentonite specified
here contains no pyrite, which would act as an additional source of
Fe(II)). Although the EDZ contains a higher surface area of available
Fe(Il), the small pore volume limits the amount of O, available to
be consumed. Some dissolved Fe(Il) from the dense backfill layer
diffuses into the adjacent outer buffer and light backfill, resulting
in the “tails” of O,-consumption in these layers apparent in Fig.
12. Furthermore, since the release of Fe(Il) by biotite dissolution
is temperature dependent, more O, is predicted to be consumed
in the dense backfill closest to the container.

Fig. 13 shows an overall comparison of the time dependence of
the various O,-consumption reactions. For periods up to ~1-2
years, the main O,-consumption reaction is the oxidation of
Cu(I). However, once the buffer and backfill materials have satu-
rated sufficiently to permit microbial activity, the consumption
by aerobic microbes is predicted to predominate. Oxidation of
Fe(Il) also becomes an important cause of O,-consumption later
once the repository temperature has increased sufficiently to cause
biotite alteration. Of the total inventory of O,, 94% is predicted to
be consumed by aerobic microbial activity, 3% by the oxidation
of Cu(l), 4% by the oxidation of Fe(Il), and <0.01% by the direct
interfacial reduction reaction on the container surface. These frac-
tions are, however, dependent on the values of the various rate
constants used in the model. The rate of O,-consumption by aero-
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bic microbes in particular is uncertain, with the value for kg esti-
mated from the results of a large-scale in situ test [28].

6. Conclusions

The corrosion behaviour of copper nuclear waste containers will
change with time as the environmental conditions within the deep
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geological repository evolve, from warm and oxidizing initially to
eventually cool and anoxic in the long-term. Containers that sur-
vive intact until the environmental conditions become benign
can potentially provide indefinite containment of the nuclear fuel
waste.

A 1-dimensional reactive-transport model has been developed
to predict the long-term uniform corrosion behaviour of the con-
tainer and the evolution of the repository environment. Interfacial
electrochemical reactions on the container surface are coupled
with chemical, microbiological, redox, adsorption/desorption, pre-
cipitation/dissolution, and mass-transport processes occurring in
the various clay-based sealing materials and host rock. The model
predicts the temporal and spatial variation of the concentrations of
the various species included in the code, as well as the corrosion
rate and the corrosion potential of the container.

The value of the model is not so much in the prediction of the
corrosion rate, but more so in the insight that it provides regarding
the coupling of the corrosion behaviour of the container to the evo-
lution of the repository environment. In addition, the prediction of
the corrosion potential allows the probability of other processes,
such as localized corrosion and stress corrosion cracking, to be
assessed.

Appendix A. Summary of electrochemical, mass-transport, and
other kinetic data

k1 rate constant for the homogeneous oxidation of CuCl; by O, (calculated within the model)
k rate constant for the hydrolysis of CuCl; (1 s~ at 25 °C)

AH, temperature dependence of k, (60 k] mol~ 1)

k_» rate constant for the dissolution of Cu,0 (0.1 s~ ! at 25 °C)

AH_, temperature dependence of k_, (40 k] mol~!)

ks rate constant for the precipitation of CuCl, 3Cu(OH), (1 x 10~ s~! at 25 °C)

AHs;  temperature dependence of k3 (60 k] mol~!)

k_5  rate constant for the dissolution of CuCl, 3Cu(OH), (1 x 10-%s~! at 25 °C)

AH_; temperature dependence of k_3 (60 k] mol~!)

ka rate constant for the adsorption of Cu?* on Na-bentonite (2 x 10~>dm® mol~! s~! at 25 °C)
AH, temperature dependence of k4 (0 k] mol~!)

k_,  rate constant for the desorption of Cu?* (1 x 1076s~! at 25 °C)

AH_, temperature dependence of k_, (0 k] mol~1!)

ks rate constant for the reaction between O, and dissolved Fe(Il) (2.9 dm® mol~! s~! at 25 °C)
AHs temperature dependence of ks (40 k] mol~1)

ke rate constant for the reaction between Cu?* and Fe(II) (10 dm? mol~' s~ at 25 °C)

AHg  temperature dependence of kg (40 k] mol~!)

k7 rate constant for the rate of precipitation of an unidentified Fe(Il) solid (1.0 s~ at 25 °C)
AH,; temperature dependence of k; (60 k] mol~!)

k_7 rate constant for the dissolution of a Fe(Il) secondary phase (0.1 s ! at 25 °C)

AH_; temperature dependence of k_; (60 k] mol~!)

kg rate constant for the dissolution of gaseous 0, (0.0122 s ! at 25 °C)

AHs  temperature dependence of ks (60 k] mol~!)

ko rate constant for the aerobic microbial consumption of 0, (2.2 x 1072 s~! at 25 °C)

AHy  temperature dependence of kg (60 k] mol~1)

Da diffusion coefficient of gaseous O, in air (0.00165 dm?s~! at 25 °C)

AHp, temperature dependence of Da (—2.06 K] mol~! at 25 °C)

Dq pore-solution diffusion coefficient of O, (1.7 x 10~ dm? s~ ! at 25 °C)

AHp, temperature dependence of Dy (15 k] mol ')

D; pore-solution diffusion coefficient of CuCl; (6 x 1078 dm? s~! at 25 °C)

AHp; temperature dependence of D; (18.8 k] mol™!)

Ds pore-solution diffusion coefficient of Cu®* (6 x 10~8 dm?s~! at 25 °C)

AHp, temperature dependence of D3 (15 k] mol~')

Ds pore-solution diffusion coefficient of Cl~ (2 x 10~7 cm?s~! at 25 °C)

temperature dependence of Dg (15 k] mol 1)
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D pore-solution diffusion coefficient of Fe(II) (5 x 10~8 dm?s~! at 25 °C)

AHp, temperature dependence of D; (15 k] mol~")

¢t concentration of CuCl; in equilibrium with Cu,0 (3.4 x 103 mol dm 3 at 25 °C in 1 mol dm > Cl-, pH 7)

1
AHF"  temperature dependence of ¢ (24 k] mol~')

¢t concentration of Cu®" in equilibrium with CuCl, 3Cu(OH), (4.3 x 10~7 mol dm~2 at 25 °C, pH 7)

G concentration of dissolved Fe(Il) in equilibrium with a precipitated Fe(Il) secondary phase (1 x 10~ mol dm~3 at 25 °C)

AH$"  temperature dependence of ¢ (19 k] mol ')
7
AHZ"  temperature dependence of c$ (30 k] mol?)
F Faraday constant (96487 C mol ')
R gas constant (8.314] K~' mol™!)
No number of electrons transferred in the reduction of O, (4)

ey cathodic transfer coefficient for the reduction of O, (0.37)

ke electrochemical rate constant for the reduction of 0, (1.7 x 10~°dm s~! at 25 °C)

AH. temperature dependence of k. (60 kj mol~')

E° standard potential for the reduction of O, (0.16 Vscg at 25 °C at pH 7)

AE?  temperature dependence of E2 (—1.23 x 1074V K1)

n, number of electrons transferred during the oxidation of Cu (1)

ES standard potential for the dissolution of Cu as CuCl (—0.105 Vscg at 25 °C)

AE?  temperature dependence of E2 (—6.35 x 1074V K1)

ka combined electrochemical rate constant for the anodic dissolution of Cu (3.3 x 10~*dm s~! at 25 °C). k, is a combined rate

constant, equivalent to kykpe/kap
AH, temperature dependence of k, (60 k] mol~?).

Kbb rate constant for the conversion of CuCl, to CuCl (1.42 x 10~ dm s~! at 25 °C)

AHp, temperature dependence of kyy, (60 k] mol 1)
ny number of electrons transferred for the reduction of Cu?* (1)
kq electrochemical rate constant for the reduction of Cu?* (2 x 10-8dm ! at 25 °C)

AHy  temperature dependence of kg (45 k] mol~!)
g transfer coefficient for the reduction of Cu?* (0.5)

Eg standard potential for the reduction of Cu?* (0.223 Vscg at 25 °C)

AES  temperature dependence of ES (0VK™')
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