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SUMMARY

Radionuclide migration was studied in a natural fissure in a granite
core. The fissure was oriented parallell to the axis in a cylindri-
cal core 30 cm long and 20 in diameter. The traced solution was in-
jected at one end of the core and collected at the other. Breakthrough
curves were obtained for the nonsorbing tracers tritiated water, and
a large molecular weight lignosulphonate molecule and the sorbing
tracers cesium and strontium.

From the breakthrough curves for the nonsorbing tracers it could be
concluded that channeling occurs in the single fissure. A "dispersion"
model based on channeling is presented. The results from the sorbing
tracers indicate that there is substantial diffusion into and sorp-
tion in the rock matrix. Sorption on the surface of the fissure
also accounts for a part of the retardation effect of the sorbing
species.

A model which includes the mechanisms of channeling, surface sorp-
tion, matrix diffusion and matrix sorption Is presented. The experi-
mental breakthrough curves can be fitted fairly well by this model
by use of independently obtained data on dlffusivities and matrix
sorptfon.



BACKGROUND

The migration of radionuclides in various kinds of rocks has become
an area of large interest in the last decade, because of various
national and international efforts in studying the final disposal
of radioactive wastes from nuclear power plants. In the Swedish
studies (KBS 77, 78) crystalline rock has been selected as the
most suitable bedrock in which to build a repository. In crystal-
line rock the water moves in fissures which may be fairly far apart
at larger depths. The radionuclides, carried by the water, will
interact in various ways with the rock. They may be strongly retar-
ded by sorption on the surface of the fissures and, given time,
may also penetrate the intercrystalline microfissures of the matrix
of the rock.

The present study aims at obtaining experimental results from
radionuclide migration in a single fissure under well defined
conditions. Such results should be useful in understanding and
possibly predicting radionuclide migration in fissured crystal*
line rock.
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EXPERIMENTAL

The rock used in this study was a 30 cm long granitic drill core

(20 cm diameter) taken from the Stripa mine at a depth of 360 m

below ground level. The core has a natural fissure which runs

parallell to the axis.

The cylindrical surface of the drill core was sealed with a coat of

urethane lacquer to prevent any water leaving the rock except through

the outlet end of the fissure. The granite cylinder was thereafter

mounted between two piex!glas end-plates containing inlet and out-

let channels slightly wider than the fissure (figure 1).

fissure

fractional
col lee ter

peristaltic
pump

flushing
water

tracer
solution

Figure 1. Experimental set up.



Artificial groundwater with a tracer was fed to the upper channel

by means of a 4-channel peristaltic pump (Istmatec IP-4) ensuring

a variable steady downward flow through the fissure. At low flow

rates flushing water was simultaneously fed by the same pump through

the lower outlet channel to reduce the time delay due to the channel-

volume. The effluent was continuously fed to a fractional collector

for analysis of the tracer concentrations. The tracers were intro-

duced either as a step up or step up followed by a step down, after

a suitable amount of tracer had been introduced.

Artificial groundwater was. synthesized to represent the natural

water in contact with the granite rock. Detailed composition Is

given in table 1 below.

HCO-

3P
Cl"

Ca 2 +

«g2*

K+

Ma+

pH

Ionic

2.014*10 'M,

f 2.056-10"HM,

1.000*10"V
1.973'10'3M,

1.77*-10"*M,

*1.000*10" M,

2.836*10"3M,

8.0 - 8.2

strength: 0.0085

123
12

9.6

70

18

4.3

3.9
65

ppm
ppm

ppm

ppm

PPm
ppm

ppm

ppm

Table 1. Composition of the artificial groundwater used
in the experiments. Aliard (1979)

Tritiated water and the 1 ignosuIphonate ion were selected to

characterize the water flow as they can be conveniently analyzed

and do not sorb on the rock surface. Tracer solutions were pre-

pared by adding aliquots of aqueous solutions of SrCI *
V CsCl

and sod i until gnosu 1 phona te (NaLS) to artificial ground water. The

tracer concentrations used were 3H 1.7#10"10, 5Sr (2-5)»10 ,
13l*Cs (4-8) «10"9 and NaLS 5'10"5 moi-diu"3.

3H concentration was determined by dissolving 2 ml of the effluent

in aquasol and counting the sample using a liquid scintillation
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counter. Sr and Cs concentration were measured with a sodium

iodide well type detector. In all cases the feed solutions were

used as counting references. NaLS with a mean molecular weight of

24.000 display a strong absorption band with maximum around 280 nm

(e ^ 3*10 )• The LS concentration was therefore measured by optical

absorption spectroscopy at this wavelength.

Crushed granite was washed with ground water solution. The suspen-

sion was thereafter filtered through a 0.45 ym pore size Mi 11 i pore

filter and the solid material dried at 105°C

Known amounts of the dried crushed granite were batch contacted

with radionuclide solutions for 48 h. The suspensions were then

filtered through 0.45 vm pore size filters and the radionuclide

concentration in the solid material and measured volumes of fil-

tered radionuclide solutions determined by radiation counting.

The distribution coefficients were calculated by the equation

Kd - g • R, / RL

where V - volume of radionuclide solution

W • weight of crushed granite

R • net count rate of solid material

R, • net count rate of filtered solution

EXPERIMENTAL RESULTS

To characterize the water flow through the fissure by measuring

break through curves requires the use of a non interacting tracer.
3 5 S C N " , THO and NaLS gave, within expert-

82 -
Test runs with Br

mental errors, identical break through curves. The two tracers

most conveniently analyzed i.e. THO and NaLS were used in the

present study.

L
The break through curves obtained at differing flow rates dis-

play a plateau at about C <Z. • 0.8 and reveal a fine structure

indicating a more composite fissure system. The break through
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curves for THO and MaLS are shown in figures 6 and 7 respectively.

The break, through curves for Sr and Cs are shown in figures 13 to

20.

In the batch adsorption experiments with 25» 50 and 100 mg crushed
granite suspended in 25 ml tracer solutions the distribution coeffi-
cient was found to be 3 ± 1 cm »g"1 and 50 ± 3 cmVg for *Sr2+

4134 +and Cs respectively.

The tracer experiments for THO and MaLS are summarized in tables

2 and figures 6 and 7. The Sr and Cs runs are summarized in

table 3 and in figures 13-20.
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Strontium runs

Run

S 1

S 2

S 3

S 4

S 5

S 6

S 7

S 8

Uf-104

m/s

0.774

2.01

0.590

4.32

3.28

1.35

1.15

4.83

Cesium runs

C 1

C 2

C 3

C 4

C 5

C 6

2.48

3-91

1.15

4.83
5.57
0.51

V
min

65

25

85
11.6

15

36.6

43.5
10.4

20

12.8

43.5
10.4

9.0

98

'0.5

min

780

204

762

50

75
276

'peak

min

160

67

135
66
250

43
42
660

'0.5^0

12.0

8.2

9.0

4.3
4.4

7.3

'peak^HjO

3.7
6.4

6.8
5.2
5.8
4.1

4.7
6.7

Table 3. Characteristics of the runs with Cs and Sr
as tracers. S 1 - S 6 step input of tracer.
S 7, S 8 and C 1 - C 6 15 minute duration
rectangular pulse as input.
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INTERPRETATION

Figures 6 and 7 and 13 to 18 show that an initially steep concen-

tration front has become elongated after passing the fissure.

This spreading may have various causes. Spreading due to random

velocity variations is usually called hydrodynamic dispersion.

Distinct velocity differences between individual channels also give

a spreading of the front. This is called channeling. A third sprea-

ding mechanism is due to chemical or physical interactions of the

tracer with the solid material. These three dispersion mechanisms

will be discussed in relation to the experiments.

In table 3 comparison is made between the time required to reach

50 % of the inlet concentration at the outlet for the non retarding
- 2+

tracers Tritium and LS on one hand and Sr on the other hand.
2+ +Also the time for the maximum Sr and Cs concentration in runs

with pulsed injection of tracer is compared to the water travel time.
2+It is evident that the retardation of the sorb ing tracers Sr and

Cs increases with increasing residence time. The time dependency of

the retardation will also be analyzed.

This mechanism describes the spreading of a tracer pulse by local

variations in velocity. The velocity variations are assumed to be of

random nature. For a porous body the differences in pore sizes,

lengths and orientations are the causes of the velocity variations.

Bear (1969) gives a comprehensive treatise of hydrodynamic disper-

sion theories. Mathematically, hydrodynamic dispersion is treated in

the same way as molecular diffusion. The characteristic parameter,

called the dispersion coefficient D. , increases with velocity.

For very low velocities, molecular diffusion may give a considerable

contribution to D,. For porous beds D. increases with particle size.

For one dimensional flow in a porous bed or a channel, the transport

of a tracer is given by equation 1
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I

3c, 3c, 32c,
f + u _ - I - 0. f- • f(cf, ...) (1)

3t f 3x L 3 2 '

The term f(c,, ...) accounts for reactions of the tracer within the

flowing fluid or with the solids of the porous bed. A few mechanisms

of this kind will be treated later in the paper. A special case is

the instantaneous linear equilibrium reaction with the porous body.

For such a case, the solid is locally in equilibrium with the fluid

c, - K ac f (2)

and thus

3 cs „ 3 cf (3)
l K a " 3 t

Equation (1) becomes

3cf 3cf 32cf

where R - 1 + a • Kg (5)

R is called the retardation factor and accounts for the slowing down

of a tracer moving with the fluid due to the interaction with the

solid. In equation 5 a surface reaction is modelled. For a bulk

reaction where the solid is penetrated throughout R is instead

1-e
R - 1 + —-J- • K .p (6)

£f d p

For the experimental setup discussed in this paper, the initial

and boundary conditions are

I.C. c^ • 0, c - o tSO x>0 (7)

BC1 c, - c t>0 x-0 (8)
f o
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which means that a step input is used

The second boundary condition actually assumes that the flow path

is of infinite length, but this is a fair approximation even for

beds of finite length.

The solution to equation k with the above initial and boundary

conditions is (Lap i dus and Amundsen 1952, Burkholder 1975)•

,1cf(xo.t)
:i-f-» +

o' *o

(10)

Pec is the Peclet number

Pec
Uf xo

and t is the mean residence time of the tracero

x (12)

If R « 1, t is also the mean residence time of the fluid. Ito
can be seen from equation 10 that two parameters suffice to describe

the outlet concentration, namely t and Pec.

The residence time may be obtained by integrating the experimental

breakthrough curve

£-/ (1 -c) dt
O O

The volume of the flow path is obtained from

V - to • Q

if the flow rate Q is known and R • 1
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For a longitudinal fissure with, length x and breadth I, the

mean fissure width 6 can be obtained

T V
(15)

The dispersion coefficient can be determined from experimental

break-through curves by curve fitting. In this case, a simpler

approach is chosen. Figure 2 shows a breakthrough curve. From the

experiment the arrival times for c/c - 0.1, 0.5 and 0.9 which are

denoted by t. ., t. . and t. . respectively are determined and the

ratio (tQ g-tg J/tg c is calculated. A comparison with figure 3

which shows the theoretically calculated values from equation 10,

gives the Peclet number from which the dispersion coefficient can

be determined if U, and x are known.
T O

Table 2 shows data for the runs with tritiated water and sodium-

1ignosulphonate as tracer. The 1ignosulphonate used has a very

narrow molecular weight distribution M ^ 24 000 kg/mo1, and it does

not react with granite.

The fissure width has been determined using equations 15» 14 and

13 and the Peclet number and dispersion coefficient has been de-

termined by use of figure 3 and equation 11. The path length x is

0.30 m. The mean fissure width is 0.18 mm. The mean Peclet number is

14.2. The dispersion coefficient increases with the water velocity

as expected (Bear 1969).

(16)

Figure 4 shows a plot of D.vs U,. a is obtained to be a • 25 mn

Figure 5 shows the relation between the water velocity and the

flow-rate obtained from the THO and NaLS experiments.

When there is no mixing of the fluid flowing in different channels,

the velocity differences in the channels will have carried a tra-

cer different distances at a given time. If a tracer is introduced

into the fluid entering one end of the set of channels and the fluid
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is collected and mixed at.the outlet end of the channels, the tracer

front will be "dispersed". If the residence times and flow-rates of

the fissures are known, the residence time distribution of the com-

bined channels can be determined.

The tracer experiments with THO and NaLS shown in figures 6 and 7

show that the steep front at the inlet of the fissure is "dispersed"

when arriving at the outlet, and it has a shape which cannot be ex-

plained by hydrodynamic dispersion only. The plateau at about

c/c "0.8 can be explained if the fissure is assumed to consist of

several independent channels. In the quick channels, i.e. the early

part of the breakthrough front, we see the steep rise of concentration.

When c ^ 0.8 c , the quick channels carry tracer, whereas the slower

do not yet carry tracer. Eventually, also the slower channels will

carry tracer to the outlet, and the breakthrough curve rises to

c»c . Qualitatively, the curves could be explained by this mechanism

where increasingly slower channels carry tracer as time advances.

The experiments thus indicate that a single fissure over short dis-

tances at least, may have channels with poor interconnections. A

model describing the concentration in the effluent from non-inter-

connected channels is derived below. It is based on the assumptions

that the channels are of equal length and flat, that the flow is

laminar, and that there are no concentration differences across

the width of the channels.

Derivation of model

At the inlet end of the channels a tracer is introduced. This is

done simultaneously in all channels. At some distance downstream,

the fluid from all channels is collected and mixed. The concentra-

tion of the mixture is measured over time. As some fissures carry

the tracer faster than others, a step at the inlet will have spread

when observed at the outlet. The fissure width distribution is

f(6). In a parallell walled fissure of width 6. with laminar flow,

the flow rate Q(6.) is proportional to the fissure width to the

third power

(17)

L



where 1 is the breadth of the fissure. The velocity is proportional

to the fissure width squared:

U. - k,5.'
i 1 i (18)

.The residence time in fissures with width 6. over a given distance

x is:

x k2

If a step with concentration c is introduced at the inlet of

the set of fissures, it will travel the distance x in time t. in

fissures with width 6.. The fissures with residence times less

than t will carry tracer, a fissure with residence time longer

than t will carry no tracer.

The concentration obtained at the outlet end, at a time t when

the effluent from all fissures is co1leeted and mixed, is the

sum of the flow from all fissures carrying tracer, divided by the

total flow.

c(tl
c

i/f(6)Q(5) d5

/f(5)Q(6) d5

(20)

t is the residence time in fissure 61(t) given by equation 19.

The above expression says that the flow 0. from the tracer carrying

fissures with widths 61(t)S6<» is diluted by the total flow of water

0. from al 1 fissures.

In general, for channels with a concentration break-through curve

c(6,t) at the outlet, the concentration of the mixed effluent from

all channels is

c(t) o
c

/f(6)Q(5)c(6,t)d6
00

/f(5)Q(5)d5

(21)



Snow (1970) obtained the fissure frequencies f(6) for various

consolidated rocks including granites. Snow used data from

water injection tests in boreholes and from direct measurements

of fissure widths. He found the distribution to be log normal

f(-)v i • .-* 4' 2
(22)

15 ~1

Figure 8 shows computed break-through curves obtained by using

equation 20 with varying a» (logarithmic standard deviation of

fissure widths). Figure 9 shows the relation between a, on the

one hand and (tQ g-tQ ^/tg $ and (tj^-tg ^)/tQ ? on the other

hand. This figure is used to determine a. from the experimental

break-through curves. The results are shown in the last column

in table 2. The mean of the determined 0. is 0.09^. The evaluation

of a. implies that the channels in the fissure are log normally

distributed. They are not, as is evident from the plateau at

c/c -0.8. Otherwise the experimental and predicted break-through

curves have a fair resemblance.

The mean fissure width \x in the logarithmic frequency distribution

is determined so that the set of channels with varying widths have

the same flow rate as if all channels had equal width 7, the latter

being the width determined from the residence time of the fluid.

This is given in table 2.

Z - 0.18 10"3m

For o. 0.09 M/1 - 0.90

A tracer which reacts with the surface of the channel with a

fast reversible reaction with linear equilibrium, will be re-

tarded relative to the fluid velocity. The retardation factor

R is given by equation 5 and the tracer velocity thus is

Ut - Uf/(1 + aKa) (23)

L
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a is the sorbing surface per volume of fluid in the fissure,

and is

2
a - 6

(2*0

for a fissure with constant width - 5.

As the fluid velocity for laminar flow « 6 (equation 18),

the tracer velocity is

U
"l 4" (25)

If K » 6 , we have

53/2Ka (26)

The movement of a tracer which reacts strongly with the surface in

the stated way, thus displays a stronger dependence on the fissure

width than a non-reaccing tracer, the velocities being proportional
3 2to 6 and 5 respectively.

The break-through curve from a set of channels with varying widths

is obtained from equation 20 as for a non-sorb ing tracer. The

difference is that the relations between t and 5 is obtained by

V2
(27)

instead of by equation 19.

Figure 10 shows the break-through curves for surface sorption with

K » 6 for various values of the standard deviation of the fissure

widths aV
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If the retardation in the strontium experiments were only due to

surface reactions, the surface equilibrium constant K could be

determined by fitting experiments to theory - equations 20 and 27-

The results from such fit using o, • 0.09 as determined from the

THO and NaLS runs are given in figure 11. The fitting has been

done by determining the K which gives the time tn c for the

theoretical break-through curve equal to the experimental value.

Figure 11 shows that for run B the early part of the curve fits well,

but the tail cannot be explained by this mechanism only.

The K -values in figure 11 are plotted versus the mean water re-

sidence time for the run. It is seen that K increases with the

water residence time indicating that a longer contact time will

increase sorption. Furthermore, it is seen that even at very

short contact times, there is a considerable retardation. One

reason for this may be that the fissure surface is very accessible

and reacts quickly, whereas the microfissures deeper in the

granite have to be reached by diffusion, and this takes time.

Matr]x_<nf f us jon

Crystalline rock such as granite has microfissures which give

the body a porosity of up to 1 % (Brace 1965). Species dissolved

in the fluid in contact with the rock will migrate into the pores,

and sorbing species will be sorbed on the surface of the microfissures.

Neretnieks (1980) treated this mechanism in connection with the

retardation of radionuclides. He modelled a case where fluid

with tracer is introduced at the inlet of a single fissure and

where the tracer diffuses into the porous walls of the fissure.

Here the mode) is extended to include also instantaneous sorption

on the surface of the fissure.

~l

The flow of a tracer in the fissure is described by

3c 3c, 2D 3c
• R + U- »-I - — £ — 2 I

f 3x 6 3z 'z-0
(28)
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where R » 1 + 2K /6 as before, and the last term describes the
3

loss of tracer from the fluid flowing in the fissure due to

diffusion into the porous matrix of the wall. In this model

hydrodynamic dispersion is neglected.

The diffusion into the matrix is given by

32c

3t
(29)

The initial and boundary conditions are: Step input at the inlet

at t • 0 into a fissure and rock originally free of tracer. The

rock adjacent to the fissure is very thick. This can be expressed

as

IC t < 0 al 1 x and z (30)

BC1 v° for t > 0 (3D

BC2 constant t i Q (32)

The solution to these equations according to Carslaw and Jaeger

2nd ed. p. 396 for t St »R c. • 0, for t > t »R is

cf / co erfc
D te w

6/Da(t-tw.R)
(33)

If a finite rectangular pulse with duration At is introduced at the

inlet, the response can be obtained by subtracting from equation 33

another equation 33 which is delayed in time by At.

The THO and NaLS runs indicate that there is channeling - figures

6 and 7. The Sr runs indicate that some of the retardation is

due to a fast reaction on the immediately accessible surface of
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the fissure and that there also is a slower interaction whereby the

retardation increases with the contact time.

The surface reaction and the diffusion into the matrix and sorption

at the inner sites were combined in equation 33. This model has

three parameters:

- D - effective diffusivity

- K.p • volumetric equilibrium constant (D « D /K,p )
o p a e a p

- K » surface equilibrium constant (R - 1 + 2K /6).

With these parameters known, the model will predict the concen-

tration as a function of time in a fissure of known width 6 for

a given fluid velocity Uf or fluid residence time t .

cf - c(S,t) (34)

This relation can be used in equation 21 to obtain the effluent

concentration from a set of channels where each channel is inde-

pendent of the other channels between inlet and outlet. In this

way the influence of channeling is also accounted for.

This model was used to compute effluent curves for the strontium

runs S1-S6, and S7, S8 as well as the cesium runs C1-C6. The runs

S7, S8 and C1-C6 were made with rectangular pulses of 15 minute

duration.

COMPARISON BETWEEN EXPERIMENTS AND MODEL

The main dispersion mechanism in the fissure is interpreted as bee-

ing channeling. The same mechanism should apply to all the tracers

used. The parameter which describes this phenomenon in the model

is the logarithmic standard deviation of channel widths a.. From

the THO and NaLS runs o, was evaluated to be 0.09*» as shown in

table 2. The value 0.09 WUJ obtained from the analysis of the Cs

and Sr runs. This gives a slightly better fit.
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The effective diffusivity 0 has been measured for the Stripa

granite in another investigation (Skagius et al. 1981) using

crushed rock particles of about k mm diameter. For both Sr and
-12 2Cs the value 1.0 10 m /s was obtained. This agrees well with

what can be expected (Neretnieks 1980).

The apparent surface "equilibrium constant" K is influenced by

surface roughness and the presence of fissure filling material,

because K by definition is based on the flat plate area of the

fissure. For strontium the K obtained from figure 11 is about 10

times larger than the K obtained by batch sorption experiments on

crushed granite (Skagius et al. 1981). K is 0.001 m from figure 11.

The curves in figures 13-18 are quite sensitive to the K -value.

The used value gives the best fit. For cesium the same K -value

K • 0.001 m was obtained by fitting the experimental results in

figure 19 to the model.

The volume equilibrium constant K,p_ • 6-11 m /m for strontium and

125 - 1*»5 m / h for cesium at the same concentrations as were used

in the injected pulses in the fissure runs. These values agree with

the results of Skagius et al (1981) where it was found however, that

cesium has a distinctly nonlinear sorption isotherm. The latter

implies that K, is dependent on the concentration. The overall

best fits in figures 13-20 were obtained with K.p - 10 nr/m
3 3 p

for strontium and-135 to /m for cesium. The values for all the
parameters used in the curve fitting are given in table k below.

2mVs

Kg»10
3 m

Kdpp m3/m3

THO

0.09

10" 1 2

0

0.005

NaLS

0.09

0.03*10

0

0.005

Sr

-12
10

1

10

0.09
-12

Cs

0.09

ID'12

1

135

Table k. Parameter values used in the combined model for fitting
the experimental data.

L
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DISCUSSION

The THO and NaLS runs show that there is channeling in the fissure

used in this experiment. The relatively short residence times in

the THO and NaLS runs do not permit a noticeable loss of tracer

due to diffusion into the matrix. This can be seen by comparing

the 1ignosulphonate and THO runs. The 1ignosulphonate molecule

does not behave much differently than the THO, although the

molecular weights differ by more than a factor 1000. This dif-

ference would make the diffusivities differ by more than a factor

30 which might be noticeable in break-through curves for the

longer times if the quality of the data were better. This is indicated

by computations for THO using D • 10~ m /s, K.p , which is the

expected porosity of the granite, and K « 0. This predicts a some-
-12 2

what longer tailing than a diffusivity D e • 0.03 • 10 m /s which

would be an approximate value for the 1ignosulphonate molecule.

The instantaneous surface sorption found in these experiments is quite

noticeable as can be seen in figure 13 where an attempt to fit the

data without using the surface sorption mechanism is made. It is seen

that the resulting fit is much poorer. Neglecting the sorption in

depth on the other hand also gives a very much poorer fit as

can be seen in figure 12. The long tail cannot be explained by

an instantaneous sorption.

On the whole the strontium runs in figures 13-18 and figure 20

show a fairly good aggreement in the early parts and in the

late parts. An exception is seen in figure 18 where the tail fits

poorly. It is suspected that there is some error in the determi-

nation of the concentration c in this case.
o

The pulsed cesium runs shown in figure 19 also give fairly good fits

in the early and late parts of the break-through curves. The pre-

dicted peak concentration however, is higher by a factor 2 to 2.5

for the two runs with the longest residence times, and smallest

effluent concentrations. Because of the nonlinear nature of the

cesium isotherm the K. should increase by about a factor 3 for

every decade decrease in concentration (Skagius et al. 1981).
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Oue to this effect the predicted curves are expected to lie

above the experimental in the low concentration region. A possible

explanation for this discrepancy is that the surface of the fissure

is different from the rest of the granite. To a depth of a few

millimeters the rock has a different colour from that at larger

distance from the fissure surface. The altered material may have

other properties than the nonaltered, or there may be a gradual

change in K.:s and D :s with depth. A decreasing D or K. with

depth would lead to the observed effects. As the expected penetration

depth of the diffusing Cs and Sr is in the millimeter range even for

the longest contact times in these experiments, surface near effects

may have a considerable influence.

The dispersion could have been interpreted as a combination of

channeling and hydrodynamic dispersion in each channel. This was

not done in this study as the experimental results are not so de-

tailed as to make such an analysis meaningful. Furthermore the dis-

persion due to channeling is more important as the quick channels

might transport the radionuclides from a repository so fast that

they do not have enough time to decay. As the importance of hydro-

dynamic dispersion decreases with distance travelled, whereas the

channeling dispersion does not (Neretnieks 1980 b) it is felt

that the latter mechanism should be emphasized some more.

CONCLUSIONS

The experiments performed in a single natural fissure in granite

indicate that over short distances at least, fairly independent

channels exist. The diffusivity values and sorption capacities

determined in independent experiments give a fair prediction of

the break-through curves which adds strength to earlier postulated

theory that matrix diffusion may be important in radionuclide

retardation. We feel that the study of migration in single natural

fissures is a necessary step on the way to understanding radio-

nucl ide migration in fissured media.
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NOTATION

a specific surface

C concentration in the liquid

C initial concentration in the liquid

Cf concentration in the liquid in a fissure

C concentration in the liquid in a pore

C concentration on the solid

D apparent diffusivity D • D /K

Dg effective diffusivity

0, dispersion coefficient

K.p volume equilibrium constanto p

K surface equilibrium
a

1 fissure length perpendicular to flow
direction (breadth)

U*x
Pec Pec let number -s—

L

m2/m3 fluid

mol/m3

mol/m

mol/m3

mol/m3

2

mol/m

m /s

m2/s

m /s
m3/m3

ID

m

a
a

*t

R

t

T
Co

u
uf

flow rate

mean flow rate

flow rate carrying tracer

retardation factor

time

mean time

mean residence for the tracer

water residence time

mean velocity

fluid velocity in a fissure

tracer velocity in a fissure

m3/s

m3/s

m3/s

-

s

s

s

s

m/s

m/s

m/s



L

V volume of the flow path m

x distance in flow direction m

x path length m

z distance into rock matrix m

a dispersion length m

6 fissure width m

a. standard deviation of the logarithm
of fissure widths

ef porosity of the solid
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Figure 3 Diagram for evaluating the Peciet number (or
dispersion coefficient) from the break-through curves.
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Figure 5 Plot of experimentally determined water velocity
vs. flow rate of water.
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Figure 7 Experimental break-through curves for NaLS.
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Figure 8 Theoretical break-through curves for a nonsorbing
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Figure 12 Comparison of experimental run S 2 with Sr
and model using surface sorption as only retar-
ding mechanism.
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Figure 13 Run S 1 with Sr and fit with combined model
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surface sorption is neglected.
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Figures 14-16 Runs S2-S4 w i th Sr 2 + and f i t w i th combined
model using data in table 4.
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F igures 17 , 18 Runs S5, S6 w i t h Sr + and f i t w i t h com-
bined model us ing d a t a i n t a b l e k.
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Figure 19 Runs C 1-C 6 w i th Cs and f i t w i th combined
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is 15 min. long.
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Figure 20 Runs S 7 and S 8 wi th Sr and f i t w i th combined
model using data in t . b l e k. I n j e c t i o n pulse is
15 min. long.


