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Executive Summary

The Swedish Government has asked SKB to carry out a safety assessment of the KBS-3
disposal concept for spent nuclear fuel "...to demonstrate that the KBS-3 method has good
prospects of being able to meet the safety and radiation protection requirements which SKI
and SSI have specified in recent years." The results of that assessment, referred to as SR
97, have recently been published. The present report summarizes the results of a review of
selected geochemical aspects of SR 97. These subjects include the hydrochemical
evolution of a defective canister, thermodynamic data supporting estimates of radioelement
solubilities, modeling of near-field chemistry and analyses of the effects of ice melting on
propagation of an oxidizing front to repository depths.

The primary focus of the review is on the canister-defect scenario, and, more specifically,
on supporting analyses of the hydromechanical evolution of a defective canister. The
results of these analyses figure prominently in the safety assessment because they suggest
that even a defective canister will, in effect, remain dry for as long as 200,000 years. This
is an important constraint because it is taken in SR 97 as the period of time required for a
continuous water pathway to form in the near field. The transport of most radionuclides
(i.e., those that do not exist as a gas) cannot occur until this pathway is formed.

It is concluded that although SKB's hydromechanical models are sound, they may suffer
from an over-simplification of the chemical processes involved. Analyses using the models
do not acknowledge that the chemical system within the canister is open in all respects to
the chemical system in the buffer. Instead, mass transfer across the defect at the canister-
buffer interface is limited to liquid H2O and water vapor. Consideration of mass transfer of
other gases [e.g., CC>2(g) and BaSfg)] dissolved in buffer porewaters suggests that
associated reactions involving the iron insert and inner surfaces of the copper shell may
stabilize corrosion products (e.g., siderite, pyrite, Cu sulfides) that are not presently
considered in SKB's models. The effects on the hydrochemical evolution of the canister
resulting from the progressive concentration of solutions as HO is consumed by corrosion
of the iron insert is also not considered in SKB's models. The assumption in these models
that iron corrodes in contact with water vapor is also questionable. Experimental evidence
cited in support of this assumption suggests that in fact a condensation step is first required.
If so, then a condensation mechanism \e.g., capillary condensation (?)], under relevant
thermal conditions expected in the near field, should be proposed and backed up with
experimental evidence. If not, then a credible mechanism for corrosion of the insert in the
presence of gaseous H2O should be elucidated on the basis of experimental investigation.

The internal consistency of the thermodynamic database used in SR 97 to estimate
radioelement solubilities is not evaluated by SKB. The internal consistency may be poor,
however, because selection of preferred values is made with little regard to requirements
that must be met, or approximated as closely as possible, to ensure internal consistency. If
the database is not internally consistent, then it is difficult to make any objective
assessment of its reliability.



The chemistry of the near field is relatively unimportant in SR 97 compared with other
international performance assessments, where in particular solubility-limiting constraints
on the source term are based on predictions of the long-term chemical evolution of buffer
porewaters. The rationale for this latter approach is that the properties of bentonite-
porewater systems are thought to be better characterized and more likely to be time
invariant than corresponding properties of other engineered barrier components or the
geosphere. SKB have apparently rejected this line of reasoning, and, if so, an explanation
supporting this decision would be helpful.

The chemical evolution of buffer porewaters resulting from the interaction of MX-80
bentonite with Aspo, Finnsjon or Gidea groundwaters has been modeled by SKB. The
results are not used in SR 97, however. Rather, a modeled porewater composition resulting
from the interaction of MX-80 bentonite with a synthetic, Allard-type groundwater is used
to estimate near-field radioelement solubilities. If these solubilities are greater than those
calculated for the Aspo, Finnsjon or Gidea groundwaters, then the near-field solubilities are
conservatively used in SR 97. There is no explanation, however, why the apparently more
relevant buffer models (i.e., those based on interactions with Aspo, Finnsjon or Gidea
groundwaters, rather than a synthetic groundwater) were not used to estimate near-field
solubilities in SR 97. It is also noted that despite previous questions from SKI concerning
SKB's approach to modeling bentonite-water interactions, these questions are not
addressed in SKB's more recent modeling studies.

The potential for oxygenated solutions resulting from the melting of an ice sheet to migrate
to repository depths is mentioned in several places in the summary and main reports
documenting SR 97. A modeling study commissioned by SKB basically confirms earlier
analyses by SKI indicating that this scenario is possible, although unlikely. It is important
to bear in mind that this conclusion is based on scoping calculations using simplified
models of complex hydrochemical-hydrogeologic processes driven by a climate-change
scenario. For this reason, SKI's earlier recommendation that SKB should examine the
geologic record for any indications of past migration of oxygenated solutions to the deep
subsurface is still reasonable.
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1 Defective-Canister Scenario

The canister-defect scenario considered by SKB in SR 97 involves an analysis of the
hydromechanical evolution of a defective canister. The analysis is described by Bond et al.
(1997). The main results are confirmed in an independent study by Takase et al. (1999).
The results from both studies figure prominently in SR 97 because they suggest that even a
defective canister will remain essentially dry for as long as 200,000 years. This is an
important constraint in the canister-defect scenario because it is taken as the period of time
required for a continuous water pathway to form in the near field (SKB 1999a). The
outward transport of most radionuclides {i.e., those that do not exist as a gas) cannot occur
until this pathway is formed.

Bond et al. (1997) and Takase et al. (1999) assume that the canister's cast-iron insert reacts
with any porewater entering the canister from the buffer, or with a gas phase saturated with
water vapor, according to the following reaction:

3Fe + 4H2O -> Fe3O4 (magnetite) + 4H2, (1)

for which the corresponding equilibrium partial pressure of hydrogen is approximately
1000 bars. The insert therefore dissolves continuously and irreversibly because the total
internal pressure within the canister is always less than or equal to the sum of the
hydrostatic pressure (50 bars) and swelling pressure of the buffer (50 bars), and because the
insert is assumed to be always in contact with liquid or gaseous FfcO. The corrosion rate is
apparently limited by the transport rate of H2O through a layer of magnetite that adheres to
the surface of the insert. The rate is assumed to be in the range 0.01 to 1 \ivcv yr"1, based on
experimental measurements reported by Blackwood et al. (1994), and is assumed to be
constant over the entire period of time considered in the hydromechanical analyses (~105

yr). Bond et al. (1997) stress that this assumption is questionable because the available
experimental data only extend over a period of 500 days. Natural analogs that could be
used to help better define the long-term corrosion rate exist in the form of natural iron
occurrences, extraterrestrial occurrences {i.e., meteorites) and archaeological artifacts
(Johnson and Francis, 1980; Miller et al., 1994), but the relevance of these analogs may be
questionable because their alloying components are significantly different than those of the
carbon-steel inner canister (Johnson and Francis, 1980).

Chemical constraints on the hydromechanical evolution of a defective canister, other than
that imposed by reaction (1), are not considered by Bond et al. (1997) or Takase et al.
(1999). These authors therefore assume that the chemical environment in a defective
canister is sufficiently similar to experimental systems in which the corrosion behavior of
carbon steel has been measured (Blackwood et al., 1994) that the experimental results can
be used in the hydromechanical models without modification.

This view may be overly simplistic. Other constraints imposed by reversible and
irreversible mass transfer among liquid and gas phases within the canister, and between the
canister and buffer, are certainly possible given the inherently open nature of the near field
system resulting from the defect in the copper shell. These additional constraints are
described in the following section, and evaluated in a preliminary manner to determine how



they might affect some of the assumptions adopted in the hydromechanical models.
Comments based on this survey are summarized in Section 1.1.7.

1.1 Survey of processes controlling the chemical
environment inside a defective canister

The discussion in this section focuses on the region of the 2 mm annular gap between the
outer copper shell and inner iron insert. The presence of a circumferential crack
penetrating the insert is ignored because the crack itself would not involve processes
different than those considered below. A conceptual model of chemical and transport
processes occurring in this region is illustrated schematically in Fig. la, where it is assumed
that porewater from the buffer has partially filled the gap, and in Fig. lb, where it is
assumed that liquid water no longer exists in the annulus. In Fig. la it is assumed that
porewater from the buffer flows into the gap as long as the internal pressure in the canister
is less than the hydrostatic pressure. This situation approximates the "Assessment Model"
described by Bond et al. (1997). In Fig. lb it is assumed that the internal pressure and
hydrostatic pressure are equal, and that any water previously entering the canister has been
consumed by corrosion of the iron insert. This situation corresponds to the "Diffusion
Model" evaluated by Bond et al. (1997). A through-going defect penetrating the thickness
of the copper shell is assumed to exist. The chemical system in the annulus is therefore
open with respect to the chemical system in the buffer. This is a critical difference between
the model system depicted in the figures and the barometric cell used to measure the
corrosion rate of iron (Blackwood et al., 1994). The experimental system is a closed
system.

The chemical and transport processes illustrated in Figs, la and lb are identified by
numbered lines terminating in a single arrow (irreversible processes) or double arrows
(reversible processes). These processes are discussed below in numerical order.

1.1.1 Corrosion of the iron insert by H2Of() - (1)

SKB assume that this occurs in two stages. The first involves initial formation of an
adherent inner film of magnetite by an "electrochemical mechanism", which is not
described (Blackwood et al., 1994). The inner film provides most of the corrosion
protection, and transport through the film is thought to be rate limiting (SKB, 1999b). The
corrosion reaction is represented by:

3Fe + 4H2O(7J -» Fe3O4 + 4H2 .

Platts et al. (1994) review mechanisms that have been proposed for this and similar
reactions [e.g., reactions involving formation of Fe(OH)2 rather than magnetite]. The
presence of liquid water is apparently required to produce the inner corrosion-product film.
Its unclear, however, whether associated reaction mechanisms are equivalent to the
electrochemical mechanism invoked by Blackwood et al. (1994), who note that formation
of the inner film does not involve "going through a Fe2+ intermediate stage".
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Figure 1. Schematic diagram of chemical and transport processes in the region of the
annular gap considered in the canister-defect assessment model (Fig. la, top) and diffusion
model (Fig. 1b, bottom) of Bond et al. (1997). The processes are indicated by numbers and
are discussed in the text. "CP" refers to corrosion products of the iron insert, H denotes
the total height of the canister (447 cm), hi represents the level of the liquid phase and h
stands for the level of the gas phase.



An outer non-adherent layer of magnetite then forms on the inner film by a precipitation
process (SKB 1999b):

Fe + U2O(l) -» Fe2+ + H2 + 2OFT

3Fe2+ + 2OH" + 2H2O(l) -» Fe3O4 + 3H2

[note that the latter reaction is not charge balanced, i.e., the structural formula for magnetite
is (2Fe3+Fe2+)C>4]. Although these reactions involve Fe2+, the corrosion rate does not
depend on its concentration because the reaction forming the inner layer is believed to be
rate limiting (Blackwood et al., 1994).

1.1.2 Mass transfer of H2 from liquid to gas - (2)

SKB assume that all the hydrogen produced by corrosion in the liquid phase is transferred
to the gas phase. This is inferred from the following aspects of their model (Bond et al.,
1997).

Distribution ofH2 between liquid and gas phases. For the conditions considered in Fig. la
{i.e., no circumferential crack in the insert, and assuming the internal pressure is less than
the sum of the hydrostatic pressure and swelling pressure, such that no gas escapes from the
canister), the hydrogen production rate is given by (Bond et al., 1997; Appendix A):

where «,• denotes the number of moles of hydrogen (in the gas phase -see below), t stands
for time (yr), yrefers to a dimensionless "corrosion-rate reduction factor", which is equal to
unity as long as liquid water exists in the gap, /Lin represents the rate at which hydrogen is
produced by the corrosion reaction (mol cm2 yr"1), and Aw refers to an "enhanced" area of
the corroding surface (cm2). The hydrogen production rate is related to the corrosion rate
by:

Fe

where fj, stands for the corrosion rate (cm3 cm"2 yr"1), c^ = 4/3 refers to the stoichiometric
ratio of hydrogen with respect to iron in the corrosion reaction (1), and Vfe represents the
molar volume of iron (cm3 mor1). The enhanced area of the corroding surface is given by:

Aw=A + 27crc(cc-\)hr (4)

where A, defined below, refers to the area of the corroding surface, rc denotes the radius of
the cast-iron insert (47.3 cm), cestands for a dimensionless galvanic enhancement factor,
and hi (cm) stands for the depth of liquid water in the gap (Fig. la). Ignoring for the sake
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of simplicity the term describing galvanic enhancement of the corrosion rate {i.e., assuming
oc= 1), AW = A, which is given by:

A = 27irH, (5)

where 7/(447 cm) denotes the height of the annulus (Fig. la).

The parameter n,- in Eqn. (2) refers to the number of moles of Ft gas because it is used by
Bond et al. (1997) to calculate the internal pressure, P( (bar), given by the ideal gas law:

^L (6)
1 vm

where R stands for the gas constant (cm3 bar deg"1 mot1), T denotes temperature (K) and
VHI refers to the volume of hydrogen in the gas phase (i.e., the volume occupied neither by
water nor corrosion products).

An identical rate constant, u is assumed for the corrosion reaction in both the liquid and
gas phases (Bond et al., 1997). The change in number of moles of \h(g) is therefore
proportional to the product of the corrosion rate and the total area of the corroding surface
[Eqn. (2)]. This implies that the hydrogen produced by corrosion in the liquid phase as
\h.(aq) is exactly balanced by an equivalent amount lost to the gas phase as Yk(g).

Constraints on redox potentials and corrosion-product mineralogy. If the above
interpretation of the distribution of H2 between liquid and gas phases is correct, then
associated constraints on the redox potential of the aqueous phase can be deduced from an
analysis of H2 mass transfer between these phases. This analysis is summarized below.

The loss of an amount of Ffe from the liquid phase that is equivalent to the amount of H[>
produced in that phase by corrosion of the iron insert requires:

_ Q ^
dt dt dt

where the first term on the right-hand side of the first identity refers to the production rate
of ¥h(aq) by corrosion and the second term stands for its rate of mass-transfer to the gas
phase. Both terms depend on the corrosion rate. The first term is given by (Bond et al.,
1997):

(8)

where nwi(aq} stands for the number of moles of dissolved hydrogen, hi refers to the height
of the liquid phase in the annulus (Fig. la) and other parameters are as defined above.
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The second term can be evaluated by noting that the hydrogen production rate in the gas
phase is equal and opposite to the rate at which water vapor is consumed (Bond et al.,
1997):

dnHj0 _ dnHjlg) _

dt dt VFe

where hg refers to the height of the gas phase in the annulus (Fig. la). Bond et al. (1997)
demonstrate that the transport of water vapor within the canister is practically instantaneous
in comparison with the growth rate of magnetite on corroding surfaces. This implies that
the gas phase is continuously saturated with water vapor. The amount of vapor consumed
by the corrosion reaction must therefore be balanced by evaporation of an equivalent
amount of FfcO from the liquid phase (assuming negligible evaporation of water from pores
in the buffer). The evaporation rate is thus equal but opposite in sign to the rate at which
water vapor is consumed by the corrosion reaction:

dt VFe

where dnmo,e refers to the number of moles of FfcO evaporated.

The new volume of gas created by evaporation must equilibrate with FJ dissolved in the
liquid phase in accordance with Henry's Law. This process is shown in Fig. la, where it is
assumed for illustration purposes that evaporation involves formation of a bubble. A
convenient expression for the equilibrium distribution of Kb between liquid and gas is given
by (Drummond and Ohmoto, 1985; Arthur and Murphy, 1989):

(11)

where *&2 stands for the dimensionless "volatility ratio", mm® represents the molality of
fh.(g) (i-e., per kilogram water vapor) and mm.(aq) refers to the molality of Yhfaq)1. The rate
at which H2 is transferred from the liquid phase by evaporation of H2O is then given by:

1 The volatility ratio is related to the Henry's Law constant by (Drummond and Ohmoto, 1985):

where co represents a conversion factor equal to 1000 g kg"1, KH stands for the Henry's Law constant,
denotes the activity coefficient of \ii(aq), / j refers to the density of water vapor (g cm"), <&2(g) represents the
fugacity coefficient and Z stands for the compressibility factor.
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dt H*s) dt 1000 dt
(12)

where Wmo and MH20 stand for the mass (g) and molecular weight (g mol"1) of H2O,
respectively, and the factor 1000 refers to the number of grams in one kilogram.

Substituting Eqn. (8) and the final identity of Eqn. (12) into Eqn. (7) leads to the following
expression:

1000 %_

At 25° C and the range of pressures considered in the hydromechanical model, the volatility
ratio for H2 is essentially constant and equal to 1.2 x 106 (Drummond, 1981), indicating that
H2 is strongly partitioned to the gas phase in evaporating systems. It is important to note
that 1̂ ,2 does, however, increase rapidly with increasing ionic strength. The molecular
weight of H2O is also a constant equal to approximately 18 g mol"1. Variations in the
molality of }\i(aq) under conditions where the ionic strength is relatively low (g.g., less
than about 1 molal) are therefore a function of the height of the liquid phase within the gap,
given by:

mu_ = 4 . 6 x l O - 5 - A — (14)
'»•>(<"!) H-h,

A plot of this function is shown in Fig. 2, where it can be seen that the aqueous molality of
H2 should lie roughly in the range 10"9 to 2 molal for liquid levels in the annulus between
0.01 to 446 cm, respectively. Extrapolation of this function to the condition hi = H is
inappropriate because evaporation is then no longer possible. Similarly, there must be a
lower limit to hi, possibly on the order of a few molecular diameters thick, below which
H2O ceases to exist as a discrete liquid phase.

The stability of minerals in the system FeO-Fe2O3-H2O is shown in Fig. 3 as a function of
pH over the range of \h(aq) concentrations plotted in Fig. 2. As can be seen, magnetite is
stable over most of the range of possible Hzfaq) molalities that could exist in the annulus,
except when mmfaq) is less than about 10"86 mol kg"1. This corresponds to liquid levels in
the annulus less than about 0.1 cm (see Fig. 2).

Hematite is predicted to be stable if mm(aq) is less than about 10"86 mol kg"1. Hematite is
kinetically inhibited from precipitating from aqueous solutions at low temperatures,
however, and it is therefore likely that a metastable solid such as goethite would form in its
place. If so, the lower limit of magnetite stability is shifted to lower values ofmm(aq) (e.g.,
about 10"12 mol kg"1 for the case of goethite), and thus to smaller values of hi.

13
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Figure 2. Concentration offafaq) as a function of the liquid level (hi) in the annulus.

Figure 3 is drawn assuming an arbitrary aqueous concentration of Fe2+ equal to about 10~5

mol kg"1. Variations in the concentration of Fe2+ shift the nearly vertical mineral-solution
equilibrium boundaries to the left or right, however, and do not affect the stabilities of
magnetite and hematite relative to the molality of lh(aq) (indicated by the horizontal line).

It is also important to note that minerals other than corrosion products may precipitate in
the annulus when water ceases to flow into the gap and corrosion advances to a stage that
most of the water initially present is converted to lh(g). Preliminary calculations indicate
that when after roughly 95% of the H2O is consumed by the corrosion reaction, an
increasingly saline residual solution is generated (ionic strengths exceeding 6 molal) and
that a variety of salts and ferrous aluminosilicate minerals precipitate. The types and
amounts of minerals precipitated depends on the amount of solution present in the gap
when flow ceases and the solution's initial composition.

Based on the results depicted in Figs. 2 and 3, the assumption adopted in the
hydromechanical models that magnetite is the stable corrosion product of iron appears to be
reasonable, except possibly at very low levels of the liquid phase in the annulus. It may be
unrealistic to assume that hematite could precipitate under these conditions, however, in
which case magnetite would probably be the stable corrosion product over the full range of
possible liquid levels in the gap. This conclusion is based, however, on the assumption that
mass transfer of gases from the buffer into the region of the annular gap does not occur.
This possibility is considered in the following section.

1.1.3 Gas-liquid equilibria - (3) & (4)

If transport in the gas phase within the annulus is rapid, as demonstrated by Bond et al.
(1997), it is reasonable to assume that this phase will equilibrate with volatile aqueous
species dissolved in the buffer's porewater according to Henry's Law. In addition to FfcO,
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Figure 3. Stability relations among minerals in the FeO-Fe2Oi-H2O system at 25°C (log
aFe2+ = -4.8).

these species include CO2(aq) and H2S(aq). The composition of the gas phase will
therefore include tkOfg), Q,Oi(g) and FfcSfg). Gas species entering the gas phase from the
buffer may also equilibrate with the liquid phase in the annulus (Fig. la) and any
condensate (see below) forming on the surface of the iron insert and copper shell (Figs, la
and lb). Mass transfer of volatile species across the buffer porewater-gas interface will be
controlled in part by the rate of diffusion of these species from the interior of the buffer to
the interface. The concentrations of CO2(aq) and YkS(aq) in buffer porewaters are likely to
be controlled by mineral-fluid reactions, but not by oxidation-reduction equilibria (z.e.,
these reactions are too slow unless they are catalyzed by microbiological activity, or
possibly by contact with metal surfaces in the canister).

Should the liquid phase in the annulus equilibrate with CO2(g) and FfeSfg) derived from the
buffer, the relative stabilities of corrosion products of the iron insert are significantly
altered compared with conditions shown in Fig. 3. A figure analogous to Fig. 3 is shown in
Fig. 4, where it is assumed that the partial pressures of CO2(g) and H>S(g) are fixed by
solubility equilibrium at 10"35 and 10"78 bars, respectively. Carbon dioxide partial
pressures in deep groundwaters range roughly from 10"3 to 10~6 bars, and the value selected
here is therefore near the upper bound of this range. The selected partial pressure of HbSfg)
is calculated based on Henry's law assuming a total dissolved S(II) concentration of 0.5
mg/kg, and assuming that all the sulfide is in the form of fySfaq). The assumed
concentration lies within the range of sulfide concentrations (0.1 - 1 mg/kg) observed in
Swedish groundwaters and bentonite-water interaction tests (Hermansson and Eriksson,
1999). The corresponding partial pressure represents a maximum value, however, because
all the dissolved sulfide is assumed to be in the form of H2S(aq).

As can be seen in Fig. 4, the stability range of magnetite with respect to mH2(aq) (and thus hi,
see Fig. 2) is significantly reduced compared with that shown in Fig. 3, and is bounded by
the stability fields of siderite (FeCCb) and pyrite (FeSa). Both these minerals are known to

15



f "•'

-S

-10:

Ssskrite

Pvrite

9
pH

H>

Figure 4. Stability relations among minerals in the FeO-Fe2Oi-CO2-H2S-H2O system at
25°C (log aFe2+ = -4.8; Iogfco2(s> = -3.5; log fas® = -7.8).

precipitate relatively rapidly at low temperatures, and their existence as stable corrosion
products of iron must therefore be assumed if liquid levels in the annulus are in the
appropriate range. As can be inferred from Figs. 4 and 2, corrosion of the insert to form
magnetite can only occur if the liquid phase in the gap rises to a height between about 0.1
and 10 cm. The relative stability of magnetite increases at the expense of siderite when
Pco2(g> decreases. It increases at the expense of pyrite when Puisfg) decreases. Because
maximal partial pressures of both these gases are assumed, the consequent shrinkage of the
magnetite stability field relative to that shown in Fig. 3 probably represents the maximum
possible extent under repository-relevant conditions.

The assumption adopted in the hydromechanical model that magnetite is the only stable
corrosion product of iron is thus open to question. Magnetite, siderite and/or pyrite may be
stable depending on the molality of Yh(aq) and the partial pressures of CQh.(g) and FbSfgj.
The chemistry of porewater in the buffer, and possibly of groundwater in the nearby host
rock, and mass-transport and mass-transfer processes near the porewater-gas interface must
be taken into account before reliable predictions can be made concerning which of these
phases is the stable corrosion product of iron.

1.1.4 Corrosion of the copper shell - (5)

Based on the preceding discussion, it is reasonable to assume that the liquid phase in the
gap will contain dissolved sulfide. If so, the interior surface of the copper shell will be
subject to corrosion and formation of copper sulfide corrosion products. The overall
corrosion rate of the shell would thus increase in proportion to the surface area contacted by
the liquid phase in the annulus.
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1.1.5 Condensation and equilibration of the condensate with CO2(g) and
- (6)

It is assumed in the hydromechanical models (Bond et al., 1997 and Takase et al., 1999)
that the cast iron insert corrodes in contact with water vapor according to reaction (1). This
assumption is based on experimental results described by Blackwood et al. (1994), who
observed that carbon steel wires suspended completely clear of a reservoir of artificial
groundwater in a humid atmosphere corroded at the same rate as wires immersed in water.
Differences were observed, however, in the initial hydrogen production rates and in the
time required to form the protective magnetite layer. These differences are attributed to
condensation of water vapor on surfaces of the suspended wires. The condensate would be
more dilute and hence more acidic than solutions in which the wires were completely
immersed, and the lower pH may therefore have accelerated the corrosion rate (Blackwood
etai, 1994).

The presumption that iron corrodes in contact with water vapor may therefore be
questionable. It appears from the experimental results noted above that in fact water vapor
must first condense before corrosion can occur. Neretnieks (1985), citing personal
communications from R. Grauer and E. Mattsson as the only supporting evidence, also
concludes that iron will not corrode unless it is in contact with liquid water. This may
conflict with the view held by SKB, however, who note that the inner adherent layer of
magnetite that has been observed on fresh iron surfaces forms by an "electrochemical
mechanism" (Blackwood et al., 1994). If so, it would be helpful if SKB can explain what
this mechanism actually entails.

If iron corrosion in the gas phase requires condensation of water vapor, then the question
arises whether a suitable mechanism exists for condensation to occur under conditions
considered in the hydromechanical models. For example, a slight temperature gradient
between the insert and the buffer is in the wrong direction for water to condense on the
surface of the insert. If a realistic mechanism for condensation does not exist, then the
scenario of pressure build up and hydrogen release must be controlled entirely by the rate
of corrosion in the liquid phase. Unless the liquid phase completely fills the gap, this rate
will be lower, possibly much lower, than the rate considered in the hydromechanical
models.

Water vapor may condense in isothermal porous media by the process of capillary
condensation. The equilibrium vapor pressure over a curved surface is less than that over a
planar surface due to the change in free energy required to sustain the curvature. The
reduction in vapor pressure is related to the radius of a circular pore by the Kelvin equation
(e.g., Adamson, 1967; p. 58):

where Pmo stands for the vapor pressure (bar) in a pore of radius rp (cm), P°H20 refers to
the corresponding pressure over a planar surface, T denotes the surface tension of the
solution (dynes cm"1) and V represents its molar volume (cm3 mol1). On the basis of this
equation, it is reasonable to assume that a gas phase saturated with water vapor in contact
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with a planar surface will condense if the gas migrates into a porous medium where the
pore size is sufficiently small. This possibility is discussed in the context of a steel canister
in direct contact with a bentonite buffer by Neretnieks (1985).

Here we apply similar reasoning to conditions considered in the Assessment Model (Fig la)
and Diffusion Model (Fig. lb) described by Bond et al. (1997). In the Assessment Model it
is assumed that a liquid phase exists in the annular gap. If the corrosion-product layer is
assumed to be porous, then water will condense in the pores if the pore size is less than the
width of the gap (a maximum of 2 mm). Although this seems likely, it depends on the
physical structure of the corrosion-product layer, for which direct experimental data are
apparently lacking. In the Diffusion Model a liquid phase does not exist in the gap.
Capillary condensation will then depend on the relative size of the pores in the corrosion-
product layer compared with the size(s) of pores in the buffer. If the latter are smaller than
those of the corrosion-product layer, then liquid water will not condense in the corrosion-
product layer. This is possible, if not likely (Neretnieks, 1985), and if so corrosion of the
iron insert will not occur.

If it is simply assumed that a suitable mechanism exists whereby water vapor is able to
condense within the pores of corrosion products, the resultant liquid phase would be
expected to equilibrate with CO2(g) and ¥hS(g) in the coexisting gas phase. Both these
gases form weak acids when dissolved in aqueous solution. For example, the pH of a dilute
solution equilibrated with a gas in which Pcoi(g) — 10"3'5 bar is 5.6. The condensate, if it
forms at all, will therefore be dilute and mildly acidic.

1.1.6 Reaction of corrosion products with condensate - (7) & (8)

Based on the preceding discussion, it is possible that water vapor will condense within
pores of the corrosion products formed on the surface of the iron insert, and possibly on the
inner surface of the copper shell. Equilibration of the condensate with COi(g) and ffeSfg) in
the coexisting gas phase, which is also equilibrated with buffer porewater, would make the
condensate mildly acidic. Magnetite and siderite are stable at low Fe2+ concentrations in
alkaline solutions, but may not be stable in acidic solutions unless the concentration of Fe2+

also increases significantly. Thus if liquid water exists in the annulus (Assessment Model;
Fig. la) the stable corrosion products of the insert may differ depending on whether
corrosion takes place in the presence of the liquid or gas phase.

1.1.7 Comment summary

The otherwise excellent analyses by Bond et al. (1997) and Takase et al. (1999) supporting
SKB's contention in SR 97 that even a defective canister would remain effectively dry for
as long as 200,000 years suffer from an oversimplification of the chemical processes
involved. The analyses do not acknowledge that the chemical system within the canister is
open in all respects with the buffer's system. Instead, mass transfer across the defect at the
canister-buffer interface is limited to liquid \\O and water vapor. Takase et al. (1999)
consider the possibility that a gel-like phase from the buffer could flow, or extrude, into the
annular gap in the canister, but they only evaluate physical consequences on the ability of
this material to later imbibe porewater from the buffer.
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Despite this criticism, the question remains whether alternative models that include one or
more of the chemical processes discussed above would invalidate the main contention that
the canisters remain dry for long periods of time. The key question here seems to be
whether iron can corrode in contact with water vapor, or whether a condensation step is
required. If it can corrode in contact with water vapor, then SKB should be more
forthcoming in explaining this mechanism and its rate. If condensation is necessary, then
the question is how, and where, does this occur - on the metal's surface or farther away in
the corrosion product layer? If condensation occurs in the corrosion-product layer, then
how does it "flow" from there to the metal's surface (and at what rate)? Would the
magnetite (and/or siderite or pyrite), be stable in contact with the resultant acidic solution?
Finally, it would be worthwhile to examine more closely the possibility that the inner
surface of the copper shell may corrode in the presence of FfcS derived from the buffer. In
a worst-case scenario, the overall corrosion rate could approximately double compared with
the case in which only the outer surface is subject to corrosion.

1.2 Leakage of hydrogen through the copper overpack

This sink term is not considered in the analyses described by Bond et al. (1997) or Takase
et al. (1999). It could be an important term in the CTB and CB scenarios (Takase et al.,
1999), however, where copper penetrations are assumed to be located above the maximum
water level before hydrogen gas is vented out through the buffer. In these scenarios
hydrogen gas is able to escape the system through the penetration into the bentonite buffer.
With a small diameter (on the order of mm), it is possible that a gradient of hydrogen
concentration forms across the copper penetration. This gradient carries hydrogen gas
toward the buffer where hydrogen dissolves into the porewater and migrates away from the
copper overpack via diffusion. In the following paragraphs, we estimate the mass transfer
rate of hydrogen gas via gas diffusion through the penetration and aqueous diffusion within
the bentonite.

First, we estimate the mass transfer rate of hydrogen gas through the copper penetration.
Assuming a linear concentration gradient from one end of the penetration to the other, the
mass transfer rate, Fm, can be estimated using the following relation:

(16)

where Ap stands for the cross-sectional area of the penetration (with values ranging from
5xlO~6 to 2xlO~5 m2), D refers to the diffusion coefficient in the gas phase (typically 3.1557
m2 yr"1), lc = 0.05 m denotes the penetration length, and Ca and CB represent the hydrogen
concentration (mol m"3) inside the annulus and at the bentonite-canister boundary,
respectively.

Assuming the hydrogen concentration is related to the hydrogen pressure, Pm(g>, inside the
canister and annulus via the ideal gas law, Ca can be estimated from:
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C = ^ 1 , (17)
" RT

where symbols are as defined above. Assuming Pu2(g) = 5 MPa and T = 40°C, the hydrogen
concentration inside the annulus and canister is equal to 1.92 mol m3. If it is also assumed
that the hydrogen concentration at the bentonite-canister interface is equal to zero, the mass
transfer rate of hydrogen gas out of the canister is approximately 6xlO"4to 2x10~3 mol yr"1.

Second, we estimate the mass transfer rate of aqueous hydrogen through the buffer.
Assuming mass transfer is controlled by diffusion, the mass transfer rate at the buffer-
canister interface can be estimated using an analytical expression derived by Chambre et al.
(1986). These investigators obtained a solution for mass transfer through a pinhole defect
in a canister into a three-dimensional water-saturated porous medium. The corresponding
rate, mH, is given by:

mH=4D,erpCc, (18)

where D/ stands for the diffusion coefficient in liquid water (0.0315 m2 yr"1), e denotes the
buffer's porosity (40%), rp refers to the penetration radius (0.0013 - 0.0025 m), and Cc

represents the aqueous hydrogen concentration (mol m"3) at the buffer-canister interface.

If we ignore gaseous diffusion of hydrogen within the penetration, we can assume the
partial pressure of hydrogen at this interface is 5 MPa. According to Henry's law, the
hydrogen aqueous concentration at this location is then about 40 mol rri3. Substituting
values into Eqn. (18) gives amass transfer rate of approximately 0.003 to 0.005 mol yr"1.

Next, we estimate the hydrogen build-up rate due to corrosion and compare this with the
leakage rates estimated above. If the build-up rate is comparable with the leakage rate, then
the leakage "sink term" should not be neglected in the analysis.

The following equation from Takase et al. (1999) is used to estimate the rate of hydrogen
gas buildup, RH2, within the canister and annulus:

(19)
RTAt

where PH2 = 5 MPa, Pm,o stands for the initial hydrogen gas pressure (assumed to be equal
to zero), At refers to the time period during which PH2 builds up to 5 MPa, Vc represents the
interior volume of the canister (0.4 m ), and Va is the annulus volume (0.026 m3). Using At
= 8413 years for the CTB scenario with copper penetration located at the middle and top of
the overpack obtained by Takase et al. (1999), Eqn. (19) predicts a hydrogen buildup rate
of approximately 10"4 mol yr"1.

Comparison of this result with the hydrogen-leakage rate estimated above suggests that the
hydrogen sink term (controlled by aqueous diffusion out through the buffer) is greater than,
or of similar magnitude to, that of the hydrogen production rate due to corrosion. This
suggests that the sink term is important, and should be accounted for in analyses of the
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canister-defect scenario. This term is not included in the analyses described by Bond et al.
(1997) and Takase et al. (1999), however.

1.3 Water imbibition by re-consolidated bentonite

In the bentonite intrusion scenario considered by Takase et al. (1999), it is assumed that a
continuous water pathway is maintained by capillary suction in bentonite that re-
consolidates from a gel after the gel initially enters the annulus. Hence, the rate of water
consumption at the corroding surface of the iron insert is controlled by the corrosion rate
rather than the water-supply rate. It is questionable, however, how the re-consolidated
bentonite can accommodate the water needed for the corrosion reaction. Water flow within
the consolidated bentonite must obey Darcy's law even if the flow is driven by a gradient in
capillary pressure. Parameters controlling this process include the hydraulic conductivity,
relative permeability for liquid of the re-consolidated bentonite, and the capillary pressure
gradient. If the bentonite cannot supply the water needed at the corrosion rate, there would
be less hydrogen generated than estimated by Takase et al. (1999). If so, the importance of
the "gas cushion" effect may have been over-estimated in their analysis.
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2 Thermodynamic Database Supporting
Calculations of Radioelement Solubilities

Solubility constraints on the source term in SR 97 are estimated by Bruno et al. (1997).
Radioelement solubilities are calculated using the EQ3NR aqueous speciation-solubility
software (Wolery, 1992) and a supporting thermodynamic database referred to as
Nagra/SKB-97-TDB. The database is derived from previous databases [designated NTB
91-17 (Pearson and Berner, 1991) and NTB 91-18 (Pearson et al., 1992)] combined with
additional data compilations prepared by SKB for U, Pu, Tc, REE and Np. Several
additions to, and modifications of, these primary data sources are described by Bruno et al.
(1997), and are incorporated in Nagra/SKB-97-TDB. The solubilities are calculated with
respect to three different groundwaters and a solution representing equilibrated bentonite
porewater. The compositions of the groundwaters are based on analyses of groundwater
samples from the Aspo, Finnsjon and Gidea sites.

The reliability of the Nagra/SKB-97-TDB "database" for use in performance assessments is
questionable because its unclear whether the database is internally consistent. Internal
consistency ensures that there are no sources of ambiguity in the database. Such
ambiguities are revealed when mathematical manipulation of the data in various ways
results in two (or more) different values for a given thermodynamic property. The two
values are mutually incompatible, and therefore internally inconsistent with respect to the
data used to calculate them. If, on the other hand, a database is internally consistent, and all
such discrepancies are therefore resolved, then data that are in conflict with experimental
observations can be attributed unequivocally to errors in the data, or to errors in the
experimental results. Internal consistency is thus a conditional requirement, which must be
met before the accuracy of a database can be unambiguously assessed.

The internal consistency of a database is best evaluated in terms of a level of increasingly
stringent conditions (Engi, 1992):

• all the data are compatible with basic thermodynamic definitions, and basic functional
relations used to retrieve parameter values from experimental results,

• a single set of reference values (e.g., reference temperature and pressure), constants
(e.g., gas constant, atomic weights, etc.) and standard-state conventions is adhered to,

• the interdependence of the data is minimized, e.g., by simultaneous evaluation of
experimental data for multiple reactions, and

• parameter values are constrained by all relevant experimental (and field) data, except
those data that are rejected (or uncertainties "relaxed") on the basis of experimental
procedures employed.

Thermodynamic databases are then classified as:

• formally consistent if only the first two conditions are satisfied,
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• partially consistent if the third condition is also satisfied, or

• fully consistent if all four conditions are satisfied.

This definition of internal consistency is useful because it includes the concept of "levels-
of-attainment". A fully consistent database is thus an ideal standard, which may be
extremely difficult to achieve in practice, and to maintain as the database is inevitably
updated and revised. It is important to emphasize that the level of internal consistency does
not necessarily correlate in any meaningful way with the accuracy of the data. Thus,
thermodynamic data in an uncritical data compilation may still be accurate.

Taken at face value, the development of Nagra/SKB-97-TDB as described by Bruno et al.
(1997) leaves considerable doubt as to whether this database is even formally consistent.
The authors appear to have simply compiled preferred thermodynamic data from various
sources, despite numerous cautions in the scientific literature that this is an unacceptable
approach for developing a reliable thermodynamic database (Helgeson et al., 1978;
Berman, 1988; Holland and Powell, 1990; Grenthe et al., 1992; Silva et al, 1995;
Gottschalk, 1997; Rard et al., 1999). It is important to note that Bruno et al. (1997) do
assess the accuracy of their thermodynamic data by comparing calculated solubilities with
radioelement concentrations observed in natural systems and experimental solutions in
contact with spent fuel. These authors have also undertaken a systematic evaluation of the
effects of uncertainties in key environmental parameters (pH, redox potential, total
dissolved carbonate concentrations and temperature) on calculated solubilities. Given the
general importance of thermodynamics-based calculations supporting solubility
calculations and numerous other aspects of SKB's SR 97 performance assessment (and
future assessments of the KBS-3 disposal concept), however, SKB should undertake a more
concerted effort to develop a reliable thermodynamic database for both "geoelements" and
radioelements to help build confidence in the results of these calculations.
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3 Near-Field Chemistry
The chemistry of the near field does not figure prominently in SR 97, except insofar as the
near-field environment is considered qualitatively with regard to constraints on the long-
term stability of the canister, the dissolution rate of spent fuel and the speciation-solubility-
sorption behavior of radioelements released from the fuel. In contrast, near-field chemistry
is significantly more important in most other international performance assessments, where
the chemistry and chemical evolution of buffer porewaters is used as the basis for
estimating solubility-limited constraints on the source term (McKinley and Savage, 1994).
The rationale for adopting this latter approach is that the properties of bentonite-porewater
systems are thought to be better characterized and more likely to be time invariant than
corresponding properties of other engineered barrier components or the geosphere. SKB
have apparently rejected this line of reasoning, and, if so, it would be helpful for SKB to
explain why.

The chemical evolution of buffer porewaters resulting from the interaction of MX-80
bentonite with Aspo, Finnsjon or Gidea groundwaters is modeled by Bruno et al. (1999).
The results of that study are not used in SR 97, however. Rather, a modeled porewater
composition resulting from the interaction of MX-80 bentonite with a synthetic, "Allard "-
type groundwater (Wanner et al., 1992) is used by Bruno et al. (1997) to estimate near-field
radioelement solubilities. If these solubilities are greater than those calculated for the
Aspo, Finnsjon or Gidea groundwaters, then the near-field solubilities are conservatively
used in SR 97. There is no explanation, however, why the apparently more relevant
modeling results of Bruno et al. (1999) were not used to estimate near-field solubilities in
SR97.

The report by Bruno et al. (1999) does not advance the understanding of processes
controlling the chemical evolution of buffer porewaters beyond that developed in previous
modeling studies for SKB carried out by Wanner et al. (1992) and Wieland et al. (1994).
This understanding has been criticized by Roaldset et al. (1996) and Savage et al. (1999)
for several reasons, including:

• the ion-exchange/surface-complexation models of smectite-water equilibria developed
by Wanner et al. (1992) and Wieland et al. (1994) are overly simplistic because they
assume that reactions involving ionic substitutions on octahedral and tetrahedral sites in
this mineral do not occur, despite abundant evidence to the contrary from studies of
natural clay minerals in near-surface environments, and in direct contradiction of
assumptions adopted by SKB in similar models of smectite illitization,

• parameters in the ion-exchange/surface-complexation models are calibrated solely on the
basis of short-term experiments - the models may thus be unsuitable for predictions of
long-term behavior (Arthur and Wang, 1999), and

• the "mixing-tank" model used by Wanner et al. (1992) and Bruno et al. (1999) to
simulate continuous interaction of the buffer and site groundwaters over long periods of
time is overly simplistic because it fails to account for diffusional rather than advective
solute transport into, or out of, the buffer.
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The fact that modeling approaches other than those adopted by Wanner et al. (1992) and
Wielande/a/. (1994) have been developed for clay minerals is acknowledged by Bruno et
al. (1999). Some of these alternative approaches are also described in the "Process Report"
(SKB, 1999b). There has been no effort by SKB, however, to evaluate whether these
alternative approaches could be used to advantage in models of bentonite-water interaction.
Reasons for this remain unclear.
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4 Ice Melting and Redox-Front Migration
The potential for oxygenated solutions resulting from the melting of an ice sheet to migrate
to repository depths is mentioned in several places in the summary and main reports
documenting SR 97 (SKB, 1999a). A modeling study commissioned by SKB (Guimera et
al., 1999) and independently reviewed by Gascoyne (1999) basically confirms earlier
analyses by Arthur (1996) and Glynn and Voss (1999) indicating that this scenario is
possible, although unlikely.

Guimera et al. (1999) seem to imply that the stationary-state modeling approach used by
Arthur (1996) is limited to consideration of equilibrium processes. Arthur (1996)
emphasizes, however, that the approach accounts explicitly for both reaction kinetics and
the groundwater flow rate. Guimera et al. (1999) also do not acknowledge the work of
Glynn and Voss (1999), which includes a summary of direct field evidence implicating the
migration of oxygenated solutions to depths exceeding those considered in the KBS-3
concept. The importance of this process with regard to repository performance is discussed
in Section 10.10.3 of SKB (1999a), where it is again concluded that the likelihood of
oxygenated solutions migrating to repository depths is remote. It is important to bear in
mind that the conclusions of all the studies noted above are based on scoping calculations
using simplified models of complex hydrochemical-hydrogeologic processes driven by a
climate-change scenario. For this reason, the recommendation of Arthur (1996) and Glynn
and Voss (1999) to examine rock and groundwater samples currently in hand, or that will
be obtained in the future, for evidence of past migration of oxygenated solutions in the deep
subsurface is still appropriate.
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