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RÉSUMÉ

L'une des stratégies retenues pour le stockage permanent du combustible nucléaire irradié consiste à
utiliser des conteneurs qui permettent d'assurer un confinement pendant des périodes très longues. Il
existe des possibilités limitées pour qu'un très petit nombre de ces conteneurs possèdent des défauts
de fabrication qui donnent lieu à la formation de piqûres au moment de la mise en place, ou peu
après. Si la majorité des conteneurs ont une résistance suffisante à très long terme, seules les
matières provenant des conteneurs ayant des défauts de fabrication devraient être prises en compte
dans la modélisation de la vitesse de libération de l'enceinte de stockage. On a supposé que la
fraction facilement lixiviable du combustible irradié constituerait la partie dominante des matières
libérées. Cette fraction facilement lixiviable (que l'on qualifie souvent de fraction libérée
instantanément) a été modélisée comme une source ponctuelle à l'endroit où se trouve la piqûre sur le
conteneur. On suppose que les conteneurs sont en place dans de longues chambres de stockage
remplies d'un remblai à base d'argile, mélangé à de la pierre concassée ou à du sable. Les calculs
numériques sont effectués en fonction de I29I parce que ce dernier possède la période radioactive la
plus longue de tous les radionucléides facilement lixiviables qui seraient libérés par un conteneur
défectueux.

On a comparé deux méthodes de modélisation du transport de masse a partir d'une source ponctuelle
située dans une chambre de stockage. La première utilise le code de modélisation par éléments finis
MOTIF, la seconde utilise la méthode des équations intégrales aux frontières (BIM). Ces deux
méthodes ont donné des résultats identiques (malgré les variations inhérentes à MOTIF) en ce qui
concerne les concentrations de radionucléides dans un modèle simplifié de chambre de stockage, sans
écoulement d'eaux souterraines. Nous poursuivons les travaux sur le BIM afin d'en faire un outil
précis d'analyse tridimensionnelle du transport de masse de champ proche. La concordance des
résultats obtenus au moyen de MOTIF et de BIM dans le cas susmentionné est encourageante. On
obtient des résultats plus précis avec la méthode BIM qu'avec la méthode des éléments finis, mais au
stade actuel de son développement, BIM est moins souple en ce qui concerne la plage des conditions
et des geometries qui peuvent être modélisées. Nous étudions aussi la méthode de l'élément limite
(BEM), qui fait la disci.">ation de l'intégration spatiale du BIM.

Dans l'intervalle, MOTIF a servi à l'analyse des effets de l'écoulement des eaux souterraines dans la
roche intacte et la zone endommagée par l'excavation sur la migration de l'iode hors de la chambre de
stockage.
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NEAR-FIELD MASS TRANSPORT FROM A POINT SOURCE
(INSTANTANEOUSLY FAILED CONTAINER) LOCATED IN A DISPOSAL ROOM

by

Miroslav Kolâf and Dennis M. LeNeveu

ABSTRACT

One of the strategies for the disposal of nuclear fuel waste is to use very long-lived
containers. There is a finite chance that a very small number of these containers would
have initial manufacturing defects that would lead to pinhole-type failures at the time
of, or shortly after, emplacement. If the vast majority of the containers are sufficiently
long-lived, only the release from the initially defected containers need be considered in
modeling release rates from the disposal vault. It has been assumed that the readily
leachable fraction of the used fuel would dominate releases. This readily leachable
fraction (often referred to as the instant release fraction) has been modeled as a point
source at the location of the pinhole in the container. Containers are considered to be
emplaced in long disposal rooms backfilled with clay mixed with crushed rock or sand.
Numerical calculations are done for 129I because it has the longest half-life among the
readily leachable radionuclides that would be released from a failed container.

Two approaches to modeling mass transport from a point source located within a
disposal room have been compared. The first approach uses the finite-element code
MOTIF; the second uses a boundary-integral method (BIM). These two approaches
were found to give identical results (within the oscillations inherent to MOTIF) for
radionuclide concentrations in a simplified model of the disposal room when
groundwater flow was absent. We are continuing to work on the BIM to develop it into
an accurate tool for three-dimensional near-field mass transport studies. We are
encouraged by the agreement between the MOTIF and BIM results in the above simple
test case. The BIM method has the capability to give more accurate results than the
finite-element method, but at its current state of development it is less flexible in the
range of conditions and geometries that can be modeled. We are also investigating the
boundary-element method, which discretizes the spatial integration of the BIM.

In the meantime MOTIF has been used to study the effects of groundwater flow in the
intact rock and the excavation damage zone on iodine transport out of the emplacement
room.
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1. INTRODUCTION

AECL Research has recently completed an Environmental Impact Statement (EIS) on
the concept for disposal of nuclear fuel waste in plutonic rock of the Canadian Shield
(AECL 1994). The reference vault design that is quantitatively evaluated comprises
used-fuel bundles in titanium containers that are emplaced in boreholes in the floor of
disposal rooms located at a depth of 500 m. The containers are surrounded by buffer
material (a clay-sand mixture), and the rooms are backfilled with a mixture of clay and
crushed rock. An additional study involving an engineering and safety assessment of
in-room emplacement of long-lived copper containers in a vault with different geosphere
characteristics is in progress. This alternative postclosure assessment will provide
further information on alternative waste emplacement technologies and site
characteristics to supplement the information in EIS.

The present study focuses on modeling of radionuclide transport in three dimensions in
a disposal room with an in-room emplacement configuration. The disposal room is
considered to be either circular or rectangular in cross-section, depending on the
mathematical model being applied. The configuration is therefore a simplified
representation of the design proposed by Baumgartner et al. (1995), which proposes
disposal room with an elliptical cross-section. There is a finite chance that a very small
number of disposal containers would have initial manufacturing defects that would lead
to pinhole-type failures at the time of, or shortly after, emplacement. Somewhere in the
emplacement room there is assumed to be an initially defected container. Because we
are dealing with a linear phenomenon, the release from several defected containers
scattered throughout the vault would be simply obtained by superposing the releases,
as obtained in this report, from individual containers. The readily leachable fraction of
the radionuclide inventory of the used fuel contained in the defected container is
modeled as a point source at the location of the pinhole in the container. The situation
with and without groundwater flow is considered. The room is assumed to contain rows
of disposal containers (in-room emplacement) placed in the reference buffer material
(1:1 mixture by dry mass of bentonite clay and silica sand) in the lower part of the
room; the upper part of the room is backfilled with the reference backfill material (1:3
mixture by dry mass of Lake Agassiz clay and crushed rock) (Simmons and
Baumgartner 1994). The effect of groundwater flow through the excavation damage
zone (EDZ) around the room is studied, along with the possibility of preventing
groundwater flow through the backfill by surrounding the whole room with a material
having essentially zero hydraulic permeability (such as buffer). To be conservative, local
groundwater flow fields (around the room) with the average hydraulic gradients equal
to or larger than those observed in the Canadian Shield are assumed. We have chosen
to study the transport of 129I from a failed container inside the emplacement room
because of its very long half-life of 2.26 x 107 a (decay constant A = 0.14 x 10~14 s"1)
and its importance in assessment studies (Johnson et al. 1994).

Two methods of modeling mass transport from a point source are compared. The first
method uses the finite lement (FE) code MOTIF (A Model Of Transport In
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Fractured/porous media) (Chan et al. 1985); the second uses a boundary-integral
method. The main advantage of MOTIF is that it can be applied relatively easily to
almost any model geometry, i.e., to models consisting of a large number of regions of
almost arbitrary shape containing different materials. Its disadvantages are the need for
auxiliary artificial boundary conditions in the rock at a finite distance from the disposal
room, the presence of oscillations of concentration (including negative values) occurring
near the diffusion front, and the absence of a good error estimator, which is a common
feature of all FE models. Also, MOTIF can at present handle the transport of only a
single radionuclide. In the case of the boundary-integral method (BIM) the advantages
and disadvantages are roughly interchanged, BIM can be most easily implemented for
simple geometries of high symmetry with only a few regions of different materials
having uniform or zero groundwater flow fields. On the other hand, it gives results with
higher precision (the only limitation being the precision of the numerical inverse
Laplace transform used in BIM) and its error can be estimated. We are continuing the
development of BIM so that it will become a versatile tool for near-field transport
studies. In the meantime, we have used it to verify that MOTIF gives correct results for
this type of problem, and we then used MOTIF to study various model configurations.

The diffusion-convection equation that describes radionuclide transport from a failed
container in groundwater flow in a medium fully saturated with water, has the following
form:

Here C = C(r,t) is the concentration of radionuclide in pore water being a function of
position r = (xi, X2, x3) and time t, 9 is the accessible porosity (the fraction of porosity
available for diffusion) of the given medium, K = 6 + (1 — 9)a\ is called the capacity
factor (and K/9 the retardation factor), a\ is the sorption constant, ç,- are the
components of specific discharge (Darcy velocity), A is the radioactive decay constant,
and Dij are the components of the hydrodynamic dispersion tensor. For isotropic
media, one has

where a^ and ay are the longitudinal and transverse dispersivities, Q = (]C?=i 9?)2, 7" is
tortuosity, and Do is the molecular diffusion coefficient in water. In MOTIF,
C(r, t = 0) 7̂  0 is initially localized in a finite volume approximately equal to that of a
disposal container, whereas in BIM C(r,t = 0) is a 6-function (point source).

In the absence of any groundwater flow (ç,- = 0), all convection terms in Equation (1)
vanish, and Equation (1) reduces to

£ ( § (2)
Material properties, such as porosity, sorption coefficient and tortuosity, are different in
different media occurring in and around the emplacement room, i.e., the buffer, backfill,
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intact rock and EDZ in the rock just around the emplacement room. Inside individual
media, these parameters can be assumed to be constant. The same is true for the
capacity factor K, which determines the bulk concentration of the radionuclide. In a
unit volume of a given medium (including both pores and solids), the total mass of the
radionuclide dissolved in pore water is equal to 6C, and that adsorbed on the walls of
the pores is equal to (1 — 6)a\C. Therefore, the bulk concentration, that is equal to the
total mass of radionuclide contained in a unit volume, is equal to KC. This is the
quantity that must be integrated when the conservation of mass in the method used is
being checked.

The expression for the capacity factor given above is the form used in MOTIF (ai is an
input parameter in MOTIF). A more common expression reads

K = 9 + Pi kd ,

where pd is the dry density of the medium and kd is the distribution coefficient. Then

a\~p kd, (3)

where p = /5<f/(l — 0) is the density that would be obtained after the elimination of all
the accessible porosity (connected pores). In a mixture, we assume a linear composition
of kd values. Thus

{.buffer ( ^ bentonite {.bentonite • •*• sand {.sand j / .buffer

— I 2~Pd Kd + ~^Pd Kd J iPd
and

backfill
'd

/.backfill ( ••• L-A. clay ;,L.A. clay , « crushed rock {.crushed rockA i „kd = \^Pd kd + -±Pd kd J IP

We assume kf** = kf"*** rock = 0. Using then Equation (3) gives

.buffer _ *• .bentonite {.bentonite ^backfill _ ^ -L-A. clay i.L.A. claya\ ~ 2~Pd Kd ) a\ — jPd ^d

Here we have simply approximated p by the dry densities of buffer and backfill
(Oscarson 1994, Simmons and Baumgartner 1994), which is justifiable in the light of
the uncertainties in the experimental determination of the material characteristics
(Oscarson et al. 1992, Oscarson 1994). The values of kd were also taken from Oscarson
(1994). The values of a\ obtained in this way are listed in Table 1, together with other
relevant material characteristics known from laboratory or field measurements and the
resulting values of K. One can see that the value of K for the buffer is larger than that
for rock by almost two orders of magnitude, and the value for the backfill is larger by
more than three orders of magnitude. Thus the backfill has a very large capacity to
store 129I, a significant portion of which can be expected to radioactively decay before it
has a chance to diffuse into the rock. This conclusion is supported by the results of our
calculations for zero or small groundwater velocities (cf. Sections 5 and 6). Because
backfill has a larger hydraulic permeability k than rock (see Table I), the backfilled part
of the room serves as a preferential pathway for groundwater into which the flow from
the surrounding rock concentrates. Thus for larger water vel cities, convection can
remove a large portion of 129I from the backfill into the rock before 129I can decay in the
backfill (cf. Section 6).
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TABLE 1

THE VALUES OF MATERIAL CHARACTERISTICS USED

Material

Buffer

Backfill

Intact Rock

EDZ

0.1

0.1

0.003

Z 0.003

« i

0.15625

3.75

0.0

0.0

K

0.241

3.475

0.003

> 0.003

TDQ ( m ^ - 1 ) §

2xlO"1 0

2xlO"1 0

0.05871 xlO"1 0

> 0.05871 xlO~10

ai (m) t

0.0

0.0

10.5

10.5

ay (m) '

0.0

0.0

1.05

1.05

k (m2) t

0.0

2.37X10"17

io-19

io-17

§Oscarson et al. (1992)
ÏF. W. Stanchell, pers. comm., 1994
ïMedian values of Davison et al. (1994)

2. FINITE-ELEMENT (MOTIF) APPROACH

In the FE approach we are using the in-house code MOTIF (Chan et al. 1985), which is
capable of simultaneous modeling of groundwater flow, mass transport (limited to one
radionuclide only) and heat transport. MOTIF is known to give very good results,
especially for groundwater flow. Its solute transport capability has not yet been tested
as widely as its groundwater flow capability. That is one of the reasons for our
simultaneous development of the BIM method.

Assuming constant groundwater density p and dynamic viscosity /x, the groundwater
flow is governed by the following simple equation of continuity,

(4)

and Darcy's law

7Pk d

where 7 is gravitational acceleration, k is hydraulic permeability, and

IP

is hydraulic head, p is water pressure, and z is elevation. We use MOTIF first to
generate a time-independent flow field using Equations (4) and (5) for some suitable
boundary conditions (hydraulic gradient across the model) to get a local flow field
consistent with what is observed in the Canadian Shield, and then to solve the transient
diffusion-convection equation (Equation 1) in that flow field.
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The main effort required in the use of MOTIF is in grid generation, and in testing and
post-processing the results. We have written a program that automatically generates
grids of arbitrary coarseness for in-room emplacement configurations, and
postprocessing programs that take the nodal and elemental output of MOTIF as their
input and calculate radionuclide concentration profiles along lines or planes passing
through the model, or that display the groundwater velocity field. A minor problem
with MOTIF is that it does not produce very smooth concentration profiles - it often
gives oscillations in the concentration, especially near the diffusion front, which results
in regions of unphysical negative concentrations (see Sections 4 to 6). Using finer grids
(both locally and globally) and varying the time step did not lead to any significant
reduction of the negative oscillations. Nevertheless, for the grid coarseness that we have
decided to use after these tests (node spacing of about 2 to 2.5 m inside the
emplacement room and somewhat larger in the rock, in some directions as large as 5 to
6 m), the regions of negative concentrations are insignificant in the overall picture. On
the whole, mass is conserved very well: the results we have obtained in MOTIF for the
total mass of 129I present in the model are consistent with the theoretical radioactive
decay curve of 129I.

3. BOUNDARY-ELEMENT AND -INTEGRAL METHODS

The boundary-integral method has been used to develop three-dimensional solutions to
the convection-dispersion equation (Equation 1) for modeling radionuclide release from
an underground disposal vault. The method is based on the Green's function solution
to the convection-dispersion equation and makes use of the Laplace transform
techniques. It can be used for infinite or finite spatial domains.

The Green's function G for the diffusion equation is well known (Carslaw and Jaeger
1959, Ozisik 1980). Given a source strength, S(r,t), the concentration, C(r, t) can be
obtained by integration with this Green's function:

C(r,i)= f f S{r',t')G(r,t\r',t')dcTdt' , (6)
JO Jo

where r represents the spatial coordinates, a represents an area on the boundary surface
and t is time. The Laplace transform of the concentration, C(r, s), can be expressed as

C(r,s) = f S(r',s)G(r,s\v')da, (7)
Jo

where s is the Laplace transform variable. The source strength, S(r, s), is an unknown
to be determined so as to satisfy the required boundary conditions. The sources are
arranged along the boundary just outside the region of physical interest so as not to
perturb the initial conditions and source strengths inside the region of interest. Once
the source strengths S(r,s) are determined, the Laplace transform of the concentration
C(r, s) can be found from Equation (7) together with an integration over the other
sources or initial distributions of concentration that lie within the region of interest.
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The concentration as a function of time can be recovered by inversion of the Laplace
transform by analytical or numerical methods. Since the Green's function is an exact
solution of the governing differential equation, the accuracy of the technique depends on
the accuracy of the spatial integration in Equation (7) and on the accuracy of the
inversion of the Laplace transform. Two methods of determining the spatial integration
are currently being developed. The first method involves discretizing the boundary
region and expressing the integral over the boundary surface as a matrix. This is called
the boundary-element method (BEM) (Chen and Zhou 1992). The second method
involves expanding both the Green's function and the unknown source strengths in a
cosine series and determining the unknown Fourier coefficients for the source strength,
This is called the boundary-integral method (BIM). As an example, the solution for a
point source inside a cylinder composed of one material inside a semi-infinite medium of
another material is determined using the BIM method (see Section 4). A somewhat
different formulation of the BEM and BIM methods based on the adjoint method has
been applied recently to other simple systems (Landman 1989, Kawamura 1994).

The Green's function for the diffusion equation in cylindrical polar coordinates (r, y)
describing the diffusion from a point source inside a cylinder of radius r0 of one material
(medium 1) embedded in another material (medium 2), assuming a zero flux boundary
condition at y = 0 and y = L and a source with no angular dependence can be found
from standard methods (Carslaw and Jaeger 1959, Ozisik 1980). A point source of unit
strength is located within the cylinder. Zero flux is assigned to the ends of the cylinder.
Continuity of flux and concentration is imposed along the other surfaces (see Figure 1).

The Green's function for a unit instantaneous cylindrical -. urface source at t = 0 and
r = r' in an infinite medium is

ADTt \

The Green's function for an instantaneous plane source at t = 0 and y = y' with no flux
of mass through the surfaces y = 0, y = L is

Gy = — \ 1 + 2 ^ exp —77-Blt\ cos (Bny) cos(Bny')
L I n=i L ^ J

(Gy/K is the Green's function for a unit instantaneous plane source), where Bn = nir/L
and L is the length of the room. The product of G> and Gy will give the Green's
function for a unit instantaneous point source located on the axis of the cylinder having
zero flux boundaries on the ends (this point source is the r' —> 0 limit case of a circle of
radius r' with the centre on the axis of the cylinder at y = y'). The Laplace transform
of this product of Green's functions is given by

G(r,y,s\r\y') = ^-L- ^Io(qor') Ko(qor) + 2 f j cos ̂  cos ̂  Jofo.r') #ofo.r)} (8)

for r > r', and

G(r, y, s\r', y') = ^ ~ |/0( f tr) Ko(qor') + 2 £ cos ̂  cos ̂ f I0(qnr) K0(qnr>)} (9)
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for r < ?*'. Here s is the Laplace transform variable,

and /o and A'o are modified Bessel functions of the first and second kind of order 0.

Equation (7) is used to determine the concentration from an unknown surface source
distribution S(y') to obtain

C(r,y,s) = 2irr0 [
L S(y') G(r,y,s\ro,y')dy' ; r > r0 , (10)

Jo

where the integration is over the boundary surface. Let us introduce the radial flux
operator Q{C) = —DT dC/dr • n, where n is a unit vector normal to the boundary
surface in the outward direction. By applying this operator to Equation (10), we get for
the normal component of flux,

F(r, y, s) = 27rr0 j S{y') Q(G)| r,=r- r dy' ; r > rQ .

To obtain the solution, the concentrations and fluxes are set equal on the boundary
between regions. The surface integrals to be evaluated are

27rr0 / (S2G2 - SiGi)dy = Gi(ro,y,s\ra,ya,s)
Jo

and

rL
{S2{y')Q2{ro,y,s,r0,y') - Si{y')Qi{ro,y,s,ro,y')} dy' = Qi(ro,y,s,ra,ya) P(s),

/o

where Qi(r,y,s, R,Y) = Q (G,{r,y.,s\r!, Y )| r,=/ i+),
Q2(r,y,s,R, Y) = Q (C?2(r, y,s\r\ F)| r /= /?_), the subscripts 1 and 2 denote medium 1
and medium 2, (ra,j/a) is the location of the point source (note that ra = 0), and G and
Q are the interfacial concentrations and normal fluxes. P(s) is the Laplace transform of
the time rate of change of the release rate from the pinhole on the container (the pinhole
is treated as a point source and the presence of the container is ignored). In this study
P(s) = 1 to represent an instantaneous source. Note that for medium 1, the source, Si,
is considered to be just outside the boundary so r' approaches r0 such that r' > ro (or
r' = 7-Q"). In this case Equation (9) is used for G\. The reverse is true for medium 2.

We assume that S\ and S2 have no radial dependency and can be expanded in a Fourier
cosine series in the axial direction. To evaluate the unknown constants of the Fourier
series for a cylinder for the three-dimensional BIM, we then use the above
boundary-integral equations and the following relations,

Cm(r) = r/Dri Io(qinr) K0(qinr),

n ..
g\n{r) - K0(qlnr) cos

f/
Jo
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fm{r) = -qinr h(qinr) K0(qinr),

hn{r) = q2nr Io(q2nr) K\{q2nr),

where Dy\ and Dy2 are the total effective diffusion coefficients in the direction parallel
to the axis of the cylinder for medium 1 and 2 respectively. Similarly, D r l and DT2 are
the total effective diffusion coefficients in the radial direction for medium 1 and 2
respectively. Then

ttn/ln-Alndn C2n(r) COS (Bny) ,
^o (C2n/ln - i du/ r=ro

and

°° 9\nhn — h\nc2n
1 n=0 (C2n/ln ~

c2n(r) cos (Bny) + gln(r),
r=r0

where 1 and 2 are indexes for the medium inside the cylinder and the medium outside
the cylinder respectively, and ro is the radius of the cylinder. This reduces to

C z _ y cos (Bny) cos (Bnya) /(0(g2nr) ,
~*Q TT(1 + 6n0)rL [DriqiJ<o(q2nro)Ii(qinro) + Dr2q2nI<i(.q2nro)Io(qinro)] '

n _ Y" I ^o(gi"r) [DriqinI<o(q2nro)Ki(qinro) - Dr2q2nKi(q2nro)Ko(qinro)}

—'Q \ 7T(1 + <5no)ri/ [UrlÇln/^oC^nroJ/lCçinro) + Dr2q2nK\ (?

I x cos{Bny) cos(Bnya). (12)

Here we assume ra = 0 (the point source on the long axis of the room).

The rather unrealistic zero-flux boundary immediately at the ends of the disposal room
is introduced to obtain an analytical expression for the boundary integral for the
purpose of the comparison of the two approaches. The error introduced by this
approximation should appear only after the diffusion front arrives at the nearest end of
the cylinder. A separate solution will be developed for the concentration in the rock
region using the release rate from the room as a source. In this separate solution for the
rock region, the zero flux constraint will not be applied.
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4. COMPARISON OF THE MOTIF AND BOUNDARY-INTEGRAL RESULTS

The BIM cylindrical room geometry is illustrated in Figure 1. The length of the room is
L = 100 m and the radius ro = 5 m. Unlike in the formulas of the previous section, in
this section we use a shifted coordinate system with the origin at the centre of the room
with the y axis being identical to the long axis of the room. There is no groundwater
flow, and in this section only, we assume A = 0 (no radioactive decay). All other
parameters are as given in Table 1.

In MOTIF, one works primarily with eight-noded FE (generally irregular hexahedra),
and so in MOTIF it is easier to construct a rectangular room. For the purpose of
comparison with BIM, we have used a room of the same length and same volume as in
BIM, but of square cross section in the direction perpendicular to the long axis. Thus
the height and width of the room are equal to ro\/n ^ 8.86227 m (cf. Figure 2). The
whole room is filled with a single material - the buffer - as in BIM. Zero-flux boundary
conditions are imposed right at the ends of the room at y = dnL/2. MOTIF can handle
only finite models. Thus additional auxiliary zero-flux boundary conditions are placed
in the rock oarallel to the room walls at a distance of 32 m from the room on both sides
in the x and z directions.

Pore-water concentrations of 129I as obtained with the BIM and MOTIF methods are
compared in Figures 3 to 7. Positions of the horizontal lines on which the comparison is
made are indicated in Figure 2. In both models, the same amount of 129I was released
instantaneously at zero time on the room axis 10 m from one of its ends. At early times
the concentration is confined to a small region around the point source. As time
progresses, the concentration spreads out parallel to the room axis but at the same time
penetrates through the buffer/rock interface into the rock. However, because of the
much larger capacity factor K of the buffer compared with that of the rock, most of the
initially released amount of iodine remains in the buffer for a long time.

MOTIF solutions are characterized by unphysical oscillations of the concentration
taking place predominantly at the diffusion front, where concentration can even be
negative (see the subsequent sections). In Figures 3 to 7 these oscillations have survived
in the vicinity of the source for all times. However, in spite of these oscillations, one can
sec that the agreement between the BIM and the (smoothed) MOTIF solutions inside
the room and in its vicinity is excellent for times up to one million years. For larger
times, the concentration (diffusion) front in the infinite BIM model gets well past the
auxiliary MOTIF outer boundary (at 32 in from the room). This accounts for MOTIF
giving larger concentrations than BIM at all locations of the model at 8.39 x 106 a
because in MOTIF all the iodine is artificially confined within the auxiliary outer
boundaries for all times.

Because the zero-flux boundaries are situated immediately at the ends of the
emplacement room, the models used in this section are suitable mainly for the
comparison of the two methods at the present stage of their development. Results start
to be unphysical whenever the concentration at an auxiliary zero-flux boundary differs
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significantly from zero (cf. the high concentrations at y = — L/2 = —50 m in Figures 3
to 7).

BIM is being further developed to become more flexible in the future. In the meantime,
encouraged by the agreement of MOTIF with BIM in the case described here, we use
MOTIF in the rest of the report to study models of the disposal room having
two-componen'o engineered barriers, with and without the presence of groundwater flow.

5. MOTIF RESULTS FOR A TWO-COMPONENT MODEL WITH NO GROUND-
WATER FLOW

The cross section of an emplacement room with a two-component (buffer and backfill)
engineered barrier is schematically shown in Figure 8. This arrangement corresponds to
one of the first preliminary designs of the in-room emplacement. The width of the room
is 8 m and the height 13.5 m, of which the lower 8 m is filled with buffer material (with
rows of disposal containers placed in boreholes in precompacted buffer) and the upper
5.5 m with the backfill material. The dashed line shows the auxiliary zero-flux
boundary used in MOTIF chosen in the rock 20 m from all walls of the emplacement
room, including both ends of the emplacement room. Thus, unlike in the previous
section, here we allow for rock on all sides of the room. We have used MOTIF to study
the diffusion of 129I from a container that failed instantaneously, at time t = 0, 10 m
from one end of the room (at x — 0 m, y = — L/2 •+• 10 m, z = —2.667 rn) in rooms of
different length L. (L is the length of the room itself, there is 20 m of rock at both ends
of the room giving the total length of the model equal to L + 40 m.) Figures 9 to 11
show the time dependence of the concentration profiles of 129I along several straight
lines through such a model with L = 200 m. Figure 12 shows the time dependence of
the total amount of iodine contained in different parts of the model. Here and in the
next section, radioactive decay is considered. Because Equation (1) is linear with
respect to concentration C, the exact initial amount of 129I (or the units of C) does not
matter for the comparison of the concentrations in various parts of the model. To get
the absolute values of the concentration, one has to scale Figures 9 to 12 so that the
initial value of the integral over the whole model in Figure 12 is equal to the amount of
129I actually released from a given defected container.

All iodine is initially contained in the buffer, but most of it moves relatively quickly into
the backfill (in about 6 x 104 a) where the majority of it remains because of the larger
adsorption (large value of K) until it decays radioactively (note that KC > C in the
backfill in Figure 9, whereas 0 « KC < C in the rock in Figure 10). For the 20-m
room, only at most 6.5% of the initial 129I mass is contained in the rock at any single
time instant (see Figure 12). For the 100-rn and 200-m rooms, the amount of 129I
released into the rock is even smaller, being at most 2.6% of the initial mass. Thus,
increasing the length of the room from 20 to 100 m leads to a decrease in the total
amount of iodine released into the rock by more than 50%. However, the results for
L = 100 and 200 m in Figure 12 are almost the same, and thus increasing the room
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length beyond 100 m while keeping its cross section unchanged does not further
decrease noticeably the amount of 129I released from a single defected container into the
rock. This is because 129I moves simultaneously along the axial direction of the room
and into the rock in the vicinity of the source (defected container). It takes about 107 a
for iodine to fill a long room (see Figure 9), although significant diffusion into the rock
near the source starts after about 105 a. Nevertheless, because of the large capacity
factor of the backfill, most of the iodine remains trapped in the backfill until it decays.
After 4.25 million years, the diffusion front has barely arrived at the other end of the
room. At this time, the solution obtained by MOTIF with the zero-flux boundary
conditions on the outer model boundary is probably not a good one any more. Figure
10 indicates that well before this time the diffusion front has already arrived at the
points on the outer model boundary that are the closest to the source. Comparing
Figures 9 and 10 shows that the concentration profiles in the rock follow those in the
room closely, but with some time delay. Relatively large negative values for t = 260 a in
Figure 9 or for t — 4153 a in Figure 10 represent the local error in MOTIF. At a given
point, such oscillations occur mainly at the time of arrival of the concentration front.
After the passage of the front, the concentration profiles are smooth again. These
oscillations affect only a very small fraction of the volume of the whole model, hence
they cannot destroy the overall good behaviour of the results. This is confirmed by the
perfect agreement in Figure 12 of the total amount of iodine contained in the whole
model (marked by •#) with the theoretical decay curve.

Iodine diffuses more easily into the rock below the room, where there is no backfill to
delay it, than above the room (see Figure 11). Figure 11 shows clearly the large capacity
of the backfill to trap iodine (though the pore-water concentration C is continuous, the
total concentration, KC is discontinuous at the material interfaces). On the other hand,
Figure 10 demonstrates the negligible capacity of the rock to store iodine. Although the
pore-water concentration is almost as large as in Figure 9, the total concentration, KC
(solid line), is negligible on the given scale. Although, for example, after 4.25 million
years, C is not negligible at the outer model boundary, KC is still practically zero, and
thus the effect of the auxiliary outer boundary conditions is also practically negligible.

6. THE EFFECT OF GROUNDWATER FLOW

Groundwater flow is characterized by the gradients of hydraulic head (cf. Equation (5)).
Hydraulic gradients in the Canadian Shield are known to range from 0.0005 to 0.002
(G. A. Thorne, pers. comm., 1994). Using MOTIF one can generate plausible local flow
fields, for example by requiring that the hydraulic heads are constant on two opposite
parallel outer surfaces of the model and that their difference corresponds to the above
range of hydraulic gradients. On all other surfaces one assumes zero-flux boundary
conditions for groundwater flow. An example of such a flow field oriented along the long
axis (y) of the room is presented in Figures 13 and 14. An emplacement room
represents a perturbation in the global flow field that is assumed to be uniform on the
scale of the disposal vault. To get a realistic local flow field (not changing very much
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any more when model size is further increased), we had to add more rock around the
room than in Figure S: increase the rock layer to 35 m in the directions perpendicular
to the flow and use /rock = 100 m in the direction of the flow. In this case we required
that the hydraulic heads at the ends of the model are h(y = — L/2 — lTOck) = ^i a n d
h(y = L/2 + /rock) =./i2 where hi and /i2 are constants such that

__ h2 - hx . g.
L + 2/rock

is equal to the average hydraulic gradient in the given area, A typical local flow in the
Canadian Shield would thus be generated with \g\ = 0.0005 to 0.002. Figures 13 and 14
show one half of the model. The emplacement room is outlined by solid line (the lower
box represents buffer and the upper box backfill), and the dashed line represents the
vertical section through the room by its plane of symmetry. Arrows indicate the
direction and relative magnitude of interstitial (linear) velocity defined as ç,/0 at a
given point (midpoint of an arrow). Absolute magnitude of linear velocity is
proportional to g. Thus, Figures 13 and 14 apply to any g > 0. When the direction of
hydraulic gradient, changes, i.e. for g < 0, the direction of all arrows in Figures 13 and
14 has to be reversed. One can see that the flow does not penetrate into the buffer
because of its zero hydraulic permeability, and that it concentrates into the backfill
from the surrounding rock because of the large hydraulic permeability of the backfill.
Backfill thus serves as a preferential pathway for groundwater. As shown below, this
leads at higher groundwater velocities to faster removal of iodine from the backfill by
convection, which thus reduces the role of backfill as a trap for iodine. For g = 0.002,
the linear groundwater velocities are of the order of 10~12 ms""1.

In Figure 15 we show the concentration profiles on a horizontal line going through the
centre of the buffer (below the source) in the y direction for the flow of Figures 13 and
14 with g = 0.02 in Equation (13) (giving 10 times larger linear velocities than the
maximum found in the Canadian Shield). For small times the concentration profile is
symmetric around the source position at y = —90 m (the upper left panel of Figure 15)
because there is no flow in the buffer. After the concentration front arrives at the buffer
boundary in a few thousand years, the concentration profile starts to be skewed even
inside the buffer in the direction of the groundwater flow around the buffer, as a
consequence of the convection taking place in the rock and especially in the backfill.
Note that, after 1.33 x 105 a, the concentration starts to increase significantly from zero
on the left outer model boundary, at y = —200 m, (lower left panel of Figure 15). After
that time, our model must give slightly larger than real values of C near y — —200 m
because of the artificial zero-flux boundary condition for diffusion (at least for the
smallest values of g). However, because for larger g, diffusion is negligible with respect
to convection, and for zero g all the released radionuclide remains confined in an even
smaller volume of rock than considered here (cf. Figure 12), we can expect that the
error introduced by the artificial zero-flux boundary conditions for diffusion is small for
all g and for times up to several million years. The concentration profiles in the buffer
for g = 0.002 and g = 0.2 are not very different from those of Figure 15 (g = 0.02) for
most times.
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Finally, in Figures 16 and 17 we present the time dependence of the total amount of
radionuclide present at different parts of the model for several values of g. Of particular
importance is the total amount released into the rock, /rock> denoted by thick solid line
with x. Note that here this quantity includes also all 129I that was carried beyond the
artificial outer boundaries of the model by convection. Figure 16 shows that for the
hydraulic gradients found in the Canadian Shield the effect of the flow is not very large.
The largest value of \g\ found in the Shield led, for g = 0.002, to only about a twofold
increase in the total amount of 129I in the rock at any given time compared with the
no-flow situation. Because there is some possibility that the local hydraulic gradients
may be somewhat larger than the global averages, we have also done calculations for g
up to one hundred times larger, i.e., g = ±0.2. The results are presented in Figure 17.
When g (and proportionally also the groundwater velocities) is significantly increased,
the amount of 129I that escapes into the rock also increases significantly, and the
penetration into the rock starts much sooner. Note that when g < 0, for the given
position of the source, 129I must be carried all the way to the other end of the room,
which actually delays the penetration into the rock.

We have also studied the effect of the EDZ, assuming that it is 0.5 m thick and
surrounds the whole emplacement room. The results for two different sets of EDZ
characteristics (all other parameters were as specified in Table 1, specifically the
hydraulic permeability was 100 times larger than in the intact rock) are shown in the
upper two panels of Figure 18. Except for the apparently unphysical (MOTIF)
oscillations (negative values) in the second case (middle panel; between 10 and 105 a),1'
one can see that both cases give results practically identical with those obtained when
the EDZ was absent (top panel of Figure 17). It seems that the EDZ would have to be
much thicker than 0.5 m to influence the transport of iodine.

We have also checked what happens if one tries to isolate the backfill from the
groundwater flow by another layer of material with zero hydraulic permeability. For
simplicity, we have assumed that a 0.5-m-thick layer of the same buffer material used
around the disposal containers in the lower part of the room is placed around the whole
room (outside of the room dimensions of Figure 8; in the same place as the EDZ above).
The result is presented in the bottom panel of Figure 18. This configuration completely
excludes the groundwater flow from the backfill, which leads to a significantly decreased
release of 129I into the rock. Although it may be difficult from an engineering point of
view to construct this configuration exactly, our results show that, to minimize the
release of radionuclides from the emplacement room into the outer environment (rock),
benefit would be gained by surrounding a material of larger capacity factor, such as the
backfill, with a layer of material with effectively zero hydraulic permeability.

The results obtained in this study were presented in the form of the total amounts of

^Probably caused by large discontinuities of material properties at the EDZ boundaries in this case.
The situation is also complicated by the fact that for g = 0.O2 convection already dominates over
diffusion. To remove the oscillations, some modifications in the model grid or size may be needed. For
the sake of comparison, we simply did all the calculations presented in Figures 16 to 18 using the same
mode) dimensions and grid. Varying only the initial time step in a very large range did not remove the
oscillations.
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129I contained in different parts of the model at a given time t. One can also use these
results to calculate the total flux, F(t), of iodine out of the room into the geosphere
(surrounding rock). Because dITOC]i/dt = F(t) ~ A/rock (= the flux from the room minus
the loss by radioactive decay),

F{t) = ~ITock + A/rock .
at

This formula can be used to calculate F(t) by numerically differentiating /rOck from
Figures 16 to 18.

7. SUMMARY

The transport of the 129I released instantaneously from a container that failed due to a
hidden manufacturing defect was studied using two different approaches: the
finite-element (FE) model MOTIF and a boundary-integral method. A certain
disadvantage of the FE model is that it can handle only finite systems. To be able to
use MOTIF for a disposal room embedded in an essentially infinite geosphere, some
auxiliary boundary conditions must be specified somewhere in the rock as far from the
vault as feasible. Strictly speaking, MOTIF's results are exact only for times before the
arrival of the diffusion front at this auxiliary boundary unless the boundary and the
associated boundary conditions reflect some symmetries of the modeled system. FE
approaches can also be computationally demanding. In principle, it should be simpler
to solve the diffusion problem considered here by using the boundary-integral approach,
which is capable of handling infinite systems and could even be computationally less
demanding. We have made enough progress in the development of this approach to
enable us to use it to verify some of the MOTIF predictions, and we plan to develop it
to a stage where it could become an additional tool for problems of this kind.

In the meantime, we have used MOTIF to study the effect of the length and geometry
of the emplacement room, and of groundwater flow in the surrounding rock and
through the excavation damage zone around the emplacement room. We have found
that 129I simultaneously fills the emplacement room and penetrates into the rock near
the source. Nevertheless, most of the 129I remains in the backfill until it decays. Typical
groundwater flow found in the Canadian Shield can at most double the release of 129I
from the room compared with the no-flow situation. The presence of an EDZ does not
lead to any significant increase in the 129I release. On the other hand, placing an extra
layer of buffer around the room can reduce the release of 129I into the rock.

Plans for further development of the model include the study of the effect of further
variations of the model geometry and the direction of groundwater flow, and the
introduction of a continuous point source to represent gradual, i.e., time dependent,
release from a pinhole in a container. More work also remains to be done in the
postprocessing (smoothing, removal of the negative oscillations) and presentation of the
MOTIF results. This work will support the alternate postclosure assessment study
being developed for in-room emplacement of copper containers.
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FIGURE 1: Simplified model, used in BIM, of the emplacement room in the form of a
cylinder of length L filled with buffer material (medium 1) surrounded by
infinite rock region (medium 2)
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FIGURE 2: Comparison of the cross sections of the emplacement room (packed with
buffer material) used in the BIM method (dashed circle) and in MOTIF
(solid square of the same area). Also indicated are the positions of
horizontal lines parallel to the long axis of the room on which the solution
obtained using BIM (+) is compared in Figures 3 to 7 with that obtained
using MOTIF (x). The positions are labeled by the number of the
respective figure.
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FIGURE 3: Comparison of the BIM (solid line) and MOTIF (dashed line) results for
the concentration C of 129I in pore water at four different instants (as
indicated) after container failure. Concentration is compared along the
horizontal lines parallel to the long axis of the room located midway
between the axis and the buffer/rock interface (i.e., 2.5 m from the axis of
the room for BIM and 2.21557 m for MOTIF). L = 100 m and the unit
source was positioned at y = —40 m (10 m from the left room end) on the
axis of the room.
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FIGURE 4: Comparison of the BIM (solid line) and MOTIF (dashed line) results for
the concentration C of 129I in pore water at four different instants (as
indicated) after container failure. Concentration is compared along the
horizontal lines parallel to the long axis of the room located on the
buffer/rock interface. L = 100 m and the unit source was positioned at
y = —40 m on the axis of the room.
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FIGURE 5: Comparison of the BIM (solid line) and MOTIF (dashed line) results for
the concentration C of 129I in pore water at four different instants (as
indicated) after container failure. Concentration is compared along the
horizontal lines parallel to the long axis of the room located 0.6 m above
the buffer/rock interface. L = 100 m and the unit source was positioned
at y = —40 m on the axis of the room.
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FIGURE fi: Comparison of the BIM (solid line) and MOTIF (dashed line) results for
the concentration C of 129I in pore water at four different instants (as
indicated) after container failure. Concentration is compared along the
horizontal lines parallel to the long axis of the room located 2.5 m above
the buffer/rock interface. L = 100 m and the unit source was positioned
at y = —40 m on the axis of the room.
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FIGURE 7: Comparison of the BIM (solid line) and MOTIF (dashed line) results for
the concentration C of 129I in pore water at four different instants (as
indicated) after container failure. Concentration is compared along the
horizontal lines parallel to the long axis of the room located 10 m above
the buffer /rock interface. L = 100 m and the unit source was positioned
at y — —40 m on the axis of the room.
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FIGURE 8: Solid line represents the cross section of the emplacement room
perpendicular to its long (y) axis. The width of the room is 8 m, its total
height 13.5 m (8 m of buffer and 5.5 m of backfill). Cross (x) indicates
the position of the coordinate origin (halfway into the room in the y
direction). Dashed line indicates the auxiliary outer boundary of the
model where zero-flux conditions are used in MOTIF (20 m from the
emplacement room walls on all sides).
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FIGURE 9: Concentration profiles at several time instants (as indicated) after
container failure in the 200-m-long emplacement room (cf. Figure 8) along
the horizontal line going through the centre of the backfill and parallel to
the long axis of the room (x = 0, z = 2.25 m). Pore-water concentration
C is represented by dashed lines and the bulk concentration KC by solid
lines. The source was located at x = 0 m, y = —90 m, z = —2.667 m
(10 m from one end of the room in the buffer).



-26-

0.0010

0.0005

0
0

-0.0005

O

or 0.0005

0

0.0005

0

0

0

ii
ii
M
II
II
I I
II
I I
I I

260 a

4 153 a

\ 66 455 a

531 638 a

4.25 x106 a

34.02 x 106 a

-100 -50 0

y (m)
50 100

FIGURE 10: Concentration profiles at several time instants (as indicated) after
container failure in the 200-m-long emplacement room (cf. Figure 8) along
the horizontal line lying in the rock just 0.5 m above the emplacement
room (x — 0, z = 6 m). Pore-water concentration C is represented by
dashed lines and the bulk concentration KC by solid lines. The source
was located at x = 0 m, y = -90 m, z = —2.667 m.
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FIGURE 11: Concentration profiles at several time instants (as indicated) after
container failure in the 200-rn-long emplacement room (cf. Figure 8) along
the vertical line lying in the symmetry plane of the room 10 m from the
source towards the centre of the room (x = 0, y = —80 m). Pore-water
concentration C is represented by clashed lines and the bulk concentration
KC by solid lines. The source was located at x = 0 m, y = —90 m,
z = —2.667 m. Vertical dotted lines indicate the horizontal boundaries
between the host rock, buffer and backfill, and the values of K for each
region are given near the top of the figure.
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FIGURE 12: Time dependence of the amount of iodine in different parts of the model
for three different lengths L of the emplacement room. All other
dimensions are as specified in Figure 8. The source was located at
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FIGURE 13: Interstitial (linear) groundwater velocity field on four different horizontal planes. Half of the model is shown: solid
line represents the outline of one half of the emplacement room (the lower box representing buffer and the upper
one backfill) and dashed line the intersection of the emplacement room with its vertical plane of symmetry. Room
extends from y = —100 to 100 m. Hydraulic head h was kept constant on the outer boundary planes at
y = —200 m and y = 200 m, and g > 0.



= -4m
z = -9m

. . . - ~ k , . .
r

• i i

„ ! - . . _

1

-

-
î t i i

0

5
10

15

20 X

25

30

35

-200 -150 -100 -50 0 50 100 150 200

y

• / *

/ 1
I I

/ / '
/ / '

H \
* \
» \
» \ \
» X \

V

5
10
15

20 X

25

30

35

-200 -150 -100 -50 0 50 100 150 200

y

z = 2.5 m z = 6.5 m
CO

o

- — - •

- — - ,

- — - ,

- - - - ,

,

'1

f

' \ 1
i 1
' '

1 1

1-

1
;
3

—

t » -

1 ' -

• . -

. - •

• " "

1

» I

* \

. -
- >

-1

I
\

»

| ^

v "
V - - - - -

v
\ V -

\ v - .

_

-
1 1

0
5
10
15

20 X

25

30

35

-200 -150 -100 -50 0

y

50 100 150 200

- • » . . . s

/ ' - «

I i
> \

« \

\

\ \

0

5

10

15

20 X

25

30

35

-200 -150 -100 -50 0

y

50 100 150 200

FIGURE 14: The top view of the velocity field of Figure 13
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FIGURE 16: The amounts of iodine in the presence of groundwater flow of Figures 13
and 14 for external hydraulic gradient g within the limits usually observed
in the Canadian Shield. L = 200 m and there is 35 m of rock above,
below and on the sides of the room and 100 m at both ends. All other
dimensions as specified in Figure 8. The source was located at x = 0 m,
y = —90 m, z = —2.667 m. Dashed line represents the decay curve of 129I
released at t = 0. + denotes the integral of KC over the buffer, • over the
backfill, and x (connected by thick solid line) the difference between the
decay curve and the amount of 129I in the room (buffer plus backfill), i.e.,
all the iodine contained everywhere in the rock, /rocki including outside of
the auxiliary model boundary where it was carried by advection.
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FIGURE 17: The amount of iodine in different regions of the model in the presence of
groundwater flow of Figures 13 and 14 for external hydraulic gradient g
exceeding by up to a factor of 100 the values usually observed in the
Canadian Shield. Everything else is the same as in Figure 16.
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