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Date: June 2011
Abstract

This report describes the theory for the Canadian Concept Generation 4 (CC4) system model
for postclosure safety assessment of a deep geologic repository for used CANDU fuel. The
system model is composed of several linked submodels — the wasteform and containers, the
engineered barriers in the repository, the geosphere, and the biosphere.

The CC4 model was developed to address the configuration of a deep geologic repository for
used nuclear fuel with emplacement of durable containers, surrounded by dense clay and
backfill. The repository is located deep underground in stable, saturated rock. The submodels
of the wasteform, containers and engineered barriers describe the failure of some containers
through small defects, degradation of the used fuel, contaminant (radionuclide) release
through the defects in the container, and migration of contaminants through buffer and backfill
materials. The geosphere model describes the movement of contaminants from the repository
via the groundwater in both the rock mass and in the fracture system, to the surface
environment. The biosphere model describes the movement of contaminants between surface
water, soils, atmosphere, vegetation, animals and humans, and the consequent radiological
dose to a reference person and generic biota living near the repository.

Earlier versions of this system model were used for the case studies presented in the AECL
Environmental Impact Statement and Second Case Studies, in the OPG Third Case Study,
and in the NWMO Glaciation Study. This report describes Version CC4.08 of the system
model.
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SYVAC3-CC4 THEORY

1. INTRODUCTION
1.1 BACKGROUND

This report describes the Canadian Concept - Generation 4 (CC4) system model for postclosure
safety assessment of a deep geologic repository for used CANDU fuel. The system model is
composed of several linked submodels — the wasteform, the containers, the engineered barriers
in the repository, the geosphere, and the biosphere.

The system model was developed to address the configuration of a deep geologic repository for
used nuclear fuel with in-room emplacement of durable containers, surrounded by dense clay
and backfill. The repository is located deep underground in stable, saturated rock. An
illustrative figure of such a repository is provided in Figure 1.1. The wasteform and container
model describes the failure of some containers through small defects, degradation of the used
fuel by water, and contaminant release from the container via water. The vault model describes
the movement of contaminants through buffer and backfill materials, and a possible damaged
rock zone around the room. The geosphere model describes the movement of contaminants
from the repository via the groundwater, through both the rock mass and fractures, to the
surface environment. The biosphere model describes the concentration of contaminants in
surface water, soils, atmosphere, vegetation and animals, and estimates the consequent
radiological dose to a reference person and generic biota living near the repository. Peak
element concentrations in water, air and soil are also calculated.

An earlier version of this model was implemented as a computer code (CC3) and used for the
safety assessment submitted to the Canadian environment assessment panel in 1994 for the
AECL concept for used fuel disposal (Goodwin et al. 1994). A revised model, referred to as
PR4, as a “prototype” for CC4, was used for the AECL Second Case Study (Goodwin et al.
1996). The system model has continued to be updated and improved. CC4, Version 4.04 was
used for the OPG Third Case Study (Gierszewski et al. 2004).

In CC4 Version 4.07 the capability of the previous versions was extended by permitting the
simulation of changes in state in the geosphere and biosphere. A change in state means that
some characteristic properties of the system could be significantly different at stipulated points
in time. The CC4 Version 4.07 submodels can represent the changed states, approximating the
transformations as abrupt events. One specific example of interest is glaciation, and the CC4
Version 4.07 model permits the investigation of how the performance of the repository might be
affected by a succession of one or more glacial cycles, each of which may contain different
states such as temperate, permafrost and ice sheet states. The principal new input requirement
for CC4.07 was the triplet set:

{se,s2,t51, (1
which defines a sequence of states for the geosphere, S, and the biosphere, S2, each with a
state duration time of t° years. The first states S;° and S, occur at the start of the simulation

time and the summation over the state duration times should equal or exceed the end of the
simulation time. Note that S and S? represent state descriptors, such as “geosphere
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Figure 1.1: lllustration of the multi-barrier repository concept for a deep geologic
repository showing the multi-barrier design concept
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permafrost” and “biosphere temperate”. In principle, they should be related, meaning that the
geosphere and biosphere should have similar states at the same point in time. CC4 Version
4.07 was used for the glaciation study described in Garisto et al. (2010).

This report describes CC4 Version 4.08. This version of the code will be used in the
forthcoming Fourth Case Study and includes several minor modifications, including:

(i) The calculation of the concentrations in air of >?Rn and '?°| due to volatilization from
surface water bodies was modified to parallel the calculations used for other volatile
radioisotopes. This change means that these volatilization losses are taken into
account when calculating the ?Rn and '®| concentrations in the water body and
when estimating the biosphere mass balance.

(i) In previous versions of the CC4 model, a minimum depth for a groundwater supply
well could be specified, based on stratigraphic or topographic restrictions. This
option has been removed in the CC408.

(iii) Airborne radionuclide concentrations due to suspension of terrestrial particulates
were previously estimated using whichever field had the maximum soil
concentration. In CC4.08, these concentrations are computed using the soil
concentration of the field from which the particulates are suspended.

1.2 SCOPE

This report gives the main equations implemented in the system model computer code, with
their underlying assumptions. References are given where more detailed or background
information is published. Recommended values for the parameters are specific to each safety
assessment, and are not included here.

The report describes the CC4 model in four main sections — the wasteform and container in
Section 2, the repository engineered barriers in Section 3, the geosphere in Section 4, and the
biosphere in Section 5. These sections also include a description of how changes in state are
accommodated in the submodels: Section 2.3.1 is concerned with the simulation of container
failure, and Sections 4.1 and 5.1 with properties of the geosphere and biosphere respectively.
Section 6 describes the mass distribution information available from the model, and Section 7
describes complementary safety indicators.

1.3 REFERENCES

Garisto, F., J. Avis, T. Chshyolkova, P. Gierszewski, M. Gobien, C. Kitson, T. Melnyk, J. Miller,
R. Walsh and L. Wojciechowski. 2010. Glaciation scenario: Safety assessment for a
deep geological repository for used fuel. Nuclear Waste Management Organization
Technical Report NWMO TR-2010-10. Toronto, Canada.

Gierszewski, P., J. Avis, N. Calder, A. D'Andrea, F. Garisto, C. Kitson, T. Melnyk, K. Wei and L.
Wojciechowski. 2004. Third case study - Postclosure safety assessment. Ontario
Power Generation Report 06819-REP-01200-10109-R00. Toronto, Canada.

Goodwin, B.W., D. McConnell, T. Andres, W. Hajas, D. LeNeveu, T. Melnyk,
G. Sherman, M. Stephens, J. Szekely, P. Bera, C. Cosgrove, K. Dougan, S. Keeling, C.
Kitson, B. Kummen, S. Oliver, K. Witzke, L. Wojciechowski and A. Wikjord. 1994. The
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disposal of Canada’s nuclear fuel waste: Postclosure assessment of a reference system.
Atomic Energy of Canada Limited Report AECL-10717, COG-93-7. Pinawa, Canada.

Goodwin, B.W., T. Andres, W. Hajas, D. LeNeveu, T. Melnyk, J. Szekely, A. Wikjord, D.
Donahue, S. Keeling, C. Kitson, S. Oliver, K. Witzke and L. Wojciechowski. 1996. The
Disposal of Canada’s Nuclear Fuel Waste: A study of postclosure safety of in-room
emplacement of used CANDU fuel in copper containers in permeable plutonic rock.
Volume 5: Radiological Assessment. Atomic Energy of Canada Limited Report AECL-
11494-5, COG-95-552-5. Pinawa, Canada.
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2. WASTEFORM AND CONTAINER MODEL
21 MODEL OVERVIEW

The reference wasteform is a CANDU used fuel bundle, consisting of irradiated UO, encased in
Zircaloy cladding (Figure 2.1). Radionuclides are contained in either the UO, fuel matrix or the
Zircaloy cladding (including the end-plates).

Depending on the design, a few hundred used fuel bundles are placed into a used fuel
container. The reference container concept has a corrosion-resistant copper shell and a
structural steel inner vessel (Figure 2.2).

The container model tracks the decay and possible eventual release of radionuclides in the
used fuel as a result of container failure. It models the following processes:

o failure of some containers at a specified time through a small defect that allows water to
enter the containers and contact the fuel;

¢ instant release of a fraction of contaminants in the UO, fuel and Zircaloy cladding on contact

with water;

release of remaining radionuclides as the UO, and Zircaloy corrodes;

corrosion of UO, based on a kinetic model related to the time-dependent dose rate;

corrosion of the Zircaloy cladding based on a solubility-limited dissolution model;

precipitation of contaminants inside the failed container if solubility limits are exceeded;

radioactive decay and ingrowth; and

transport by diffusion of dissolved contaminants through the container defect and into the

surrounding buffer.

The model does not account for any effect of the Zircaloy cladding on delaying or inhibiting fuel
corrosion, or for sorption on surfaces within the container. It assumes that groundwater flow is
sufficiently slow within the container volume that advective transport is negligible, and that the
container shell, although punctured, retains its general integrity such that the release of
contaminants must occur through a small defected area.

Calculations are made for a representative failed container, with the output being the release
rate of radionuclides from the container into the surrounding buffer. This radionuclide outflow is
used as the source term for analysis of radionuclide transport through the engineered barriers in
the repository as described in the next section. The calculations allow for linear decay chains.

2.2 NUCLIDE INVENTORIES

The initial inventory of a nuclide i in the container in wasteform w, Iéw , 1S

i i
/0,w - lO,ww

‘M (2.1)

ctr,w

where Ié w 18 the initial inventory of nuclide 7 in wasteform w per kg of wasteform w, and M, is
the mass of wasteform w in a container.



Ceramic Pellets of
Uranium Dioxide

Zirconium Alloy
Fuel Sheath

AA_003, v.01A
JCP, 96 MAR 06

Figure 2.1: Standard 37-element CANDU used fuel bundle. Each bundle is 102-mm
diameter and 495 mm long, and holds about 19 kg of UO,

Steel Copper
Inner . .
Shell Fuel Fuel Lid Lid

Basket Bundles

Figure 2.2: Used fuel container concept showing outer copper shell, steel inner
vessel, and used fuel bundles held in steel baskets. This design is about 1.25 m
diameter by 3.9 m long and holds 360 bundles (Garisto et al. 2011)
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Since radionuclides decay at different rates, and some nuclides decay into other nuclides, the
amounts of the nuclides change with time. The nuclide inventory in wasteform w, I, (t) for a
linear decay chain (nuclides 1,2, ... i) is given by Bateman (1910):

i
h®=> (B"e""), (2.3)
q=1
where the sum goes over all decay chain precursors of nuclide i, and

) q . .
B™ =3 (11, X7) (2.4a)

—

-

1 if j=q=i
i -1

i _ ) i1 i
X" = A’{ H( ! —/\") } otherwise (2.4b)

In Equation (2.4b), it is assumed that no two decay constants have the same value so that
(A" - 29) is never zero. This is true for all known radionuclides with half-lives longer than 1 day.

2.3 CONTAINER FAILURE
2.3.1 Failure Characteristics

The containers are made from a durable material. Under the expected conditions in the
repository, they would not fail for thousands of years (e.g. McMurry et al. 2003). As long as the
container remains intact the radionuclides are confined.

The CC4 safety assessment model, however, considers the consequences of failure of some
containers. Specifically, the model considers that the failed containers are characterized by
small defects that occur randomly among the containers with the same probability per container.

The actual failure process is not modelled. Instead, the initial time of failure (or delay time) t is
provided as a model input, with all failed containers within a given repository sector failing at the
same time. It should be noted that the failure time t- does not correspond to the actual time
when a defect is formed in the container wall, since it may take some further time for water to
enter the container and contact the fuel. Rather, t- could also account for factors such as the
time until the repository saturates and groundwater comes into physical contact with fuel. At
this time, there is sufficient water within the container to support radionuclide release from the
fuel and provide a continuous water pathway between the container interior and the surrounding
buffer. Radionuclides dissolved in the water can diffuse through this pathway as described later
in this report.

Over time, further corrosion of the container could occur, especially since the interior of the
container can be wetted by water entering through the initial defect. For example, there could
be growth of iron corrosion products, leading to enlargement of the defect, and at some point
loss of structural integrity of the container (McMurry et al. 2004). Structural integrity could also
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be compromised during a glacial cycle, possibly caused by enhanced mechanical pressures
from an overlaying ice sheet. From a radionuclide transport perspective, the pathway for
nuclide release may become larger, although possibly partly blocked by corrosion products.

In the CC4 model, the potential increase in the size of the defect is not modelled and the current
model only includes a constant defect size.

2.3.2 Failure Rate

Since each container can have only two states - intact or failed - and the container failures are
independent of each other (by assumption), then the number of failed containers can be
obtained from a binomial distribution.

In the language of the binomial distribution, if the quantity j is the number of "occurrences" of a
given state (container failures in this case) in N ‘“trials” (total number of containers), each having
probability p of this state "occurring" (probability of container failure), then the probability that
there will be j "occurrences" is the binomial probability distribution:

. N! ; Nei
B(/;N,p):ﬁpfﬁ—p) ! (2.5)

and the probability that there will be up to and including m "occurrences" is the cumulative
binomial probability distribution:

PImNp)=3 " pi(1-p)" 26)
1:0 ’(N )’ .
For example, consider a case with 10 containers, each having probability of failure 0.2. The
binomial distribution failure pattern is given in Table 2.1. The table indicates that the probability
of no failed containers is 10.7%, of 1 failed container is 27%, and of 10 (out of 10) failed
containers is 1 in 10 million.

For the CC4 safety assessment model, the total number of containers in each sector N, and

the probability of container failure Pr are input. A failure quantile O, is chosen randomly over
[0,1] (uniform probability) or supplied as input. Equations (2.6) and (2.7) can then be solved to
give N;., the number of failed containers in repository sector s:

0<Q; <P(0;N;7,P.) then N; =0, else 2.7)
P(NZ —1;N;,P-)<QZ <P(NZ;N;,P-) with 1<NZ <N; '

Referring again to the example in Table 2.1, if the failure quantile is sampled randomly from a
uniform distribution in the range [0,1], then for each sampling, there would be a different number
of containers failing, from 0 to 10. Over many such samplings, the average number of
containers failing would be 2. However, only 30% of the samplings would have exactly 2
failures; in 38% of the samplings, the number of failed containers would be less than 2, while in
the remaining 32% the number of failed containers would be greater than 2.
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Table 2.1: Example Binomial Distribution Calculation of Number of Failed Containers

Number of Failures Probability of Probability of up to Contribution to
i j Failures j Failures Average
B(j;N,p) P(j;N,p) J'BG:N,p)
0 0.107 0.107 0.000
1 0.268 0.375 0.268
2 0.302 0.677 0.604
3 0.201 0.878 0.603
4 0.088 0.966 0.352
5 0.026 0.992 0.130
6 0.006 0.998 0.036
7 0.001 0.999 0.007
8 0.00007 1.000 <0.001
9 0.000004 1.000 <0.001
10 0.0000001 1.000 <0.001
Sum 2.000

2.4 WASTE DEGRADATION

There may be a number of different wasteforms present in the repository. The main wasteforms
are the UO, fuel matrix and the Zircaloy cladding. Although these are both part of the used fuel
bundle and are not separated within the container, they have different radionuclide inventories
and different degradation rates and are therefore considered separately.

Other optional secondary wasteforms allowed within the CC4 model are a metal and a soft
wasteform. For example, the metal could be used to represent irradiated steel components or
the used fuel container material or co-disposed used Co-60 rods, while the soft wasteform
would represent any readily decomposable materials that may be present in some portion of the
repository.

2.4.1 Fuel Wasteform

The UO, ceramic fuel matrix is durable, and dissolves slowly in water. The most important
factor in the rate of dissolution of UO; is the redox conditions in the surrounding groundwater
(Shoesmith et al. 1997, 2007). Reducing conditions are expected to prevail in and around the
container under the influence of the reducing groundwater, and consumption of any residual
oxygen by reaction with the copper and steel container materials or with ferrous and organic
material in the sealing materials. Under these conditions, the UO, would dissolve very slowly.

However, conditions at the used fuel surface could remain oxidizing for a long time due to the
production of oxidants near the fuel by radiolysis of water (Johnson et al. 1996). (This water
would have reached the fuel only after failure of the container and fuel cladding.) Radiolysis of
groundwater would be caused by the a-, B-, and y-radiations emitted by the used fuel (Johnson
et al. 1996).

The Second Case Study used a radiolysis-based dissolution model based on electrochemical
data (Johnson et al. 1996). It was replaced with a simpler empirical model for radiolysis-driven
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dissolution based on the concept of an effective G-value (Johnson and Smith 2000, Kolar et al.
2000). The effective G-value (Ggrr) is defined as the yield of oxidizing radiolysis products that
result in fuel dissolution. This Ggrr approach was used in the Third Case Study (Garisto et al.

2004).

However, the experimental data needed to support the selected Ggrr values used in the Third
Case Study are not extensive. Therefore, the current model adopts a different empirical
approach which is supported by a more extensive set of experimental data. In this approach,
the rate of dissolution of the used fuel matrix due to a-, B- and y-radiolysis is modelled as
approximately linear in the corresponding dose rates, i.e.,

cuoalt) = AuellGu fu Duft+tc)™ + Gy s Dy(t+tc) * + G, f, D (t+tc)  + Rucheml (2.8)

where

Cuoa(t) is the total used fuel dissolution rate [moly-a™];

Al is the effective surface area of the dissolving fuel, per container [m?;

D,(t+t,),D,(t+t,)and D, (t+t,) are the time-dependent dose rates [Gy-a™;

t is the time after repository closure [a];

t, is the time between fuel removal from reactor and repository closure
[al;

G,.G,and G, are empirical rate constants for fuel dissolution in the presence of
alpha, beta and gamma radiation fields, respectively [moly-m2Gy™];

f, ,fﬂ and fy are the alpha dose, beta dose, and gamma dose variability factors,
accounting for uncertainties in the radiation field strengths due to, for
example, uncertainties in the nuclide inventories, and are
approximately equal to unity [-];

aa, aff, and ay are fitting parameters for the dependence of the fuel dissolution rate
on the alpha, beta, and gamma dose rates, and are approximately
equal to one [-]; and

R is the chemical fuel dissolution rate, i.e., the dissolution rate of the

Uchem

fuel in the absence of radiolysis [moly-m?a™.

Data on beta- and gamma-based dissolution are available in Johnson et al. (1996) and data on
alpha-dissolution in Shoesmith (2007). These data are described in Garisto et al. (2011,
Appendix E). The beta/gamma contribution is expected to be dominant for the first 500 years
(Garisto et al. 2009). After this time, the fission products will have largely decayed and most of
the remaining radioactivity in the fuel will be due to the actinides. Since actinides tend to decay
by alpha decay, at long times alpha radiolysis will control the fuel dissolution rate. (Note that
there is no dissolution until the container is breached and water comes in contact with the fuel.)
H. generated by corrosion of iron within the container may reduce the effective dissolution rate,
and can be included via the dissolution rate constants (Shoesmith, 2008).

The UO, degradation rate only applies after a container has failed and continues while some
inventory of UO, fuel remains in the failed container. The end or cut-off time, when no UO,
inventory remains, is conveniently calculated using the compartment model described in
Appendix A. When using this compartment model, the function F™(t) is equal to a Dirac delta
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function multiplied by the initial inventory of UO,, equivalent to the emplacement of the entire
used fuel wasteform into the compartment at t = 0. The function F***(t) is the degradation rate

obtained from Equation (2.8) for times after container failure, t > t. . The resulting function

F°UT(t) obtained from the compartment model is the UO, degradation rate in a failed container,
Cuoz(t), limited by the initial inventory.

2.4.2 Zircaloy Waste Matrix

The Zircaloy cladding naturally forms a thin layer of protective ZrO, on its surface in contact with
water. Consequently, it dissolves very slowly in water (Shoesmith and Zagidulin. 2010). Since
the Zircaloy is a small contributor to the total radioactivity within the container, it is convenient to
conservatively assume that the Zircaloy dissolves at a rate that ensures that the Zr

concentration in the water inside the container is maintained at its solubility limit CZ

sol *
(Zirconium is the dominant element in Zircaloy.) The rate of degradation of the cladding is
therefore equal to the rate of release of dissolved Zr from the container. The maximum (steady)
output or release rate of Zr from the container, F"X is determined as described later in Section

2.6 based on a constant concentration C# within the container:

sol
F"X =min(Fy, o, Fr r) for t > tr (2.9)

where
te is the time of failure of the container,

Far is steady-state release rate for buffer-limited release, Fy 5 =4r,, -CZ -Di, q. »
2 Zr :
. . . . -Co -Di
Feir is the steady-state release rate for pinhole-limited release, Fp, 5 = —"% LSOI defect

hole
roe is the effective radius of the defect in the container wall,

Lyoe is the effective length of the defect,

Digerect is the intrinsic diffusivity of Zr in the defect,

Dipuser is the intrinsic diffusivity of Zr in the buffer.

Although in reality there would be some transient release rate leading up to this constant
concentration and release rate, it is assumed that the steady release rate is instantly reached at
t=tr. This steady release rate continues until all the Zircaloy has been dissolved and released at
time

0 t<t:
C, ()= F" t.<t<t, (2.10)
0 t, <t

The compartment model in Appendix A can be used to calculate cz(t). As before, F™(t) is set
equal to the product of a Dirac delta function and the initial Zircaloy cladding inventory,
equivalent to placing the entire Zircaloy inventory into the compartment at t = t-. The variable
F"Xin Appendix A is given by Equation (2.9). For Zircaloy, there is no parent nuclide and no
decay rate. The resulting function F°V"(t) is the Zircaloy corrosion rate, cz(1).
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2.4.3 Metallic Wasteforms

The metal waste degradation rate c.a(f) [mol/a] is modelled by a constant corrosion rate with
a time scale of 7, for complete dissolution after contact with water at t:

0

t<t,
/
Cmetal(t) = M t,: < t < tF + Tcm (211a)
0 Ton< t

where Ip et is the initial amount of the metal wasteform in a container [mol], and z, is the time
scale for complete dissolution of the metal [a].

2.4.4 Soft Wasteforms

The soft waste degradation rate csr(f) [mol/a] is assumed to be fast, at a constant rate over
short time span 7., which may be zero. However, if 7.z is zero, the matrix degrades instantly
and all the radionuclide content is released instantly on contact with groundwater. Thus,

IO,softa(t - tF) Tsoft = 0

S

Csoft (t) = I 0,soft / z-sof).‘ z-sof).‘ > 0’ tF < t < tF + z-soﬂ.‘ (2.1 1 b)

0 T >0, >t +7 .,

where Iy soris the initial amount of the soft wasteform in a container [mol].

2.5 SOLUBILITIES OF NUCLIDES

The solubility of a nuclide is a property of the underlying chemical element. For example, both
24 and #*®U have the same solubility - that of uranium.

The solubilities of five important low-solubility elements - uranium, neptunium, plutonium,
thorium and technetium — can be calculated by CC4 from chemical and thermodynamic data
(which are model inputs). For all other elements, solubilities are input to the model. Note that
solubilities input in molal units (mol/kg) must be converted to molar units (mol/m?) before they
are used by the model, by multiplying the input concentrations by the density of water to yield
solubility £ for element L in mol/m®. Also, in the following text, [A] means the concentration of

sol

A in molal units, i.e., (mol/kg).

The theory summarized in this chapter for determination of the solubilities of the five elements is
fully described in Lemire and Garisto (1989). Only the equations implemented in the model are
summarized in this chapter.
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The main inputs are the groundwater pH, and concentrations of NaCl, Na,SO, and CaCl,, total
dissolved inorganic carbon, total F and total P.

Values for some parameters are input based on three ionic strength regimes:

zZ<Z
7" <7 <278 (2.12)
Z? <z

where Z is the ionic strength of the groundwater, and the reference ionic strength values Z* and
Z° are inputs to the model. Based on the ionic strength, Z, of the groundwater in the model
calculations, the parameter values are taken from the relevant ionic strength regime.

2.5.1 Equilibrium Constants

For the concentrations of the aqueous species of the complexes of the 5 elements, an
equilibrium constant for the relevant dissolution reaction producing each complexed species is
required.

The equilibrium constants K of the relevant species for the solubility calculations are determined
for all three ionic strength regimes, at temperature T using:

/og(K)— [/og(K )+m(T-T,)] (2.13)

where Kj is the equilibrium constant at the reference temperature T, taken to be 298.15°K
(25°C), and m is an empirically determined slope for the temperature dependence. A different
value for K, and m may be used for each ionic strength regime.

Reaction rates and water densities are calculated at a repository average temperature.
Pressure effects are small over the relevant range and are neglected.

2.5.2 Speciation of Groundwater

The concentrations of the major components of groundwater NaCl, Na,SO, and CaCl, are input
into the model. The initial ionic concentrations of the major ions are then given by

INa* |, = [NaCi]+2[Na,S0, ]
[ca?], =[cacl,]

i, =[Naci]+ 2[cac, ]
[s0,2], =[Na,S0,]

(2.14)

and the ionic strength, Z, based on these major groundwater components is determined from

Z =[NaCl]+3[Na,S0O, |+ 3[CaCl, | (2.15)
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The value obtained for Z is used to select values from the appropriate range of ionic strengths
for each equilibrium constant used in the following calculations.

For the calculation of the groundwater speciation, the solubility products of gypsum CaSO,,
calcite CaCO;, fluorite CaF,, and hydroxyapatite Cas(PO,);OH are considered. In addition, the
calculations require values for the second protonation constant of phosphate PO, the first and
second protonation constants of carbonate CO3?, and the ion product of water, K.

2.5.2.1 Calcium Sulphate Concentrations

The initial values for the concentrations for the major groundwater components Na,SO, and
CaCl, may represent a solution supersaturated with respect to gypsum CaSO,. The initial ion
product [Ca*?],[SOF], is compared to the solubility product equilibrium constant for gypsum,
Kcaso, » calculated above in Equation (2.13) for the ionic strength regime indicated by Z. If the

ion product is greater than the solubility product,
Ca2||SO2], > Koaso, (2.16)

then some gypsum precipitates and both Ca*? and SOZ ions are removed from the groundwater
solution in equal amounts. If the quantity of precipitated gypsum is x,, mol/kg, the resulting final
ion product [Ca*?] [SOF] satisfies

[ca?|[507? = Keuss, (2.47)
where

[Ca+2]: [Ca+2]0 = Xpp 218

[s0;7)=[s0:7], -, o
Equation (2.17) is a quadratic equation in X, which has solution

_(ea?}+[s0])-yflea?} +[s0rbf -4lca 50} -Kaso) o

pp 2

and the final concentrations [Ca*?] and [SO7] are given by Equation (2.18). The groundwater
ionic strength, Z, is adjusted for the loss of ions. The adjustment in ionic strength is given by

Z>Z-4x, (2.20)

If the initial ion product is less than the solubility product, K03804 then no gypsum precipitates,
XppiS zero, and Z does not need adjustment.

The adjusted value of Z is used in selecting equilibrium constant values for subsequent
calculations of minor anion concentrations. However, it is assumed that any adjusted value
does not affect the determination of gypsum precipitation in this section and the calculations in
Equations (2.17) to (2.19) are not repeated with an adjusted value for Z.
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It is assumed that gypsum is the only mineral to affect the concentration of calcium ions (Lemire
and Garisto 1989) and that the effects of the minor anions and possible precipitation of the
calcium containing minerals of hydroxyapatite, fluorite and calcite do not significantly affect the
final value for calcium ion concentration, [Ca*?.

2.5.2.2 Minor Anion Concentrations

Carbonate, fluoride, and phosphate are anions that, through complexation, may enhance the
solubility of the actinides and fission products. All three anions form relatively insoluble calcium
minerals that may control the concentrations in groundwater of these anions.

All three anions can be protonated in solution and the degree of protonation is controlled by the
hydrogen ion concentration, [H'], or pH. The pH of the groundwater is an input to the model, as

is the total inorganic fluorine, [F7], total inorganic phosphorus, [P;], and total inorganic carbon,
[C+]. From pH, the concentration of hydrogen ions is

IH*|=10"" (2.21)

2.5.2.3 Fluoride Concentration

Protonation of fluoride is insignificant in the pH range of interest. Fluorite, CaF,, is assumed to
be the solubility-limiting mineral controlling the fluoride concentration in groundwater (Lemire

and Garisto 1989). lIts solubility product equilibrium constant KCE,F2 is derived from Equation
(2.13) for the ionic strength regime indicated by Z.

The concentration of Ca*? is assumed to be insignificantly affected by any precipitation of
fluorite, so the saturation concentration of F, denoted [F]s, is given by

F] = Keur, /lCa (2.22)

where [Ca*?] was determined above. If the value of total fluorine concentration, [F7], is greater
than [F]s, then some fluorite precipitates and the concentration of fluoride in groundwater is
equal to [F]s. Otherwise, the concentration of fluoride in groundwater is equal to [F7].

2.5.2.4 Hydrogen Phosphate Concentration

Protonation of phosphate makes the major species in the pH range of interest HPO,? and
H-,PO,. Assuming these two species initially make up the total inorganic phosphorus [P7],

[PT]: [H2PO;]+[HPO;2] (2.23)
then the initial concentration of HPOZ is given by
HPO?] =[P )/(K,,[H" [+1) (2.24)

where K, is the second protonation constant of PO,3 . Thatis, Ko is the equilibrium constant,
calculated from Equation (2.13) for the selected temperature and ionic strength regime Z, for the
protonation reaction
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HPO;2 +H" - H,PO,
_ 2 N (2.25)
K., = H,PO; J/[HPO?] [H*]
The mineral limiting the phosphate concentrations is assumed to be hydroxyapatite,
Cas(PO4)sOH whose solubility product, Kuap, is based on the dissolution reaction
Ca, (PO, ),OH +4H" — 5Ca*™ + 3HPO;2 +H,0 (2.26)

The concentration of Ca*? is assumed to be insignificantly affected by any precipitation of
hydroxyapatite, and thus the saturation concentration of HPOZ is found from

HPO?] = ?{/KHAP T /lca] (2.27)

where the value for K, is obtained from Equation (2.13), and where [Ca*?] was determined
above. If the value of initial concentration of HPOZ obtained from Equation (2.24), is greater
than [HPO,?s, then some hydroxyapatite precipitates, and the concentration of HPO,? in the
water is equal to [HPO,?s. Otherwise, the concentration of HPO,? in groundwater is equal to
the initial concentration, [HPO4'2]0

The equilibrium concentration of H.PO, is found from the second protonation reaction
equilibrium, Equation (2.25).

2.5.2.5 Carbonate Concentration

Protonation of carbonate makes all three species CO32 HCOj5, and H,CO; significant in the pH
range of interest. Assuming these three species make up the total inorganic carbon [C7]

[c,]=[H,CO,]+|H,CO; |+|cos?] (2.28)
then the initial concentration of CO3?is given by
[CO?:Z:L = [CT ]/(KC1K02 [H+]2 + KCZ [H+:|+ 1) (229)

where K.; and K;, are the first and second protonation constants of CO;5?. That s, these are the
equilibrium constants obtained from Equation (2.13) for the protonation reactions

CO;? +H" —» H,CO; -
Kes =[HCO§]/[CO§2] [H+] ,and (2.30)
Kez = [HZCOS]/[HC():;] [H*] -

The mineral limiting the carbonate concentrations is assumed to be calcite, CaCOs.
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The concentration of Ca* is assumed to be insignificantly affected by any precipitation of
calcite, and thus the saturation concentration of CO5? is found from

[CO?ZZL =Keaco, / [Ca+2] (2.32)

where the solubility product of calcite, Kc,c,, is obtained from Equation (2.13) and [Ca*’] was

determined above. If the value of the initial concentration of CO5? obtained from Equation
(2.29) is greater than [CO5?Js, then some calcite precipitates and the concentration of COz?in
groundwater is equal to [CO5?Js. Otherwise, the concentration of CO5? in groundwater is equal
to the initial concentration, [CO5?],.

The equilibrium concentration of HCOj' is found from the first protonation reaction equilibrium
IH,co; |=K.|co?| [H] (2.33)

2.5.2.6 Sodium, Chloride, and Hydroxide Concentration

The pH refers only to the concentration of hydrogen ions; the corresponding concentration of
hydroxide ions is obtained from the ion product for water, where the value for Ky is obtained
from Equation (2.13)

loH =K, /|H"] (2.34)

The other minor species were introduced as anions and, in general, the sodium ion
concentration must be increased to maintain charge balance. In the unlikely case there is an
excess of cations, then the chloride concentration is increased to maintain charge balance.
The sum of the cation charges, SC, and the sum of the anion charges, SA, are separately
obtained.

{SC = [Na*], +2[ca”?]+ [H"]

s* =[o1} + 20+ [F- [+ [Hoo; |+ 2lcos?]+ [1pos J« 2pog]cfor] Y

If S* > S€, the Na* ion concentration is increased by (S* - S€). However, if S¢ > S*, then the CI
ion concentration is increased by (S€ - S%).

2.5.2.7 lonic Strength

Having now the final concentration in the groundwater for all major and minor ions, the final
ionic strength is determined

2= e+ fer 1o T+ lHapos ]+ fHoos J+ [+ or) (2.36)

+2(lca?]+[s0;? |+ [HPO,? ]+ [c0O;?))
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2.5.2.8 Oxidation Potential

The dependence of electrochemical potentials on ionic concentration is temperature dependent.
At the reference temperature T, at which the reference potentials are determined, taken to be

298.15°K (25°C), the slope factor S = -RT,/ F = -0.05916 Volts, where R is the gas constant and
F is the Faraday. At other temperatures, the slope is adjusted using (Lemire and Garisto 1989).

S=-0.05916- TL [Volts] (2.37)

0

The oxidation potential, Eh, of the groundwater is found from
Eh=Eh,+S-pH (2.38)

where Ehy, which is an input to the model, is the groundwater oxidation potential at pH = 0.

2.5.3 Elemental Solubilities

For most elements, the solubility is provided as input to the model. However, for the five
elements U, Pu, Np, Th and Tc, the solubility can be calculated self-consistently assuming
equilibrium of the aqueous species of these elements with an appropriate reference solid. By
the Ostwald step rule, amorphous solids are kinetically favoured to precipitate first and, thus, the
metal solubility is initially controlled by the solubility of the amorphous solid metal dioxide.
(Subsequent decreases in metal solubility, resulting from the aging of the amorphous precipitate
into a more thermodynamically stable solid, are not considered here.)

The elemental solubility is determined as the sum of the concentrations of the various metal
solution species that could exist in equilibrium with the solid metal dioxide at a given
temperature and water composition. In addition to the inorganic complexing groundwater ions,
Cl, SO.2 F, HPO,? CO5? OH, and H', whose concentrations have been determined above,
allowance is made for two trace-level species that could represent organic complexing ligands.
The concentration of the radionuclides is expected to be too low to significantly change the
previously calculated concentrations for these inorganic species (except for U, see below).

2.5.3.1 Boundary Potentials

The equilibria for U, Pu, Np, Th and Tc are based on equilibria with the solid metal dioxides
UO,, PuO,, NpO,, ThO, and TcO,. For uranium, this metal dioxide is defined as UO,(fuel),
which is a material that is effectively neither fully crystalline nor fully amorphous but whose
calculated solubility agrees well with experimental and field data (Bruno et al. 1997). For
plutonium, neptunium and thorium, the amorphous forms of the solid dioxides are assumed to
control the solubilities of the corresponding elements (Lemire and Garisto 1989). Lastly, we
assume the solubility of hydrated technetium dioxide (TcO.+1.6H,0) controls the technetium
solubility (Garisto and Gierszewski 2002).

Although these solids are reasonable estimates for relevant deep groundwater conditions, for Tc
and U in particular it is possible that conditions might favour different solids controlling the
solubility (Lemire and Garisto 1989). For instance, Tc (metal) might be the stable solid for
technetium under more reducing conditions, and UO; (schoepite), for uranium under more
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oxidizing conditions. Therefore, for these two elements, the electrochemical potential of the
boundary between the two possible controlling solids is required for comparison with the
solution Eh so that the correct controlling solid is identified.

The potential, Er., at the boundary between the solids Tc and TcO, at temperature T is

E;

c

= EO,TC +E

m,Tc

(T-T,) (2.39)

where E, 1. is the value at T, = 298.15°K in the ionic strength regime indicated by Z, and
E, 1c is an empirically determined slope (Lemire and Garisto 1989). For Eh < E, Tc (metal) is
assumed to be the solid controlling the technetium solubility.

The potential, E, at the boundary between the solids UO, and UQ; is similarly
E,=Ey,+E,, (T-T,) (2.40)

where E, is the value at T, = 298.15°K in the ionic strength regime indicated by Z, and E,, is
an empirically determined slope (Lemire and Garisto 1989). For Eh > E;, UOj; is assumed to be
the solid controlling the uranium solubility.

2.5.3.2 Solubility Factors

Solubility Factor for UO4

The concentration of a Uranium solution species, Uj, in equilibrium with solid UOs, [U; o,

can be expressed in terms of the concentration of the same species in equilibrium with the solid
UO,, [Ui]UOZ(fuel)’ as

[Ui ]u03 (s) = (UF )NU' [Ui ]uoz (fuel) (2.41)

where Ny, is the number of Uranium atoms in the chemical formula for the species U, and Ur is
a solubility factor for Uranium given by

logU, =—2(E, —Eh, )/S (2.42)

The coefficient -2 results from the net oxidation state change of U in going from UO;to UO..

Solubility Factor for Elemental Tc

The concentration of a Technetium solution species, Tc;, in equilibrium with solid elemental Tc,
[Teilros), can be expressed in terms of the concentration of the same species in equilibrium with
the solid TCOQ, [TCJTCOQ(S):

[TCI ]Tc(s) = (TF )NTCi [TCI ]TcOZ(s) (2.43)
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where Ny is the number of Technetium atoms in the chemical formula for the species Tc;, and
Tr is a solubility factor for Technetium given by:

logT: =4(E;,—Eh,)/S (2.44)

The coefficient +4 results from the net oxidation state change of Tc in going from elemental Tc
to TCOz.

2.5.3.3 Contributions of Solution Species

The dissolution of a metal dioxide in aqueous solution with a single complexing ligand can be
described by dissolution reactions of the general form (Lemire and Garisto 1989):

NyMO, +aH,0+bY® —M, Oy .oHzam Y ™" +mH" +ne” (2.45)
where MNmO(2NM+a)H(2a_m)Yb(b°*m+") is an aqueous solution species and Y° is a complexing

ligand with ionic charge c.

The equilibrium concentration of this solution species is given by
[MNm O(2NM+a)H(2a—m)Yb(b07m+n) ]M02 (s) = Kdiss[yc]b/ [H+]m[ei.]n (246)
Using the definitions Eh = S logyefe’] and pH = -logofH'],

(bc-m-+n) _
[MNm O{2NM +a)H(2a—m)Yb ]MO2 (s) — K

diss -10™PH A0 ES [ye 1P (2.47)
The value for Ky;ssis obtained from Equation (2.13). The subscript notation of MO(s)
emphasizes that the concentrations determined by Equation (2.47) are in equilibrium with the
solid metal dioxide. The stoichiometric coefficients Ny, b, m and n for each such reaction
considered are required inputs to the model.

2.5.3.4 Total Elemental Solubilities

The total solubility, CY, , of each of the five elements (M = U, Np, Pu, Th, Tc) is obtained by

summing the equilibrium aqueous concentration of each of the ny, solution species considered
for each element M:

Cia :PWZNM, M; 1o, (2.48)

where N,, is the stoichiometric number of metal atoms in the chemical formula of the solution

species M, and there are ny, such solution species considered for element M. Values for [M],
the concentration of the solution species, are obtained from Equation (2.47). Note that for
subsequent use in the CC4 model, the dimensions of these total solubilities are expressed in
molar units (mol/m?) using the multiplier p,, (kg/m?®) for the density of water.
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This model assumes that the amount of dissolved element is small enough that it does not
affect the concentration of the ligand species, nor the solution Eh and pH.

The recommended solution species are shown in Table 2.2. The Tc species are from Garisto
and Gierszewski (2002). The U, Np, Pu and Th species are from Lemire and Garisto (1989),
except for removal of the aqueous phosphate complexes of the form X(HPO,),**" for X=Np, U
or Pu and, for U, replacement of the UOZ(HPO4)22' species by UO,HPO, (Lemire et al. 2001).
Table 2.2 indicates that nr. = 6 solution species are considered for Tc, 15 species considered
for Np, 5 species for Pu, 10 species for Th, and 24 species for U.

For uranium, the value of the solubility factor Ur indicates whether UO, or UQOj3 is the controlling
solid species. If Us 2 1 (Eh < Ey), then we calculate the solubility based on UO,(fuel) using

Equation (2.48) with M = U. If Ur < 1, then we calculate the solubility based on UOs(s), utilizing
Equation (2.41), resulting in

Cg)l =Py Z NU, (UF )NU[ [Ui ]U02 (fuel) (2.49)

Table 2.2: Species Used in Determining Solubilities

Element Solution Species

Neptunium Np*™ NpO,* Np(OH)," Np(OH)(aq)

(18 species)  NpO,(OH), NpO,(OH)(aq) NpF,™ NpO.F(aq)
Np(SO.).(aq) NpO,SO4 NpO,CO3’ NpO,(CO;),*
NpO,(COs)s° NpO2(HPO4)”  NpO.Cl(aq)

Plutonium Pu* PuOH*" Pu(OH)s(aq)  Pu(H,PO,)*

(5 species) PuSO,"

Technetium  TcOy4 TcO(OH)" TcO(OH)x(aq) TcO(OH)s

(6 species) Tc(OH),COs(aq) Tc(OH);CO5

Thorium ThOH*® Th(OH)," Th(OH);* Th(OH)4(aq)

(10 species)  ThF;" ThF,(aq) Th(SO4)(aq)  Th(HPO4).(aq)
Th(HPO,4)s? Th(CO3)s®

Uranium U0,™ uo,* UO,(OH)* (UO,)s(OH);

(24 species) UO,(OH)2(aq) UO,(OH),? U(OH)4(aq) U(OH)s
U02C|+ U02F+ U02F2(aq) U02F3_
UO,F,? UF;" UF4(aq) UO,CO4(aq)
UO,(COs),? (UO)3(CO3)s®  UO,(CO3)s™ U(CO3)s®

UOQSO4(aCI) UOQ(SO4)2_2 UOzHPO4(aC|) U02P04_
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Similarly, for technetium, the value of the solubility factor Tr indicates whether TcO, or Tc
(metal) is the controlling solid species. If Tr > 1 (Eh 2 E7;), then we calculate the solubility
based on TcO,(s) using Equation (2.48) with M = Tc. If Te < 1, then we calculate the solubility
based on Tc(metal), utilizing Equation (2.43), resulting in

CSTg/ = Py Z NTC; (TF )Nrci [TC,' ]TcOz(s) (2.50)

2.5.3.5 Correction of Uranium Solubility for Carbonate Limits

The solubility model described above assumes that the total concentration of a radionuclide in
solution is very small compared to the concentration of groundwater species such as HCO;".
For uranium, this assumption is not true for some groundwater compositions. In particular, the
calculated total concentration of the U(VI) carbonate complexes could exceed the initial total
carbonate concentration. In these cases, the calculated uranium solubility is unrealistically high.
Therefore, the uranium solubility calculated using Equations (2.48) or (2.49) must be corrected
in some cases.

The correction is carried out using the mathematical algorithm described in this section. The
algorithm assumes that the total carbonate concentration in solution (including uranium
carbonate complexes) is equal to the calculated total carbonate concentration in the contact
groundwater, i.e., after precipitation of calcite (see Section 2.5.2.5).

It should be noted that the concentrations of the uranium complexes of the other complexing
anions, e.g., F and HPO,2, never exceed the concentrations of the anions themselves. This is
likely because the uranium complexes of these anions are weaker than the carbonate
complexes. Thus, the concentrations of these uranium complexes are calculated correctly and
are not modified.

It is necessary to run the algorithm only if the total carbonate concentration in solution, including
the carbonate associated with the U(VI) carbonate complexes, exceeds the initial total carbonic
acid concentration in the contact groundwater by a significant amount. The total carbonic acid
concentration in the contact groundwater, Cr, is calculated using [CO3?]- and the formula

Cr = (Kot Koz [H'F + Kea[H'] +1) [CO5?]. = CF. [CO57?- (2.51)
where [C03'2]* is obtained as described in Section 2.5.2.5, and K.; and K, are the first and
second protonation constants of CO3? (see Equation 2.28), and the equivalence sign is used to
define CF.. As usual, square brackets are used to denote species concentrations, i.e., [CO3?-
represents the molal concentration of CO52 in solution.

The four carbonate complexes of U(VI) included in the solubility model are: UO,CO;,
UO,(COs)52 (UO,)5(COs)s® and UO,(COs)5 . It is convenient to define the four variables k-,
ko, ks+ and k4 as follows
ki = (UM [ UO,COsluozuen’ [ CO57]- (2.52a)
ko = (Ux"Y [UO(CO3)5° Tuozuey/ ([CO57)° (2.52b)

ks = (UNY [(UO2)3(CO3)6  Tuozwey/ ([CO57°J)° (2.52¢)
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kg = (U-"Y [UOA(CO3)5 Tuozuey / ([CO57T)° (2.52d)
where the Ur factors in Equations (2.52) are only included if Ur<1 (Equation 2.42).

The total carbonate concentration in solution, CUy, including the U(VI) carbonate complexes
without correction for limited carbonate, is given by

CUgr = CF- [CO5”]. + ky+ [CO5]- + 2 kz ([CO5°])* + 6 ks ([CO57)° + 3 k- ([CO57])°  (2.53)

This amount will be larger than the initial amount of carbonate in the contact groundwater since
the carbonate species are not corrected for the formation of U carbonates. If the amounts of U
carbonates are not too large, then this is a reasonable approximation. However, in some cases,
the calculated amount of U carbonates in solution can be large, and the value of CU,,+ would be
much larger than Cr.. Thus, a test should be made to determine if the correction to the uranium
solubility needs to be applied. Given the accuracy of the correction (see below), the correction
should be applied only if

CUr» > 1.25* Cr (2.54)
The purpose of the algorithm described below is to find the value of [CO5?], for which
Cr- = CF-[CO57], + k- [CO57], + 2 ko ([CO57],)* + 6 ks- ([CO57°].)° + 3 ks ([CO571L)° (2.55)

That is, the final amount of carbonate in solution, including carbonate associated with uranium
carbonates species, is equal to the initial amount of carbonate in the groundwater.

First Order Approximation

In many cases for which CU,, >> 1.25* Cr+, only two of the U(VI) carbonate species are
dominant;: (UOQ)g(CO3)6'6 and UOQ(C03)3'4. For these cases,

CUp = 6 ks- ([CO3?]-)° + 3 ky- ([CO57)° (2.56a)
and therefore mass balance of carbonate requires (from Equation 2.55)

Cr ~ 6 ks ([CO37°]u1)° + 3 ka ([CO37]1)° (2.56b)
where [CO3?,; is the first order approximation to [CO5?],.

Writing [CO35?Jus = x [CO37?]-, with 0 < x < 1, it is found from Equations (2.56a) and (2.56b) that

Cr = (CUgp - 3 kg ([CO34-)°) X8 + 3 kg (JCO579)° X . (2.57)
Defining
A =3 ke ([CO57%])°/ CUpr = 3 [UO5(CO3)35*]- / CUsoy (2.58)

it is found that x satisfies the equation
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(1-2) x5+ 2x° - Cr/CUpp = 0. (2.59)

This equation is quadratic in x* and can be solved first for x> and then for x. The positive root of
the equation is required and, therefore,

1/3

[ A+ A +4(1-NC,./CU,,

X = (2.60)
2(1-A)
[CO5?],;can then be found using
[CO5?]u1 = x [CO57]- (2.61)

where CUy is calculated using Equation (2.56a).

Second Order Approximation

The first order approximation to [CO3?], can be improved by using a Taylor expansion. This is
equivalent to using the Newton-Raphson method.

The total carbonate concentration calculated using the first order approximation, CU,., is given
by

CUsot1 = CF- [CO3?Ju1 + k1= [CO3” 1 + 2ko+ ([CO5?]1)? + 6ks- ([CO5711)° + ks ([CO37])°. (2.62)
Taking the derivative of CU, with respect to [CO3?],; gives
Dys = dCUit/d[CO37]1 = (CF- + Kky2) + 4ky [CO3%]us+ 36ks- ([CO57]11)° + 9Ky ([CO571r)’.  (2.63)
The second order approximation, [CO5?],,, for [CO5?], is then found by solving the equation

Cr = CUsotr + Dyt ([CO37]2 - [CO37u1) - (2.64)
The solution of Equation (2.64) gives

[CO5?],2 = [CO3°]1 + (Cr+ = CUpotr) / Dus (2.65)
where [CO3?],1, CUots and D,; are given by Equations (2.61), (2.62) and (2.63), respectively.
The algorithm described in this section was tested against the non-linear equation solver in
Microsoft Excel for many probabilistically selected contact groundwaters. In all tested cases,
the calculated total carbonate concentration, after the contact groundwater comes to equilibrium
with the UO, solid, was in good agreement with the total carbonic acid concentration found in
the contact groundwater itself. The largest observed difference was less than 30%.

The corrected solubility of uranium, CSO,,Cor”, can be calculated using

Csol,corU = CsolU + Pw * k1 * {[ CO3-2]u2 = [ CO3-2] ’Z}+ k2 * {([ Co\’3-2]u2)2 - ([ CO3-2] *)2}
+ 3k« {([CO571.2)° — ([CO5°])° + K4+ {([CO5°].2)’ — ([CO57°])%} . (2.66)
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2.6 NUCLIDE RELEASE INTO CONTAINER
2.6.1 Release from UO, Matrix

The radionuclides formed within the UO, fuel pellet are distributed among various locations by
the end of the reactor irradiation, as illustrated in Figure 2.3 (McMurry et al. 2003). While the
bulk of the radionuclides are held within the UO, grains, certain metals have formed metallic
particulates, and the balance (notably the more volatile nuclides) have collected in grain
boundaries, cracks and external gaps around the fuel. When the cladding is breached and the
fuel is contacted by water, the location of the nuclides affects the rate at which they are released
into the groundwater.

In particular, we distinguish a rapid release and a slow release process. The rapid or “instant”
release applies to all nuclides within the gaps, cracks and grain boundaries, which are assumed
to be quickly accessed by water, and dissolved. The slow release applies to all nuclides within
the grains and the intermetallic particles, which are only released as the UO; grains themselves
dissolve. The latter mechanism is referred to as “congruent” release. These two mechanisms
are described further below.

Zircaloy/ T \ Metal  UO,  Grain

Cladding CANLUB Gap  Particles Matrix Boundary

140 (e c Mo  Actinides e
®Np 1 129 Ru ~98% Fission %I
135¢s 35cs  Pd Products
se Se Rh
1255 1 Tc
3H 1258“

39Ar 3H
‘He 3Ar
85Kr 4He

85Kr

Figure 2.3: Distribution of various radionuclides within a used fuel element
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Instant Release from UO,

The rate of release of nuclide i from the UO, matrix by instant release in any given failed
container is a delta function at the time of container failure:

F//i?,uoz(t) = f/fi?,uoz I(iJO2 () o(t—tr) [mol/a] (2.67)
where
tr is the time of container failure [a],

f,,’%,yuoz is the fraction of the nuclide i released instantly from the UO, matrix upon contact with
water [-],
lL0s(t) is the inventory of nuclide i at time t in the UO, fuel in a container [mol], and

o(t) is the Dirac delta function.

Congruent Release from UO,

The remaining nuclides are released as the UO, matrix itself dissolves. The congruent
dissolution release rate of nuclide i from the UO, matrix in the failed container at time tis

Fépuo»(t) [mol/al:

i i i c t
Feouoz(t) = (1=fruo2 Muo: (UM t> te (2.68)

/ 0,U0,

where
Io,U02 is the initial inventory of UO, in a container [mol], and
Cuo2(t) is the UO, matrix degradation rate in the failed container at time t [mol/a].

2.6.2 Release from Zircaloy Cladding

Radionuclides formed within the Zircaloy cladding by activation are generally uniformly
distributed across the thin cladding, and are released into the container as the Zircaloy cladding
itself dissolves (i.e., congruent dissolution). The rate of degradation of the Zircaloy matrix was
determined in Section 2.4.2. However, some nuclides (e.g., *C) may be trapped in the original
surface oxide layer, and released more rapidly. The release of nuclides from the Zircaloy
cladding is then a combination of instant release and congruent dissolution release:

Firz(t)=Trz 17 (1) O(t—t-) (2.69a)

Cx()

0,Zr

FCI,;D,Zr (t) = (1 - f;,f?,Zr )IIZr (t) t> tF (269b)

where
f,,"w is the instant release fraction of nuclide i in Zr cladding [-],
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l,z s the initial inventory of Zr cladding in a container [mol],

I;,(t) is the inventory of nuclide i in Zr cladding in a container at time t [mol] assuming only
ingrowth and decay (i.e., no loss into the container),
Cc, () is the Zircaloy cladding dissolution rate in the failed container [mol/al].

2.6.3 Release from Other Wasteforms

In addition to the main used fuel wasteform, the model includes optional metal and soft
wasteforms. In the metal wasteform, the nuclide release is modelled generality as an instant
release process and a congruent dissolution process. The dissolution rate of the metal matrix is
defined by a constant corrosion rate (Section 2.4.3), Creta(t). The soft waste is treated similarly
but is assumed to more rapidly degrade on contact with water. The nuclides from these
materials are released into the interior of the container.

Release from Metal

The rate of release of nuclide i from the metal matrix in a failed container is instant release or
congruent release:

Flli?,metal (t) = f}li?,metal Irinetal (t) 5(t - tF) [mOI/a] and (2703)
i i i Creta t
FCD,meta/ (t) = (1 - f}R,metal )Imetal (t)/;/() t> t,: (270b)
0,metal
where
te is the time of container failure [a],

fl,‘i?,metal is the fraction of nuclide i released instantly from the metal upon contact with water [-],
Il i (1) is the inventory of nuclide i at time t in the metal wasteform in a container [mol],
/

Cete (1) IS the metal corrosion rate at time t [mol/a].

ometar 1S the initial metal inventory in the metal wasteform in a container [mol],

Release from Soft Material

The release of nuclide i from the soft waste is rapid over the short time period fso. The release
rate is formally treated similarly to the release from metal waste form with:

Flli?,soft (t) = f}li?,soft I;oft (t) 6(t - tF) [mOI/a] and (2700)

i i i Coor(t
Fhoson(t) = (1 Fso Won 0522 1, (2.700)

0,soft
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where the second equation reduces to an additional instant release if fso% is zero, and where
I« (t) is the inventory of nuclide i at time t in the soft wasteform in a container [mol], and the
other symbols are defined similarly to the metal waste form.

2.7 RELEASE FROM CONTAINER
2.7.1 Release Processes

The container fails when a hole is breached through its walls, allowing groundwater to
eventually contact the used fuel. The size of the breach will depend on the failure mechanism.

The CC4 model focuses on the case of a small defect, such as an undetected manufacturing
defect present when the containers are emplaced. The evolution of conditions within the
container as a result of this defect can be complex, and it is likely that the formation of a
complete groundwater pathway for nuclide transport from used fuel to the container exterior
would take tens of thousands of years after the defect has formed (McMurry et al. 2004). In the

present model, we assume that the water pathway forms at time -, nominally the time of
container failure (see Section 2.3.1).

The release rate of nuclides from the container can be estimated from: the release of nuclides
from the wasteforms into the container interior by the various processes described in previous
sections; the radioactive ingrowth and decay, sorption, precipitation and re-dissolution of
nuclides within the container; and the loss of dissolved nuclides through the water-filled defect.
Since the container remains surrounded by a low-permeability clay layer, nuclide releases from
the container are constrained by the rate of nuclide diffusion through the defect and out into the
surrounding clay.

It is convenient to consider nuclide release from a defective container in three progressively
more complex stages: the special case of a constant nuclide concentration in the container, the
more general case of a time-varying concentration without precipitation, and then the effects of
precipitation.

2.7.2 Constant Nuclide Concentration in Container

A special case for the nuclide release rate from the container is when there is a constant nuclide
concentration in the water within the container. For example, this applies if the nuclide
concentration is being held at its solubility limit within the container.

The nuclide release rate from the container is then bounded by two cases.
o Release is limited by the mass transport in the clay buffer medium surrounding the
container, referred to as "buffer-limited release".
¢ Release is limited by the small size of the “pinhole” defect itself, referred to as "pinhole-
limited release".

The release rates for these two cases are described in LeNeveu (1996). Here, only the steady-
state solutions are used, so they are valid for times greater than some initial time period. In
practice, these initial times are so small as to be insignificant when compared with the time
scale of the modelling. Furthermore, the transient release rate is less than the steady-state
release rate.
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The case with the lower release rate provides the principal mass transport resistance and is
taken as the relevant model for the release rate from the container. The particular model can
vary between nuclides. That is, the release rate of nuclides from the container through the
defect is the minimum value of Fg, r and Fp s obtained from Equations (2.71) and (2.73) below.
This minimum value is applied for all times ¢ > ¢

Buffer-limited Release

For buffer-limited release from a constant concentration source, the steady-state release rate,

Fgir, is given by (LeNeveu 1996, Equation 28, with “n” replaced by “4” for conservatism):

2 .
4r hole COD I bufferg t_)uffer

= : 2.71a
BLR |-1 _ e_gbufferrhole J ( )
where
AKbuffer
= [|_huffer 2.71b
g buffer D Ibuffer ( )
and
hole is the effective radius of the defect,
Co is the constant nuclide concentration in the container interior,
Dip,er is the intrinsic diffusivity for the nuclide in the buffer surrounding the container,
Kuuter 1S the capacity factor in the buffer surrounding the container,
A is the nuclide decay constant.
If the nuclide does not decay, then Fg, s reduces to
F, BLR — 4r, hole CODibuffer (2.72)

Pinhole-limited Release

For pinhole-limited release, the steady-state release rate, Fp r, depends on the transport
properties of the defect and is given by (LeNeveu 1996, Equation 15)

2 i ~GhoteLho
3 2106 CoDinoeGnoe® ™"
PLR — [1 _ e_z-gho/eLho/e J

(2.73a)

where

AK,,,
= [—°% 2.73b
ghole Dihole ( )

where

Lo is the effective length of the pinhole,

Dinoe is the intrinsic diffusivity for the nuclide within the defect, and,
Khoe is the capacity factor for nuclide sorption within the defect.
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If the nuclide does not decay, then Fp, s reduces to

2 .
mTry,, CoDi
FPLR _ hole ~0™~"defect (27 4)
Lhole

Diffusion and Sorption

Two key transport-related properties for describing nuclide transport are diffusion and sorption.
Diffusion is characterized in terms of the intrinsic diffusivity

Di=¢17D, (2.75a)
where ¢is the porosity available for diffusion in the material, zis the tortuosity, and D, is the
free-water diffusivity. In general, Di may vary with nuclide, because of differences in the free-
water diffusivity or because of effects such as anion exclusion in clays in which the effective
porosity available for diffusion of negatively charged species is reduced because the clay
minerals tend to have negative surface charges.
Diffusivity increases with temperature. Values at 100°C may be about three times higher than at

room temperature. This temperature effect scales with temperature T and porewater viscosity
u(T) as (Rohsenow and Choi, 1961, p.383):

. . T u
Di =Di,,,, ——— 298K 2.75b
298K 298K u(T) ( )

The capacity factor, K, is related to the amount of sorption of a nuclide on solid substrates
K=¢eR=(c+pK,) (2.76)

where R is a retardation factor, ¢is the porosity, o is the bulk density and Kj is the nuclide
sorption coefficient. No temperature effects are presently included.

2.7.3 Time-Dependent Nuclide Concentration in Container without Precipitation

General solution

In general, the concentration of the nuclides in the container will vary with time. The amount of
a nuclide in the container can be calculated using a compartment model representing the
interior of the container (Appendix A). The general equation for the amount A’ of nuclide i
accumulated within the container is:

%ﬁ):[ L (O AP (O] =N A (O Flyr (0 @77)
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The input into the container interior is the total release rate of nuclide i from the wasteform(s)
into the container F(t), plus ingrowth from decay of parents A°A”(t) where p is the parent of

nuclide i and AP(t) is the amount of this parent in the container as a function of time.

The general output flow from the compartment with decay but without precipitation is the
convolution of the input rate with the container release response function:

Four() = [ [Fa (1) + AP AP(D]G' (t -1)ar (2.78)

where G'(t) is the container response function for nuclide i. That is, the response function
describes the outflow from the container as a result of a unit impulse input of nuclide i into the
container at time t=0.

As with the constant container concentration considered in the previous section, the general
container release response G(t) is bounded by two cases.

1. Release is limited by the mass transport in the medium surrounding the container,
("buffer-limited release"). The medium surrounding the container is considered to be of
semi-infinite extent with a C = 0 boundary condition at infinite distance and the "inlet"
boundary condition is applied at the exit of the defect.

2. Release is limited by the small size of the “pinhole” defect itself ("pinhole-limited
release"). A C =0 (swept away) boundary condition is applied at the exit of the pinhole
and the "inlet" boundary condition applied at the entrance to the pinhole.

The release mechanism with the lower release rate provides the principal mass transport
resistance and is taken as the relevant model for the release rate from the container. The
particular model can vary between nuclides.

The response function solutions for these two cases are described in detail in LeNeveu (1996).
In the response functions presented here, only the first terms of an expansion in time are
included, so they are valid for times greater than some initial time period. In practice, these
initial times are so small as to be insignificant when compared with the time scale of the
modelling.

Buffer-Limited Release Container Response

For buffer-limited release, the container release response function, Gg,, is given by

Gpir(Y) =g €XP[—(Ag2 + M (2.79)
where
4Di, . I,
g = # (2.80)

ctr ¥ ctr

and
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A is the nuclide decay constant,
Di, ., is the intrinsic diffusivity for the nuclide in the buffer around the container,
loe is the radius of the hole or defect in the container shell,

K., s the capacity factor for sorption of the nuclide inside the container,
Vit is the free volume inside the container.

Equations (2.79) and (2.80) are from LeNeveu (1996, Equation 30), with « replaced by "4" for
conservatism. Equation (2.79) is accurate for times t >100 K, . 1\2,./Di, ., for a release

starting at t=0. For example, for a 1-mm radius hole, buffer with a large capacity factor of
K, ~1000, and an intrinsic diffusivity of Di,, gz, ~ 0.1 m?a, the model is applicable for t > 1

year.

Pinhole-limited Release Container Response

For pinhole-limited release, the container release response function, Gg,, is given by (LeNeveu
1996):

Gpir(t) =ap g €XP[—~(3p 5 + W] (2.81)

where
2 .
mr hoIeD Ihole

a =
PLR KVL

ctr ¥ ctr —hole

(2.82)

and Ly is the length of the defect through the container shell.

This response function is valid for 7z Kioe rZoe Lnoie/KeV << 1. In the absence of sorption inside
the container, the first ratio is the volume of the pinhole defect to the void volume of the
container. With sorption inside the container, the ratio has an even smaller value. Hence, for
small defects, this condition is generally true, while for large defects the buffer is likely more
limiting anyway.

Equations (2.81) and (2.82) are accurate for times t > L2 K, ./Di, . for a release starting at
t=0. For example, for a 25-mm long hole, an open defect with no sorption (K., ~1), and an
intrinsic diffusivity of Di,,,, ~ 0.1 m?a, the model is applicable for t > 0.01 years.

General Container Response Function

More generally, the container release response function is
G, (t) = a el @] (2.83)

where
a s the container release rate constant [1/a], given by @ =min(&, g, ap,r)
and ag.r and ap r are given by Equations (2.80) and (2.82).
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Container Compartment Model

The compartment model (Appendix A) can be used to solve Equation (2.77) for the amount of
nuclide i in the container.

Radionuclide releases from the wasteforms provide the inputs to the interior of the container
following the ingress of water into the container after time (delay) t-. The degradation rates of
these wasteforms were determined in Section 2.4. In general, we assume that wasteforms
have a fast “instant” release and a slower release process. Due to the differences in the time
scales for the two release processes, it is then numerically useful to evaluate the container
inventory considering these two contributions separately.

Fn(8) = Fr(t)+ Feg (1 (2.84)
where
F,,’;, (1) is the instant release rate of nuclide i into the container [mol/a] (e.g., Equations
(2.67) or (2.69a)),
Fir (1) is the remaining “slow” release rate of nuclide i into the container, notably

congruent dissolution with the wasteform and ingrowth [mol/a].

The container release rate for instant release nuclides is from Equations (2.78) and (2.83). The
contribution due to parent is assumed to be negligible.

(O =fh, I (t )-a- el el s g (2.85)

The maximum container release rate due to congruent dissolution released nuclides and
ingrowth is:

t
Faursn() = [[Fin(r)+ A°A° ()] G/ (t~1)air (2.86)
0

where G'(t) is the response function for nuclide i [1/a], defined in Equation (2.83) and Fir(t) is

defined in Equation (2.84). (Note that the container release is zero for times less than {r as the
input terms are zero.) Due to the time dependence of the input function, this convolution
integral must be numerically evaluated.

The container release without precipitation due to “slow” release, Fj;sx(t) and the

accumulated amount in the container can be determined using the compartment model.

2.7.4 Isotopic Ratios for Co-Precipitation

There may be more than one isotope of a chemical element being released inside the container.
All such isotopes contribute towards the elemental solubility limits. If precipitation occurs, all
isotopes co-precipitate together.
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Since significant isotopic separation is not expected in the wasteform release processes, the
fractional amount of each isotope in solution can be determined from the inventory of these
isotopes in the wasteform. However, these isotope ratios vary with time due to radionuclide

decay and ingrowth. Thus the time dependent fraction of a particular isotope i, I’,’(t), is given by

I'(t)

r'(t=———, j=isotope of same element as i (2.87)

21

For nuclides with short half-lives that are considered to be in secular equilibrium, the inventory
included in the summation is that calculated from the inventory of a precursor by the secular
equilibrium relationship.

I'(t)=A"-I'(t)/AV , where jis in secular equilibrium with precursor i (2.88)

The isotope ratio determined by Equation (2.87) should in general include any stable isotopes of
the element that are present in the wasteform or in the background composition of the
groundwater. The solubility for nuclide i would be overestimated if these stable isotopes are not
included.

The summation in Equation (2.87) is done only over the nuclides in a single wasteform. The
wasteforms are considered to degrade at different timescales, and therefore they are
conservatively assumed to not influence precipitation of isotopes in other wasteforms. The
solubility of an element, determined as described in Section 2.5, is then fractionated by the
ratios determined by Equation (2.87) to determine the effective solubility limit for each isotope
(per wasteform). Note that the isotope ratios will change with time due to decay, and therefore
the solubility limit for an isotope will change with time.

2.7.5 Release from Container after Precipitation

Precipitation of nuclides inside the container is accounted for by invoking another compartment
model calculation.

The process is to compare the release rate from the container defect under a constant
concentration boundary condition (i.e., the solubility limit of the nuclide) in Section 2.7.2, with the
release rate determined in Section 2.7.3 without consideration of solubility limits.

In applying this solubility limited release rate for comparison, the time dependent isotopic ratios
determined in the previous Section 2.7.4 are applied as a multiplying factor.

If the resulting solubility limited release rate is the smaller one, then precipitation occurs, a
precipitate accumulates, and the smaller solubility limited release rate is used. If the solubility
limited release rate is the larger one, then the general solution (unconstrained by precipitation)
release rate determined in Section 2.7.3 is used; this condition can only occur when no
precipitate is present. Radioactive decay and ingrowth from a parent nuclide must also be
considered in determining the amount of a precipitate.
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This comparison of release rates, with accumulation and depletion of precipitate, including the
effects of decay and ingrowth, is precisely the calculation performed by the compartment model

described in Appendix A. For this comparison, the constrained maximum release rate, F,é,AX(t),
is taken to be the product of the solubility limited release rate determined as described in
Section 2.7.2 and the time varying isotopic ratio. The "input" rate, Fj,(t), is taken to be the
release rate unconstrained by solubility determined in Section 2.7.3. The compartment model
does precisely the comparison required and gives the desired release rate, Fci)ur(t): having

taken into account possible precipitation. The accumulated amount of precipitate, if any, is also
determined by the compartment model.

This release rate, F),;(t), is the final value for the release from the container, through the
pinhole defect, into the surrounding buffer material.

2.8 INTERFACE WITH VAULT MODEL

The container model is based on the reference design concept where the container is
surrounded by a layer of dense clay buffer. This buffer serves to isolate the container from the
surrounding vault and geosphere, providing both a stable chemical environment and an
impermeable layer to groundwater flow.

In the present model, the buffer allows water to enter and fill the failed containers. The
saturation rate is not modelled, but is treated through a specified delay time, t=. The buffer will
affect the chemistry of the porewater that enters the container; this groundwater composition is
provided as input and then equilibrated as described in Section 2.6.

The direct interface from the vault model into the container model is through the limitation of the
nuclide releases from the container based on diffusion through the buffer.

The main interface from the container model to the vault model is the calculated time-dependent
source term describing the release of radionuclides from the failed containers and into the
buffer.
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3. VAULT MODEL
3.1 MODEL OVERVIEW

In a deep geologic repository, the containers are emplaced in rooms excavated from the rock,
and surrounded by a layer of dense clay buffer that controls both groundwater flow and the
chemical environment near the container. Beyond the buffer, other engineered materials may
be present, notably other clay- or cement-based backfil. The emplacement room will also have
an excavation-damaged zone (EDZ) in the adjacent rock wall. This EDZ is included here as
part of the repository or “vault” model.

After each room is filled and sealed, groundwater will start to move back into the residual
porosity, and will eventually saturate the buffer and contact the container. This saturation
process may take hundreds of years in sparsely fractured rock. However, release of
contaminants through and from the repository cannot occur until this process is substantively
complete. The CC4 vault model does not directly model this saturation time, but accounts for it
by an input delay time tg, the time needed to form a continuous groundwater pathway from the
waste in the defective container to the outside of the container. At this time, the repository is
assumed to be saturated. The delay time also accounts for any time required for container
failure, for water to enter the container, and for fuel cladding to have been breached.

The model then simulates the following processes:

o diffusive transport of nuclides released from a container defect through the surrounding
buffer, and

o dispersive and convective transport of nuclides through the backfill and EDZ into the
surrounding rock.

A few emplacement room layouts are under consideration, as illustrated in Figure 3.1.

The CC4 model represents each room by concentric cylinders of materials, as shown in Figure
3.2. This model is a simplification of the geometry, but is intended to include the key processes
and features. The main model result is the total (integrated) flow rate of nuclides out of each
room. This simpler model has been compared with more detailed calculations, and found to be
a sufficient or conservative representation of the total release (Johnson et al. 1996; Garisto et
al. 2004, 2005).

3.2 VAULT SECTOR PROPERTIES

Since the repository extends over a few km?, the surrounding rock will likely vary in its properties
and in the groundwater flow. To account for these variations, as well as possible variations in
room lengths in different locations, the vault is divided into sectors and contaminant releases
are calculated for each sector. Within each sector, the properties of the rock, vault (e.g., room
length), and failed container characteristics (e.g., time of failure, size of defect) are assumed to
be the same.

The vault transport model requires as input a number of parameters that are related to the
average properties of the rock zone surrounding each sector. The rock zone parameters are
the Darcy velocity resolved into its components, (V,, V,, V,), in the Cartesian coordinate
directions of the geosphere transport model, and the near-field rock porosity, ¢, tortuosity, z,
permeability, kg, and dispersion length, ag. In addition, the free water diffusion coefficient, Dy,
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and the retardation factor, R;, used in the geosphere transport model calculations are also
adopted in the vault transport model for consistency.
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Figure 3.1: Cross-sectional view of three candidate emplacement room layouts,
showing the main material components
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Figure 3.2: Emplacement room geometry used in the CC4 vault model

The axis of the emplacement rooms is in general aligned to some angle 6 counter-clockwise
from the x-coordinate direction of the geosphere model. Hence, the axial (parallel to the room
long axis), V", and transverse (orthogonal to the room long axis), V&', components of the Darcy
velocity of the groundwater in the rock (as used in the vault model) are given by:

Vi =V, cos6+V,sin6
Vi = \/(— V. sin@ +Vycose)2 +V7

(3.1)

The Darcy velocities of the groundwater in the backfill and EDZ are proportional to the velocities
in the surrounding rock, Vi’ (transverse to the room axis), and V&* (parallel to the room axis).
The equations describing this proportionality were obtained using simplified concepts of the
distribution of groundwater flow among the different media based on water mass balance, the
resistances (permeabilities) of each medium to the water flow, and the relative cross-sectional
areas occupied by each medium. The following two subsections describe how these transverse
and axial Darcy velocities are obtained for the EDZ and the backfill. The buffer is considered to
have very low permeability, so the groundwater velocity in this medium is set to zero.

3.2.1 Excavation Damaged Zone Physical Properties

The porosity of the EDZ, the permeability of the EDZ, and the nuclide sorption capacity factors
for the EDZ are all related to the corresponding properties in the surrounding rock.

The porosity in the EDZ, &, is larger than the porosity in the rock, &z , because the damage
caused by the excavation can only increase the porosity.

£, > €5 (3.2)

The EDZ may have anisotropic permeability (more permeable parallel to the room axis than
transverse to the room). The axial EDZ permeability is set to a multiple f, of the rock
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permeability (f,z >1), while the transverse EDZ permeability is taken to be a fraction, frs, of the

axial permeability (f, <1). The axial permeability should not be less than the permeability of

the surrounding rock; that is, the damage caused by the excavation can only increase the
permeability, not make the rock tighter. Hence

kj =1, ke (3.3a)

k] =max(f,k; k) (3.3b)

The retardation factor for a nuclide in the rock, Rg, is converted into a capacity factor for the
species in the rock, Kg, by multiplying by the rock porosity.

K. =R, (3.4)
The retardation factor for a nuclide in the EDZ, since it is composed of the same suite of sorbing

materials, is set equal to the retardation factor in the rock and converted to capacity factor for
the nuclide in the EDZ, Kz, by multiplying by the porosity of the EDZ.

K, =&,R, (3.5)

3.2.2 Transverse Darcy Velocities

The magnitude of the transverse velocity in the EDZ and backfill is estimated from the
transverse velocity in the host rock by an equivalent resistor model. It is assumed that the
transverse host rock flow is primarily vertical since this would generally be a more unfavorable
groundwater flow. In this direction, the repository has a large horizontal extent.

The Darcy velocity for the EDZ, V,', is then:

[SAVAL
VZT — ZYR
fA K, + AL +(1—fA. —fA, — A )Kx

(3.6)

where kg and ke are the permeabilities of the surrounding rock and of the backfill, and k; is the
permeability in the EDZ transverse to the room axis.

The area factors fA,, fA- and fA; are related to the extents of the EDZ, backfill and buffer as

fA =1 (3.7)

where the T; are the radial thicknesses of the EDZ, backfill, and buffer and S is the centre-to-
centre spacing of the emplacement rooms.

Similarly, the transverse Darcy velocity in the backfill, VFT, is
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, KV
Ve = = (3.8)
fAk: +TALk, +(1-TA —TA, — A )ky
The transverse Darcy velocity in the buffer, V' is zero because of its low permeability.
VBT =0 (3.9)

3.2.3 Axial Darcy Velocities

In the axial direction, the vault has a small cross-section to the host rock groundwater flow.
However, higher permeability within the vault may result in a distortion of the groundwater flow
towards the vault. The axial Darcy velocities in the EDZ and the backfill are estimated from
relative permeabilities and proportionality to the Darcy velocities in the surrounding rock.

In the EDZ, the axial velocity, V;‘Z, is given by
kA
V2, =k—Zv,§ (3.10)
R
and in the backfill the axial Darcy velocity, V)5 ,is given by
kF

VA :k_VRA (3.11)
R

The axial Darcy velocity in the buffer, Vg, is effectively zero because of its low permeability

V4 =0 (3.12)

3.3 TRANSPORT THROUGH BUFFER, BACKFILL AND EDZ

Transport through the barriers of the engineered part of the repository (buffer, backfill and
excavation damaged zone (EDZ) surrounding an emplacement room) is calculated with the
response function approach (see Appendix A.1). For the transport of a decay chain member
nuclide J,

E(t):Zij(r)-GU(t—r)~dr (3.13)

The input flow rate, Ji(t), is the flow rate of precursor nuclide j out of the container defect,
F°YT(t), as determined in Section 2, and the summation is over all decay chain precursors of
nuclide /, plus nuclide i.
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The response functions are derived from a Boundary Integral Model for mass transport (Kolar
and LeNeveu 1995, LeNeveu and Kolar 1996). In this report, the response functions Gj(t) used
are identified below and the details of their origin are given by LeNeveu and Kolar (1996).

The response functions are developed for the case of a point defect in a container emplaced in
an excavated room of an underground repository with "in-room" emplacement design; that is,
the containers are placed along the axis of the emplacement room.

In the model geometry, the cross-section of an emplacement room is approximated by three
coaxial cylinders of finite extent surrounded by the rock of the geosphere, assumed for
modelling purposes to be a fourth cylinder of infinite extent in the radial direction. The
innermost cylinder is used to model the buffer, the next cylinder models the backfill, and the
outermost cylinder models the EDZ. The effective radial dimensions of the cylinders are inputs
to the model. Since actual emplacement geometries are unlikely to have this cylindrical
symmetry, approximate or bounding values for the effective radii must be chosen as inputs.
The dimensions of the containers themselves are disregarded; the containers become point
sources located along the central axis of the nested cylindrical array. All properties are
assumed to be symmetric about the cylindrical axis. Thus the transport model is two-
dimensional, using only the axial (z) and radial (r) coordinates of the cylinder and not using the
angular (6) coordinate of rotation about the cylindrical axis.

The transport model determines the outward nuclide flow rate integrated over the entire surface
of the EDZ from a single failed container within the room. Should more than one container fail in
a room (or in a sector), the integrated flow rate for a single container is multiplied by the number
of failed containers. This multiplication can be done because the integrated flow rates are

independent of the position of the failed container, as discussed later. This final flow rate out of

the EDZ, F,(t), is the final output from the vault model and this flow rate is then used as the
input flow rate for the geosphere transport model to which the model is connected.

Transport through the buffer, backfill and EDZ is determined with the response function
approach using a boundary integral model and convolution integrals. A detailed description of
the determination of these response functions has been published (LeNeveu and Kolar 1996)
and some of the relevant equations are indicated here.

The response function itself cannot be solved analytically. However, because of the cylindrical
symmetry, analytical expressions are obtained for the Laplace transform of the response
function, which then can be inverted using numerical techniques (Talbot 1979, LeNeveu and
O’Connor 1994) to give the required response function for use in Equation (3.13), which also
must be evaluated using numerical techniques, as discussed in Appendix B.

3.3.1 Mass Balance Equation and Parameters

In cylindrical (r, z) co-ordinates, the advection-dispersion mass balance equation for a single
decaying nuclide in a cylindrically symmetric system is written:

oC D, &C _D,oC D,o°C V,0C ¢ oC

5 >+ +AC=0 (3.14)
ot K or Kr or K oz K 0z Kr or
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A similar equation, with an additional term for the source from a decaying parent, is used for
decay chains. In Equation (3.14) (cf. LeNeveu and Kolar, 1996, Equation 1), the nuclide
subscripts i have been dropped. The equation applies in each medium i.e., in each of the
nested cylinders representing buffer, backfill, EDZ and the surrounding rock zone. Within each
medium, C is the concentration of nuclide in the pore water, D, is the radial intrinsic dispersion
coefficient, D, is the axial intrinsic dispersion coefficient, V, is the axial Darcy velocity, ¢ is the
product of the radial Darcy velocity and the radius; i.e., rV,, which must be a constant to
preserve water mass balance within the medium, K is the capacity factor for the nuclide, and A
is the radionuclide decay constant.

The axial Darcy velocities, V., in the rock, EDZ, and backfill are taken to be those determined in
the previous Section 3.2. The axial Darcy velocity in the buffer is zero.

As an approximation, the radial Darcy velocities, V,, in the rock, EDZ and backfill are taken to be
the transverse Darcy velocities determined in the previous Section 3.2.2. (The radial Darcy
velocity in the buffer is zero.) In a cylindrical system, the preservation of water mass balance
requires that the radial water velocity decrease as 1/r making the quantity ¢ in Equation (3.14) a
constant. In determining a constant value for ¢ = rV, for a medium, the radial Darcy velocity for
the medium, V,, assigned above is multiplied by the radius, r,.,, of the maximum extent of the
medium in the cylindrical geometry approximation.

In this cylindrical approximation, the apparent source of water for the radial component of the
groundwater flow is along the common axis of the cylinders and the flow is radially outward
everywhere in the backfill and the EDZ. This situation with radially outward flow does not
correspond to the physical situation, which has a component of the flow transverse to the
emplacement room. However, the restriction of this approximation is not significant for the
buffer layer where the groundwater velocity is zero and works reasonably well for the other
layers as long as the ratio of the outer radius and the inner radius of each cylinder does not
become too large. Johnson et al. (1996) document the results of some tests of this
approximation against the finite-element code MOTIF.

In the buffer, the dispersion coefficients, both axial and radial, are given simply by the intrinsic
diffusion coefficients for the contaminants in the buffer because the groundwater velocity is
zero.

D, =D, =Di (3.15)
The intrinsic diffusion coefficients in buffer are inputs to the vault model.

In the backfill, the axial and radial dispersion coefficients are found by multiplying the Darcy
velocities of the groundwater by longitudinal and transverse dispersion lengths, «; and a7, for
both the axial and transverse directions, summing the two velocity component contributions and
adding on the intrinsic diffusion coefficient, Dij, for the contaminants in the backfill.

D,=aV, +a;V, +Di

. (3.16)
D . =a;V, +a,V. +Di

The longitudinal and transverse dispersion lengths and the intrinsic diffusivities in backfill are
input to the vault model.
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In the EDZ, the dispersion coefficients are calculated from other properties of the EDZ.

Dz = azzvz + arTVr + TZDOEZ
(3.17)

D .=a,,V,+a,V. +1,Dg,

where Dy is the free water diffusivity used in the geosphere transport model, 1, is the tortuosity

of the EDZ and, because of the anisotropy of the EDZ, there are four different dispersion
lengths. Here, «,, and «,r are the longitudinal and transverse dispersion lengths associated
with the axial Darcy velocity component of the groundwater flow, and «,, and «,r are the
longitudinal and transverse dispersion lengths associated with the radial Darcy velocity
component of the groundwater flow. The dispersion lengths associated with the radial flow
component are in turn calculated as fractions, f, and f,; of the dispersion lengths associated
with the axial flow component.

{arr = f aLazz

arT = aTazT

(3.18)

Do, ¢z, a1, fu, f,rand 1, are all inputs to the model.

The dispersion coefficients, D, and D,, for the rock zone surrounding the EDZ are determined
from the rock properties of Darcy velocity V', dispersion length a, porosity €5, and tortuosity
T, . Afactor, f,, is used to determine the dispersivity orthogonal to the groundwater flow

direction as a fraction of the longitudinal dispersivity in the rock, ar. The projection of the
dispersion coefficient onto the axial and transverse directions of the emplacement room is done
using the same algorithm as that used in the MOTIF groundwater modelling code (Chan et al.
1999, Equation 18). The dispersion coefficients in the axial and transverse directions are given
by

D, = an (V2 F Vi + f,a, (VI F Ve +7.Dyex

(3.19)
D, =an (VI Ve +F,as (V2T Ve + 12Dyt

Capacity factors for the buffer and backfill are inputs to the vault model. Capacity factors for the
rock zone and capacity factors for the EDZ are determined from the rock zone values, as
described in Section 3.2.1.

3.3.2 Boundary Conditions and Solution

The radial boundary conditions used in the model are those of continuity of flux and
concentration integrated over the interfacial area separating any two media (two cylindrical
surfaces), rather than continuity at every point on the interface. The boundary conditions at the
ends of the rooms (cylinders in the model) are that the contaminant flux is proportional to the
axial Darcy velocity of the groundwater. The result of interest is the integrated total contaminant
flow rate out of each of the three media - buffer, backfill, and EDZ.
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The use of integrated radial continuity and flux axial boundary conditions results in a solution for
the integrated release rate that is independent of the location of the source (the failed container)
(LeNeveu and Kolar 1996). The point source can be at any position along the room axis with
the same result for the integrated release rate across each interface.

The final result for the Laplace transform of the response function giving the total integrated
contaminant flow rate out of the EDZ is given by Equation (25) of LeNeveu and Kolar (1996) for
single nuclides and by Equation (38) of the reference for a nuclide that is a member of a decay
chain. These equations are not reproduced here because of their complexity. In the reference,
equations are also given for the Laplace transform of the response functions giving the
contaminant flow rates out of the buffer and out of the backfill.

Because of the cylindrical symmetry of the modelled system, these solutions involve modified
Bessel functions of the first and second kind. The order of the modified Bessel functions used
in the evaluation of the response function is controlled by the values of the constant parameters
¢ and D, appearing in Equation (3.13).

3.4 INTERFACE WITH SURROUNDING GEOSPHERE

The vault transport model requires as input a number of parameters that are related to the
properties of the rock zone surrounding each emplacement room. The rock zone properties
used are the Darcy velocity resolved into its components, (V,, V,, V), in the Cartesian
coordinate directions of the geosphere transport model, and the near-field rock porosity, &z,
tortuosity, 7z permeability, kg, and dispersion length, ag. In addition, the free water diffusivities
for each contaminant, Dy, and the retardation factors, R, for each contaminant used in the
geosphere transport model calculations are also adopted in the vault transport model for
consistency. The axes of the emplacement rooms are aligned to some angle 6 from the x-
coordinate direction of the geosphere model.

Releases of contaminants are integrated over the entire surface of the outermost EDZ region to
provide the contaminant flux into the geosphere transport model from a given sector, where the
total flow rate depends on the number of failed containers in that sector.
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The geosphere model accounts for contaminant transport along a simplified set of pathways
leading from a source to groundwater discharge locations at ground surface. It calculates the
transport rate of contaminants along these pathways, but it does not determine the groundwater
flow field that is the basis for these pathways. Instead, the model depends on the groundwater
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GEOSPHERE MODEL

INTRODUCTION

flow field being provided from an external source, in the form of either a set of reference
hydraulic heads or a set of groundwater velocities.

This flow field is approximated by a set of one-dimensional (1-D) transport elements or flow
tubes called segments that are connected together in three-dimensional (3-D) space to form a

transport network. The transport network represents the pathways through the rock that
contaminants would follow. An example is shown in Figure 4.1.

(b)

(a) Channel

AA_022, cut by
BWG, 97 Nov 21

Pinawa
Channel
South

Pinawa Creek Creek Rock Z ‘
Channel North Well _South ock Zones:
1 1. Upper

\ LDy 2. Intermediate
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Figure 4.1: (a) 3-D and (b) 2-D views of the geosphere network used to model a
hypothetical repository placed within the Whiteshell Research Area (Davison et al. 1994)
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The state of the geosphere can evolve with time. For example, its properties can vary because
of the effects of climate change, and repeated glaciations may lead to cycles of state changes.
The geosphere (versions CC4.07 and CC4.08) submodel can simulate multiple state changes,
including multiple cycles of glaciation, with two main presumptions.

1. The transformation from one state to the next can be adequately approximated as a step
change in time, as implied in Equation (1.1).

2. The changes affect only the properties of the network transport segments used to
describe the movement of groundwater and contaminants throughout the geosphere.

The properties affected are principally groundwater velocities (rate and direction) and the
potential convergence and divergence of transport pathways. For example, when a temperate
climate state is altered to a permafrost state, groundwater velocities near the ground surface
might become very small or vanish, and groundwater flow at depth might be diverted to or away
from different pathways. Groundwater discharge areas might change radically, affecting flows
into the biosphere.

In implementing such a transport network for a specific site, we closely represent the detailed
field information available for the site. The network is derived from 3-D groundwater modelling
of the geosphere at the site. The 3-D modelling of groundwater flow is performed externally to
the geosphere model using, for example, the finite-element groundwater flow code FRAC3DVS-
OPG (Therrien et al. 2010, Therrien and Sudicky 1996). Typically the 3-D modelling is
performed for each possible geosphere state, and a rationalization process ensures that the
resulting network for CC4 permits a coherent and consistent transformation between states.
That is, the network must be sufficiently accommodating that it can represent groundwater flow
for each state to be simulated.

One-dimensional transport segments are used for computational efficiency so that analytical
solutions to the transport equations for radionuclide decay chains can be used. The output from
one segment of the network is calculated and used as the input to the next segment of the
network. The transport network may converge and diverge. Convergence occurs, for example,
at a well inlet.

The geosphere model was implemented in the CC4/GEONET model. This model is formulated
generally and can be applied to many different sites since most of the site-specific information is
incorporated into the model using input data files.

Section 4.2 describes general features of the transport model. Section 4.3 describes the
transport equations and their application, and also describes the parameters in the transport
equation. Section 4.4 describes the model for contaminant transport to a groundwater supply
well that penetrates the geosphere. Section 4.5 describes the options available to include
matrix diffusion and Section 4.6 describes colloid effects in the model. Sections 4.7 and 4.8
describe the interfaces between the geosphere and the vault and biosphere models.
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4.2 MODEL OVERVIEW

In CC4/GEONET, the contaminant pathways are approximated by a 3-D network of nodes,
connected in pairs by one-dimensional transport segments. A schematic example of such a
transport network is shown in Figure 4.2.

In this example, the (two-dimensional) geosphere is approximated by a network of 13 nodes (N1
to N13) connected by 10 one-dimensional transport segments (S1 to S10). A set of 5 nodes
(N1, N2, N4, N9, and N11) are source nodes connected to the repository, which is divided into 5
sectors (M1 to M5). The total flow rate of each contaminant out of each vault sector is
calculated by the vault model (Section 3) and is transferred to the source nodes in the
geosphere model.

A set of 4 nodes (N3, N6, N8, and N13) represents the locations where transport pathways from
the repository through the geosphere emerge at groundwater discharge areas in the biosphere.
The node N7 is the location where a well intersects the low-dipping fracture zone and the well
discharges through node N8. Discharges may be to an aquatic body such as a stream or a
lake, to a groundwater supply well, to the base of the unsaturated zone of a terrestrial area, to a
wetland area such as a marsh or bog, or directly as a gas to the atmosphere. The flow rates of
contaminants that reach these different discharge areas are transferred to the biosphere model
(see Section 5).

vertical
joint

Figure 4.2: A schematic example of a CC4/GEONET representation of a two-
dimensional geosphere model (surface relief exaggerated)
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The transport segments of the model network are placed to coincide with the main pathways
that contaminants would follow if released from the repository. These would be identified from
groundwater flow and transport simulations with other more detailed geosphere models. If only
groundwater flow simulations are used, then care must be taken with regions with very low
groundwater flow velocities. In these regions, contaminant transport is dominated by diffusion
rather than by advection, and the transport network segments should reflect the direction of
maximum concentration gradient, representing the shortest diffusion pathways to regions where
the permeability and groundwater flow are significantly higher.

The transport network is defined by a set of Cartesian nodal coordinates and a table of
connectivities defining which segments connect which pair of nodes. Transport segments can
either converge or diverge at nodes. If segments converge, their output is summed before
being used as input to the succeeding segment. If segments diverge, the output of a segment is
fractionated, and a portion is used as input to each succeeding segment.

Each segment of the network has specific physical, chemical and hydraulic properties that
reflect the conditions determined by site evaluation studies. The principal segment properties
used in the model are depicted in Figure 4.3. Each segment of the transport network is
assigned constant physical and chemical properties, so that analytical solutions can be used to
simulate the transport of contaminants along the transport segment. However, properties can
vary from segment to segment along the transport pathway, and they can also be different for
different geosphere states, e.g., the permafrost and ice sheet states of a glacial cycle (Garisto et
al. 2010).

The physical properties of the segments are the porosity, tortuosity, and several parameters
used to simulate fracture flow with diffusion into the rock matrix. The latter parameters are used
only if matrix diffusion is invoked as a transport process (otherwise an equivalent porous
medium model is assumed). The chemical properties of the segments are the mineral
composition, groundwater salinity, colloid concentration, and geosphere retardation coefficient
for each element. The hydraulic properties of the segment include the longitudinal dispersivity,
and either the axial permeability, hydraulic conductivity or groundwater velocity.

hydraulic
head
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outlet node

inlet node tortuosity

Figure 4.3: lllustration of the principal properties of a transport segment
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In the geosphere model, three nodes are required to represent a pathway that could emerge at
an aqueous, terrestrial or wetland discharge area. The three nodes are illustrated in Figure 4.4.
One node is the actual discharge point and two other nodes define the positions of the lowest
extents of the compacted sediment layer and the overburden layer that might exist at these
discharge areas. These two nodes are located directly under the discharge node. The two
extra layers have specified thicknesses and replace a portion of the last transport segment
leading to the discharge area. These layers of surface deposits may not have been included in
the detailed groundwater model, since they are relatively thin and do not affect the overall flow
of groundwater from the repository to the discharge area. However, they are explicitly added to
the geosphere network model since they have chemical and sorption properties very different
from the rest of the geosphere pathways through the rock, and they do affect the transfer of
contaminants to the biosphere.

The biosphere model (Section 5) discusses two layers of sediment - "mixed" or “bioturbated”
sediment and "compacted" sediment. The interface between the geosphere and biosphere
models is at the interface of these two sediment layers. The compacted sediment layer is
considered to be part of the geosphere model. All references to "sediment" or "the sediment
layer" in this section on the geosphere model are to the layer referred to as "compacted
sediment" in the biosphere model. Other details of these two layers are described later in
Section 4.8 describing the interface between the geosphere and biosphere models.

A B

discharge

sediment
segment

sediment node

overburden
segment
overburden node

remaining
bedrock
segment

bedrock
segment

Figure 4.4: lllustration of the insertion of sediment and overburden layers. Figure (A)
shows a transport segment passing through a layer of bedrock leading to a discharge.
Figure (B) shows the introduction of nodes added to define sediment and overburden
layers in the geosphere transport network
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A groundwater supply well is defined in the geosphere transport network by a set of six nodes,
as shown in Figure 4.5. Two of the nodes are reference nodes, which may or may not be a part
of the transport network; these define the orientation and position of the central groundwater
flow line to the well. The other four nodes are part of the transport network. One node, the well
discharge node, is located at the ground surface and the other three nodes are located in the
aquifer from which the well draws its water. One of these three nodes is the actual well node in
the aquifer; the other two, called drawdown nodes, define two short segments leading to the
well and are placed at specified distances from the well node in the aquifer. These two
drawdown nodes are used to represent the shape of the hydraulic head drawdown created near
the well by pumping. These two reference nodes define the central groundwater flow line
passing through the well.

This set of well nodes is connected to the rest of the transport network through one or more well
capture nodes that collect the contaminants moving from other parts of the network and lead
them to the well. The positions of four nodes (the well discharge node, the well node in the
aquifer, and the two drawdown nodes) are adjusted to give the required depth for the well that is
the required vertical distance between the well node at the surface and the node representing
the intersection of the well with the aquifer. The well node in the aquifer is moved along the
central flow line and the well discharge node is located at the ground surface vertically above.
Transport up the well segment is assumed to be instantaneous. The well model is described in
more detail in Section 4.4, and by Chan and Nakka (1994).

well
node
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well segment

upper well
reference node

well node in fracture zone
irst drawdown node
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well capture node(s)

lower well
reference node

from transport
network

Figure 4.5: Schematic illustration of a vertical cross-section through the well
reference nodes
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4.3 TRANSPORT MODEL
4.3.1 Transport Equation

The mathematical equations describing radionuclide transport in the segments of the transport
network are a set of 1-D mass-balance partial differential equations for a decay chain of length n
(von Wicke 1939, Lapidus and Amundson 1952, Lester et al. 1975, Heinrich and Andres 1985,
LeNeveu 1987). These equations include the processes of advection, dispersion, linear
sorption (retardation), and radioactive decay. The equation for one nuclide of a decay chain is

oc, _o&°C,  oC
Ro5 =Dz ~U 3¢ ~RekCy+Ro-hC

forqg=1,n (4.1a)

q-1

where:

) = average linear groundwater flow velocity [m/a],

D = dispersion coefficient [m%a],

Rq = retardation factor for nuclide q [-],

Aq = radioactive decay constant for nuclide q [a”], and,
C, = concentration in groundwater of nuclide q [mol/mA].

The independent variables are time, t > 0, and a single linear spatial coordinate, {, measured
along the axis of the transport segment. The term on the left-hand side is an accumulation
term, in which the retardation factor R, accounts for equilibrium linear sorption of the nuclide
with the adjacent solid rock matrix. The successive terms on the right-hand side of

Equation (4.1a) represent dispersive transport, advective transport, radioactive decay of
nuclide g, and ingrowth of nuclide g from decay of its chain precursor nuclide g-1.

In order to obtain a simple analytical solution to Equation (4.1a), all other parameters are
assumed to be constant (i.e., independent of time and spatial coordinate) throughout each
transport segment. However, the parameters may take on different values in different segments
to represent the spatial variation in the site.

4.3.2 Transport Calculation Using Response Functions

The expression for the contaminant flow rate out of a transport segment in response to an
impulse input of contaminant into the segment is called a response function. The response
function, Gy, (1), is defined as the mass flow rate of a nuclide q out of the segment that
corresponds to an impulse source of a chain precursor nuclide p at the inlet of the segment at
t=0. The nuclide p is not necessarily the immediate parent of nuclide g; it can be any of the
chain precursors or even the nuclide q itself.

Analytical solutions exist for the response function for certain cases of interest. For semi-infinite
domains with impulse sources, Equation (4.1a) and its boundary conditions can be transformed
so that it uses flux or mass flow rate of contaminant, J,, instead of concentration of contaminant,
C,, as a dependent variable (Davison et al. 1994, Heinrich and Andres 1985).

The mass flow of contaminant is carried in the water phase only and so the mass flow across a
boundary b of cross sectional area S orthogonal to the groundwater flow direction and having
porosity €, is given by:
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oc
J, = Se(UCq -D ach (4.1b)
b

The first term in Equation (4.1b) is the flow due to advection of the water and the second term is
due to diffusion/dispersion. The negative sign indicates the positive dispersion flow rate is in the
direction of negative concentration gradient; that is, from higher to lower concentration.

To calculate the time-dependent mass flow rate of nuclide g exiting from a segment of the
geosphere network as a result of a general time-varying input of nuclide precursor p, I,(t), the
response function for the segment, G,4(t), is convoluted with the input mass flow rate. The
contributions from all decay chain precursors are summed to give the total mass flow rate out of
the segment of nuclide q, O,(t), where

t
Q1))=Y j 1(t')G,,(t—t )dt (4.2)
PO
t’'is the time of integration, and p takes values from 17 to q.

4.3.3 Boundary Conditions

The form of the response function solution to Equation (4.1), G, (t), depends on the boundary
and initial conditions. Three different analytical response functions have been developed for
use in the CC4 geosphere model. These response functions can be chosen independently for
each transport segment of the network:

1. semi-infinite medium response function (Heinrich and Andres 1985),
2. mass transfer coefficient response function (LeNeveu 1987), and
3. zero concentration boundary condition response function (Garisto and LeNeveu 1991,

Johnson et al. 1994).
The differences in the boundary conditions for these three cases are illustrated in Figure 4.6.

In some places in the geosphere network, contaminant flow is passed unchanged from the inlet
to the outlet of a segment. This transfer is formally counted as a fourth response function:

4. dirac delta function response where contaminant flow is passed unchanged from inlet to
outlet, that is, Oqy(t) = I4(t).

Two other solutions to Equation (4.1), described in Section 4.3.4, are called response functions
5 and 6 and are used when simulating changes in a geosphere state. Strictly speaking, these
two extra solutions are not response functions but it is convenient to label them as such.
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Figure 4.6: lllustration of the boundary conditions for which response functions have
been developed for use in transport of contaminants across 1-D segments

The choice of which response function to use for any particular transport segment depends on
the boundary conditions for that particular segment. These boundary conditions differ at the
segment outlet, but all are based (by definition of “response function”) on the same unit impulse
boundary condition at the segment inlet, C = 0, expressed here with flow of contaminant as the
dependent variable:

0 (=0 qg=#p

L0-la 1) ¢ 0. g “9)

where J(t-t,) is the Dirac delta function and {, is the time of the impulse of a parent nuclide p (not
necessarily the immediate precursor of nuclide q), usually taken to be {, = 0.

For those segments of the network where advective transport dominates, the semi-infinite
medium response function is recommended. This response function is based on the
assumption that the transport segment extends infinitely far from the inlet boundary, with the
outlet boundary condition

J,()=0, forallt, ¢ —oo (4.4)

Since we have a finite segment, the response function is evaluated at { = L, giving the mass
flow rate of nuclide g passing a plane within this semi-infinite transport segment at distance L
from the inlet boundary.

Response functions based on mass transfer coefficients are appropriate choices for those
transport segments in which the transport is not advection dominated, and which do not
originate at the contaminant source location at the repository. The mass transfer coefficient
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response functions apply to a finite transport segment with outlet boundary at distance L from
the inlet boundary. At the outlet boundary, the condition

lo[®)
-D—2 +UC,=m
a¢

applies where m, is the mass transfer coefficient. In this case, Equation (4.1) is solved with the
contaminant concentration as the dependent variable and the mass flow rate of contaminant at
the outlet boundary is obtained from J, = m.C,.

C_ ,where { =L (4.5)

cYq’

The mass transfer coefficient m; used in Equation (4.5) depends on the properties of the media
on both sides of this boundary and is determined from a formula based on one developed and
described in the vault model report (Johnson et al. 1994). If m. approaches zero, the medium
on the other side of the outlet boundary becomes very resistant to the passage of nuclides, and
the contaminant flow rate out of the transport segment approaches zero. If m. becomes large,
the contaminant flow rate out of the transport segment approaches an asymptotic maximum
where mass flow across the outlet boundary is limited only by the transport properties of the
segment itself and is not affected by the properties of the medium on the other side of the
boundary. This condition is equivalent to having a zero concentration (i.e., a large sink for
nuclides) on the other side of the boundary, and is used for the third response function.

For the transport segments originating at the repository, a third physical situation must be
considered. This situation has an impulse source term at = 0, not at a boundary of the
transport medium, but within the transport medium itself. The transport medium is assumed to
extend to infinity on one side of the source and to a finite distance L on the other side. At the
outlet boundary of the transport segment, at distance L from the source, a zero concentration
boundary condition applies. The complete solution to the transport equation for this case is
different from the solution for the other cases. However, the analytical expression for the
response function for nuclide mass flow rate crossing the outlet boundary at ¢ = L is the same
as that for the response function for nuclide mass flow rate crossing a plane at { = L in the semi-
infinite transport segment case described above (Davison et al. 1994). Hence, for this physical
situation, the semi-infinite medium response function can also be used. This case applies to all
transport segments originating at the repository and having an outlet at a location where there is
increased permeability and groundwater flow, such as at a fracture zone.

In all cases the response function gives the mass flow rate of a contaminant at position =L in
response to an impulse source of contaminant at £= 0. The impulse source is denoted by the
symbol & in Figure 4.6. The response function for the fourth case "Source within medium" can
be shown to be mathematically equivalent to the first case "Semi-infinite medium".

4.3.4 Response Functions for Time Dependent Parameters

Some properties of the geosphere could change with time. For example, a permafrost and ice
sheet state in a glacial cycle could have profound effects on transport pathways within the
geosphere. The geosphere transport calculation methodology described above using response
functions requires that parameter values be held constant (i.e., independent of time) and that
the transport path have zero inventory of contaminant at the start of the calculation. An
approach that permits time-dependent parameter values is to implement the transport
calculations using a linearly coupled set of compartment models. This approach is similar to
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that employed by some other transport codes, such as AMBER (Quintessa 2009), which handle
time dependent parameter values through time stepping. Using transport modelling with a
series of well-mixed compartments is an approximation that increases numerical dispersion, but
some multi compartment modelling documentation (Quintessa 2009) suggests that using 5 to 10
linearly coupled compartments is sufficient for adequate representation of transport.

The introduction of a coupled set of compartments for geosphere transport is done as an
additional “response function” implemented in a general way and available for use in any
segment of the geosphere transport network, similar to the use of the four response functions
described in the previous section. A loop over states is handled internal to the response
function transport calculation over each segment. At the end of each state, the contents of each
compartment are saved and used as the initial amounts in the compartment for the next state,
where the transport calculation is done with a different set of values for the transport
parameters. In each state the transport parameters have constant values for the duration of the
state. This loop allows for time dependent changes to parameter values in a stepwise constant
way.

4.3.4.1 Inter-Compartment Transfers

For this compartment model based response function, the inter-compartment behaviour is
driven by the fractional loss rate, A4, from the donor compartment,

Aq = Jo/A, (4.6)

where A, is the total amount of contaminant in the donor compartment and, as before, J, is the
flow rate of contaminant, in this case from the donor compartment to the next compartment in
the linearly coupled set. From Equation (4.1b), advective transport is governed by the forward
rate of water flow between compartments and dispersive transport depends on the difference in
amount/concentration in neighbouring compartments. Hence, the dispersive transport is divided
into a forward portion and a backward portion, each donor driven by its corresponding
compartment (this is analogous to the way of treating dispersive transport in AMBER).
Consequently the transport between the neighbouring compartments has both an advective and
a dispersive portion in the forward direction and a dispersive portion in the backward direction.

Consider each compartment to have volume V; that is, a finite well-mixed volume of a
rectangular shape with cross-sectional area S orthogonal to the water flow direction {and
length £ = L/m in the direction of water flow where m is the number of linearly coupled
compartments used in the representation of the segment. The contaminant flow rate from the
compartment due to advective flow of the groundwater, whose well-mixed average
concentration is C,, is given by the first term in Equation (4.1b):

J% = SeUC, (4.7)
Since the total amount of contaminant in the compartment is

A, = ReVC, (4.8)
then, the fraction loss rate from the compartment due to advection is

AV = URL (4.9)
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Considering the diffusion contribution from Equation (4.1b)

ac,
o¢

For the compartment model approach, the derivative is calculated using the finite difference
approximation

(4.10)

JJ* = -SeD

oC, _ AC, (Cq_CqH)

_ _ (4.11)
o¢ A d

where C, is the mean concentration in the compartment under consideration and C,., is the
mean concentration in the adjacent downstream compartment and d is the distance over which
this concentration difference applies, generally taken as the distance between the mid-points of
the two compartments.

The flow rate due to diffusion expressed by these two equations is a net diffusion flow rate, the
result of two competing processes: the flow rate out of compartment g into compartment g+171
and a return flow rate from compartment g+7 back to compartment q. In a compartment model,
the net diffusive flow is separated into its two competing processes. The flow from compartment
g to g+1is expressed as

q—>q+1

. C
JIP = SeDF" (4.12)

and similarly the return flow rate from compartment g+7to q is

. C
JI = SeD :!” (4.13)

g+1—q

Hence, from Equations (4.6), (4.8), and (4.12) the fractional diffusive loss rate from the
compartment q is

SO D
RVd R (d

disp __
N =

(4.14)

Equation (4.14) is also applied to compartment g+7, which has a mean concentration Cg.4, to
determine the corresponding fractional loss from compartment g+17 back to compartment g and
the net diffusive flow rate results from the difference between the two.

4.3.4.2 Boundary Conditions and Segment Release
Boundary conditions affect dispersive/diffusive transport, since it depends on the properties of

two adjacent compartments. The advective transfer rates are always given by Equation (4.9). If
the adjacent compartments are the same size and have the same properties, as in the CC4
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representation, then there is no inherent boundary condition approximation (only the inherent
approximation due to the discretization) and, in addition, in Equation (4.14)

d ={ (same size compartments) (4.15)

The breakup of the net flow rate, Equation (4.10), into two portions: forward and back rates
given by Equations (4.12) and (4.13), gives two parts that are intended to represent parts of the
same physical process and in these two equations only the concentration terms C, and C,., are
different.

In the multi-compartment model for a transport segment, an extra boundary compartment is
added. The flow rate out of the segment is taken to be the flow rate into the boundary
compartment. One option implemented is to consider the boundary compartment to have the
same size and properties of its adjacent segment and Equation (4.14) with (4.15) is applied
unchanged. In this case, the transport medium is assumed to continue unchanged, analogous
to the analytical boundary condition where the medium is considered to be semi-infinite in
extent. Another approach is to consider there to be a zero concentration boundary, so that
Equations (4.10) and (4.11) are exactly equivalent to Equation (4.12) (Cq+s is zero) and can be
directly applied. However, since the zero concentration is at the compartment boundary, the
distance to the zero concentration boundary is taken to be %2 the size of the compartment so
that

d = {/2 (zero concentration boundary) (4.16)

If a compartment is directly coupled to an adjacent compartment with different properties, then
the properties of the two media need to be averaged in some way so that the coefficients in
Equations (4.12) (4.13) and (4.14) are the same for both the forward and the reverse transport
rates. The only difference in these two rates is the difference in the concentration driving force.

4.3.4.3 Zones of impermeability and their effects on transport

Water movement and contaminant transport can be significantly smaller in areas associated
with limited permeability. Zones of low permeability can occur, for example, in areas with
permafrost or frozen ground, desert environments associated with the effects of drying o