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A nuclide transfer by utilizing mass transfer coefficient and barrier response function defined for
each barrier is proposed, by which the final nuclide transfer rate into the sea water can be evaluat-
ed. When simple and immediate quantification of the nuclide release is necessary in the conserva-
tive aspect, using this kind of approach may be advantageous since each layered barrier can be
treated separately from other media in series in the repository system, making it possible to apply
separate solutions in succession to other various media. Although one disadvantage is that while
flux continuity can be maintained at the interface by using the exit nuclide flux from the first me-
dium as the source flux for the next one, there may be no guarantee for concentration continuity,
this problem could be eliminated assuming that there is no boundary resistance to mass transfer
across the interface. Mass transfer coefficient can be determined by the assumption that the nuclide
concentration gradient at the interface between adjacent barriers remains constant and barrier re-
sponse function is obtained from an analytical expression for nuclide flow rate out of each barrier in
response to a unit impulse into the barrier multiplied by mass transfer coefficient. Total time-depen-
dent nuclide transfer rate from the barrier can then be obtained by convoluting the response func-
tion for the barrier with a previously calculated set of time-varying input of nuclide flow rate for the
previous barrier.
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1. Introduction

In this paper, as a final disposal option, the case in
which radioactive wastes are disposed of in an exca-
vated tunnel under the seabed around the island is
dealt with. Very typically in such an island disposal,
nuclide release scenario could be identified, i.e., the
final destination of the nuclide is likely to be the sea
water, not directly human residence in the island es-
pecially when the repository is assumed to be located
as described in Fig. 1, in which a freshwater zone cal-
led Ghyben-Herzberg lens normally resting on saline
water originated from sea water. In an island aquifer,
recharge is predominantly due to vertical inflow,
whereas in a coastal aquifer, it is due to lateral in-
flow. [1] In such environment wherever the repository
is located under the seabed around the island, nu-
clide released from the repository can hardly move
directly into the human environment on the island.

Usually the release rate of nuclide from the reposi-
tory through the various bariers can be simply de-
saibed by diffusion and/or advection-dispersion
equations for the system by transforming the depen-
dent variable from nuclide concentration into the rate
of nuclide transport by applying the flux operator to
the equations. [2]

An alternative approach could be proposed: For
the barrier system where the initial nuclide concen-
tration in the whole system is taken as none and the
source boundary condition is determined considering
the release type of the source term or exit boundary
condition of the previous barrier assuming that the
nuclide release is proportional to the concentration
at each interface between two medium layers, nuclide
transfer between barriers can be evaluated. In such
case mass transfer coefficient corresponds to the

proportionality factor for nuclide transfer through the
interface, representing the resistance to nuclide trans-
fer across the interface.

In this context a simple nuclide transfer model by
utilizing mass transfer coefficient and barrier response
function identified for each barrier can be described,
by which the final nuclide relase rate into the sea wat
er can be evaluated.{3-6]

Mass transfer coefficient is determined by as-
suming that the nuclide concentration gradient at the
interface between adjacent barriers remains constant,
which means the steady state condition. However, at
shorter time immediately after the closure of the re-
pository when mass transfer coefficient would be lar-
ger, this assumption would be violating.

If simple and immediate quantification of the nu-
clide release in the aspect of conservative assessment
is needed, then using this kind of approach may be
advantageous since each layered medium can be
treated separately. In other words, this approach mak-
es it possible to apply the solution in succession to
each media of various types. One distinct disadvan-
tage is that while flux continuity can be maintained at
the interface by using the exit nuclide flux from the
first medium as the source flux for the next one, con-
centration continuity cannot be maintained. However
this problem is eliminated by assuming that there is
no boundary resistance to mass transfer across the
interface.

2. Repository Barrier System

In the present study, reference disposal tunnel
shown in Figs. 1 and 2 is assumed to be located at a
shallow depth of less than a few tens of meters
under the sea level providing relatively short travel
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distance of nuclide to the biosphere. The waste con-
tainers are surrounded by concrete wall and all other
excavated space is then backfilled by compacted ben-
tonite clay.

In such repository system there may be various bar-
riers in series that will prevent or retard nuclide re-
lease. Before starting to release, first of all, a nuclide
must come in contact with groundwater and dissolve
after which it penetrates the barriers and eventually
reaches the sea bottom.

Two more natural barriers are also considered:
(hydraulic conductivity of the order of 107 m/s; ef-
fective diffusivity of ~3x10-1! m?/s assumed) and
bentonite clay layer (hydraulic conductivity of the or-
der of 107~10"° m/s;effective diffusivity of
~10""“m?/s assumed) backfilled between concrete
wall and tunnel wall are identified in this study as
principal diffusive media.

Two more natural barriers are also considered :
host rock (hydraulic conductivity of 10 ®m/s assum-
ed) and sediments, thickness of which is at least 5 m.
(7]

In case the repository is located under the sea
bed, the predominant flow direction of groundwater
around the repository is considered to be upward
perpendicular to the repository plane as mentioned.
Therefore, considering idealized uniform flow of
groundwater the effective geometric cross sectional
area through which groundwater flow and nuclide
transfer can take place is considered as the reposi-
tory area.

Once a nuclide is released from radioactive waste,
it continues to move through the barrers by dif-
fusion, followed by successive transport through the
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Fig. 1. Conceptual Repository System under the
Seabed around an Island.

fractured channel of the host rock surrounding the
repository. In the rock medium, transport may take
place both by advection and dispersion along the
flow path as well as molecular diffusion into the rock
matrix as considered in models by Neretnieks[8] or
Tang et al.[9] In this study, in the sense of conserva-
tism, we consider the special case that a considerably
wide band of the imaginary fracture zone—where a
bundle of fractures exist—exists intersecting the re-
pository tunnel so that groundwater flow and nuclide

transport can be exclusively taken place through it.
In the present study, various barriers are modeled

as a series of finite multilayered system as illustrated
schematically in Fig. 3. Thus, if the nuclide transfer
through the barrier system is considered to be a lin-
ear process having each impulse response hft), then,

using convolution integral, one can find that the re-
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Fig. 2. Various Barriers and Groundwater Flow Perpen-
dicular to the Repository Tunnel.
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Fig. 3. A Series of Finite Barriers Schematically
Described for Nuclide Transfer Modeling.
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sponse of the system milt), i.e, outlet nuclide relase
rate to the input flow rate r{t) is as follows:

me)= fo'r(t)h(:-t)dt (1)

where mit), denotes nuclide flux or nuclide relase
rate per unit area, expressed as m(r)=(—0%+v)c-

3. Mass Transfer Coefficients and Barmrier Re-
sponse Function

As discussed in the introduction, the mass transfer
coefficient is derived based upon the assumption that
mass transfer across the interface of adjacent barriers
is controlled by diffusion and/or by advection. The
boundary condition assumed at the interface between
bariers is that the nuclide flow out of the barier is
proportional to the concentration at the barrier boun-
dary, which vields mass transfer rate as

oC _
A[—DELJ + vC] = KCA @)

where

A=contacting area through which nuclide transfer
takes place (m?)

D=effective diffusion coefficient (m®/year)

C =nuclide concentration (Ci/m?)

d =thickness of barrier (m)

v =pore velocity (m/year)

K =barrier mass transfer coefficient (m/year).

The nuclide release rate m(t) per unit area per
unit impulse response of nuclide from a barier is ac-
cordingly given by

m(t) = KC(d,t) 3)

where C(d, t} denotes the concentration at the inter-
face due to the unit impulse input into the system
(Ci/m?).

An analytical expression for nuclide release rate
out of each barrier, in response to a unit impulse
into the barrier is called a response function, which
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is again the nuclide mass transfer rate that correspon-
ds to an impulse source nuclide at the barrier inlet.
Then total time-dependent nuclide relase rate from
the bamier can be obtained by conwoluting the re-
sponse function for the barrier with the previously
calculated set of time-varying input of nuclide relase
rate from the previous barrier.

To simplify the model, it is assumed that the
groundwater flow camying the nuclide takes place
through the confined area of two media interface in
the one-dimensional x direction.

The equation governing nuclide transport in the
media such as concrete, backfill, and sediment is rep-
resented by the following Eq.{(4) and the steady state
solution in case 4—0, subject to the boundary con-
ditions of Eq.(5) is represented by Eq.(6) :

oc_Dpc_ C (4)
ot R axz
C(O) = Co (53)
Cx)=0 x=d (5b)
cx)=C (1 - —Z—) )

If the barrier of waste container is not considered,
then from Eq.(2), the mass transfer coefficient Ko be-
tween the waste and concrete barrier is obtained as

Eq.(7) De

T dcRe

Ko (7)

where

D¢ =diffusion coefficient in the concrete (m?/year)
dc =thickness of the concrete barrier (m)

R =retardation coefficient of the concrete barrier.

Since the transport mechanism in the porous me-
dia such as concrete and sediment is considered to
be mainly diffusion, the concentration at x=d is de-
termined by solving Eq.(4) with appropriate side con-
ditions prescribed by following Eqs.(8) and (10).
However, since we consider the solution for semi-in-
finite medium in the positive x direction, the solution
is finally obtained by superposition after considering
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the reflection of solution in the negative x direction.
[10] Thus, by multiplying mass transfer coefficient,
the response function for the impulse source can be
obtained as Eq.(11). Response function is either in
the form of nuclide concentration or in the form of
nuclide flux as expressed in Eq.(11). The total
amount of material associated with a delta-function
in nuclide concentration is obtained by integrating
over the spatial coordinate as expressed in Eq.(9);
the total amount of material associated with a
delta-function in nuclide flux is obtained by integrat-
ing over the time variable. In both cases, anyway, the
delta-function represents an impulse of unit amount
of nuclide.

C(0)=52) ®)
which means

I Cl)de=1 9)

Cx,)=0 |-»>w (10)

hd,t)=

P
where h(d, t) represents the barrier response function
for different barriers (1/year).

In the meanwhile, in order to obtain steady state
concentration for the backfill medium, facing rock
mass, two dimensional approach is adopted with
varying outlet boundary condition as done by, among
others, Neretnieks.[11] (see Fig. 3.) The steady state
governing equation as A—0 and boundary conditions
are expressed as Eqgs. (12) and (13), respectively :

2 2
B_CZA+QC_‘2£= (12)
ox oy
Cz(0,y)=C3 (13a)

(13b)

ﬁil =ﬂi{ o
@’ y=0 ay y=L

NR
dCy £
—-{ =f(y)=

ay x=dc+dp

AgDy ,0<y<B (13¢)
0,B<y<lL

where
C3=Cc(dc), considered to be nearly constant over
the concrete interface

Cs=steady state nuclide concentration in the back-
fill barrier

N =nuclide relase rate from the backfill over the
fractured zone (Ci/year).

The solution is found in the literature : [12]

Cplx.y) _ 1- NRg

X
c3 ApDpCh

sinh("—"—x)

X £x+j 2L cos(ﬂy)sin(ﬂB) L =
L" " & (an)? L L ( )

nw
hf —d
cosh| ~~d g
NR! >
ArDgCp

=1-

Fxy) (14)

where the sum is denoted by Flx, y).
Since at the backfill-fracture interface, by letting
dc=0 for simplicity, Cs(x, y) =Cslds, y), Eq.(14) is
rewritten as
NRg _ 0
ADg{Ch — Cpldy.y)} Flds.y)’

<)
which shows how much of the diffusing nuclides is
transferred through the fractured zone.

If the flow velocity in the fracture is known, N
can be obtained by considering the diffusion in the
groundwater passing through the backfill- groundwa-
ter interface. [11] Since x~0 when x—>0, the result
is expressed as

N = 4p{Cp(dp.y) - Cp(x > ,y)}Kp
= ARCB(dB,()(y(B)KB (16)

Accordingly, Cslds, y), can be eliminated with Eqgs.
(15) and (16). Then, Eq.(14) is explicitly expressed
as follows :

N = 453
1

R
F(ds’y)Fi+K_E (17)
In order to determine the only unknown variable
K5 appeared in Eq.(17), the nuclide transfer through
the backfill into the fractured rock medium is to be
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considered. In the fractured medium in the very vic-
inity of the fracture interface, diffusion is dominant
mechanism in x direction, whereas advection is large
compared to diffusion in the z direction. When the
concentration is kept constant at the backfill bound-
ary, the following governing equation and boundary
conditions are considered to be valid:

D, 9’°Cy _ vq 9C,

R, o R, oz (18)
Cr(x»=)=0 (19a)
Cr(@inlet) = Cy(d,,y) (19b)
Co(z=0)=0 (19¢)

where
Dr=dispersion coefficient in the fracture (m?/year)
v'r=groundwater welocity in the z direction in the
transfer zone of fracture (m/vear).
Therefore, according to Fick’s s law, the flow across

the boundary can be evaluated by averaging the dif-
fusive flux evaluated at the interface over the bound-

ary of the transfer zone, and by multiplying the effec-
tive contacting area, as follows:
4D,y

1 pw aC, _
Ap ;fo DR‘GJTL,, ]dz = 4;C;(d;.7) ™ 90)

With continuity of concentration and Eq.(2), the
mass transfer coefficient for the rock medium is
obtained:

K, = }4D_v
wr

In the meanwhile, Flds, y) in Eq.(17) is expressed
as

~ 1
Fldy.y)=Fldp0<y<B)==], " dyF(dy.y)

_dy 1@ 2, (nn nm
_TB+EE—(mz)’ sin (—L—B)tanh(—L—dB)

a=l

(21)

(22)

which is averaged for the width of fracture zone inter-

facing with backfill region.

Since mass transfer coefficient for the concrete bar-

rier and the backfill boundary, Kc is finally expressed
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by
Dy 8Cy

T Ccldc)Rp ox | xdc
O<y<l

then, from Eq.(14), one can obtain the mass transfer

Ke= (23)

coefficient for the concrete as

(24)

— 1 pB
where F=-§fo F(d.,y)dy

The fractured rock medium is regarded as the bun-
dle of fractures, each of which is modeled as rep-
resentative or equivalent fracture existing in the rock
matrix in the same way considered in the literature:
[89, 13] i, the governing equations and the ap-
propriate side conditions are

p Dy ¥Cy v 3Gk e +M¢£{ (25)
R

ot Ry ox’ R, ox bR, oy |,
a_;ﬂ - i—:iy—?- AC, (26)
Cal0)=,=8(1) or Ca(x0)=5(x) (272)
Cr(x,0)=0 (27b)
lim Cy(x.1) = 0 (27¢)
Calnt) = C, (xb.1) 27d)
Cp(x,,1)=0 (27e)
Cplx,y,0)=0 (271)

where

Cr=nuclide concentration in the fracture (Ci/m?)

Cr=nuclide concentration in the rock matrix (Ci/m®)

De=pore diffusion coefficient in the rock matrix
(m?/year)

¢@r =porosity of the rock matrix

2b =representative fracture width (m)

ve =groundwater velocity in the fracture (m/year)

Rr=retardation coefficient on the fracture surface

Re=retardation coefficient in the rock matrix.
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A solution subject to side conditions is found in
the literature.[14-15] Therefore, for the rock me-
dium, the response function is obtained from the fol-
lowing Eq.(28) at the outlet boundary of the rock
medium by multiplying mass transfer coefficient.

Cp(x,t)=— s
? f° 8J(t—4RB§/DB)§

A (28)

16 D} 4(t—4Rgt/ Dg) 2Dp
where
G=4¢P‘JRPDP

(Dgb)
which represents the nuclide concentration due to
the impulse nuclide input.

Meanwhile, there may be two processes associated
with the nuclide transfer between the sediment and
sea water: sedimentation from sea water down to the
sediment and direct transfer from the sediment into
the sea water. Therefore a balance equation between

the two barriers can be set as[16]
dCZ(’) A Colt) =2y Cop (1) + T2 ( ) o)
d_C;t(_’) = MyC (1) = 24 Cs () (30)
A = d’:zd (31a)
Ay -%+x+ “"Sk‘ + f: (31b)
A= %+% (31c)
/14=,1+%“7“+Tfj; (31d)

where

Cw = nuclide concentration in the sea water (Ci/m®)

Cs=nuclide concentration in the sediment layer
(Ci/m?)

V=wolume of sea water block (m°)

WIt) = activity inflow rate into the sea water (Ci/year)

g =groundwater outflow rate into the sediment
(m3/year)

Ks=mass transfer coefficient for the sediment
(m/year)

ds =thickness of the sediment (m)

ka =sorption coefficient in the sediment (m*/g)

v,,, =sedimentation velocity (m/year)

dw=depth of the sea water (m).

To determine the mass transfer coefficient Ks for
the sediment barrier, the similar disscusion as the
case of Kz can be adopted: In the sea water dif-
fusion in the x direction and advection in the y direc-
tion is assumed to be predominant mechanism for
nuclide transport, respectively. Therefore, on the anal-
ogy of Eq.{21), Ks is expressed as Eq.(32) :

Yy
N (32)

where
Dw = diffusion coefficient in the sea water (m?/year)
vg, =sea water velocity in y direction {m/year).

The solution for the case of instantaneous unit in-

put into the sea water can be obtained as

Cy' (1) = ){(M +o)e™ — (A +‘°2)ewzt}
(33)

where

o = %{—(xz +x4):\/(x2 +2g)" —4(Ag2, —Mls)}

V(“)x —

Thus, for a continuous nuclide flow of Cs(ds, t)Ks
from the sediment into the sea water, the nuclide
concentration in the sea water at time t can be foun-
d by conwolution of input flow rate with the impulse
response expressed as Eq.(33}, i.e,

Cw([ f C I—T CS ds, )st’f (34)

4. Discrete Impulse Response Algorithm

To evaluate convolution integral such as Eqgs.(1)
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and (34) a numerical algorithm can be considered.
Let s consider Eq.(1) as an illustration: For a linear
system which has an impulse response hit), the re-
sponse of the system milt) to the input rlt) is rewrit-
ten ‘equivalently as

mi)= [ s - e)ee

Since the input r{t} does not have the functional
form it will be convenient to convert the above inte-

(35)

gral into a summation form. To this end the input
flux r{t) is approximated by a discrete but piecewise
constant function as follows:

)= Drdls—i)-s-iT-1} (36

where T is a discrete time interval T and u(T) den-
otes the Heaviside step function.

By introducing Eq.{36) into Eq.(35) and evaluat-
ing at time kT we can get the output flux m(kT) as
follows :
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Fig. 4. Nuclide Relase Rates from the Concrete Barrier
at the Backfill Boundary for Varying Discrete
Time Step as a Function of Time.

5. Numerical Illustration

An illustrative result is shown in Fig. 5 as a func-
tion of time for an arbitrary nuclide.

Nuclide release rates per unit area from each bar-
rier normalized to the concentration in the radioac-
five waste container are plotted. The assumed par-

m(kT)= f dh(kT - 1)2 r{u(r— jT)—u(t— jT—T)} = ameter values used in the calculation are chosen

Jj=0

=irjjj;ﬂ)rh(k7'—‘t)1‘t i

J=0 j=°

In order to investigate the sensitivity to the size of
the discrete time increment T, for several values of
the T, the flux from concrete barrier at the backfill
interface is calculated using above Eq.(37) by decreas-
ing T. A calculated result from a numerical exper-
iment is shown in Fig. 4, where the difference be-
tween the two results become larger as the discrete
time gets larger as expected. Since when T<0.1, two
results are almost coincide with each other, discrete
time of 0.1 years is adopted for the whole calcula-
tions.

For the evaluation of numerical evaluation, DEC-
ADRE routine, which uses cautious adaptive Rom-
berg extrapolation in IMSL numerical package is
used.[17]

from literature and given as follows :

Pure diffusion coefficient in water, D' {m?/year)
=5x10°

Tunnel length, L {m) =

Tunnel width, w (m) =2

Fracture zone width, B (m) =1.0

Fracture half width, b (m)=0.001

Concrete barrier thickness, dc (m)=0.6

Backfill barrier thickness, ds (m)=09

Rock medium thickness, dz (m) =

Sediment thickness, ds (m) =5.0

Sea water depth overlying repository, dw (m)
=50.0

Retardation in concrete barrier, Re =1.0

Retardation in backfill barrier, RB=1.0 (100.0)

Retardation in sediment, Rs=1.0 (10.0)

Retardation in fracture, R,=1.0

Retardation in rock matrix, R»=1.0 (10.0)

100
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Diffusion coefficient in backfill barrier,
(m?/year) =8 %1072

Diffusion coefficient in porous rock matrix, Dr-
{m?/year) =5x 1073
Diffusion coefficient
(m?/year) =4x 1073
Diffusion coefficient in sediment,

Ds (m?/year)=8x10"?

Diffusion coefficient in sea water,
Dw (m?/year) =5x1072

Groundwater velocity in fracture, vz (m/year) =5.0
Groundwater velocity in y direction in fracture, v’z
(m/year) =5.0

" Sea water velocity ¥w (m/year) =
Sedimentation velocity, V; (m/year} =1.0
Decay constant, 4 (year ') =0.023 -
Porosity of rock matrix, #,=2x107%.

in concrete bamier, Dc:

Since these values were selected from various lit-
erature as typical values, all numeric values were not
examined seriously for their validity. In the figure two
cases are plotted ; i.e., when no retardation is con-
sidered for all barriers (solid lines) and when assum-
ed retardation coefficient (dashed lines) is applied for
each barrier. For the cases where retardation is con-
sidered; the backfill barrier, the rock matrix, and the
sediment layer, 100, 10, and 10 of retardation coef-
ficients, were used, respectively. For the fracture and
the concrete bamier, no retardation was assumed.
The figure also shows that the nuclide transfer occurs
very fast through the backfill barrier. This is probably
due to comparatively higher mass transfer coefficient
at the fracture boundary, where nuclide released
from the backfill is swept away by passing water in
the fracture.

The nuclide concentration in the block of sea wat-

er on the upper part of the repository is plotted tog-

ether in normalized nuclide activity for illustrative pur-

pose (curve 5 in the figure).

Meanwhile, for the evaluation of the summation in
Eq.(14), which converges slowly for small fracture
width 2b, summation over a finite value of N was

o]
Py

| / / ”\
/ / \

1: Flux from Concrote
2: Fiux from Bacst

3: Fiux from Rock / -
4: Flux tfom Sediment 4 7

5: Concentration (Narmakzed activayim®) I s

SIFEILERzs

Sokd ine: no relardation considered /
Dashec line: retardations in barrier: consiered /

Normalized flux, Activity/m2-year

B R Y T T I ELIEE)

t 10 ¢ 100 1000

Fig. 5. Nuclide Relase Rates from Various Barriers in
Series as a Function of Time. The Curve 5 Rep-
resents Nuclide Concentration in sea Water Due
to Nuclide Flow from the Sediment Layer.

made until a desired error bound {1/n?<¢) is attain-
ed, as the same way done by Lee et al.[12]

The numerical integral in Eq.(28) was evaluated by
using QGAUS of Numerical Recipe routine. [18]

6. Summary

A simple nuclide transfer model by utilizing mass
transfer coefficient and barrier response function de-
fined for each barrier was proposed, by which the fi-
nal nuclide relase rate into sea water can be evaluat-
ed.

Mass transfer coefficient was determined by mak-
ing use of the assumption that the nuclide concen-
tration gradient at the interface between adjacent bar-
riers rerndins constant, which means the steady state
condition anticipated long time after repository clos-
ure.

When simple and immediate quantification of the
nuclide release is necessary in the conservative as-
pect, this kind of approach may be advantageous.
This approach can treat each layered mediurh from
other media in the repository system, making it pos-
sible to apply separate solutions in succession to other
various media. Although one distinct disadvantage is
that there may be no guarantee for concentration
continuity while flux continuity can be maintained at
the interface by using the exit nuclide flux from the
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first medium as the source flux for the next one, this
problem could be eliminated by assuming that- there
is no boundary resistance to mass transfer across the
interface.

In order to obtain barrier response function, an
analytical expression for nuclide relase rate out of
each barrier, in response to a unit impulse into the
barrier was multiplied by mass transfer coefficient.

Thus, total time-dependent nuclide release rate
from a barrier was obtained by conwoluting the re-
sponse function for the barrier with a previously cal-
culated set of time-varying input of nuclide release
rate from the previous barrier.

To simplify the model, for all media except the
fractured rock medium it is assumed that groundwat-
er flow carrying a nuclide takes place through the
confined area contacted by two media in the perpen-
dicular x direction.

The present approach can be used for a prelimi-
nary performance assessment of a repository located
in the seabed. The calculation results from the model
can be utilized as an input to marine model such as
MARINRAD.
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