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SOURCE TERM FOR THE BOUNDING ASSESSMENT
OF THE CANADIAN NUCLEAR FUEL WASTE DISPOSAL CONCEPT

A report prepared by P. Flavelle, Wastes and Impacts Division, Directorate of Fuel Cycle
and Materials Regulation.

ABSTRACT

This is the second in a series to derive the bounds of the post-closure hazard of the Canadian
nuclear fuel waste disposal concept, based on the premise that it is unnecessary to predict
accurately the real hazard if the bounding hazard can be shown to be acceptable. In this
report a reference used (Bruce A fuel, 865 GJ/kgU average burnup) is used to derive the
source term for contaminant releases from the emplacement canisters. This requires
development of a container failure function which defines the age of the fuel when the
canister is perforated and flooded.

The source term is expressed as the time-dependent fractional release rate from the used fuel
or as the time-dependent contaminant concentrations in the canister porewater. It is derived
as the superposition of an instant release, comprising the upper bound of the gap and grain
boundary inventory in the used fuel, and the long-term dissolution of the used fuel matrix.
Several dissolution models (stoichiometric dissolution/preferential leaching) under different
conditions (matrix solubility limited/ unlimited; oxidizing/ reducing solubility limits;
groundwater flow/ no flow) are evaluated and the one resulting in the highest release rate/
highest porewater concentration is adopted as the bounding case. Comparisons between the
models are made on the basis of the potential ingestion hazard of the canister porewater, to
account for differences in the hazard of different radionuclides.

RÉSUMÉ

Ce rapport est le deuxième d'une série visant à trouver les dangers maximums du concept
canadien d'élimination des déchets de combustible nucléaire, après fermeture d'une
installation. L'hypothèse y est posé qu'il n'est pas nécessaire de prévoir avec précision les
dangers réels si les dangers maximums s'avèrent acceptables. Dans ce rapport, on se sert
d'un combustible de référence (combustible de type Bruce A, à taux de combustion moyen de
865 GJ/kgU) pour calculer le terme source des contaminants rejetés par les contenants de
stockage. Pour ce faire, il faut développer une fonction "bris du contenant" qui définit l'âge
du carburant lorsque le contenant est perforé ou inondé.

Le terme source est décrit soit par le taux fractionnaire de dégagement du combustible usé en
fonction du temps soit par la concentration de contaminant dans l'eau interstitielle du
contenant en fonction du temps. Il est calculé par superposition d'un dégagement instantané,
incluant la limite supérieure de l'inventaire des lacunes et des interstices des grains du
combustible usé, à la dissolution à long terme de la matrice du combustible usé. Plusieurs
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modèles de dissolution (dissolution stoechiometrique/lessivage préférentiel) dans diverses
conditions (solubilité de matrice limitée/illimitée, limites de solubilité dues à l'oxydation ou à
la réduction, avec/sans écoulement souterrain) sont évalués et celui qui donne le taux de rejet
le plus élevé/la concentration la plus élevée dans l'eau interstitielle est choisi comme cas
limite. Des comparaisons sont faites entre les modèles en fonction des risques d'ingestion de
l'eau interstitielle du contenant de stockage, de façon à tenir compte des dangers différents
posés par les divers radionucléides.



FOREWORD

In 1989 a Federal Environmental Assessment Review Panel was struck to review the
Canadian concept for the disposal of nuclear fuel waste (NFW). After public consultation,
they issued "Final Guidelines for the preparation of an environmental impact statement on the
nuclear fuel waste management and disposal concept" in 1992. In October 1994, Atomic
Energy of Canada Limited (AECL) released their "Environmental Impact Statement (EIS) on
the Concept for Disposal of Canada's Nuclear Fuel Waste" for public review.

As the regulatory authority for the nuclear industry in Canada, the Atomic Energy Control
Board (AECB) was expected to participate in the review of the EIS. To prepare for this
review, beginning in 1989 AECB staff initiated research contracts and undertook independent
calculations in-house, to obtain a better appreciation of the magnitude and complexity of the
problems of NFW disposal. The intent of this work was to explore independently the types
of calculations and reasoned arguments that AECB staff expected to find in the EIS, and to
help identify sensitive and important aspects of the assessment of the disposal concept.

The in-house work resulted in a series of largely autonomous internal reports produced by
AECB staff from 1991 through 1993, including this one. These reports, being published as
AECB INFO documents, are:

An Overview of Potential Isotopic Techniques for Dating Groundwaters in Crystalline Rocks
D. Bottomley, 1991

A Review of Theories on the Origins of Saline Waters and Brines in the Canadian
Precambrian Shield

D. Bottomley, 1991

The Geochemical Immobilization of Uranium in a Spent Fuel Repository in the Canadian
Shield: Evidence from Natural Analogue Investigations

D. Bottomley, 1992

Regional-Scale Groundwater Flow Modelling of Generic High Level Waste Disposal Sites
D. Metcalfe, 1992

Reference Used Fuel for the Canadian Nuclear Fuel Waste Disposal Concept
P. Flavelle, 1993

Source Term for the Bounding Assessment of the Canadian Nuclear Fuel Waste Disposal
Concept

P. Flavelle, 1993



VI

Perspectives of the Scale of the Canadian Nuclear Fuel Waste Disposal Concept
P. Flavelle, 1993

Impacts of Disturbed Rock Zones and Backfill Material on Ground Water Flow Through a
Generic HLW Repository

S. Lei and D. Metcalfe, 1993
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Source Term
for the Bounding Assessment of the

Canadian Nuclear Fuel Waste Disposal Concept

1 Introduction

This is the second of a series of reports evaluating the hazards associated with the disposal of
nuclear fuel wastes and how they can be managed to minimize or eliminate detrimental effects to
man. The concept of deep geologic disposal of nuclear fuel waste, and in particular of used
CANDU® fuel, is being developed and assessed by Atomic Energy of Canada, Limited (AECL)
and will be submitted for public review in an Environmental Impact Statement.

The disposal concept comprises plans to package the fuel bundles in corrosion-resistant canisters
and place them in a 2000 m x 2000 m vault at a depth of 500 to 1000 m in the Precambrian Shield.
The construction and operation of a disposal facility will include selecting a site, excavating the
vault, surrounding the canisters with a clay buffer after placing them in the vault and then sealing
the vault with clay- and cement-based material. Apart from human intrusion to physically remove
the used fuel, the only credible way that contaminants can reach the accessible environment is via
dissolution and transport by groundwater. This scenario can be evaluated in separate steps:
dissolution of the used fuel and release from the canister, contaminant transport through the
engineered barriers, contaminant transport through the geosphere and contaminant transport
through the biosphere. This report evaluates dissolution of the used fuel and release from the
canister, which is commonly referred to as the source term. The source term is the chemical
boundary conditions for the calculation of solute transport through the vault and geosphere.

Bruce A fuel having undergone an average burnup of 865 GJ/kgU is adopted as a reference used
fuel for these analyses. The distribution of isotopes in the reference used fuel is used to calculate
the committed effective dose from ingestion of the fuel as a measure of the potential hazard of the
fuel. This measure is termed the Potential Ingestion Hazard (PIH). It is adopted as a means of
accounting for the different magnitude of hazard from different radionuclides due to their
differences in half-life, energy spectrum and interactions with the human body. The PIH of the
solid fuel is calculated per gram of uranium initially in the fuel, and so has units of Sieverts per
gram (Sv/gUo, or simply Sv/g). It is the sum of the PIH for each radionuclide, which is the
product of concentration, specific activity and Dose Conversion Factor (DCF, a measure of impact
on the human body). Since the concentration of radionuclides in the used fuel changes with time,
the PIH of the used fuel also changes with time. The PIH of the solid reference used fuel is
presented in Table 1.

Included in Table 1 is the PIH of uranium ore, per gram of uranium in the ore. The radiological
hazard of ingesting ore is based on the radionuclides in the 4n+2 and 4n+3 decay chains, and does
not include other radionuclides that may occur in the host mineralization. Nor is any account taken
for the ore grade: that to receive the PIH from one gram of uranium it might be necessary to ingest
several grams of ore. Furthermore, the PIH of used fuel is based on an initial gram of uranium in
the new fuel. Strictly speaking, the PIH of the used fuel at any time should be normalized to the
uranium content at that time in order to make a consistent comparison with the PIH of uranium ore.



However, the uranium concentration in the used fuel is within 1.5% of its concentration in new
fuel, which is an insignificant variation compared to the simplifications in these calculations.

Table 1: Isotopes contributing most to Potential Ingestion Hazard per gram of Uranium
for used Bruce A fuel, 865 GJ/kgU burnup, as a function of time out of reactor.

PIH
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I PIH

ratio
to ore

1 0
years

Sr-90
" " Cs-137

Am-241
PtJ.*41
Pu-240
Pu-238
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Th-229
Pb-210
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1 000 000
years
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Po-210
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Ra-226
Pu-242

Ac-227
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Pa-231
U-234
U-238
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U-233
U-236

0.053

1.6

ORE

Pb-210 .

Po-210
Th-230
Ra-226
Ac-227

Pa-231
U-234
U-Z38

0.034

1

The conceptual model of contaminant transport through the vault that is adopted in this exercise is:
• instantaneous dissolution of the gap and grain boundary inventory (instant release fraction)

and slow dissolution of the used fuel matrix upon flooding of the canister after perforation;
• diffusion through the canister perforation(s) and subsequent larger areas of failure to the sand

layer;
• diffusion and/or advection through the buffer to the excavation damage zone; and
• advection through the excavation damage zone into the geosphere.

The interface between the engineered barriers in the repository and the natural barriers in the
geosphere is taken to be the outer limit of the excavation damaged zone.



The Container Failure Function

The emplacement canisters which contain the used fuel serve several functions. During the
operation of the disposal system the canisters are the package in which the bundles of used fuel are
transported from the surface to the vault. During that period the canister and its infilling provide
physical protection for the fuel bundles and some radiation shielding for the workers. Once
emplaced, the canister and its infilling provide physical protection of the fuel bundles from the in
situ stresses in the disposal vault, thermal continuity between the used fuel and the buffer/backfill
in the vault, physical containment of the used fuel and isolation of the used fuel from groundwater.

The container failure function is the mathematical description of the rate at which the emplacement
canisters fail, also expressed as the distribution of canister lifetimes. Failure is the loss of the
capability to contain the used fuel and to isolate it from groundwater. Isolation from groundwater
is lost when the canister becomes perforated, allowing the groundwater, driven by the difference in
pore pressure outside the canister and inside, to enter the canister. Complete flooding of the
canister following perforation depends upon the availability of a sufficient volume of groundwater.

Although the initial perforation may allow the canister to flood, there should not be significant
contaminant release due to the restricted area of the perforation for diffusion or flow. So even after
perforation, the canister will continue to limit contaminant releases, although with decreasing
effectiveness as the canister walls corrode. It should also be mentioned that once the canister is
flooded, corrosion will occur on both the outside and the inside of the canister, and the radiation
fields at the inside surface will be higher than at the outside surface. Hence, once perforation
occurs, the rate of thinning of a canister wall should be at least twice what would be predicted from
only corrosion of the external surface. This results in an earlier time of failure as shown in Figure
2.1, and an increased rate of failed surface area of the canister.
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Figure 2.1: Effect of perforation on lifetime
of canister wall.

Tp: lime of perforation from crevice corrosion
T2: time of wall failure from internal and external

uniform corrosion after perforation
Tl: time of wall failure from external uniform

corrosion only

For conservative calculations, it is common to adopt the assumption that initial perforation of the
canister occurs when the corrosion allowance of the canister wall thickness is consumed. This is
based on the assumption that the strength of the canister wall decreases as the wall thins, until the
wall can no longer withstand the external hydraulic pressure. It is also commonly assumed that



once the canister is perforated, the walls of the canister "disappear". This should be a conservative
assumption, as demonstrated in Cheung and Chan (1984) where the total flux is proportional to the
failed surface area. However, with corrosion occurring on both the external and the internal
surface of the canister, the assumption of complete failure of the canister upon perforation is not as
conservative as one might believe.

The canisters proposed in the Canadian concept for the disposal of used fuel are fabricated from
4,76 mm grade 12 titanium metal (Garisto and LeNeveu, 1989). Of that wall thickness, 2.76 mm
is considered corrosion allowance, thaf is, a wall thickness of 2 mm will not withstand the external
hydraulic pressure on the canister. The uniform corrosion rate of the titanium was evaluated to be
about 2 um a-i. Crevice corrosion of the titanium is expected to occur at a faster rate than uniform
or general corrosion, so canister failure with respect to perforation and saturating the used fuel with
groundwater is assumed to occur when the depth of a crevice equals the thickness of the corrosion
allowance in the wall.

The expected distribution of canister lifetimes (i.e. time of canister perforation) used in Garisto and
LeNeveu's (1989) scoping calculations had a mean of 1000 years and a standard deviation of 200
years (Figure 2.2). This implies a mean crevice growth rate of 2.76 ± 0.55 um a-i, only
marginally larger than the assumed uniform corrosion rate. This distribution of c; nister lifetimes
corresponds to 4 canisters perforated 200 years after emplacement, 33 canisters after 300 years and
189 canisters after 400 years, out of the 140,256 canisters to be emplaced.

The 'bounding' container failure function used in Garisto and LeNeveu's (1989) scoping
calculations assumed all containers failing simultaneously at 1000 years (Figure 2.2), although
they report that short-term laboratory corrosion tests have indicated that the containers should last
at least 1000 years (ignoring initial manufacturing defects). A third container failure functions used
by Garisto and LeNeveu (1989) assumed an initial failure rate due to manufacturing defects of 1 in
1000 - 10000 canisters in addition to the expected canister lifetime distributions.

The variation in thickness of the titanium used to make the canisters should be bounded by its
manufacturing tolerances. However, assembling the canister will widen the bounds of the wall
thickness distribution (e.g. due to pits, etc. at the welds). It is assumed here that the wall thickness
as a function of surface area of a canister is represented by a normal distribution centred at 4.76
mm, with variance related to the manufacturing tolerances of titanium metal sheet. The upper and
lower bound of this distribution will vary from canister to canister, and for 1 in 1000 - 10000
canisters the lower bound will be less than 2 mm (initial failure). It is also assumed that the set of
minimum wall thickness from each canister is uniformly distributed between <2 mm and the
nominal wall thickness of 4.76 mm. Hence, the minimum corrosion allowance for all of the
canisters will be uniformly distributed from 0 to 2.76 mm.

The mean crevice corrosion rate assumed by Garisto and LeNeveu (1989) (2.76 um a-1 ) would
result in a uniform rate of canister perforation between 0 and 1000 years (Figure 2.2). Their
variable corrosion rate applied to the uniform distribution of corrosion allowance in Figure 2,2
results in about 90% of the canisters being perforated in 700 years. It can be seen in Figure 2.2
that these rates of perforation predict much shorter container lifetimes than those adopted by
Garisto and LeNeveu (1989). The constant corrosion rate is more conservative at early times and
the variable corrosion rate is more conservative at later times. Both rates predict more canister
failures than Garisto and LeNeveu (1989) by factors of about 300, 30 and 5 at 400 a, 600 a and
800 a, respectively. Since the hazard of the used fuel decreases with time (Table 1), it is
appropriate that the conservatism in the container failure function should also decrease with time.
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Figure 2.2: Container failure function based on perforation rate.
Expected and 'bounding' rates from Garisto and Leneveu (1989)
are shown.

So far, only the rate of canister perforation as a measure of container failure has been considered.
The canister can still impede contaminant diffusion after it is perforated, until sufficient surface area
of the canister is corroded away that the diffusion rate is controlled by the porosity of the sand
layer and/or buffer layer instead of the area of the canister surface that has failed. As the porosity
of the sand layer is about 30%, after 30% of its surface corrodes away it is expected that the
canister will no longer be an effective impediment to diffusion.

If it is assumed that the uniform corrosion rate varies over the surface of a single canister with the
same relative standard deviation as the crevice corrosion rate (± 20% of the mean), then the area of
failure of the canister surface as a function of time can be estimated1. The mean uniform corrosion
rate quoted above is 0.002 mm/a, so the assumed standard deviation is 0.0004 mm/a. It is also
assumed that the canister will no longer impede mass transport when the area of failure matches the
porosity of the sand layer surrounding the canister: 30%. Thirty percent of the canister surface
would be corroding at a rate greater than the mean+0.5 standard deviations (i.e. £ 0.0022 min/a).

1 A more rigorous evaluation of the wall thickness as a function of time would include the initial
distribution of wall thickness over the canister surface. However, manufacturing tolerances of metal sheeting are
usually less than the ±20% assumed for the corrosion rate distribution, so for this calculation the initial thickness
is taken as a constant with a value of the nominal thickness.



If penetration occurs at 300 years, the wall thickness of that 30% of the canister would be (4.76 -
(300 x 0.0022 =)) 4.10 mm or less. Corrosion on the inner surface would double the rate of wall
thinning, so the 4.10 mm or less over that 30% of the surface would be corroded in about (4.10 -s-
0.0044 =) 930 years. Hence, a canister flooded at 300 years would no longer impede diffusion of
the contaminants after an additional 930 years. Similarly, for penetration at 500 years, 30% of the
surface would be 3.66 mm or thinner, which would last an additional 830 years.

This approach give a transform that can be applied to the container failure (perforation) curves
presented in Figure 2.2 to give the container failure functions shown in Figure 2.3. The
perforation curves will be translated about 900 years at 50% (70,000 canisters failed) and will
steepen by about a factor of 2. The expected failure curve of Garisto and LeNeveu (1989), when
no impediment to diffusion by the canister is assumed (also shown in Figure 2.3), is on average
about 300 years earlier than those derived here. Garisto and LeNeveu's under-estimation of
complete container faillite corresponds to an over-estimate of the potential ingestion hazard (PIH)
of the used fuel of only 15%. Assuming complete failure upon the perforation calculated here
over-estimates the PIH of solid used fuel by about 60%.

1401
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30% SURFACE
FAILURE

4 8 12 16

Time after closure (centuries)
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Figure 2.3: Container Failure Function for 30% surface failure.



3 Releases from Used Fuel to the Canister

The conceptual model of contaminant transport through the vault that was described briefly in
Chapter 1 is advection/diffusion of the dissolved contaminants from within the canister through the
buffer, and then advection through the excavation damage zone to the vault - host rock boundary.
The source term for transport through the buffer is the aqueous concentration of contaminants
within the container after it has been perforated and flooded. Derivation of the source term, then,
focuses on the release of contaminants to the voids in one canister. The contribution to the
contaminant loadings in the vault from several canisters with a distribution of lifetimes is not part
of the source term, but is accounted for in examination of the contaminant releases from the buffer.

The source term can be expressed as either an aqueous concentration or as a mass release rate, as a
function of time. Which of these is most appropriate depends on the boundary conditions required
by the contaminant transport models ihat will be applied subsequently.

3.1 Short-Term Releases

It is commonly accepted that the radionuclide inventory in the used fuel can be divided into a rapid
release of volatile and highly soluble contaminants in the gaps and grain boundaries of the fuel and
a slower Telease of the contaminants trapped in the crystal matrix of the fuel. In AECL's Concept
Assessment the release of the gap and grain boundary inventories to the buffer is assumed to occur
instantaneously upon canister perforation (Wuschke et al, 1985). In reality, the canister must be
breached, the void spaces within the canister must saturate, and the fuel cladding must be breached
before the gap inventory can be released to the inside of the canister. The voids in the fuel itself
must be saturated before the grain boundary inventory dissolves. Release from the canister is then
controlled by the area of the perforation. All of these delays in the time of contaminant release
from the used fuel to the canister and from the canister to the buffer are in addition to the time it
will take the repository, and in particular the buffer surrounding the canisters, to resaturate.

This delay allows significant decay of the shorter-lived isotopes and hence a significant reduction
in the intrinsic hazard of the used fuel, but it will be difficult to estimate with any accuracy how
long a delay is justified. Accordingly, the assumption is made that no resaturation occurs until all
of the canisters have been emplaced and the repository closed, and then it occurs instantaneously.
This assumption of instantaneous flooding at closure is deemed the most conservative, as no
resaturation time is allotted for decay. In addition, it is assumed that all of the fuel is only 10 years
out of the reactor, even though it will take several decades to emplace the used fuel and at closure
the used fuel bundles will have a distribution of cooling times. This assumption is considered
more conservative than assuming an emplacement history and associated cooling time distribution.

We also adopt perforation as the definition of canister failure for the estimation of the source term.
This is because the release of contaminants from the used fuel to the porewater inside the canister
begins when the water contacts the fuel, not when the canister no longer impedes the release of the
contaminants. The release of contaminants from inside the canister to the buffer may require a
different definition of failure (e.g. the time of 30% surface failure). As discussed in Chapter 2, the
assumption of the "disappearing canister" for the release to the buffer will give an over-estimate of
the contaminant release rate to the buffer.



3.1.1 Instant Release Inventory

The instant release fraction adopted by AECL comprises the gap and grain boundary inventories of
fission products, notably I, Cs, Te, 3H and 14C (Garisto and Garisto, 1990). These inventories
are assumed to be released upon canister perforation, and the difference in dissolution kinetics
between the gap and the guan boundary inventories is ignored (Garisto and LeNeveu, 1989).

Experimentally-derived distributions of release fractions, in %, are found in Garisto et al, (1989a):
N(8.1, 0.6)2 for 1291, i35Cs, 79Se and i26Sn;
N(6.0, 0.6) for 99Tc;
U(13,12) for ^C; and
U(35,5) for 3H.

Garisto et al (1989b) report distributions for these isotopes having the same means and cutoff
limits, but the standard deviations of the normal distributions are increased to 1.0% from 0.6%.
Also, one more radionuclide is added to the instant release, with the distribution:

U(0.15,0.15) for90Sr.

"Bounding" values for these distributions of instant release fraction that are used in Garisto and
LeNeveu's (1989) scoping calculations were:

8.7% for 1291 and i35Cs;
6.5% for 99Tc; and
0% for 3H, 14C, 79Se, 90Sr and i26Sn.

For 1291, i35Cs and 99Tc, these values are one standard deviation above the mean of the experimentally-
derived distributions reported in Garisto et al (1989b).

For our bounding calculations, the upper cutoff limit of each experimentally-derived release
fraction distribution (Garisto et al, 1989b) is assumed:

25% for 1291, i35Cs, 79Se, ^ S n , 99Tc and " C ;
40% for 3H; and
0.3% for 90Sr.

The degree of conservatism in our assumed instant release fraction (IRF) can be assessed by
comparison with the bounding calculations of Garisto and LeNeveu (1989).

Applying Garisto and LeNeveu's (1989) instant release fraction to the PIH of the solid reference
used fuel gives a hazard of 1.0 x lO-5 Sv per gram of uranium initially in the fuel, for both 10- and
100-year old fuel. Applying our assumed bounding IRF gives 4.7 x 10-2 Sv/gU for 10-year-old
fuel and 5.5 x 10-3 Sv/gU for 100-year-old fuel, or 4600 and 540 times AECL's hazard from the
instant release, respectively. Almost all of this difference is from the inclusion of 0.3% of the 9OSr
in the IRF. 90Sr is the largest single contributor to the solid fuel PIH as indicated in Table 1.
Without it, the difference in the instant releases is only about a factor of 3.

The difference between AECL's instant release and that assumed here is exacerbated if oilier
isotopes of the elements in the gap and grain boundary inventory are included, especially i37Cs
and i34Cs. These two isotopes are the second and ninth largest contributors to the solid fuel PIH.
There is no particular reason why these isotopes should behave differently from i35Cs, and the

2 Distributions are defined as: N(|i,u) = normal distribution with mean u and variance \), U(a,b)
s uniform distribution from a-b to a+b.



high initial leaching rates for l37Cs found by Stroes-Gascoyne et al (1986) indicate that the same
instant release fraction should apply to all isotopes of Cs. This also holds for the isotopes of tin,
but the hazard associated with the other isotopes of tin is very low compared to i26Sn, which is
included already. Including i37Cs and i34Cs in the evaluation of the instant release inventory
increases the PIH to 3.2 and 0.38 Sv/gU for 10- and 100-year-old used fuel, respectively. This
corresponds to degrees of conservatism over AECL's ERF of 316,000 and 38,000. It should be
borne in mind that over-estimating the IRF to be conservative will result in an under-estimate of the
inventory remaining in the used fuel matrix for long-term release, which is not conservative.

3.1.2 Short-Term Release Concentration and Hazard

The used fuel inventory in a single canister is about 1,4 Mg Uranium. For immediate failure on
emplacement, the reference used fuel would be 10 years old, and the PEH of the instant release
inventory ui one canister would be 4.4 x 106 Sv. This is evaluated by applying the assumed instant
release inventory from the previous section to the Potential Ingestion Hazard presented in Table 1.
For failure 90 years after emplacement, the fuel would be 100 years old, with an instant release
inventory of 5.2 x 105 Sv per canister. 1000-year-old fuel would have an instant release inventory
of only 67 Sv per canister.

Teper (1985) reports about 700 kg of glass beads were used to fill the voids in a canister to a bulk
density of 2.0 kg/1. Based on his reference density of 2.2 kg/1 at a packing efficiency of 74%, the
void volume in a single canister is about 1151. This is the minimum volume that the instant release
will disperse into, so the maximum PIH for the instant release will be 38,000 Sv/1 for 10-year-old
fuel, 4500 Sv/I for 100-year-old fuel and 0.58 Sv/1 for 1000-year-old-fuel.

These estimates ignore the effect of elemental solubility limits. Applying the solubility limits
derived in Appendix A, only tin exceeds its solubility limit under oxidizing conditions and tin and
technetium exceed their limits under reducing conditions. Accordingly, the instant release from
1000-year-old fuel is reduced to 0.44 and 0.12 Sv/1 under oxidizing and reducing conditions,
respectively. There is no change in the instant release for fuel less than 1000 years old, as that is
dominated by 137Cs (>95%), which does not approach its solubility limit. The ingestion hazard of
the instant release to the canister porewater is illustrated in Figure 3.1.
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3.2 Long-Term Releases

3.2.1 Used Fuel Dissolution Models

There are several dissolution processes, solubility conditions and groundwater flow conditions that
can be assumed when deriving a source term model. The conditions which must be considered are
the nature of the dissolution (stoichiometric dissolution or selective leaching), the application of
elemental solubilities to limit the dissolution, and the estimation of groundwater flow rates to carry
the contaminants away. Stoichiometric dissolution, which has become known as "congruent"
dissolution, refers to a common fractional release rate for all isotopes in the used fuel.

Thus there are three basic models of long-term releases: stoichiometric dissolution limited by UO2
solubility; stoichiometric dissolution not limited by UO2 solubility; and selective leaching of the
contaminants from the fuel. All three are also subject to variations in groundwater flux conditions
(flow or no flow through the canisters), and to elemental solubility limits for each contaminant.
The four variations of the three release models are presented in Figure 3.2.

{ Stoichiaretriç Dissolut ion)

Figure 3.2: Models and conditions for estimating long-term release rates

The elemental solubilities adopted here are presented in Appendix A. In general, these solubilities
are 10 to 1000 times those expected for reference conditions. Only the solubility of Se, Sn, U, Np
and Pu (all from SKI, 1991) are affected by the redox conditions. The remainder of the elements
are assumed to have the same high (conservative) solubility for both oxidizing and reducing
conditions.

The solubility of the uranium oxide matrix deserves some discussion. Uranium solubility may
vary from 3 x 10"18 gU/L to 0.24 gU/L, depending on the local chemical environment. The
maximum observed uranium concentration at depths greater than 200 m is about 1 x 10-4 gU/L
(Anderson, 1992). The upper bound of uranium solubility derived in SKI's "Project 90" for
oxidizing and reducing conditions are 0.36 gU/L and 2.4 x 10-3 gU/L (1.5 x lO"3 and 1 x lO"5
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Molar), respectively (SKI, 1991). Given the large range of uranium solubility and the apparent
lack of thermodynamic equilibrium in natural groundwaters (Anderson, 1992), selecting a single
value to be representative of uranium solubility is problematic. Accordingly, an upper bound of
uranium solubility for oxidizing and reducing conditions is adopted from SKI (1991) as
conservative estimates of fuel matrix solubility.

Estimation of the rate of groundwater flow through the canister and through the repository
introduces additional uncertainty in the model. Borgesson and Pusch (1989) report that parallel-
plate fracture apertures down to 20 urn can be grouted (equivalent to a bulk hydraulic conductivity
of 7 x 1O9 m/s if there is one fracture per meter). Assuming that all apertures greater than that will
be grouted, a bounding assumption would be that the entire rock mass has a hydraulic conductivity
of lO-8 m/s. A hydraulic gradient of 1% would result in a groundwater flow rate of more than 30
cubic meters per year through a repository if there were no perturbations of the flow field, and
more than that if the permeability contrast of the repository causes focussing of the flow field.

The estimation of flow through a canister would have to be based on the hydraulic conductivity of
and hydraulic gradients across the buffer layer surrounding the canister. A bounding estimation
might be to partition the flow through repository amongst die canisters that are emplaced at right
angles to the flow field. For a square emplacement array, a first guess would be the number of
canisters along one side (about 375). The flow through each would be about 80 I/a if the
repository flow were 30 cubic meters per year and all of it passed through the canisters. It is
obvious that any attempt to estimate the flow rate through a canister is practically indefensible
without detailed, site-specific information.

To summarize the set of conditions which are adopted to make estimates of the maximum
(conservative) source term: - used fuel dissolution may be stoichiometric ("congruent") or not
(selective leaching); - stoichiometric dissolution may or may not be constrained by the
matrix solubility, (1.5 x 10-3 Molar and 1 x 10-5 Molar for oxidizing and reducing conditions,
respectively); - groundwater flow through the canister may or may not occur, but a
numeric estimation of a rate is practically indefensible without site-specific information;
and - the contaminant concentrations released to the groundwater may or
may not be limited by elemental solubilities.

3 . 2 . 1 . 1 Stoichiometric Dissolution; UCh-Solubility-Limited

In this model the used fuel dissolves stoichiometrically (the release rate of any isotope is
proportional to its relative abundance in the used fuel) until the solubility limit of UO2 is reached.
It is assumed that used fuel dissolution is much faster than the residence time of the groundwater in
the canister (i.e. instantaneous dissolution), so the porewater in the canister is always at the same
contaminant concentration, independent of the groundwater flow rate. That constant contaminant
concentration will be the isotopic distribution of the fuel times the UO2 solubility. After the
canister porewater reaches uranium saturation, the used fuel will dissolve at the same rate that the
uranium is removed from the canister porewater by either diffusion or advection. Since diffusion
coefficients are very small (on the order of 10-11 m2/s), diffusive fluxes and hence release rates
will be very small. With some advectiye flow through the canisters, the mass rate of used fuel
dissolution will ue the UO2 solubility times the flow rate.
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For oxidizing conditions the uranium solubility is assumed to be 0.36 gU/liter, so about 40 gU
would dissolve initially into the canister porewater. This is about 1/34,000 of the used fuel
inventory in a canister. The minimum volume of groundwater to dissolve the canister's inventory
(under the assumed maximum uranium solubility) would be about 3800 m3, and dissolving the
entire used fuel inventory would require 5.3 x 108 m3.

Under reducing conditions the uranium solubility is assumed to be 2.4 x 10-3 gU/liter, so the
initial dissolution will be 0.27 gU, or 1/5,000,000 of the canister's inventory. The volume to
dissolve the canister's inventory is 5.7 x 105 m3, and for the entire used fuel inventory is about
8.0 x 1010 m 3 .

The volume of water to dissolve the fuel will scale proportionally if other uranium solubilities are
assumed. For the observed maximum uranium concentration at depth (1 x 10-4 gU/1, Anderson
1992), the volume needed to dissolve the used fuel would be 1.4 x 107 m3 per canister or 2 x 1012

in3 for all of the used fuel.

To put these figures into perspective, the total volume of water on earth is less than 2 x 1015 m3

(Freeze and Cherry, 1979). Using the maximum observed uranium solubility at depth, it would
take about .1% of all of the water in the world to dissolve the total used fuel inventory. For that to
occur within the lifetime of the earth (about 4.5 x 109 years), the groundwater would have to flow
through the canisters at a rate of 440 m3/a. For the inventory to dissolve within the time that the
used fuel is more hazardous than uranium ore (30,000 years), the flow rate through the canisters
would have to be 67,000,000 m3/a!

With the congruent dissolution model, the canister porewater concentration is constant with time,
and the mass or fractional release rate is proportional to the advective flow rate through the
canister. The concentration of the contaminants will scale according to their relative inventory in
the used fuel at the time of dissolution (i.e. the time of perforation and flooding) given in Table 1,
up to the solubility limit of each element under the assumed conditions. The source term for each
canister will be a constant concentration boundary condition equal to the uranium solubility times
the isotope abundance in the used fuel, beginning at canister perforation and ending when the total
canister inventory has dissolved.

Under oxidizing conditions, stoichiometric release of Y, Zr, Ag and Pu would exceed their
solubility, and grow-in of Bi and Th will eventually increase their release rate until they are limited
by their solubility when the fuel has been out of the reactor for 10,000 and 1,000,000 years,
respectively. Under reducing conditions, the release rates are low enough (due to the lower
solubility of the UO2 matrix) that no contaminants are limited by their solubility except Bi at
1,000,000 years. The results of applying the solubility limits are presented in Table 2. The time is
the age of the used fuel (time out of the reactor).

Comparison with Table 1 shows that not only has the PIH of each isotope been reduced by a factor
equal to the uranium solubility in grams per liter (change in scale on left hand side), but the relative
contribution of Pu and Y isotopes under oxidizing conditions has been decreased because of their
low solubility. Since none of the important isotopes are affected by their solubility limit under
reducing conditions, the relative importance of the isotopes is unchanged between Table 1 and the
reducing conditions PIH in Table 2. Table 3 summarizes the PIH of the solid used fuel and of the
canister porewater for the sets of assumed conditions for this release model.
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Table 2: Isotopes contributing most to Potential Ingestion Hazard, per liter of canister
porewater, with solubility limits applied to stoichiometric dissolution limited
by U solubility, for used Bruce A fuel, 865 GJ/kgU burnup.
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Table 3: Summary of the Potential Ingestion Hazard from used Bruce A fuel, 865 GJ/kgU
burnup, for different conditions; stoichiometric dissolution limited by U solubility.
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3.2.1.2Stoichiometric Dissolution; not UO2-Solubility-Limited

It is recognized that there are conditions under which the solubility of UO2 will not limit the
aqueous concentration and rate of release of contaminants from used fuel (Garisto and Garisto,
1986,1989, 1990). Such conditions result in removal of uranium from solution, so that the
solubility limit of UO2 is never reached and the used fuel matrix continues to dissolve. The rate of
release of other radionuclides is still assumed to be proportional to the rate of dissolution of the
used fuel matrix times the radionuclide abundance in the used fuel, but the relative aqueous
concentrations no longer reflect their distribution in the solid.

The removal of uranium from solution may be due to sorption reactions on the surfaces within the
canister, to differential diffusion rates from the canister due to sorption on the clay buffer, and to
precipitation of a secondary uranium mineral phase which is more thermodynamically stable than
the UO2 fuel matrix. The effect of precipitation of a more stable secondary mineral on the release
rate from the used fuel is termed "thermodynamic pumping". This effect is discussed in some
detail in Appendix B.

The dissolution rate of used fuel will be proportional to it surface area and the degree of chemical
under-saturation. Based on the geometric and th^ assumed effective surface area of the used fuel
derived in Appendix C, the fractional release rate calculated in Appendix B ranges from 2.4 x 10-6

per year to 1.7 x IO-5 per year, even in the absence of groundwater flow. These rates, illustrated
in Figure 3.3, correspond to complete dissolution of the fuel matrix in 420,000 years and 59,000
years, respectively. During this time, although the uranium concentration in the canister porewater
will be constant at the solubility of the secondary mineralization (assumed in Appendix B to be
1/1000 of UO2 solubility), the contamin :nts in die used fuel will be continuously released to the
canister porewater until their elemental solubility limits are reached.
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Figure 3.3: Fractional release rate from thermodynamic pump dissolution model
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Since any isotope decays at the same rate whether it is in solid solution in the used fuel or in
aqueous solution in the canister porewater, the aqueous concentration of any isotope at time t will
be the product of its relative abundance in used fuel of age t, the fractional release rate and the
elapsed time since perforation. The PIH of the canister porewater calculated using the
thermodynamic pump model is presented in Table 4. This calculation was done assuming the
maximum surface area (fractional release rate 1.7 x 10-5 per year), no groundwater flow through
the canisters for dilution, and the conservative elemental solubility limits from Appendix A. The
container was assumed perforated when the used fuel is 10 years old. For both oxidizing and
reducing conditions the total PIH increases with time as the fuel dissolves and re-precipitates,
releasing more and more of the contaminants until all of the fuel has been 'cycled' at 59,000 years.

Table 4: Isotopes contributing most to Potential Ingestion Hazard, with solubility limits
applied to thermodynamic pump model, for Bruce A fuel, 865 GJ/kgU burnup.
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3 .2 .1 .3 Selective Leaching

Selective leaching usually applies to trace elements in a crystal - those elements whose abundance
in the crystal is not stoic hi ometric and can vary by orders of magnitude without disrupting the
structure of the crystal. Dissolution occurs when the chemical potential of the trace elements in the
crystal is greater than the chemical potential of aqueous species of those elements (i.e. dissolution
is accompanied by a reduction in the free energy of the system). Even when the structural
components of a crystal are at equilibrium with their aqueous species in solution, the potential of
trace elements in the crystal may not be at equilibrium with their aqueous species. In that case, the
trace elements will dissolve while the crystal matrix will not, i.e. they will be leached selectively.
A trace element's propensity for selective leaching will depend, in part, on its rate of diffusion to
the crystal's surface, which can be governed by how the trace element is held in the crystal matrix -
interstitially or by isomorphic or pseudomorphic substitution for a structural element.

Stern (1991) has collected evidence of incongruent dissolution of uraninite in ore bodies, including
the natural reactor at Oklo (manifest as increased trace element mobility compared to uranium).
Wilson (1990) found indications of trace element leaching from PWR spent fuel, although his
findings were insufficient to conclude definitely that selective leaching was occurring over the test
period of 34 months. While there is qualitative evidence that selective leaching occurs, especially
for elements that do not fit well into the UO2 crystal structure, no information was found on the
relative rates of selective leaching compared to the dissolution rate of the UO2 matrix, Hence, it is
not possible to estimate quantitatively the effect of selective leaching of trace contaminants from
used fuel. However, it is felt that the exceptionally conservative bounding calculation of the
thermodynamic pumping effect will over-estimate the release rate of any element that may be
leached selectively. In predicting contaminant concentrations in the porewater of the canister, then,
it is unlikely that the contaminants will accumulate faster than by thermodynamic pumping.

In addition, in the thermodynamic pumping release model the concentration of one of the major
contributors to the PIH of the solid fuel, plutonium, is limited by its solubility under both oxidizing
and reducing conditions. Hence, releases of plutonium at a faster rate than that estimated with the
thermodynarnic pumping release model would not increase the hazard from the plutonium, as there
would be no increase in its aqueous concentration. Accordingly, selective leaching of the used fuel
is not considered further.

3 .2 .2 Long-Term Porewater Concentrations

As discussed in the previous section on dissolution models, the development of canister porewater
contaminant concentrations will depend in part on when the canister becomes flooded. In the UO2-
solubility-limited model the assumption of instantaneous dissolution implies that the porewater PIH
will instantly rise from zero to the value corresponding to the isotopic distribution in the used fuel
at that time. In the thermodynamic pump model, the concentration will increase with time as the
solid used fuel dissolves. While the fractional release rate was assumed constant (1.7 x 10-5 per
year), the concentrations would not necessarily increase linearly because of decay and grow-in.

Figure 3.4 summarizes the development of the canister porewater PIH with time for the different
models. The three 'trajectories' shown for the thermodynamic pump model are for canister
perforation at fuel ages of 10 years, 100 years and 1000 years.
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3.3 Bounding Value of Source Term

In Section 3.1 the instant release fraction (IRF) for some radionuclides was derived. For lack of
better information, it is assumed that there are no reactions during criticality that would suggest an
isotopic fractionation, so the IRF should apply to all isotopes of the volatile elements. That is,
l37Cs and i34Cs should have the same IRF as that derived for i35Cs. In Section 3.2 various long-
term dissolution models were evaluated. The largest long-term fractional release rate and the
highest resulting porewater concentration was calculated for stoichiometric dissolution of the fuel
matrix driven by thermodynamic pumping, when the largest surface area is assumed for the fuel.

Combining the limiting value of the instant release and the maximum long-term releases, a
bounding source term can be derived. This bounding source term can be expressed as a
concentration 'trajectory' or as a time-dependent release rate. The overall potential ingestion hazard
of the canister porewater is illustrated in Figure 3.5. It is obvious that the early hazard is
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dominated by the instant release, whose magnitude was controlled by the conservatively high
instant release fractions assumed (25%) for
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Figure 3.5: Canister porewater bounding PIH

The increasing potential ingestion hazard for one million year old fuel is due to the grow-in of
uranium series decay products. Inspection of Tables 2 and 4 shows that the PIH is dominated by
2iopb and 210Po, with smaller contributions from the other uranium series decay products and
237Npt 242pu or 1291, depending on the assumed physical-chemical conditions. The PIH at
10,000 years is dominated by 24iAm for the thermodynamic pump model, but the importance of
the uranium series decay products is increasing. Hence, the potential ingestion hazard from
dissolved used fuel should approach that from uranium ore by about 30,000 years. However, in
addition to all of the assumptions and conservatisms adopted, there are two significant differences
between this bounding model and conditions expected in an ore body: the assumption of complete
dissolution of uranium decay products and the solid-liquid ratio.
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The manner in which the thermodynamic pump dissolution model was calculated assumes that after
all of the used fuel is dissolved and re-precipitated as a more stable uranium mineral, the daughter
products of the uranium decay dissolve completely as they are generated. This is, in effect, the
maximum possible limit of selective leaching. If there was no selective leaching, the daughter
products would remain in the secondary uranium mineral and the long-term (one million year)
potential ingestion hazard would be reduced from about 150 and 140 Sv/1 to 10 and 4 Sv/1 for
oxidizing and reducing conditions, respectively. This is evaluated by removing the Unatural decay
products (2l0Po, 2i0Pb, 227Ac, 23ipa, 226Ra and 223Ra) from Table 4.

The solid-liquid ratio reflects the volume of water available to dissolve the solid. In a used fuel
canister the solid-liquid is about 12 g/ml. The solid-liquid ratio in an ore body depends on the
porosity of the ore, the nature of the flow system and the length of time under consideration. To
be consistent it would be necessary to consider the volume of groundwater that has flowed through
the ore during its lifetime. This is expected to be much larger than the limited volume assumed for
dissolution in the canister. Since typical values for these parameters are difficult to estimate and
defend, the validity of the limiting estimates of used fuel dissolution cannot easily be demonstrated
by comparison between the predicted canister porewater PIH and that of an orebody's porewaters.
Nevertheless, the ingestion hazard of some groundwaters can be estimated to illustrate the degree
of conservatism of the bounding PIH of the canister porewater.

Salonen (1988) calculated the radiological ingestion hazard from groundwaters in Finland. The
maximum effective dose equivalent from long-lived radionuclides was 12 mSv/a, which, when a
700 I/a water ingestion rate is assumed, is equivalent to about 2 x 10-5 Sv/1 PIH. The average
aqueous concentrations of 238U, 234U, 226Ra, 2iopb and 2iopo give the groundwater a PIH of
about 10-6 Sv/1.

Leslie et al (1991) report uranium decay series isotope concentrations in the high temperature
brines encountered during the Salton Sea Scientific Drilling Program. These brines have a
radiological PIH of about 10-4 Sv/1 if it is assumed that 2iop0) for which no data are reported, is in
secular equilibrium with 2iopb.

Cuttell et al (1988) present uranium series isotopic data for groundwaters from a sandstone aquifer.
However, no 2iopb and 21OP0 measurements are reported, and without those the PIH of that
groundwater is calculated to be about 5 x 10-8 Sv/1.

The radionuclide concentrations of porewaters in and around the Cigar Lake orebody are reported
in an Environmental Impact Statement (CLMC, 1987). The ingestion hazard of the groundwater in
contact with the ore is calculated to be between 2 x 10-7 and 6 x 10-6 Sv/1, except for one water
sample with a PIH of 104 Sv/1 based on what is reported as a "suspect" 2I0Pb measurement.
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4 Conclusion

The thermodynamic pump model of used fuel dissolution predicts canister porewater PIHs of up to
150 Sv/1 if complete leaching from the secondary uranium mineralization of uranium series
daughters is assumed. Without the leaching, the PIH is about 10 Sv/1. The stoichiometric (or
congruent) dissolution model predicts PIHs ranging from 104 to 2 x 10-2 Sv/1 at long times.
Groundwaters in the Cigar Lake ore body have a PIH less than 10"5 Sv/1, and the maximum PIH
of high-uranium groundwaters in Finland is about 2 x 10-5 Sv/1. High temperature brines have
been measured to have a PIH of 10-4 Sv/1, and the PIH of sandstone groundwaters is less than 10-
7 Sv/1 without the inclusion of 2iopb and 2iopo. A summary of these comparisons is presented in
the following table.

Source typical value high value
Sv/1 Sv/1

Cigar Lake orebody 6 x 10-6 1 x 10-4 ("suspect" data)
high-U groundwaters, Finland 1 x 10-6 2x10-5
high temperature brines 1x10-4 (assumed 2i0Po data)
canister porewater (thermodynamic pump (tdp) model) 150

sandstone groundwaters 5 x 10-8 (without 2iopb and 2l0po)
canister porewater (tdp model) 10 (without 2iopD and 2iopo)
canister porewater (congruent dissolution) 1 x 10-4 2x10-2

It is apparent that the long-term PIH estimated using the bounding thermodynamic pump
dissolution model is 6 to 8 orders of magnitude larger than the PIH of naturally occurring
groundwaters. The predictions of long-term PIH made using the solubility-limited stoichiometric
dissolution model are only 2 to 4 orders of magnitude larger than those observed in nature. To
retain the limiting nature of this assessment, the thermodynamic pump model is retained as the
source term, recognizing the extreme conservatism in its derivation .

These estimates of the bounding canister porewater PIH have been made without consideration of
losses due to diffusion or advection from the canister. Such losses would not affect the porewater
concentrations in the solubility-limited model (assumed instantaneous dissolution), but would
reduce the porewater concentrations in the instant release and thermodynamic pump models. Since
groundwater flow through the canister is assumed zero in the thennodynamic pump model, the
losses would be by diffusion. In that case, it is necessary to have a boundary condition for each
isotope separately as a source term - an integrated PIH will not do to calculate diffusive losses.
One useful way to express this source term is as the mass fraction release rate for each isotope.
Combining the short-term release rates derived in Section 3.2 with the long-term release rates from
the thermodynamic pump dissolution model results in the release rates shown in Figure 4.1.
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Figure 4.1: Bounding fractional release rates

The bounding source term does not, of course, apply to uranium, since in the thennodynamic
pumping model it is assumed that the uranium concentration is limited by the solubility of the
secondary uranium mineralization. The fractional release rate for uranium, then, is controlled as in
the U-solubility-limited stoichiometric release model: by the flux of groundwater past the spent fuel
and the solubility of the uranium minerals. Only in this case, it is the lower solubility of the
secondary mineralization that controls the uranium solubility.
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Appendix A
Elemental Solubilities

A major difficulty in deriving a source term model is knowing what the physical-chemical
environment will be in a waste repository, in order to predict the solubility of the UO2 fuel matrix
and the aqueous concentrations of the other contaminants. The physical-chemical conditions may
vary considerably both spatially and in time, resulting in a wide range of possible solubilities. The
assumption is made that a conservative estimate of the impact of used nuclear fuel disposal can be
based on an over-estimation of the elemental solubilities and the instantaneous achievement of
thermodynamic equilibrium. This means that at any time the aqueous concentration of an element
is equal to the maximum possible solubility.

Solubility of Uranium and the Used Fuel Matrix

The solubility of used fuel has been estimated using thermodynamic models and has been
measured under various physical conditions and groundwater compositions (Garisto and Garisto,
1985; Golder Associates, Inc., 1988; Goodwin, 1982; Lemire, 1988; Lemire and Garisto, 1989;
Paquette and Lemire, 1981). The UO2 solubility ranges from 3 x 10-18 gU/L to 0.238 gU/L for
the range of temperature, aqueous solutes, pH, and Eh in the experiments or in the calculations.

The maximum uranium solubility in the preceding discussion is for pH < 4 and Eh > +0.4 v.,
conditions that are not particularly realistic for the expected conditions in the vault. Such low pH is
probably not feasible in the presence of the cement bulkheads, grouts and clay-based buffers that
will be used to seal the vault. In addition, it is expected that the background environment of the
vault will be anoxic, so the redox potential will not likely be as high as + 0.4 v. The lowest
uranium solubility mentioned above was calculated for conditions that are also not common on the
Canadian Shield (Eh - -0.3 v and ionic strength several times that of seawater).

The expected physical-chemical conditions have been estimated to result in uranium solubilities of
about 10-8 to 10-1 gU/L (Lemire and Garisto, 1989), 10-9 to 10-7 gU/L (Goodwin, 1982) and 10-
18 to lO-5 gU/L (Golder Associates, Inc., 1988) for conditions varying from reducing to oxidizing,
low to high ionic strength groundwaters and moderate pH. This range of probable conditions in
the vault is still too large to predict an expected condition with any confidence.

Uranium concentrations of up to 0.024 gU/L (10-4 moles/liter) have been measured in shallow
granitic groundwaters (<100 m deep), up to 2.4 x IO-4 gU/L (10-6 moles/liter) for groundwaters
down to 600 meters deep, and up to 2.4 x 10-5 gU/L (10-7 moles/liter) for deeper groundwaters
(Anderson, 1992). Her Figure 2 illustrating those data is reproduced here in a modified form as
Figure A-l. There were not good correlations between uranium concentration and Eh, uranium
concentration and pH, uranium concentration and bicarbonate concentration, and Eh and depth.

In their "Project-90", the Swedish Nuclear Power Inspectorate derive solubilities for some
elements based on a critical literature review and calculations using the computer program
PHREEQE (SKI, 1991). A range of solubilities for U, Am, Pu, Np, Pa, Th, Sn, Tc, Zr and Se
are derived for both oxidizing and reducing conditions. For uranium, the solubility ranges are 1.5
x 10-7 to 1.5 x 10-3 moles/liter (3.6 x 10-5 to 0.36 gU/1) for oxidizing conditions and 1 x 10-n to 1
x 10-5 moles/liter (2.4 x 10-9 to 2.4 x 10-3 gU/1) for reducing conditions. These ranges are also
shown in Figure A-l.
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Figure A-l: Observed uranium concentrations as a function of depth.
(#) is number of samples in indicated range (modified from Anderson, 1992)

Inspection of Figure A-l shows that below about 600 meters there are no measured uranium
concentrations that fall within the range for oxidizing conditions calculated in Project-90 (SKI,
1991). However, the calculated ranges of solubilities are theoretical upper limits of concentration.
There is no reason to assume that uranium concentrations in oxidizing conditions must fall within
this range - only that uranium concentrations cannot exceed that range. Hence, the low uranium
concentrations at depth imply reducing conditions only if the groundwater is saturated with respect
to uranium. The same concentrations could occur in oxidizing conditions by undersaturation of
dissolved uranium.

The upper limit of the range of uranium solubility calculated by SKI for reducing conditions is lO-5

molar. This is in the middle of the range calculated for oxidizing conditions, is two orders of
magnitude larger than the greatest uranium concentration at depth and only one order of magnitude
smaller than the maximum observed uranium concentrations found by Anderson. This value is
adopted as an appropriate expected uranium solubility.
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Solubility of other elements

Elemental solubilities may vary over a wide range, according to the physical-chemical conditions
and the presence of complexants. Conservative values of solubility are adopted from those
reported in the current literature; used with the assumption of instantaneous thermodynamic
equilibrium these values of solubility should over-estimate the aqueous concentration of
contaminants released from the used fuel.

The solubility of U, Am, Pu, Np, Pa, Th, Sn, Tc, Zr and Se are taken from SKI (1991), where
they were estimated with the computer program PHREEQE and a critical literature survey. In that
report, a range of solubility is given for each element under oxidizing and reducing conditions,
with the upper limit of each range considered to be due to "poor chemistry" (i.e. undesirable
chemical conditions). These upper limits are adopted as conservative values of solubility of these
elements for each of oxidizing and reducing conditions.

The solubility of Ra, Bi, Pb, W, Hf, Pr, Ce, Ba, Cs, I, Sb, In, Cd, Ag, Mo, Y, Sr, Rb, Br, As,
Ge, Zn, Ca, Ni, Co, Fe, Mn, Cr and V are taken from Goodwin et al (1987), where the larger of
the elemental solubility in granite groundwater or in brine, calculated using the computer program
SOLMNQ, is adopted. Where the solubility is reported as "High", a value of 100 moles/liter is
assumed to prevent that element from reaching saturation and being limited by its (assumed)
solubility. These calculated solubilities are for reduced conditions (Eh = -0.314 v and -0.253 v),
but they are combined here with both the oxidizing and reducing solubilities from SKI (1991).

The solubility of the remaining elements is assumed to be very high (default = 100 moles/liter), so
that their concentration is not limited by solubility.

The solubilities that have been used in these calculations are presented in Table A-l.
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Appendix B
Dissolution by Thermodynamic Pumping

When a mineral is exposed to groundwater, the maximum concentration of a species dissolved
from the mineral is usually limited by the solubility of the mineral. However, if a secondary
mineral is more thermodynamically stable it will precipitate before the solubility limit of the primary
mineral is reached. For example, a mineral AX(s) when placed in water will dissolve until the
product of the chemical activities of aqueous ions A and X reaches the theoretical solubility limit of
AX, KAX- F° r ideal, low-ionic strength solutions, chemical activity is approximated by aqueous
concentration, and for this simple system, the aqueous concentration of A equals the square root of
the solubility limit: [A] = VKAX- The driving force for the dissolution is the difference between the
ion activity product (LAP) and the solubility limit of AX. This driving force decreases with time as
the IAP approaches the solubility limit.

If a secondary mineral AY has a lower solubility than AX (i.e. KAY < KAX ). the aqueous
concentration of A will never reach the theoretical limit from the dissolution of AX, since AY will
precipitate firstl (until the available Y is exhausted). The aqueous concentration of A for AY
dissolution/precipitation is [A] = VKAY- Hence, AX will continue to dissolve with the
thermodynamic driving force proportional to the difference in solubUity between AX and AY. This
phenomenon is illustrated in Figure B.I. The maximum driving force for dissolution is when AY
is insoluble, which is the same as AX dissolving into an infinitely dilute solution.

Theoretical
Limit of A

= ^KAX

[A]

Theoretical
Limit of A

Theoretical
Limit of A

i
driving force
for dissolution

Î

time time

Figure B.I : Increase in concentration of A with time as AX dissolves, both
without and with the precipitation of a more stable secondary mineral AY

"Thermodynamic pumping" is the term used to describe this phenomenon of continuous mineral

'Strictly speaking, the precipitation of a secondary mineral precludes the rigorous use of the term
"congruent" to the dissolution of AX (Stern, 1991). Precipitation of a secondary mineral will, in general, disturb
the stoichiometry of the aqueous concentrations, and so dissolution of the original mineral will not be congruent.
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dissolution due to removal from solution of one of the dissolved species, so that the solubility limit
of the mineral is never reached. When this occurs, the steady-state aqueous concentration is
limited by the solubility of a secondary mineral, which is lower than the solubility limit of the
primary mineral. Hence, there is a continuous dissolution of the primary mineral resulting in a
continuous increase of the aqueous concentration of the trace elements from the primary mineral.
The same effect can be achieved with a decreasing concentration outward from the mineral surface.
This can be caused by a decreasing temperature outward from the waste when the solubility varies
with temperature, or by sorption of the dissolved species from solution. Since sorption capacity is
finite, in this case the pumping effect lasts only until the sorption capacity is exhausted.

Garisto and Garisto (1990,1989,1986) have examined the effect of thermodynamic pumping on
the dissolution of used fuel. They have calculated a maximum dissolution rate of 1O15 mol/cm2/s
when the solubility of the secondary mineralization is three orders of magnitude less than the
solubility of the used fuel matrix, and the secondary minerals precipitate at the surface of the used
fuel (zero physical separation). The geometric surface area of used fuel in one canister is about
43.5 m2 (see Appendix C), and assuming 100% 238ij, the dissolution rate of the used fuel is:

10-15 mol/cm2/s * 4.35x105 cm2/canister * 238 g/mol U * 3.15x107 s/a = 3.3 gU/a/canister

Since each canister holds about 1.4 MgU, it would take 420,000 years to dissolve and re-
precipitate the used fuel after the canister is flooded. The aqueous uranium concentration in the
canister would remain constant at the solubility of the secondary mineralization, but the
concentration of the other contaminants in the used fuel (fission products and activation products)
would increase with time since they are released as the fuel matrix dissolves and re-precipitates at a
fractional rate of {1/420000 a =} 2.4 x 10-6 per year. Some of the contaminants released from the
used fuel may reach their elemental solubility limit, thereby limiting their maximum possible
concentration in the canister porewater.

This fractional release rate is based on the lowest value of surface area from Appendix C. Using
the highest value of surface area (310 m2 /canister), the dissolution rate of used fuel is 23 gU/a and
the time to dissolve the entire waste inventory is 59,000 years. This gives a fractional release rate
of 1.7 x 10-5 per year for the release of contaminants trapped in the used fuel matrix
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Appendix C
Calculation of Fuel Surface Area

Fuel type:

Reference:

Length of fuel pellet (1):
Radius of a fuel pellet (r):
Circumference (C=27tr):

Length of fuel stack (L):
Area of fuel pellets in stack (AP=CL):

Number of stacks/bundle (Nb):
Area of fuel/bundle (Ab=NbAp):

Number of bundles/canister (Nc):

Area of fuel/canister (Ac=NcAb):

Pickering B

Williams and Matthias (1973)

~23 mm
0.715 cm
0.0449 m

480m(AECL, 1987)
0.0216 m2

28
0.604 m2

72 (AECL, 1987)

43.5 m2

Bruce A

Belluzetal(1976)
Smith et al (1987)

~23mm
0.6077 cm
0.0382 m

480 m (AECL, 1987)
0.0183 m2

37 (AECL, 1987)
0.678 m2

72 (AECL, 1987)

48.8 m2

Note that the area of the fuel pellets in a stack ignores the area of the ends of each pellet (Pickering:
3.21 cm2, Bruce: 2.32 cm2 if the ends were flat, but the ends are slightly concave for expansion
allowance) and the "internal" area within each pellet due to microcracking. There are --21 pellets in
one s xk, so the geometric area of the fuel in one stack is 0.0216 + 21*0.000321 = 0.0283 m2
(Pickering) or 0.0183 + 21*0.000232 = 0.0232 m2 (Bruce). This give a geometric surface area of
57 m2 (Pickering) or 62 m2 (Bruce) of fuel per emplacement canister. This is summarized below:

Revised area of fuel pellets in stack:

Revised area of fuel/canister:

0.0283

57 m2

0.0232

62 m2

The effective surface area of a fuel pellet has been estimated to be 5 time the geometric surface area
(Garisto and Garisto, 1990), so the effective surface area could be 285 m2 (Pickering) or 310 m2

(Bruce) per canister. It is not clear whether the factor of 5 to convert geometric surface area to
effective surface area is large enough. This factor could be orders of magnitude higher depending
on the degree of fuel cracking or sintering, which is related to the maximum linear power
experienced by the fuel. However, the surface area that should be used in these calculations is the
same surface area (geometric, estimated effective or measured effective) that was used in the flux
calculations of Garisto and Garisto (1986,1989,1990), for which no information is given.

Effective area of fuel/canister: 285 310 tn2
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