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Modèle de terme-source pour le code de calcul
SYVAC3-NSURE d'évaluation du comportement

par

J.H. Rowat, D.S. Rattan et G.M. Dolinar

RÉSUMÉ

Les radionucléides qui se trouvent dans les déchets mis en place dans des installations de
stockage permanent ne resteront pas indéfiniment dans ces installations. Les barrières
artificielles finiront par se détériorer et laisseront des matières radioactives s'échapper de
l'installation. La vitesse de libération des radionucléides issus d'une installation de stockage
permanent de déchets de faible activité, le terme-source, constitue un élément clé de l'évaluation
du comportement du système de stockage permanent. Dans le présent rapport, on donne une
description du modèle de terme-source qui a été utilisé dans la version 1.03 du code de calcul
SYVAC3-NSURE1. NSURE est un programme d'évaluation du comportement qui estime les
effets du stockage permanent de déchets de faible activité à faible profondeur en tenant compte
du transport par les eaux souterraines. Le modèle de terme-source dont on fait ici la description
a été élaboré pour l'installation de stockage permanent appelée IRUS (construction souterraine
anti-intrusion), qui sera située dans les morts-terrains non saturés aux Laboratoires de Chalk
River d'EACL. Les processus qui sont compris dans le modèle de l'installation sont le
comportement du toit et du conditionnement des déchets, et la diffusion, l'advection et la
sorption des radionucléides dans le remblai de l'installation. Le modèle qui est présenté ici a été
mis au point pour l'IRUS; toutefois, il s'applique à d'autres installations de stockage permanent
à faible profondeur.

Gestion des déchets et Déclassement
Activités de gestion des déchets

Laboratoires de Chalk River
Chalk River (Ontario) KOJ 1 JO

1996 Novembre

1 SYVAC3-NSURE = Systems Variability Analysis Code generation 3-Near Surface Repository.
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ABSTRACT

Radionuclide contaminants in wastes emplaced in disposal facilities will not remain in those
facilities indefinitely. Engineered barriers will eventually degrade, allowing radioactivity to escape
from the vault. The radionuclide release rate from a low-level radioactive waste (LLRW) disposal
facility, the source term, is a key component in the performance assessment of the disposal
system. This report describes the source-term model that has been implemented in Ver. 1.03 of
the SYVAC3-NSURE1 code. NSURE is a performance assessment code that evaluates the
impact of near-surface disposal of LLRW through the groundwater pathway. The source-term
model described here was developed for the Intrusion Resistant Underground Structure (IRUS)
disposal facility, which is a vault that is to be located in the unsaturated overburden at AECL's
Chalk River Laboratories. The processes included in the vault model are roof and waste package
performance, and diffusion, advection and sorption of radionuclides in the vault backfill. The
model presented here was developed for the IRUS vault; however, it is applicable to other near-
surface disposal facilities.
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1.0 INTRODUCTION

AECL is planning to construct a low-level radioactive waste (LLRW) disposal facility called the
Intrusion Resistant Underground Structure (IRUS) at Chalk River Laboratories (CRL) in Chalk
River, Ontario (Dolinar et al. 1994). The IRUS repository is a near-surface concrete vault that
will be built in a sand ridge (i.e., in the unsaturated zone). Radionuclide contaminants in wastes
emplaced in disposal vaults such as IRUS will not remain in these vaults indefinitely. With time,
waste containers will fail, allowing nuclides to diffuse out of waste packages and subsequently out
of the vault. The vault's concrete roof will also fail, and admit infiltration that will transport
contaminants out of the vault by advection. The radionuclide release rate an LLRW disposal
facility, the source term, is a key component in the performance assessment of the disposal
system. This report describes the source-term model that was developed for the IRUS facility.
The model has been implemented in Version 1.03 of the SYVAC3-NSURE2 performance
assessment code (Rattan et al. 1996a).

An earlier version of the source-term model for the IRUS facility was documented in two reports:
Selander et al. (1991) and Rowat et al. (1991). Vault design changes and a reassessment of
available data necessitated modification of the previous model. As a mathematical convenience, it
was assumed in the previous model that the vault backfill was nonsorbing; the present model
includes sorption. Reliance on waste form performance for IRUS performance assessment
calculations (particularly for baled wastes) has been decreased because sufficient experimental
data are not available. However, waste form performance can be modeled if the radionuclide
fractional release rates for the waste package are known. Additional support is provided for
assumptions concerning mass transfer in the unsaturated zone.

Section 2 of this report provides a description of the IRUS facility in its post-closure phase.
Section 3 describes the conceptual model for the disposal system, and the equation for nuclide
mass transfer in the vault. Particular solutions of the mass-transfer equation in the zero- and
steady-infiltration regions of the vault are derived in Section 4. In Section 5, these solutions are
integrated with performance functions for the roof and waste packages to derive the three
components of the IRUS source-term model. Section 6 discusses the interpretation of the source-
term components and provides a summary of results.

2.0 SYSTEM DESCRIPTION

The IRUS vault is to be located in the sand ridge southwest of Lake 233 in the Outer Area of
AECL's Chalk River Laboratories. Figure 1 shows a cross-section of the IRUS vault. The vault
will have 60 cm thick scalloped outer concrete walls, a 1 m thick sloped concrete roof, and a
permeable bottom that permits it to be free-draining (to prevent flooding). A multilayer soil cover
(about 2 m thick) will be placed above the concrete roof to prevent frost penetration, divert
infiltration and prevent biointrusion (plant and animal).

SYVAC3-NSURE = Systems Variability Analysis Code generation 3-Near Surface Repository.



The vault will be filled with waste packages embedded in a free-draining backfill in about a 1:1
volumetric ratio. The backfill around the packages in the vault will be a 90:10 mixture of
sandxlinoptilolite by weight (Woods 1996). Waste packages consist of bales of miscellaneous
trash, and 0.205 m3 drums of bitumenized wastes. Bales have a volume of about 0.4 m3 and are
made by compacting about 50 to 60 bags of laboratory trash. The miscellaneous trash in bales
comprises mainly cellulose, plastics and rubber (e.g., paper towels, mop heads, platics bags,
rubber gloves). Two different types of bituminized waste will be emplaced in IRUS: bituminized
ash from the incineration of bales, and bituminized liquid waste.

Below the vault are the buffer layers, which consist of a 30 cm sand/clay layer over a 30 cm
sand/clinoptilolite layer. These two engineered barriers provide additional cation sorption
capacity for nuclides that migrate out of the backfill (Woods 1996). The base of the vault will be
about 1 m above the level of the highest recorded water table. Contaminants that escape from the
vault will descend through this unsaturated zone to the water table and enter the groundwater in
the underlying sandy aquifer.

The permeable backfill and buffer layers allow the vault to drain freely, which in turn reduces
contact between infiltrating water and waste packages. Water could accumulate in the vault only
if the infiltration rate exceeded the saturated hydraulic conductivity of the backfill (Rubin and
Steinhardt 1963); that is, if:

9 > Ksat (1)

where q (m-a1) is the infiltration rate and Ksat (m-a'1) is the saturated hydraulic conductivity of the
backfill. For the IRUS backfill material a representative value for Ksat is 4000 m-a'1, based on the
hydraulic conductivity of the main sandy unit in the Lake 233 aquifer as reported by Klukas and
Moltyaner (1995). Infiltration rates would therefore have to be about 104 times the seasonally-
averaged infiltration rate of 0.3 m-a'1 before water could accumulate within the vault—an unlikely
event. Accumulation of water has occurred in trenches at the West Valley and Maxey Flats
LLRW disposal sites in the United States (Meyer 1976); those trenches had permeable caps and
were situated in low-permeability media.

3.0 CONCEPTUAL MODEL AND GOVERNING EQUATION

The vault source term is obtained from a multicomponent mass-transfer model, each component
having its own characteristic rate. Together, these rates determine the kinetics of the system as a
whole. The processes included in the IRUS source-term model are advection and diffusion,
nuclide sorption in the backfill, roof performance and waste package performance. Radioactive
decay, which is an important process for attenuating nuclide release, is not included in the
equations presented here. It is inserted when all of the mass-transfer calculations are finished,
which is permissible because the solution is separable into a spatial and time component; this is no
longer true when decay chains are included in the model. A comprehensive discussion of general
issues pertaining to LLRW source terms has been given elsewhere (Sullivan 1991).



The interior of the IRUS vault is modelled as a parallelepiped of length 28.7 m, width 18.3 m, and
height 8.34 m. As Figure 2 shows, the vault is divided into two regions: a zero- and a steady-
infiltration region. The zero-infiltration region lies below the part of the roof not admitting
infiltration; the steady-infiltration region lies below the part of the roof admitting infiltration.
Mass transfer in the zero-infiltration region is governed by diffusion; mass transfer in the steady-
infiltration region is assumed to be advection-dominated. The fraction of the horizontal area of
the vault that is subject to infiltration is represented by the roof performance function, which is a
time series specified by the user. Container performance is quantified in a similar manner by a
time series that gives the fraction of the containers that have failed. Nuclide sorption in the
backfill is modeled using the conventional Kd approach.

Nuclides released from the waste packages diffuse into the surrounding backfill and migrate out of
the vault, either avoiding or passing through other waste forms. Mathematically, however, it is
much easier to model mass transfer in the vault if it is treated as a single homogeneous medium,
rather than as a heterogeneous system of packages and backfill. The approach taken here is to
treat the vault as a single homogeneous medium.

Mass transfer in the vault is modeled using the one-dimensional advection-dispersion equation
(see Appendix A):

K ^£ ^ = 0 (2)
R u D

dt dx dx

where D (m^a"1) is the diffiisivity, Uim-a.'1) is the average pore-water velocity, and R is the
retardation factor of the backfill. The diffusivity and average pore-water velocity are represented
by "effective" values to account for the heterogeneous nature of the real system, and are
calculated as follows.

The effective diffusivity of the homogeneous vault is calculated using Maxwell's formula assuming
that the backfill diffusivity is much higher than that of the waste packages. The effective
diffusivity is:

D = ~JL£_ D. ; D. = DJxl n\
1 + Q.Sp b b ° K '

where:
Db = the backfill diffusivity
p = the volume fraction of the waste packages

Do = the free-water diffusivity
xb - the backfill tortuosity.

Using Maxwell's formula, D is 2.5 times less than Db when/? = 0.5. Crank (1975, Chapter 12)
discusses several other formulae by which to calculate effective diffusivities for two-phase
systems; for comparison, the value of D derived from Cheng and Vachon's formula is 3.2 times



less than Db. Given the inherent uncertainties associated with factors such as distribution
coefficients, and given that diffusive mass-transfer rates are proportional to Dm, mass-transfer
rates are not sensitive to the correction for vault heterogeneity.

The average pore-water velocity in the vault is calculated assuming that waste packages are
impermeable to flow, which leads to the following expression:

Because 0<p< 1, the average pore-water velocity is higher inside the vault than in the
unsaturated zone surrounding the vault.

4.0 NUCLIDE RELEASE RATES IN ZERO- AND STEADY-INFILTRATION REGIONS

The source-term model derived here is a two-region model that is constructed from solutions of
the governing equation in the zero- and steady-infiltration regions. The particular solutions of the
mass-transfer equation that are used for the source-term model are discussed in Sections 4.1 to
4.3.

4.1 Concentration and Release Rate: Zero-Infiltration Region

When the vault roof is intact, mass transfer inside the vault is governed by diffusion, and the mass-
transfer equation is

d2c. dc.
D L - R — 1 = 0 (5)

The subscript "1" denotes the zero-infiltration region (i.e., the region where U= 0). Assuming
that the total nuclide inventory, N(Bq), is uniformly distributed throughout the vault, the initial
nuclide concentration is equal to:

RQV(l-p)
at t =

where V(m3) is the volume of the vault, QV(l-p) is the total volume of pore water in the backfill
and \IR is the fraction of nuclides in the pore water. The solution for Eq. (5) derived in this
section assumes that the entire nuclide inventory is present in the backfill at t = 0.

The boundary conditions for the zero-infiltration region are:
C,(x,0 = 0 at x = L, t>0 (7)

and
dc.
—- = 0 at x = 0, />0 (8)
dx



where x = L corresponds to the bottom of the vault, that is, the vault/buffer interface. The
boundary condition at the bottom of the vault, Eq. (7), represents a zero-concentration boundary;
the boundary condition for the top of the vault, Eq. (8), represents a zero-flux boundary. The
IRUS structure is constructed from concrete that is much less permeable to diffusion than the
sand/clinoptilolite backfill, hence upward mass transfer at x = 0 is expected to be negligible. The
zero-concentration boundary at x = L would correspond physically to having a fast-flowing
aquifer located at the base of the vault. This boundary condition is conservative because the
water table is expected to be at least 1 m below the base of the vault. Nuclide release rates are
not very sensitive to the choice of boundary condition at the bottom of the vault (Rowat and Lane
1994).

Solving Eqs. (5-8) yields (Crank 1975, Eq. (4.17)):

C,fcO = Q I X cos(conx) cxpj-^wjll (9)
n = 0 [ -K J

where:

and «n = & ^ (10)

The flux per unit horizontal area of the vault at x = L is equal to:

= -6(1 -p)D
BCy

dx
(11)

Multiplying J^(t) (Bq-nV2-a~!) by VIL, the cross-sectional area of the vault, yields the total release
rate:

Equation (12) can also be written as (Carslaw and Jaeger 1959, pg. 97):

•ko = D

RL2nt

and can be derived from Eq. (12) using Poisson's summation formula (Papoulis 1962).

The cumulative fraction of the nuclide inventory released (CFR) by time t is:

r*kt)* = 4 E f1 - expf-^co

(13)

The release rate O^(0 is mass conserving, because Xi(°°) - 1 as ^ - ~.



4.2 Closed-Form Expressions for O^f) and Xi(0

From Eq. (12) it is clear that the release rate at large times is represented asymptotically by a
single exponential, the term n = 0. For short times, the release rate condenses to a singularity of
the form t'xa, as shown by Eq. (13). To simplify computations, Eq. (12) is replaced with the
closed form expression:

where:

(16)

Equation (15) is a good approximation for Eq. (12) because it is asymptotically exact for both
limits, t - 0 and / - », and by the choice of the dimensionless parameter P it also satisfies the
requirement that total mass is conserved, that is Xi(t) - 1.0 as / - ». Detailed calculations
comparing Eqs. (12) and (15) have shown the two expressions to be numerically close, uniformly
over all values off (see Appendix B). The corresponding two-term approximation for the CFR is:

71'
1 - exp -

R 7T R
(17)

which is obtained by integrating Eq. (15) with respect to t.

This singularity in <E>J, at t= 0 is a mathematical artifact of the initial condition, and occurs in any
model which prescribes an infinite initial concentration gradient. In NSURE, the singularity at
t = 0 is avoided by using linear interpolation to calculate the release rate near the time origin. As
Figure 3 shows, the release rate near t = 0 is calculated as follows:

1) Choose a small time interval 6/.
2) Calculate Xifi*)* which is the total mass released between / = 0 and / = 6/.
3) Calculate O^O) by linear interpolation from OJ(67) by requiring mass conservation in the

interval 0 £ t < bt. The result is that

4) In the short interval 0 <, t < bt, calculate $\{t) by linear interpolation from:

(18)

6/
t + for Ont<bt (19)



For times t z bt, Q>\(t) is calculated using Eq. (15). The use of linear interpolation near the time
origin is justified because 8/ can always be chosen small enough to ensure that the total mass
released between t = 0 and / = 5/ is negligible.

The closed-form expressions for <J>{#) and Xi(0 implemented in NSURE differ slightly from
Eqs. (15) and (17); the expressions for $\{t) and Xi(0 that have been implemented in NSURE are
described in Appendix B.

4.3 Concentration and Release Rates: Steady-Infiltration Region

The onset of infiltration following failure of a section of the roof is assumed to be instantaneous,
and mass transfer in the part of the vault exposed to infiltration is assumed to occur by advection
only (i.e., slug flow). As before, the system starts from a uniform initial concentration and the
governing equation is

dC7 dC7R l j j 1+ jj
dt dx

with

CJx, t) =
[RQV(\-p)]

= o

at t = 0 and

(20)

(21)

The subscript "2" denotes the steady-infiltration region. The only boundary condition is a zero-
flux condition at the top of the vault (x = 0), which is equivalent to a zero-concentration boundary
because mass transfer is purely advective. Therefore

C2(x,t) = 0 at x = 0 and tzQ (22)

The solution for Eqs. (20) and (22), obtained by Laplace transformation, is

C2(x,t) =
u

0, t>?*

u

(23)

and the nuclide release rate at x = L is

= (V/L)dU(\-p)CJL,t)

UN
LR

0 .

LR
U
LR
U

(24)

This solution corresponds to a slug-flow release of solute following the onset of infiltration.
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5.0 NUCLIDE RELEASE RATES INCLUDING CONTAINER AND ROOF
PERFORMANCE

The vault roof and waste package containers are expected to fail gradually with time. The
functions derived in the previous section do not account for roof and container failure events (i.e.,
the gradual failure of the roof and containers). Sections 5.1 to 5.6 describe how roof and waste
package performance have been integrated with the release rates derived in Sections 4.2 and 4.3.

5.1 Roof Performance

Conceptually, the IRUS vault is partitioned into two regions: a zero- and a steady-infiltration
region. The zero-infiltration region lies below the part of the roof not admitting infiltration; the
steady-infiltration region lies below the part of the roof admitting infiltration. In the zero-
infiltration region, mass transfer is assumed to occur by diffusion only; in the steady-infiltration
region, mass transfer is assumed to be purely advective, with the infiltration rate given by Eq. (4).
The roof performance function, Fr(t), represents the cumulative fraction of the roof surface area
that is leaking at time t, and hence determines the fraction of the vault that is subject to
infiltration. The roof failure rate,/r(f), is the time derivative of Fr(0-

5.2 Waste Package Performance

Containers affect radionuclide release by delaying the onset of waste form leaching. The
container performance function, Fc(t), represents the cumulative fraction of containers that have
failed as a function of time. The mass-transfer model assumes that a failed container is one that
has been stripped away from the waste form.

No credit is taken for nuclide retention by the waste forms. Once a container has failed, it is
assumed that the nuclide inventory in the package is instantaneously released and uniformly
distributed throughout the vault backfill. For example, when the value of Fc = 0.5, the nuclide
inventory in half of the waste packages has been released into the backfill. The container failure
rate,X(0, is the time derivative of Fe(t).

For any given type of waste package (e.g., bitumen in steel drums), Fc(i) effectively represents the
cumulative fraction released (CFR) for nuclides from that type of waste package. It is the CFR
for the collection of waste packages of that type, not the CFR of a single package. Because
nuclide retention by waste forms is assumed to be negligible, all nuclides are released at the same
rate. This is a very conservative assumption, particularly for conditioned wastes.

The dose impact of nuclide retention by waste forms can be assessed in a limited fashion using the
present model. This is done on a nuclide-by-nuclide basis by prescribing, as NSURE input, a
"container" performance function Fc(f) that combines waste form and container performance.
Mathematically, the user specifies an array Fc(t) that is the convolution of a true container failure
function with a nuclide-specific CFR for the waste form.



5.3 Vertical Partitioning of the Repository

To derive expressions for nuclide release rates that include roof and container failure processes, it
is convenient to discretize the variables. The time variable is discretized in uniform increments
At. The increments in the roof performance function, labelled AFr(f,)> are defined as:

Fr(tx) if k=\

« ( 2 5 )

where tk— t^+At, and the point fj corresponds to t = 0. Increments for the container performance
function, AFCT are defined similarly.

Each element of the A/% array corresponds to a vertical section of the vault. Each vertical section
is characterized by two parameters: a fractional width AFn and a time that specifies the onset of
infiltration, which is labelled T. The transition within a vertical section from zero to steady
infiltration (at t = 7) is assumed to be instantaneous. Mathematically, this abrupt change is
reflected by a switch in the governing equation from the diffusion to the advection equation.

The vault source term is made up of three components:

1) The diffusive component, <pl3 which is the nuclide release rate from the zero-infiltration
region of the vault (i.e., nuclides that migrate out of the vault by diffusion).

2) The advective component, (p2. This component is generated by waste packages for which
the containers fail after the onset of infiltration.

3) The wash-out component, (p3. When the switch from zero to steady infiltration occurs,
nuclides may be present in the backfill as a result of container failures that happened prior
to the onset of infiltration. With the onset of infiltration these nuclides get "washed out"
of the vault generating the <p3 component.

The function (pt(f) is the total nuclide release rate for the zero-infiltration region; the sum of (p2(0
and q>3(/) is equal to the total nuclide release rate for the steady-infiltration region.

5.4 The Diffusive Component, (p.

Before roof failure occurs, mass transfer in the vault is diffusion controlled. The expression for
the nuclide release rate from a single vertical section, prior to the onset of infiltration at time t= T,
is:
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r(D (AFc(0)<(A)
(26)

for

where ®y is given by Eq. (15) and Eq. (19). Note that <pj = 0 at times ttT. The AFC increments
in Eq. (26) account for the time-distributed failure of containers and subsequent nuclide releases
into the vault backfill. The time shifts in $^ reflect the delay in the onset of leaching associated
with each container failure increment. The sum in Eq. (26) is multiplied by AFr(7) to account for
the fraction of the vault occupied by the vertical section.

The discrete convolution of AFC with $},. in Eq. (26) can be written as:

= H(T-f) kFJJ) (fc(x)<bl
v{t-x)dz (27)

where H is the Heaviside step function. Allowing for time-distributed roof failure by summing
over all intact vertical sections of the vault (i.e., the zero-infiltration region) gives

9,(0 = [1 - Ftfft jfc{x)a>x
v{t-x)dx (28)

5.5 The Advective Component, <p2

The derivation of the expression for q>2(tk) is analogous to that for (PiO1*)- Nuclide release begins
with the onset of infiltration at t = T, instead of at t = 0, and the release rate is given by O£ instead
of $],. Focussing on a single vertical section, the expression for <p2 at times t z. T is:

q>2(r+A) =
: (29)

Prior to t = 7 the <p2 term is equal to zero. The continuous representation for Eq. (29) is:
t

<p2(0 = AF£T) fH(x-T)fc(x)^{t-x)dx ( 3 0 )
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Allowing for time-distributed roof failure, by summing over all vertical sections in the steady-
infiltration region, yields:

(p2(O=//r(7> fH(x-T)fc(x)Q2
v(t-T)dx \dT (31)

Because both integrals in Eq. (31) have the same limits, the expression simplifies to

) * (32)

5.6 The Wash-Out Component, <p3

The nuclide concentration at time T (i.e., at the onset of infiltration) is obtained by convolution of
the concentration profile, C,(x,7), with the container failure rate, and is:

T

Cc(x,T) = jfc(x)Cx(x,T-*)dx (33)
o

If the entire vault roof were to fail suddenly at time T, then the wash-out component at times t z T
would be

p ) | Cc(L-^(t-T),A (34)

Prior to t = Jthis term is zero. If the roof fails gradually, then
t

<P3C) = ffr(T)®l(t,T)dT ( 3 5 )
o

Equation (35) is a nested integral over both space and time variables. The present version of the
SYVAC code does not have a module to evaluate this type of integral; however, this difficulty can
be circumvented by replacing C^x.f) with its spatial average. The spatial average of Cy(x,t) is

< 3 6 )

Figure 4 shows how CL(0 and C^x.f) evolve with time. The leading and trailing edges of $ ' are

proportional to the concentration at the points at x = L and x = 0, respectively. Release rates
derived using Cj rather than C\ will overpredict the magnitude of O^ soon after wash-out starts,

and underpredict it somewhat at long times. As Figure 4 shows, the peak value of Cx(x,t) may
exceed Cx(t) by at most a factor of two. Hence, by employing Cx rather than C b the peak value
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of <p3, may be underestimated; the discrepancy, however, will be at most a factor of two.

Recalculating Ce from Eq. (33) using C1 rather than Cl yields:

\ m { l U T ) ) k ( 3 7 )

As in Eq. (34), if the entire roof were to fail suddenly at time T, then the wash-out component at
times / * T would be

^ ()) d ( ) (38)

where
T

W) = ™r ]m [1 - X, (T-z)] dx (39)
0

Rearranging the step functions in Eq. (38) leads to the following equivalent form for $^:

L f J 1 ( 4 0 )
Substituting Eq. (40) into Eq. (35) to obtain the expression for the wash-out component when
roof failure is distributed over time yields:

\\ (41)

The pathway for subsurface radionuclide migration from the IRUS facility is: the vault, the
unsaturated zone beneath the vault and the underlying Lake 233 Aquifer. The horizontal extent
of the vault (20 m by 30 m) is much greater than the depth of the unsaturated zone beneath the
vault (1-2 m). Hence, it is assumed that the zero- and steady-infiltration regions extend through
the vault and unsaturated zone below it, as shown in Figure 2. Mass transfer in the unsaturated
zone below the vault is not part of the source term, however, it is described by a set of
components analogous to the vault components. For this reason the equations for mass transfer
in the unsaturated zone below the vault are included in this report, and are described in
Appendix C.

6.0 SUMMARY

A source-term model has been developed to calculate radionuclide release rates from the IRUS
vault. The major processes incorporated into the model are:
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• Time-distributed failure of the infiltration barrier.
• Time-distributed release of radionuclides from waste packages.
• Advective and diffusive mass transfer in a sorbing backfill.

The vault is treated as a homogeneous porous medium. Mass transfer is modelled using the ID
advection-dispersion equation, assuming a uniform moisture content and either zero- or steady-
infiltration conditions. Contaminant sorption is modelled using a linear sorption isotherm (i.e., the
Kd model). A roof performance function determines the fraction of the vault contents that are
exposed to infiltration (i.e., steady-infiltration conditions). The change from zero- to steady-
infiltration conditions within the vault is assumed to be instantaneous. For IRUS safety
assessment calculations, radionuclide releases from waste forms are assumed to be instantaneous;
when a waste container fails, the nuclide inventory in the package is assumed to be
instantaneously and uniformly distributed throughout the backfill. Hence, the container failure
function is de facto the CFR for nuclide release from the waste package.

The complete source term for the repository is the sum of three components:

<P(0 = <Pj(O + <P2(0
 + <P3(0 (42)

where <ply (p^ and <p3 represent the diffusive, advective and wash-out components, and are given
by Eqs. (28), (32) and (41), respectively. The source-term model is semi-analytical, which in
contrast with purely numerical models, provides better insight into facility performance and is
computationally efficient. The diffusive component, <pj, is usually only significant for mobile
nuclides. The migration of strongly-sorbed species is dominated by advection. The total release
rate, <p, of mobile long-lived nuclides, such as 14C, is often dominated by the wash-out component,
cp3. If the time-scale for nuclide release from waste packages is comparable to, or exceeds that of,
the period during which roof failure occurs, then <p is dominated by the <p2 component;
conditioned wastes tend to be in this category.

The source-term model derived here is of sufficient flexibility to represent a variety of a near-
surface disposal systems. The IRUS repository is intended for radioactive wastes with low
actinide contents, therefore, decay chains have not been included in the model. The model has
been implemented in SYVAC3-NSURE, and can be run in a deterministic or probabilistic mode.
The complexity of the model is believed to be commensurate with the inherent variability of the
processes that will occur in a near-surface vault such as IRUS. Solubility-limited mass transfer,
for example, has not been incorporated into the present model, because the chemistry of the vault
is not well enough defined to take credit for nuclide solubility constraints. Omitting solubilities is
one of several approximations in the model that may cause it to overestimate rates of nuclide
release.

Results generated using the COSMOS code, an earlier version of NSURE (see Rattan et
al. 1996b), were used in an IAEA intercode comparison study involving seventeen participants
(IAEA 1995). For the test cases considered in the IAEA study, the results obtained using
COSMOS (the NSURE predecessor) were generally within the range of values produced by other
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participants (i.e., not an outlier). This provides some validation for the NSURE models and
indicates that NSURE results will be representative of results that would be generated using other
performance assessment codes.
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APPENDIX A

THE ADVECTION-DISPERSION EQUATION

A.1 INTRODUCTION

The purpose of this appendix is to define the terminology and notation used in the present report,
and to describe how mass transfer is modeled in the unsaturated zone and in the aquifer beneath
the vault.

The IRUS vault is to be located above the water table, hence, nuclide migration within the
vault occurs in the unsaturated zone. A rigorous treatment of nuclide migration in the
unsaturated zone requires simultaneous solution of two second-order partial differential
equations: the flow equation, and the equation for nuclide mass transfer (Bear and Verruijt 1987).
The flow equation is difficult to solve because it is nonlinear, and because it is necessary to
determine soil-specific functions (the moisture characteristic and the unsaturated hydraulic
conductivity). The flow calculation is further complicated because the configuration of the
engineered system varies with time (i.e., the vault roof and waste containers are subject to time-
distributed failure). Rather than solving the flow equation, the approach taken here for mass-
transfer modeling, and one commonly used in field studies of contaminant migration, is to employ
the advection-dispersion equation assuming a seasonally-averaged infiltration rate and a spatially-
uniform moisture content, 0.

The time scales for nuclide migration are not days or weeks, rather years; therefore, it is
reasonable to use a seasonally-averaged infiltration rate for mass-transfer calculations, rather than
transient infiltration rates derived from detailed flow simulations. Wierenga (1977), Duguid and
Reeves (1977) and Gelbard (1989) have shown this to be a good approximation. Regarding the
assumption of uniform moisture content, Cassel et al. (1975) have compared numerical solutions
of the advection-dispersion equation using depth-averaged and depth-varying moisture content.
Good agreement was found between experimental data and the solutions based on both the depth-
averaged (i.e., spatially uniform) and depth-varying moisture content. The choice of a particular
value for the average moisture content is somewhat arbitrary; however, it is usually set equal to
the field capacity of the soil (Till and Meyer 1983, Wierenga 1977). Other methods for selecting
an average moisture content have been discussed by Enfield et al. (1982) and Hamlen and
Kachanoski (1992).

A.2 SORPTION IN UNSATURATED MEDIA

There are few experimental data that pertain specifically to sorption in the unsaturated zone; batch
equilibration or flow-through column measurements using water-saturated soil samples are the
norm. All other things being equal, sorption in the saturated and unsaturated zones differs by the
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specific contact area between the soil particles and the pore water (i.e., the surface area of the
solid "seen" by a unit volume of pore water); the specific contact area will depend on the pore
structure of the medium and the moisture content. Because sorption occurs at the interface of the
aqueous and solid phases, larger interfacial areas result in a greater sorption capacity, and may
result in larger distribution coefficients.

Most authors assume that the degree of saturation has no effect on sorption processes (Nielsen et
al., 1986). This is the conventional assumption, and is the one adopted here. Furthermore, it is
assumed that sorption follows a linear equilibrium isotherm, that is:

s = KdC (A-l)

where Kd is the partition coefficient (m3-kg~x), C is the pore-water concentration (Bq-m3) and s is
the sorbed concentration (Bq-kg1). The advantages and limitations of the Kd model for
performance assessment applications have been discussed by Serne (1992).

A.3 THE ADVECTION-DISPERSION EQUATION

The average pore-water velocity U(m-&1) in the unsaturated zone is calculated as:
U = g/e (A-2)

where q (m-a1) is the specific discharge. Because the moisture content is assumed to be uniform,
the specific discharge is also uniform and is equal to the seasonally-averaged infiltration rate
(Hillel 1980).

In the literature, two pore-water velocities are discussed frequently: the average pore-water
velocity Uz& defined by Eq. (A-2), and the solute (or apparent) velocity, Us. The solute velocity
is the velocity at which a nonsorbing solute front would move through the medium. It is assumed
here that Uand Us are identical. Although they are usually identical, Uand Us can sometimes
differ. In certain soil types (e.g., clays) anions can migrate faster than the average pore-water
velocity, so that U>U. This phenomena, called anion-exclusion, occurs because repulsion
between anions and negatively charged pore surfaces tends to force anions into pore centers
where the pore-water velocity is higher. In sands, anion exclusion has been found to be negligible
(Gvirtzman and Gorelick 1991), and hence is not expected to affect nuclide migration rates in the
sand overburden at CRL. Gelhar et al. (1985) have reported a "solute-lag" effect, which has

^ this effect, however, has not been extensively studied.

Solute dispersion in unsaturated media follows Fick's law, which is
J = -QD(Q)8C/dx (A-3)

where J is the solute flux (Bq-m"2-a"1) and D is the dispersion coefficient (ir^-a1). Studies of
dispersion in unsaturated media show that the dispersion coefficient has the form (Yule and
Gardner 1978, Gelhar et al. 1985):
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«U (A-4)

where Dp(Q) is the coefficient of molecular diffusion and the product aU is the coefficient of
mechanical mixing. The dispersion length, a (m), is an experimental constant that depends on the
scale of the system, the pore structure of the medium and the moisture content. For the IRUS
vault model, no credit will be taken for mechanical mixing, hence, the parameter a is not required
for the source-term calculation.

For saturated porous media the coefficient of molecular diffusion is often written as:
Dp=D0/x

2 (A-5)

where Do is the "free-water" diffusion coefficient (m^a"1) and T is the tortuosity. The free-water
diffusion coefficient varies from about 0.03 to 0.07 m^a1 , and the tortuosity for saturated sand is
about 1.2 (Marsily 1986, pg. 233). The same expression forDp is sometimes used for unsaturated
media; however, the tortuosity factor is adjusted to reduce the diffusion coefficient in the
unsaturated zone compared with the saturated zone (e.g., Olague and Price 1991, McCarthy and
Johnson 1995). Expressions that relate the diffusion coefficient to the moisture content have been
developed; one expression that is frequently used is the Millington and Quirk relation (Jury 1988,
Mott and Weber 1991):

1/t2 = 07/3/£2 (A-6)

where e is the porosity. Generally, Dp(Q) exhibits a gradual decline as the moisture content
decreases. This is followed by a steep drop-off at very low moisture contents because of the loss
of continuous water pathways.

The total mass flux in the unsaturated zone is (Bear and Verruijt 1987, Eq. (6.2.19):

J= -Q(D(Q)^ * U(d)c) (A-7)

Mass conservation requires that:

| ( P j J + e c ) = - | y (A.8)

Assuming a steady infiltration rate and a uniform moisture content, the governing equation for
mass transfer in the unsaturated zone is:

% ( A . 9 )

where

R * l + ^ - l (A-10)
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Equation (A-9) is the advection-dispersion equation for solute transport in the unsaturated zone.

A.4 MASS TRANSFER IN SATURATED MEDIA

Equation (A-9) is identical in form to the advection-dispersion equation for solute transport in
saturated media. The coefficients of the advection-dispersion equation for saturated media are
obtained by replacing the moisture content by the porosity; that is:

R = i + LLJ,

(A-ll)

The dispersion coefficient for saturated media is identical to Eq. (A-4) with Dp given by Eq (A-5)
and Uas in Eq. (A-11).
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APPENDIX B

CLOSED-FORM EXPRESSIONS FOR

The expression for $J(f) that is implemented in SYVAC3-NSURE Ver. 1.03 is slightly different
from Eq. (15). The two-term approximation for ^>]{t) that has been implemented in NSURE is:

*J(<\ Ar J 2Z) ( D 2 , \ it,
®v(t) = N ) exp -—t»>0H + — 1 -

[L*R V( R ) /{
or

ID f Dexp - —
L2R { R

0.893

Do]

2 exp I - 9 — io2
0t

TZRL

(B-l)

(B-2)

The approximate CFR corresponding to Eq. (B-l) is:

= ^= 1-exp -~«o R l
(B-3)

The vault roof is assumed to fail and admit infiltration between about 500 and 2000 years after
closure. Hence, for practical purposes, the time series representing OJ, and Xi are only calculated
for times less than about 2000 years. Figures B-l and B-2 show plots of the two-term and exact
time series for $l

v and Xi out to 2000 years for a range of/? values, assuming D = 0.03 rn^a"1 and
L = 8 m. The two-term approximations match the exact solution closely for all values of R.
When R is large, the differences would be of no consequence, because only a small fraction of the
total inventory would be released by diffusion.
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27

0.4

Eq.(14) Eq.(17) Eq. (B-3)

500 1,000
Time (a)

1,500 2,000

Figure B-2: Plots of exact formula (Eq. (14)) and two-term approximations for Xi(0-



28

APPENDIX C

MULTILAYER MASS TRANSFER IN THE
UNSATURATED ZONE AND LAKE 233 AQUIFER

C.I MULTILAYER MASS TRANSFER

This appendix describes the model for mass transfer in the downstream links in the IRUS
groundwater pathway, which are the unsaturated zone and Lake 233 aquifer beneath the IRUS
vault.

Each link in the multilayer system of vault, unsaturated layers and aquifer is modelled using the
ID advection-dispersion equation. In principle, the mathematical model for mass transfer through
a multilayer system requires solutions for a coupled set of equations. To avoid the mathematical
and numerical complications associated with the coupled system, it is assumed that mass transfer
in any given layer is not correlated with downstream layers, and that each layer is of semi-infinite
extent. This amounts to the assumption that in a given layer nuclide travel times are not
influenced by downstream layers. This approximation was introduced by Shamir and Harleman
(1967), and has been found to provide a satisfactory description of multilayer mass transfer (Barry
and Parker 1987, Dyson and White 1989).

The different layers are assumed to be characterized by piecewise constant parameters (i.e., each
layer is assigned a set of parameters //s £>,, Ut and /?,). The expression for the release rate from the
/'* layer is

r

where <D.(0,/) = *,_£„,() (C-1)

where:
0,(0, t) = rate at which nuclides enter into the /'* layer at x=0 (Bq/a).

$,(',»0 = r a t e a* which nuclides are released from the /'* layer at x=lf (Bq/a).
G(x,t) = Green's function for mass transfer in a semi-infinite medium.

/, = length of/"1 layer.

The Green's function for a semi-infinite medium, G(x,t), is (Moltyaner 1983):
xRm

(C-2)G(x,t) = —-—..- exp

where:
U( = average pore-water velocity.
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£>, = dispersion coefficient for /'* layer.
Rt = nuclide retardation factor for /'* layer.

The multilayer mass-transfer calculation represented by Eq. (C-l) is semianalytic because the
convolution integral in Eq. (C-l) is evaluated numerically.

C.2 MASS TRANSFER IN THE UNSATURATED LAYERS BELOW THE VAULT

The unsaturated layers below the vault are treated as an extension of the vault. They are also
modelled using the ID advection dispersion equation, because edge effects should be small, given
that the horizontal extent of the unsaturated layers (about 20 * 30 m) is much greater than their
depth (1-2 m). Like the vault, the unsaturated layers are partitioned into a zero-flow region and a
steady-flow region. Sections of the unsaturated layers that are below intact sections of the vault
roof are assumed to have zero-flow conditions (U( = 0); the sections below failed sections of the
vault roof (i.e., roof sections admitting infiltration) are assumed to have steady-flow conditions.

Similar to the vault, the release rate for each of the unsaturated layers has three components. The

nuclide migration rate in the zero-flow region is given by the diffusive component <&). In the

steady-flow region, the nuclide migration rate is the sum of an advective component Of and a

wash-out component <E>f.

The diffUsive component, Q>), is calculated directly from Eq. (C-l) according to:

•;(/„/) = J*;(0,T)G(/,,M:)rfc (C-3)
o

where

* ! (0 ,0 = <P,(0 and * ; ( 0 , 0 = ^ - ^ . p 0 for/>1 (C-4)

The advective component, 4>f, is also calculated directly from Eq. (C-l), according to:
t

•J(/,,0 = f *?(0,t)G(/#,r-T)* (C-5)

where

0»?(0,0 = <p2(f) + <p3(0 and *? (0 ,0 = *?_,(/,_„r) + *?.,(/) for i >1 (C-6)

At the onset of infiltration, nuclides stored in the unsaturated layers will give rise to a wash-out
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component. The calculation for the wash-out component, Of, requires an expression for the

average concentration in the zero-flow region, which is

c,,(0 = j f C,
' o

'00

(C-7)

where Gfe is the flux-to-concentration Green's function for the zero-flow region (Cernik et al.
1994), and J,(x,t) is the radionuclide flux in the /'* layer. It has the form

( C - 8 )

After some minor rearrangements it can be shown that

dx (C-9)

The diffusive flux out of the vault into the first of the unsaturated layers is needed to calculate C.

for each of the unsaturated layers. It is:
f

(C-10)

The radionuclide flux in subsequent layers is calculated from Eq. (C-l), that is:

4+ 1(0,0 = / . ( / , , 0 = |y.(0,x) G(/,.,f-t) dx for i• = 1,2 -. (C-ll)

If the entire roof were to fail at time T, then the wash-out release rate for layer / would be

iZc.
' L '

When roof failure is gradual, then

H(t-T) -

H(t-x) -

-i-L

L.R.

(C-12)

dx

(C-l 3)
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C.3 MASS TRANSFER IN LAKE 233 AQUIFER

Klukas and Moltyaner (1995) have carried out detailed flow and mass-transfer modelling for the
Lake 233 aquifer; they have shown that there is little seasonal variability in the groundwater flow
velocity and practically no seasonal variability in the groundwater flow direction. Because of the
relative simplicity of the local hydrology, it was found that the ID advection-dispersion equation
adequately describes mass transfer in the Lake 233 aquifer for performance assessment purposes.

The width of the contaminant plume in the aquifer is assumed to be the same as the effective
inside width of the vault (18.3 m). The plume is assumed to be uniformly mixed over a cross-
sectional area equal to the width times the thickness of the plume. No lateral dispersion of the
aquifer flow is assumed in the model. The expression for mass transfer through the aquifer, as per
Eq. (C-l), is

where:
* / 0 , 0 = < ( / ) +<!>>) + < ( 0 (

and where lA is the aquifer length and M is the index for the unsaturated layer adjacent to the
aquifer.
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