
SKI Technical Report 91:13

CRYSTAL:
A Model of a Fractured Rock
Geosphere for Performance
Assessment within SKI Project-90

K. Worgan and P. Robinson

February 1992

SKi
STATENS KARNKRAFTINSPEKTION

SWEDISH NUCttAI? POWER INSPECTORATE



CRYSTAL:
A Model of a Fractured Rock Geosphere for Performance Assessment
within SKI Project-90

K. Worgan - P. Robinson

SKI TR 91:13

Intera Information Technologies
Chiltem House
45 Station Road
Henley-on-Thames
Oxfordshire
RG9 1AT

February 1992

This report concerns a study which has been conducted for the Swedish
Nuclear Power Inspectorate (SKI). The conclusions and viewpoints presented
in the report are those of the author(s) and do not necessarily coincide with
those of the SKI. The results will be used in the formulation of the
Inspectorate's policy, but the views expressed in the report do not necessarily
represent this policy.



r
CRYSTAL:

A Model of a Fractured

Rock Geosphere for

Performance Assessment

within SKI Project-90

Summary

A one-dimensional model of a fractured rock geosphere (CRYSTAL) has
been developed, which forms part of the toolkit for the Swedish Nu-
clear Power Inspectorate's reference repository performance assessment
programme (Project-90). CRYSTAL predicts the transport of arbitrary-
length decay chains by advection, diffusion and surface sorption in the
fractures and sideways diffusion into the rock matrix. The model equa-
tions are solved in Laplace transform space, and inverted numerically to
the time domain. This approach avoids time-stepping and consequently is
numerically very efficient. The interface of CRYSTAL with the time-series
output from a near-field model, such as CALIBRE, is achieved using the
method of convolution. The response of the geosphere to delta-function
inputs from each nuclide is combined with the time series outputs from
the near-field, to obtain the nuclide flux emerging from the far-field. The
method is sufficiently flexible to allow for any general time-series input
from CALIBRE or any other near-field model.

Although CRYSTAL was developed to handle one-dimensional transport
in a fractured rock, the equations solved are sufficiently general for it to
be used in other applications, e.g. in a porous system.
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1 Introduction

The Project-90 performance assessment strategy involves the investigation
of the repository performance with respect to conceptual and parameter
uncertainties, scenarios and decision variables. A variety of mathematical
models provide the main tools for the investigation. For the geosphere
component of the repository concept in particular, a variety of alternative
models have been used to calculate flow and radionuclide transport, in-
cluding 1. 2 and 3-D models of fractured and porous media, and a fracture
network model. The purpose of this document is to describe the technical
specification of the 1-D geosphere transport model, its interface with the
CALIBRE near-field model and the verification tests performed.

The transport model is for a fractured geosphere and includes advection
and longitudinal dispersion (or diffusion) in the fracture, sideways diffusion
into the rock matrix, and linear equilibrium sorption in the matrix and
on the fracture walls. The model equations are solved in the Laplace
transform domain: inversion back to the time domain is achieved using a
numerical method proposed by Talbot [1]. This algorithm has proved to
be highly accurate and efficient, for related problems [2.3].

Models for one-dimensional transport in fractured rock have been given
by Hodgkinson and Maul [4] and by Hodgkinson, Lever and England [5].
The former deals with decay chains, while the latter includes kinetic sorp-
tion and general boundary conditions. The model described here includes
decay chains and general boundary conditions, with no kinetic sorption.

The conceptual model for transport through fractured rock is described
in section 2. This is formulated as a mathematical model and the solution
in the Laplace domain is developed in section 3. The inversion algorithm
employed to obtain the solution in the time domain is described in section
4. The data requirements of the model are set out in section 5. The
method of convolution of output from the near-field with the geosphere
response term is used to obtain the output from the geosphere. This is
described in section 6.

Verification was performed in two stages. A "stand-alone" model was
first verified by including a standard decaying band release source term
as input to the geosphere model. Verification tests were selected from the
INTRACOIN nuclide transport code intercomparison study [6,7]. The
tests were then repeated using the interfaced geosphere model, with input
from the source term supplied in time series form. A selection of the
verification tests and results are described in the final section.
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Conceptual Model

The conceptual model is based on the idea of a set of parallel planar
fractures (although allowance is made for channelling in the fracture planes
by restricting the contact area between the fractures and surrounding
rock). The model may alternatively be viewed as a one-dimensional dual
porosity equivalent porous medium, i.e. the model validity is not restricted
to planar parallel fractures. Groundwater is assumed to flow only through
the fractures, at a constant velocity. Radionuclides may be dissolved in
the groundwater and will be subject to a number of physical and chemical
processes as they pass through the fracture system. These processes are
discussed briefly below. A fuller discussion is given by Lever, Bradbury
and Hemmingway [8].

Radionuclide decay and ingrowth occurs throughout the system. Advec-
tion carries dissolved radionuclides through the fractures at the pore-water
velocity. The velocity specified represents the average for an open frac-
ture where it is assumed that diffusion equalises the concentration across
the aperture. Longitudinal dispersion and/or diffusion spreads the ra-
dionuclides out along the direction of flow. Transverse dispersion is not
considered since it is envisaged that the total output from the geosphere
is required with details of spatial distribution being unimportant (e.g all
discharge occurs to a lake or to a well). Linear equilibrium sorption re-
tards the movement of radionuclides through the fracture. Diffusion into
the rock matrix takes place perpendicular to the fracture walls. Linear
equilibrium sorption is assumed within the rock matrix and diffusion can
occur up to a symmetry boundary half-way to the next fracture, or to a
predetermined finite diffusion distance for limited matrix diffusion.

The basic unknown in the system is the concentration of each nuclide
(moles/m3) in the pore water at all times. The input and output boundary
conditions allow the specification of the concentration or gradient of this
concentration. For this particular application, the flux input boundary
condition is used.

It is worth noting that the mathematical model derived in the next section
is valid over a wide range of conceptual models with different interpreta-
tions of the parameters, e.g a standard one-dimensional porous medium
model leads to the same equations without the matrix diffusion terms.
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3.1

Mathematical Model

Model equations in th2 time domain

The governing equation is that for radionuclide transport in the fracture

dCn dCn

9 dw u,=0

(1)

where the subscript n denotes the n-th radionuclide in a chain.

C(x.t)

R is the retardation due to linear equilibrium sorption on the
fracture walls [dimensionless]
is the concentration of radionuclide in the fracture pore
water [moles/m3]
is the time [years]
is the velocity of water in the fracture [m/year]
Note: u = g/8, where 7 is Darcy velocity
is the distance along the fracture [m]
is the longitudinal dispersion or diffusion coefficient [m2/year]
is the matrix diffusivity [m2/year]
is the matrix porosity
is the iock mass porosity (i.e the porosity of the fracture system)

a is the specific wet area per volume of rock mass [m"1]
Cm(x,u-,r) is the concentration of radionuclide in the static rock-

matrix pore water [moles/m3]
w is the distance perpendicular to the fracture [m]
A is the radioactive decay constant [per year]

x
D
Dm

em
9



The retardation R* of nuclide n is defined by

= \+pmKn(l-0m)a6/0 (2)

where

An
is the density of the rock matrix [kg/m3]
is the distribution coefficient for nuclide n [m3/kg]
is the effective depth of surface sorption [m]

In addition there is the equation for the rock matrix:

(3)

where i ?" is the retardation for the rock matrix [dimensionless] and is
given by:

(4)

The definitions for Rn and i?JJ* given above are those used in Project-90
but alternative definitions are possible. The equations are supplemented
bv initial and boundary conditions. Initially

CB(x,0) = 0.
C?(x,w,0) = 0.

At the inlet

while the downstream boundary condition is

-d2^
n] =0,
OX J r = I

(5)

(7)

(8)

where Ci .c^.dx and <f2 are arbitrary constants and can be chosen to control
concentrations or fluxes. L may be infinite if desired. The area A is the
area of open fractures at the ends of the column considered. It will cancel
from the solution and need not concern us.

The other conditions needed are at the fracture wall

(9)



and in the rock matrix, at the limit of diffusion

ilO)
• • = » >

where p is half the distance between fractures, or less if there is some
physical constraint on the diffusion distance.

The required result is given by

( I D

where Ci and e2 are further arbitrary constants so that flux or concentra-
tion can be monitored, and I < L.

3.2 Model equations in the Laplace domain

The above equations can be transformed into the Laplace domain to elim-
inate the time derivative and introduce the complex Laplace variable 5.
The Laplace transform is denoted by a superior bar. The transformed
equations are

dCn

d2C
—

dC?

using the initial conditions, equations (5) and (6).

The transformed boundary conditions are

and

acp
dw

The output required is given by

= 0.

dC

w=0

(12)

(13)

(14)

(15)

(16)

(17)

(18)



3.3 Solution in the Laplace domain

The first step in solving the equations is to express the solution in the
rock matrix as a linear combination of the basic fracture solution. To this
end we write

(19)
k=l

where yn* are independent of x. Substituting into (13) and equating co-
efficients of Ck leads to

and

Also (16) and (17) imply that

dt/nk
= 0 (n > k).

ur=p

Taking (20). (22) and (23) we can immediately see that

cosh[<s>n(p - w)]

cosh[<pnp]

with

After some manipulation we obtain the full result

n

— V Fl

l=k

where

Tff(
l

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)



We are now in a position to substitute the expression for the the rock
matrix. (19). into (12). This gives

9nCn = -U-5-" + / > _
ax ox-

n - l

(28(28)

where

and

= [ Ä , ( 5 + A») + a^y-©Btanh[aBpl]. (29)

BmDm "

l=k

The solution of (28) can be written

where 6* and 6~ are the roots of the quadratic equation

gm(S)-ubm-Db2
m = 0.

that is

(30)

(31)

(32)

(33)

The I n m can be directly evaluated from a recurrence relation, with the
normalisation

Unr. = 1, (34)

and
n - l

— 9m)Lnm = (35)

The a^ are chosen to match the boundary conditions. The simplest way
of writing this again as a recurrence relation. We set

V'i = / / , (36)
n-l

V — 1l — V V V
'n — Jn / • ^nm'n

(37)
m = l

and then

-6+1) (dl+d7b-)exp(-b-L)

Finally ft can be calculated from (31) and (18)

) ( : ; ) - ( : •

m = I

(38)

• (39)



Inversion to the Time Domain.

The geosphere model produces its solution in the Laplace domain. A nu-
merical inversion scheme is employed to obtain results in the time domain,
which was developed originally by Talbot [1]. It performs the inversion by
using a trapezoidal numerical integration scheme along a specially chosen
contour in the complex plane.

The Laplace transform F(s) of a function F(t) is defined as:

F(s) = f°° F{t)t~stdt. (40)
Jo
f
o

To recover the function F(t) given the transform F(s), the Talbot algo-
rithm introduces four parameters, A, a, v and n. These can be adjusted
as necessary, to obtain a solution of the desired accuracy.

The basic Talbot algorithm for calculating F(t) is given by

A n ~ 1

F{t)*-Y,'Re hv + iPde^^FiXsk + a)] , (41)
nt=o *=**

where £ ' implies that the k = 0 term is given a weight of one half, and

sk = ak + ii>0k, (42)

0k = £ , (43)
ak = Okcot0k, (44)

fa = 0k + ~^—4 • (45)

In order to decide whether the approximation is sufficiently accurate, the
result from a full set of points (n) is compared with that using only half
that number. If these are similar (or both agree on a negligibly small
value) then the result is accepted. The following guidelines are used to
set the Talbot parameters. The parameter a is generally set to zero if the
singularities in the transform all lie in the left-hand side of the complex
plane as they do here. The number of points n is initially set to 32, but
may be increased by factors of 2 up to a practical maximum of 256. The
parameter v is generally set to 1 and A to 6/(t — t0), where <o is the time
origin of the calculation.

Once an appropriate contour has been found is can be reused for other
times, which is equivalent to using a larger value of A. The advantage

8



in using the same contour is that no recalculation of the transforms is
required, simply a new calculation of the exponential term in (41).



Data Requirements

The data required for CRYSTAL are summarised in Tables 5.1 and 5.2.

Table 5.1. Data requirements for CRYSTAL
Nuclide-independent parameters

Parameter

Specific wet area per
volume of rock mass
Constant in inlet
boundary condition

Constant in inlet
boundary condition
Constant in outlet
boundary condition
Constant in outlet
boundary condition
Rock matrix diffusivity

Longitudinal dispersion
in the fracture

Constant in output
flux expression
Constant in output
flux expression

Distance to point for
output calculation
Distance to far boundary

Maximum distance for
rock matrix diffusion

Water velocity in
fracture

Matrix porosity

Rock mass porosity

Symbol
a

C\

c2

<*i

d2

Dm

D

Cl

«2

/

L

P

u

e

Units

m/year*

m2/year*

m/year*

m2/year"

m2/year

m2/year

m/year*

m2/year*

m

m

m

m/year

-

-

Notes
a = 2/5 for plane parallel
fractures, S = fracture spacing

Irrelevant if DL = 0
or if L = oo

Irrelevant if DL = 0
or if L = oo
Dm = 0 for no matrix diffusion

If D = 0 only the inlet
boundary condition can be used

must have / < L unless D = 0
when any / is allowed

Can be infinite, indicated in the
code by negat've value.
Irrelevant if b = 0
p = 0 for no matrix diffusion

* The units of ci,c2,<fi,d2,ei and e2 depend on the type of boundary-
condition used. The units given are for flux boundary conditions, with
the flux being the total flux into the system. The units of ci,<fi,ei are
those of velocity and the units c2,d7,e-2 are those of diffusivity. The area
A cancels out of the solution and is not therefore a required parameter.

10
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Table 5.2. Data requirements for CRYSTAL

Nuclide-dependent parameters

Parameter
Retardation for
fracture walls

Retardation in the
rock matrix

Radioactive decay
constant

Symbol
R

Rm

A

Units
-

-

per year

Notes

Irrelevant if p = 0 or Dm = 0

11



The Interface with CALIBRE

The output from the CALIBRE near-field model takes the form of the
flux to the far-field, in units of Becquerels or moles per canister, per year.
These results cannot be input directly to the geosphere model, as the
latter is formulated in the Laplace domain.

At least two approaches to solving this problem are possible. The first
is the more direct approach of fitting functions to the CALIBRE output,
which are then transformed to Laplace space, for input to the geosphere
model. The disadvantage of this method is that the functions fitted to the
CALIBRE output must be analytic and piecewise continuous, so that their
Laplace transforms can be readily calculated. Information may therefore
be lost or distorted in the curve-fitting process. Also, if many pieces are
required, the efficiency of the algorithm deteriorates.

An alternative approach makes use of convolution theory. The output
from the geosphere is calculated as a response function to a delta function
input of unit strength. This result is transformed to the time domain,
using the Talbot inversion algorithm, over the range of times for which
the output is significantly different from zero. A method for determining
the approximate range of the response is required, to avoid unnecessary
computation.

The output from the combined near and far-field system may then be
obtained from the convolution of the source term output and the geosphere
response function. If g{t) and h(t) represent the CALIBRE output and
geosphere response functions, then the convoluted output g * h at time t
is given by:

f' g{r)h{t - r)dr. (46)
Jo

It was decided to develop the convolution approach, as it has the merit
of preserving the CALIBRE input, is computationally efficient and input
from CALIBRE and other applications can be used directly.

6.1 Estimation of the geosphere response time

The method of moments was used to estimate the time of occurrence of
the peak in the geosphere response curve for a given nuclide, assuming the
curve to have a Gaussian shape.

Given that the area under a normal curve is unity, the following relation-
ship holds for a distribution of height H, with a standard deviation of a

12



and time of occurrence of the peak (or mean time) T:

/ / /e"(—) dt = HaVfr (47)
Jo

The area under the curve may be obtained by evaluating the Laplace
transform F(s) of the function F(t) at 5 = 0. By definition

F(s) = I" FWe-^dt, (48)
Jo

so that

F(0) = f°°F(t)dt (49)
Jo

(50)

The mean time T is given by

(52)

where F'(s) denotes the first derivative of the Laplace transform function
with respect to s.

Similarly, the mean square time of the distribution is given by:

where F"(s) denotes the second derivative of the Laplace transform and
t2 is related to the standard deviation by the definition

a2 = t2 - T2. (55)

Approximations to T, H and a may therefore be calculated by evaluating
the Laplace transform of the function at s = 0 and estimating its first
and second derivatives at the same point, using finite difference approxi-
mations.

13



6.2 Convolution with the geosphere

The final output from the geosphere is obtained by convolution of the
source output and the geosphere response terms. The geosphere response
is calculated for delta function inputs from each nuclide in the chair..
Each input gives rise to a response function for itself and one for each of
its daughter nuclides.

The geosphere response functions calculated in the Laplace domain are
first inverted at each of the time-points required. The time-points cover
the range of interest obtained by estimation, as described above, including
the time required for the nuclide source terms output to arrive at the
geosphere inlet boundary.

The output from the geosphere at time t for nuclide j in response to input
from nuclide i, higher in the chain is given by the convolution:

(56)

where g, is the source input of nuclide i and hij is the geosphere response
of nuclide j to a delta-function input from nuclide i. The total output
Hj(t) from the geosphere for nuclide j at time t is obtained by summing
over all such possible outputs:

(57)

The convolution integral is performed numerically, using a simple trape-
zoidal scheme. To avoid interpolation, the time interval Atg, for evaluating
a geosphere response function is chosen to be an integer multiple of the
source term time interval, At,. Neglecting the details of the trapezoidal
scheme, the above integral at time-point tn is replaced by the summation

\ L

J=I 1=1

tsl+k

g,(mAta).Att, (58)

where N is the number of nuclides in the chain, L = tn/£tg and k =

14



Verification

Verification tests have been performed on the geosphere model, both in
stand-alone and interfaced form. In the stand-alone version, the geosphere
model was supplied with input from a simple source-term model, formu-
lated in Laplace transform space. Output from the geosphere was then
obtained directly, by inversion of the complete solution to the time do-
main. In the interfaced version, input from the source term was supplied
in the time domain, for convolution with the geosphere response functions.

The verification tests were taken from the INTRACOIN international nu-
clide transport code intercomparison study [6,7], as these tests are able to
verify the correct behaviour of the fracture transport, matrix diffusion and
i adionuclide decay components of the model. Four of the tests are reported
here, which exercise the above components of the code. The remaining
tests, performed to verify other aspects of the model, such as variation
of the inlet and outlet boundary conditions, are not reported here for the
sake of brevity, but were completed satisfactorily. The only difficulties
encountered were for cases of extreme parameter variation, such as input
of a source term with very sharp fronts. It is believed that these cases
are not of interest in Project-90, but they could be solved by appropriate
choices of the Talbot parameters.

7.1 INTRACOIN Level 3, Central Case and Variation 8

The central case is that of advection and dispersion of a single nuclide
(Np-237) from a waste canister to a nearby fracture zone, through a frac-
tured medium. The retardation takes the form of surface sorption on the
fracture walls. The inlet boundary condition is the flux from a decaying
band release source term and the exit boundary condition is that of zero
concentration. The exit boundary position is set equal to the path length
at which the output flux is calculated.

The parameter values are listed in table 7.1, together with their values for
variation 8. This variation includes matrix diffusion between the fracture
and adjacent rock matrix blocks.

The results for the central case are shown in figure 7.1, both for the stand-
alone and interfaced geosphere models. Both models are in excellent agree-
ment with the results of Hodgkinson, Lever and England [5], who also used
the Laplace transform method.

The results for variant 8 are shown in figure 7.2 for the stand-alone and

15



interfaced models. Excellent agreement is again obtained with the results
presented in [5]. The effects of matrix diffusion are clearly evident in the
reduced flux levels and delay in the arrival time of the peak, compared
with the central case results.

Ruc(xiE-7)

200 400 600 600 1000

Years (Thousands)
1200 1400

Convolution

Figure 7.1.INTRAC0IN Level 3, Central Case

3.5E-13
Flux

3.0E-13 -

2.5E-13 -

2.0E-13 -

1.5E-13-

1.0E-13 -

5.0E-14 -

O.OE+00
10 15 20

Years (x1E6)
25

Convolution

Figure 7.2. INTRACOIN Level 3, Variation 8

30
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Table 7.1 Parameter values for INTRACOIN Level 3, Central
Case and Variation 8

Parameter
Nuclide inventory[mols]

Nuclide half life [y]

Leach period [y]

Longitudinal dispersion
[ma/s]
Retardation for
fracture walls

Retardation in the
rock matrix
Water velocity in
fracture [m/y]
Rock matrix diffusivity [m2/s]

Matrix porosity
Rock mus porosity

Maximum distance for
matrix diffusion [m]

Specific wet area
K1!
Constant in inlet boundary
condition [m/y]
Constant in inlet boundary
condition [m2/y]
Constant in outlet boundary
condition [m/y]

Constant in outlet boundary
condition [m2/y]
Constant in output flux
expression [m/y]

Constant in output flux
expression [m2/y]
Distance to point for
output calculation [m]

Distance to far boundary[m]

Central Case
8.92

2.14E6
1E5

1.26E9

1.62E4

-

2

-

1

1E-4
-

1.2

2.0

40.0

1.0

0.0

2.0

40.0

100

100

Variation 8

8.92

2.14E6

1E5

1.26E9

1.62E4

2.7E6

2

9.92E3

0.005
1E-4

2.5

1.2

2.0

40.0

1.0

0.0

2.0

40.0

100

100

17



7.2 INTRACOIN Level 1, Cases 1 and 5

These two cases essentially test the same geosphere features as the level 3
cases, but for a 3-member nuclide chain. The flux at the inlet boundary
is supplied from a decaying band release source term. The outlet bound-
ary is positioned at infinity, where the concentration is set to zero. The
calculated output is the concentration in the flow at a travel distance of
500m. Case 1 includes advection, dispersion and sorption in the fracture
with no sideways matrix diffusion. Case 5 includes matrix diffusion, but
omits surface sorption on the fracture walls. The parameter values for the
two cases are listed in table 7.2.

The results for the two cases are shown in figures 7.3 and 7.4. There is
practically no difference between the stand-alone and interfaced geosphere
models, and both are in broad overall agreement with the results of the
INTRACOIN participants.

VaMfTfcouandi)

Figure 7.3. INTRACOIN Level 1, Case 5

Concentration in outflow (xE-6)
10

100 150 200 250

Years (Thousands)

Convolution Laplace

Figure 7.4. INTRACOIN Level 1, Case 1

300 350
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Table 7.2 Parameter values
Cases 1

for INTRACOIN Level 1
and 5

Parameter
Nuclide inventory
[mols]

Nuclide half-lives
[y]
Leach period [y]

Longitudinal dispersion [m2/s]

Retardation for
fracture walls

Retardation in the
rock matrix
Water velocity in
fracture [m/y]
Rock matrix diffusivity [m2/s]

Matrix porosity

Rock mass porosity
Maximum distance for
matrix diffusion [m]
Specific wet area

Constant in inlet boundary
condition [m/y]

Constant in inlet boundary
condition [m2/y]

Constant in outlet boundary
condition [m/y]

Constant in outlet boundary
condition [m2/y]
Constant in output flux
expression [m/y]

Constant in output flux
expression [m2/y]

Distance to point for
output calculation [m]

Distance to far boundaryfm]

Case 1

1.6E-2,5.97.
1.78E-3
8.5E3.2.14E6.
1.592E5

1E5
1.57E9

60?200?60

-

1

-

1

1E-4

-

1.0

1.0

0.0

1.0

0.0

0.0

1.0

500

oo

Case 5
1.6E-2.5.97.
1.78E-3

8.5E3.2.14E6.
1.592E5

1E5
7.87E11

-

1.14E5J.6E3.
6E3
500

9.95E2

0.005

5E-5

2.5

1.0

1.0

0.0

1.0

0.0

1.0

0.0

500

oc

19



7.3 Comparison with FARF31

The far-field migration code FARF31 [9] uses basically tl e same approach
to solving the equations of radionudide migration through a fractured rock
geosphere, as the CRYSTAL code. The transport equations are solved an-
alytically in Laplace space and inverted to the time domain using Talbot"s
algorithm. The response time series is then convolved with the input time
series.

The FARF31 documentation includes a lest example for an arbitrary set
of geosphere parameters, using a number of source term inputs. A similar
test case was run with the CRYSTAL code, using input parameters derived
from those listed on page 18 of [9], with a Cesium-135 decaying band
source. The results obtained are shown in Figure 7.5, together with those
reported in [9]. Although it is not possible to make an exact comparison,
both sets of results appear to agree on a peak value in the flux of the order
of 10~r moles/y after approximately 3 million years, and display a similar
shape.
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1-OE-oet

1.0E-091
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Figure 7.5. Comparison of CRYSTAL (top) and FARF31
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8 Nomenclature

For each item an equation number is given, where the item is first used or
defined.

Subscripts
i.j. h. l.m,n indicate nuclides. where two subscripts occur

it is implied that the first is greater than or
equal to the second.

Lower case
a Specific wet area per volume of rock mass (1)
a+(s).a~(s) Coefficients in the expression for Cn (31)
6+(s).6~(s) Roots of the quadratic equation (31)
Ci.c2 Constants in the inlet boundary condition (7)
d1.d2 Constants in the outlet boundary condition (S)
6].62 Constants in the output flux expression (11)
fl(t) Time dependent inlet flux or concentration (7)
fl{s) Laplace transform of fl(t) (14)
f%(t) T i m e d e p e n d e n t o u t p u t flux o r c o n c e n t r a t i o n (11)
ft{s) Laplace transform of ft{t) (18)
gn{s) Coefficient of Cn in equation (28)
g. h Functions in the definition of convolution (46)
/ Distance to output flux point (11)
n Parameter in Talbot's algorithm (number of points) (41)
p Maximum distance into the rock for rock matrix diffusion (10)
5 Laplace transform variable (12)
st Derived parameter in Talbot's algorithm (42)
f Time (1)
u Velocity of the water in the fractures (1)
q Darcy velocity
tr Distance perpendicular to fracture (1,2)
x Distance along fracture (1)
ynk{u\s) Function relating the concentration of nuclide n in the

rock matrix to that of nuclide k in the fracture (19)
Upper Case
A Area of open fracture, scales input and output

and hence cancels out of the calculation (7,8.11)
Bnk(s) Coefficient relating the concentration of nuclide n

to that of nuclide k (28.30)
Cn{x. t) Concentration of nuclide n in the fracture (1)
Cn(x.s) Laplace transform of Cn{x.t) (12)
C™(x,u-.t) Concentration of nuclide n in the rock matrix (1.2)
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C7(x,ti ' ,s) Laplace transform of C™(x,u>,*) (12,13)
Dm Rock matrix diffusivity (1,2)
D Longitudinal dispersion/diffusion coefficient in

the fracture (1)
Elnk(s) Coefficient in the expression for ynk (26)
F{t) Time-dependent function (40)
F(s) Laplace transform of F(t) (40)
H Height of a normal distribution (47)
H(t) Output from -he geosphere (57)
Kn Distribution coefficient of nuclide n (2)
L Distance to the outlet boundary condition (8)
Rn Retardation of nuclide n on the fracture walls (1)
i?" Retardation of nuclide n in the rock matrix (1)
T Peak time of a normal distribution (47)
Unm{s) Coefficient relating the concentration of nuclide n

to the basic result for nuclide m (31)
Vn Term appearing in the calculations of a* (36,37)
Greek
Ok Derived parameter in Talbot 's algorithm (42,44)
0k Derived parameter in Talbot 's algorithm (45)
8 Thickness of surface sorption layer (2)
6nk Kronecker delta, = 1 if n = k, = 0 otherwise (22)
6 Rock mass porosity (1)
6k Derived parameter in Talbot 's algorithm (42,43)
6m Rock matrix porosity (1)
A Parameter in Talbot 's algorithm (41)
An Radioactive decay constant (1)
v Parameter in Talbot's algorithm (41)
pm Rock mass density (2)
c Parameter in Talbot's algorithm (41)
a Standard deviation of a normal distribution (47,55)
T Time parameter in convolution (46)
<j>n Item in the rock matrix result (24)
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