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Vorwort 
Im Rahmen des Projektes Endlagersicherhrit werden im EIR Arbeiten zur Ana
lyse der Ausbreitung radioaktiver Elemente in geologischen Medien duvchgefuhrt. 
Diese Untersuchungen werden in Zusammenarbeit und init teilweisei finanzieller 
Unterstutzung der NAGRA vorgenommen. Die vorlieitende Arbeit erscheint gleich-
zeitig als EIR-Bericht und als Technischer Bericht det NAGRA. 
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Abstract 
Uranium infiltration experiments for small samples of crystalline rock have been 
used to model radionuclide transport. The theory, taking into account advec-
tion and dispersion in water conducting zones, matrix diffusion out of these, and 
sorption, contains four independent parameters. It turns out, that the physical 
variables extracted from those of the best-fit parameters are consistent with val
ues from literature and independent measurements. Moreover, the model results 
seem to differentiate between various geometries for the water conducting zones. 
Alpha-autoradiographies corroborate this result. A sensitivity analysis allows for 
a judgement on parameter dependencies. Finally some proposals for further ex
periments are made. 

Zusammenfassung 

Bohrkerninflltrationsversuche an Proben aus dem Kristallin wurden dazu verwen-
det den Radionuklid-Transport zu modellieren. Die Theorie beriicksichtigt Ad-
vektion und Dispersion in den wasserftihrenden Zonen, Matrixdiffusion aus diesen 
hinaus und Sorption. Sie enthalt vier unabhangige Parameter. Es zeigt sich, dass 
die physikalischen Variablen, welche abgeleitet sind von den Best-Fit-Parametern, 
konsistent sind mit Literatur-Werten und mit Daten von unabhangigen Messun-
gen. Dariiberhinaus scheinen die Modelresultate zwischen verschiedenen Geome-
tricn fur die wasserfuhrenden Strukturen zu diskriminieren. Alpha-Autoradio-
gramme stiitzten dieses Resultat. Eine Sensitivitatsanalyse ermdglicht Aussagen 
fiber die Parameterabhangi^keiten. Schliesslich werden einige Vorschlage fur weit-
ere Experimente vorgebracht. 

Resume 

Des experiences d'infiltration d'uranium dans des petits echantillons de roche 
crystalline ont servis a modeliser le transport des radionuclides. La theorie tient 
compte de l'advection et de la dispersion dans les zones conductrices d'eau, de 
la diffusion de mat rice hors de ces zones et de la sorption. Elle contient quatre 
parametres independents. On montre que les variables physiques, tirees a partir 
du meilleur ajustement des parametres, sont consitentes avec les donnees recensees 
dans la litterature et des resultats de mesures independentes. De plus, le modele 
semble de permettre de differencier plusieurs geometries pour les zones conductri
ces d'eau. Des alpha-autoradiographes corroborent ces resultats. Une analyse de 
sensibilite permet d'etablir les dependences de parametres. En conclusion quelques 
propositions sont presentees pour de futures experiences. 
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1 Introduction 

An important part of the performance assessment of nuclear waste repositories 
is the modelling of radionuclide transport through the geosphere. Since a direct 
validation of such models in a strict sense is not feasible because of time and space 
scales, confidence in these models has to be gained by laboratory experiments, 
field experiments and natural analogues [1]. 

In crystalline rocks nuclide transport takes place in water conducting zones, such 
as fractures or veins and through diffusion into adjacent zones of stagnant water. 
In addition, nuclide rock interactions through sorption represent an important re
tardation mechanism. Hence, the model based on a dual porosity medium takes 
into account advective transport and hydrodynamic dispersion in water conduc
ting zones, diffusion into adjacent regions of stagnant water, linear sorption on 
fracture or vein surfaces as well as in the rock matrix, and radioactive decay and 
build-up. 

Of course, the application of a particular model to a small scale laboratory exper
iment does not proof whether this model is also applicable for a safety assessment, 
mainly for three reasons. First, the scales are too different, and consequently 
especially some parameter values, such as for the dispersivity, have no relevance 
for safety assessment scales. Second, possible mechanisms not taken into account 
in the conceptual model e.g. such as sorption kinetics or non-linear sorption in
stead of matrix diffusion, might lead to a similar goodness of performance when 
comparing to experimental data. Third, processes not detectable in laboratory 
experiments might prove extremely important for safety assessments. Neverthe
less, it is believed that modelling laboratory experiments constitutes an important 
step for model validation in that individual processes can be identified, and es
pecially their interaction can be investigated under relatively well defined initial 
and boundary conditions. In addition a test is possible whether the model gives 
appropriate parameter dependencies. For these reasons we have applied the ra
dionuclide transport model dc\ stopped for NAGRA's 'Project Gewaehr 1985' to 
uranium infiltration experiments through small bore cores. Modelled are break
through curves and from - generally excellent fits - physical parameters are ex
tracted. 

The paper is organized as follows: In the next chapter we shall briefly give the 
salient features of the experiments. In a further section we shall summarize the 
model describing radionuclide transport through inhomogeneous crystalline rocks, 
before presenting and discussing our results in chapter 4. The conclusions will 
complete this work including some proposals for future work. 
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2 Experiments 

For the sake of completeness we present here the salient features of the uranium 
infiltration experiments. More details can be found in an accompanying report by 
Bischoff et al. [2], From deep drilling bore cores from crystalline in the northern 
part of Switzerland several cylindrical rock samples have been cut out. The sam
ples have a diameter of 46 mm and a length of 10 to 20 mm. For the infiltration 
experiment the rock piece is placed into a pressure apparatus, scetched below [2]. 

f k 

Schematic diagramme of pressure infiltration apparatus 

Core assembly vith (B) core sample, (E) end pieces, (F) flexible 
sleeve 

(P) hydraulic pumps, (M) manometers, (V) injection valve, 
(L) electrical conductivity monitor, (T) droplet counter, 
(S) fraction/droplet sampler, (D) pressure vessel 

<Pc) confining pressure (0-600 bar), (Pa) infiltration 
pressure (0-230 bar), (Pm) pore pressure 
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Hydraulic pumps allow to build up an isostatic confining pressure for simulation of 
the lithostatic pressure. The sample is conditioned by setting the desired confining 
pressure until a steady through-flow rate for water (natural groundwater from 
Bad Sackingen, Germany) is reached. Then, the valve (V) is opened for injection 
of a short tracer pulse. As tracers distilled water and an uranium solution are 
used. At the outlet the water is sampled and the electric conductivity and the 
uranium concentration, respectively, are measured in addition to the determination 
of the bulk water flow. After the infiltration the sample is cut transversely or 
longitudinaly into slices and alpha-autoradiographed thus yielding information on 
spatial distribution of uranium sorption sites and transport paths. 

Even though the experimental situation is rather simple, it is worthwile to address 
several difficulties with respect to an interpretation of the experiments: 

• First, we mention the general problem of relief from the lithostatic pressure 
during sample preparation. In the experiment this pressure is build up again 
and porosity as well as the permeability alter. These processes are known to 
be irreversible. Moreover, it is not clear when starting the tracer experiment, 
whether the sample really is in equilibrium. 

• Second, the pore water chemistry of the sample is not known. Therefore a 
generic granitic groundwater has been used for the infiltration experiments. 
This might induce geochemical reactions and, consequently produce time-
dependent transport parameters. A sign of such a situation is probably the 
decreasing permeability during experimentation. To avoid, for some samples, 
too long measuring times the pressures were abruptly changed towards the 
end of the experiment, thereby changing also the water flow rate. 

• Third, the time dependence of the tracer input function into the rock piece 
is not exactly known. For the following we assume a band release as given 
by the injection valve. However, it is known that the details of the specific 
form of the upstream boundary condition - in our case essentially a pulse 
release - plays a minor role as long as transport times are sufficiently long 
and dispersivity is sufficiently small. 

These difficulties have to be kept in mind, together with those stemming from a 
simple modelling approach, when comparing experiments with theoretical calcu
lations. 



9 

3 Theoretical Model 

Starting from the mass balance for a representative elementary volume (REV) 
one can formulate [3], equations for tracer transport in a dual porosity medium. 
Details of the presently used transport model (general assumptions, specific ap
proximations) &ic given in ref. [4]. We have 

dr -A*c' + Bac'4.c < 

l°*-D-
&CP , 1 dCp 

-I_ _ • 
dr2 r dr 

&cp 
dx7 

dr fr = R 

OC,, 
dx fx = b 

+ QP 

+ Qf 

(for veins) 

(1) 

(for fractures) 

» r > R (for veins) 

; |*| > b (for fractures) 

(2) 

The first equation describes the tracer transport in the water conducting zones, 
where two possible geometries are considered: Cartesian (x,z)- geometry for trans
port in fractures and cylindrical (r,z)- geometry for transport in veins. 
The second equation takes into account molecular diffusion out of these zones 
into stagnant waters of the rock matrix. C/ is the concentration of the tracer in 
the water carrying zone, Cp that in the pore water of the matrix, b the fracture 
half-width and R the vein radius. The Q denote general net source/sink terms 
describing for example radioactive decay and build-up. 
Because all the half-lifes of the nuclides are much higher than the characteristic 
time of the experiment, these terms can be neglected. 

The coefficients of eqs. (1,2) are given as combinations of the following parameters 
[4J: 

4 _ W 
Rj 

n vf 
tf = —— Rf 

»v < 

- V . 

Ka 2 

aLv, 
1 K. 'h 

< vf R 
Ka 2 

«•"> R ,11,-1+* K. 

1 
;/?/ = ! + -rKt 

(for veins) 

(for fractures) 

(for veins) 

(for fractures) 

(3) 

(4) 
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1 £PA» 
R Rt 

C = 
1 tpDp 
b Rf J 

(for veins) 

(5) 

(for fractures) 

fl„ l + ^pKt PKd ' ^ 

Here, we defined the following average quantities 

tip 1 + - p r -Kj p-ii-d «p 

o i ... longitudinal dispersion length [m] 
Vj ... water velocity in the water conducting zone [m/s] 
Rf ... retardation factor in the water conducting zone [-] 
Ka ... surface based sorption constant [m] 
tp ... rock matrix porosity [-] 
Dp ... diffusion constant in the rock matrix [m,/s] 
Rp ... retardation factor for the rock matrix [-] 
p ... density of the rock matrix [kg/m3] 
Kj ... volume based sorption constant [m3/kg] 

We also note that we assume instantaneous sorption equilibrium and a linear sorp
tion isotherm. In the matrix only diffusion perpendicular to the water conducting 
zone is considered. Furthermore, time and space dependencies of the parameters 
are neglected. 

The initial conditions are given by: 

C,(z,t)= " 
Cp(x,t) J 

r > R (for veins) 
= 0 ; for * < 0 (7) 

|a:| > b (for fractures) 

assuming that the sample is free of tracer nuclides. 

The mixed von-Neumann/Dirichlet boundary conditions are as follows: 

a 1 ( z , 0 - C / ( z , 0 + A ( ^ 0 ^ C / ( ^ 0 = 7 i ( ^ < ) ; z = OorL (8) 

for eq. (1) and for eq. (2); 

<*i{r,t) • Cp(r,t) + (32{r,i)—Cp(T,t) = 7 , ( r , / ) ; r = R or RtnBS 

(for veins) (9) 
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a2{x,t)-Cf{xti)+fi'i{xtt)-^Cl{xti) = 'r't(xti) J * = borR, 

(for fractures) (10) 

where a*, $ and 7<, i=l,2, are given functions determined by the physical problem 
at hand. More specifically we then have: 

Inlet: Cf(z = 0 , t > 0) = C0(t) (11) 

Co(t) is a function determined by the experimental condition, in our specific prob
lem 

C0(t) = { C° i < T (12) 
0 t>T K ' 

has been used, where C0 is the input concentration. 

Outlet: ^-Cf{z = I , < ) = 0 ; Vt (13) 
oz 

corresponding to free outflow into the droplet sampler, and in the medium at some 
distance Rmax 

dCJ>l 
Qr /r = it™ 

dC,, 

(for veins) 

= 0 (14) 

(for fractures) 

where actually for Rmax has been taken so large a value that this boundary has no 
influence. 

At the interface of the water conducting zone and the rock matrix we have the 
continuity condition: 

There are not known any analytical solutions to the general problem of eqs. (1) 
and (2). For simplified problems and their analytical solutions as well as the ac
tual numerical solution method, we reference again to [4], In order to obtain a 
numerical solution of our transport problem we first carry out a spatial discretiza
tion using the Lagrange interpolation technique to convert the (time dependent) 
parti?! differential equations into a set of first order differential equations. For the 
numerical time integration of the coupled differential equations we use the stiff 
methods of Gear's variable order predictor-corrector method [5], [6], [7]. 
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4 Results and Discussion 
In this chapter we present the comparison of experimental data with the results of 
the theoretical model. Figures 1 to 4 show outflow normalized to the peak inflow 
as a function of time for four different rock samples from Kaisten and Bottstein 
bore cores in northern Switzerland. By fitting the solutions to eqs. (1) and (2) to 
the data, the four coefficients A to D can be determined (Table 1). 

Sample t 

KAI817 

BOB 1093 

BOB B56R 

BOB 856R2 

modelled by 

(lactate network 

fracture network 

vein network 

vein network 

A | 1 0 - 1 0 m 3 / . l 

6.01 

3.76 

21.6 

22.6 

Bl-tO"8 m/«] 

•80.1 

-4.70 

-12.8 

• 14.1 

C ( - 1 0 - n m/i] 

110 

7.20 

25.8 

21.6 

D[-10-1 8 m2 /«l 

4.53 

2.83 

0.806 

0.007 

f indicated are location and depth [m] 

TaMe 1: The four best-fit parameters of eq. (1) and (2) 

It must be emphasized that for the results of figures 1 to 4 no ad-hoc scaling of 
absolute magnitudes has been used. No attempt has been made to quantify a 
goodness-of-fit measure, since a fit by eyes is deemed to be sufficient (see in this 
context also the next section). It seems that transport in veins and fractures can 
be discriminated. Inspection of alpha-autoradiographies [2] do indeed corroborate 
this distinction (see next section). 

The main question arising from the fit is, whether we have got a consistent picture 
with reasonable physical parameters. It is evident that from the four fit parameters 
A to D the essentially five independent physical parameters entering eqs. (3) to 
(6), namely ai, cpDp, Ka, Kj and b/R, cannot be determined uniquely with the 
exception of the longitudinal dispersivity a^. 
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The remaining (experimental) parameters are, taken from ref [2j: 

Sample 

KAI 817 

BOE 1093 

BOE 856R 

BOE 856R2 

v f [• 10-* m/s) 

8.81 

9.63 

3.98 

10.4 

<P I io-»] 

37 

7 

15 

32 

p = rtl-'p)[kg/m8j 

2700 

2600 

2550 

2520 

Table 2: Flow velocities, matrix porosities and densities for the four rock samples 

For this reason we have chosen to express b/R, a quantity most dependent on the 
samples, as a function of other parameters, and taking values from the literature, 
we examine whether a consistent picture and sensible parameter values for b/R 
and ox, emerge. 

Thus, from eqs. (3) - (9) we get three expressions for the fracture half-width b 
and the vein half-radius R/2 respectively and one for the longitudinal dispersion 
length at. 

aL = \B\ 

- 1 \B\ 1 

I } - j i^Yi = /<*•> 

= /(A',) 

(for veins) 
(for fractures) 

(for veins) 
(for fractures) 

(for veins) 
(for fractures) 

(16) 

(17) 

(18) 

(19) 

From the literature the following parameter ranges were chosen: 
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a). 1 • 10"14 < cpDp [m'/a] < 100 • 10"14 (20) 

A large number of laboratory measurements exists for effective diffusion constants 
in crystalline rocks (see e.g. ref. [8] and references therein). The values are 
dependent on porosity. Eq. (20) covers the expected range. 

6). 3 10_ 4<A'o [m] <300 10 -4 (21) 

Little is known on the surface sorption constant. A single value for oxidising 
conditions has been found in the literature [9]. We have defined a range by taking 
one order of magnitude on both sides of this number. 

c). 3 • 10"3 < Ki [m3/kg] < 75 • 10"3 (22) 

Volume based sorption constants have been measured under oxidising conditions 
for Swiss granites [10] and have been evaluated [11] for appropriate groundwater 
conditions. Hence, for this parameter the smallest range is assumed. 

By inserting the ranges (20) to (22) into eq. (17) to (19), we get either the range 
of the fracture half-width b [m] or the vein half-radius R/2 [m] for all the samples 
(figure 5). 

As can be seen, a consistent picture emerges from the various determinations. In 
addition a fracture half-width or vein half-radius around 10~5 m results, which 
seems to be a reasonable number. 

The longitudinal dispersivity at is uniquely given by eq. (16). The values (see 
table 3) are around 10~2 m except for the Kaisten sample which yields an order of 
magnitude less. Here, our interpretation is that one measures dispersivity within a 
dominating single microfracture extending from top to bottom of the sample as is 
seen in the alpha-autoradiographies, hence the small value. For the other samples 
the alpha-autoradiographies suggest more of a network of water conducting zones. 
Though understanding of dispersivity in fractured rocks is still missing, for porous 
media it can be shown that dispersivity is proportional to the spatial scale of 
heterogeneities (eg. [12]). The distances between the main active "spots" on the 
autoradiographed slices are around one cm, hence, larger dispersivities of the same 
magnitude are not surprising. 
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Sensitivity analysis; 

In this section we investigate the sensitivity of the calculated break-through curves 
on variations of the physical parameters. 

We start l from the following set of parameters which are deduced from the best-fit 
values given in table 1 thus defining a central case. Each parameter is then varied 
separately. 

Sample 

Parameter 

R/2 [-10-5 m] 

b [ H P 5 m] 

aL [-10-* m] 

Ka [10-4 m] 

KA [10- 3 m3/kg] 

fPD p[10- 1 4m 2 /s] 

KAI017 

— 

4.55 

0.075 

4.55 

45.0 

55.0 

BOE 1003 

0.40 

0.80 

8.16 

8.00 

5.90 

BOE BBOR 

1.00 

1.68 

3.00 

35.0 

8.00 

BOE S60R2 

0.50 

— 

1.60 

3.65 

35.0 

8.00 

Table 3: Central case parameters for sensitivity analysis 

a). Variation of a^ 

As a first example we show the effect of the variation of the longitudinal dispersion 
length aL for the sample BOE 856R (figure 6). 

By varying ai we influence simultaneously both transport in the vein and diffusion 
into the rock matrix. If ai is decreased for a pure vein transport without matrix 

'It is recalled that these parameters ate not uniquely defined by the best-fit, except for at. 
However, they are within the expected range. 
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diffusion, the migrating tracer peak will become sharper and higher and the maxi
mum of the outflow will be shifted somewhat to later times. Now switching matrix 
diffusion on, the higher and sharper peak induces a stronger gradient as the driv
ing force for the matrix diffusion. Consequently a further retardation results hut 
also a counter effect of lowering the p?ak height. All our calculations show, that 
the second effect dominates the first one: with decreased aL also the maximum 
outflow is lowered and shifted to later times. It is recognised that a variation of 
at by a factor of ten changes peak values by a factor of fifteen on a relative level 
of a percent. Certainly, this result is strongly dependent on the particular form of 
the inlet concentration. 

b) . Variation of epDp 

As a second example we consider the influence of a variation of the effective diffu
sion constant tpDp for the sample BOE 856R (figure 7). 

A higher effective diffusion constant for the matrix induces more tracer mass to 
penetrate into the adjacent rock matrix. Hence, retardation is slightly increased 
pad peak outflow lowered. A variation of cpDF of about one order changes the 
peak maximum by a factor of 2 to 3. 

c) . Variation of K, 

Third, we consider the variation of Ka, the surface-based sorption constant for the 
samples KAI 817 (modelled as a fracture network - figure 8) and BOE 856R (vein 
network - figure 9). 

Increasing K„ means increasing the retardation factor Rj for transport in the wa
ter conducting zones. This shifts the outflow peak to larger times. Transport in 
fractures/veins is decreased relatively to diffusion into the rock matrix, hence a 
higher matrix contribution. The variability is much less for the fracture network 
than for veins. In the first case we have a planar geometry for advective transport 
whereas in the second case the geometry is linear. 

d) . Variation of Kj 

Fourth, we investigate the influence of a variation of the volume based sorption 
constant Kd for the BOE 856R sample (figure 10). 
An increasing Kd in the matrix increases the total amount of radionuclides in the 
matrix. Hence the trailing part of the break-through curve becomes more impor
tant and the peak value for outflow is decreased. However, the variation is not 
very pronounced: An increase of Kj by one order of magnitude decreases peak 
concentration by a factor of three, only. 
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e ) . Sensitivity t o flow path geometry 

One of the interesting modelling results is the possibility of discrimination of flow 
path geometry for some of the different rock samples. Despite the fact that the 
model simplifies a complex experimental situation (see section 2) and has four free 
parameters to fit, a discrimination between the concept of water flow in vein or 
fracture networks seems to result which is qualitatively consistent vith the picture 
from alpha-autoradiographies. 

This is illustrated for the three samples BOE 856R, BOE 1093 and KAI 817 in 
figures 11 and 13. All the curves are best-fit results with the parameters given 
in table 4. The parameters are all in the expected ranges independently of the 
flow path geometry. In all cases the vein network yield lower outflow within the 
experimentally investigated time span.3 

In the case for the samples BOE 856R (figure 11) we see, that the fit for the vein 
network produces an excellent agreement with experimental data, whereas the 
curve for a fracture network is not as good as a reproduction. This is especially so 
for the transition between advection dominated part (up to 20 hours) and matrix 
diffusion dominated part (beyond 60 to 80 hours). 

The opposite situation with respect to flow geometry is found in the case for the 
BOE 1093 sample (figure 12) where the curve for a fracture network fits better 
the experimental data than for a vein network. 

Though the sample KAI 817 shows a clear-cut fracture in the alpha-autoradiogra
phies a discrimination of flow path geometry by best-fit calculations seems to be 
impossible (figure 13). This is certainly an unexpected result. The reason could 
be, that tracer transport is not fully dominated by the fracture seen in the autora
diographies. Experiments with several tracers might clear up such open questions. 

''Note that all curves are normalized to the same experimental inlet flow without ad-hoc ad
justment of peak values. 
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Parameter 

R/2 (• 10"5 mj 

b [• 10"* m] 

a t [• lO"2 m] 

K. [ 10-4 m] 

K, [• 10-3 m3/kg] 

tpD, [• 1 0 " m2/sj 

BOE 850R 

fracture 

1.00 

1.75 

2.50 

35.0 

12.0 

vein 

1.00 

1.68 

3.00 

35.0 

8.00 

BOE 1003 

fracture 

— 

0.40 

0.80 

8.16 

8.00 

5.90 

vein 

0.40 

— 

0.80 

8.76 

7.40 

2.00 

KAI 817 

fracture 

4.55 

0.075 

4.55 

45.0 

55.0 

vein 

2.27 

0.80 

12.5 

37.5 

30.0 

Table 4: Best-fit parameters for BOE 856R, BOE 1093 and KAI 817 
break-through curves considering flow in a fracture and vein network, respectively 
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5 Conclusions 

We have applied a dispersive-advective transport model including matrix diffusion 
and sorption to experimental data on Z33U transport through intact crystalline 
rock cores. The fit to the experir*'?tal data results in a consistent picture what 
concerns the extracted physical parameter values and it seems possible to dis
criminate between two different geometries for the water flow paths, despite the 
strong simplifications in the modelling approach and the deficiencies in the ex
perimental set-up. Especially we mention the consistency between static sorption 
distribution measurements (batch Kd) and those extracted from the dynamic in
filtration experiments as well as the qualitative agreement of flow geometry with 
alpha-autoradiographies. Two of the samples (BOE 856R and BOE 856R2) are 
from the same depth. Break-through curves are very similar and consequently the 
parameters extracted have almost the same values. This gives an indication on 
natural parameter variability. 

When considering the question of model validation some remarks are in order. 
First, the laboratory experiments help to understand the mechanisms and pro
cesses and their interactions on a small scale. It is believed that for spatially 
larger field experiments in inhomogeneous crystalline rocks the same model struc
ture would apply with appropriate scaling of some of the parameters (especially 
dispersivity). Second, the spatial domain investigated by the present experiments 
would be that available for matrix diffusion in safety assessment calculations. At 
present it is an open question how relevant parameters for this "large scale" ma
trix diffusion could be extracted, especially effective diffusion coefficients. Third, it 
must be recognised that the present model interpretation is only one among other 
possibilities. The main feature to be explained by any model is the trailing part 
of the break-through curves over long times. In principle this can be explained by 
various mechanisms [13] out of which we have chosen matrix diffusion and shown 
quantitative consistency. Others could be non-linear sorption (based on data at 
high uranium concentrations for crushed granite [14], this seems to be unrealistic) 
and sorption kinetics. Of course, the break-through curve could also be the re
sult of a superposition of several independent flow paths with or without matrix 
diffusion. But such a model concept would increase the number of independent 
parameters dramatically. 

Some of these questions could brought nearer to a solution by further model de
velopment especially al- a by a quantitative modelling of flow path structure based 
on the alpha-autoradiographies and investigation of the relationship to the dis
persivity. In this context it would be useful to experiment with longer cores a"d 
subsequently cut them into two or three pieces and to repeat the infiltration with 
these. This should shed some light on the size of the representative elementary 
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volume and would give indications on the scale dependency of the dispersivity, 
especially since the presently extracted dispersivities are relatively large. Fur
thermore experiments with a set of tracers (sorbing and non-sorbing) should be 
performed. This would allow for a unique determination of the important tracer 
independent parameters. In this context we also would recommend to perform a 
tracer experiment with the inert tracer 2"Rn. As a non-sorbing tracer, Rn would 
migrate in the water conducting zone and diffuse further in the adjacent rock ma
trix [15]. The spatial distribution of its strongly sorbing daughter-nuclide 210Pb 
could be easily measured, yielding further informations about the flowpaths and 
the spatial extension of matrix diffusion. Work along these lines in the context of 
the ongoing migration experiment in the Grimsel rock laboratory is in progress. 
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Figure 1 
Uranium outflow normalized to peak inflow as a function of time. The gneiss 
sample is from Kaisten at a depth of 817 m and advective flow is modelled by a 
fracture network. 
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Figure 2 
Uranium outflow normalized to poak inflow as a function of time. The granite 
sample is from Bottstein at a f'.epth of 1093 m and advective flow is modelled 
by a fracture network. 
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Figure 3 
Uranium outflow normalized to peak inflow as a function of time. The granite 
sample is from Bottstein at a depth of 856 m and advective flow is modelled by 
a vein network. 
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Figure 4 
Uranium outflow normalized to peak inflow as a function of time. The granite 
sample is from Bottstein at a depth of 856 m and advective flow is modelled by 
a vein network. 
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Ranges for fracture half-width (KAI 817 and BOE 1093) or vein half-radius 
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Figure 6 
Effect of variation of longitudinal dispersivity ai on break-through curve. All 
other parameters have been fixed to the values in table 3. 
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Figure 7 
Effect of variation of the effective diffusion constant (pDf on break-through 
curve. All other parameters have been fixed to the values in table 3. 



31 

Variation of Ka [m] 
for a f racture network 

16*10 

14*10-* — 

KAI 817 

• experimental data 
1.0*10-

- - 2 .0*10-
4.5*10-
8.0*10-

10.0*10-

1111 > 11111111111111111111111111111111111111111111111 n 1111111111 f ircfnTn 

0 20 40 60 80 100 120 HO 

Time [hour] 

Figure 8 
Effect of variation of the surface based sorption constant Ka on break-through 
curve. The advective flow is modelled by a fracture network. All other param
eters have been fixed to the values in table 3. 
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Figure 0 
Effect of variation of the surface based sorption constant Ka on break-through 
curve. The advective flow is modelled by a vein network. All other parameters 
have been fixed to the values in table 3. 
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Figure 10 
Effect of variation of the volume based sorption constant Kj on break-through 
curve. All other parameters have been ftxed to the values in table 3. 
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Figure 11 
Comparison of calculation with a vein and a fracture network, respectively. For 
the granite sample from Bottitein at 856 m depth. Note that both curves are 
best-fit calculation. 
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Figure 12 Comparison of calculation with a fracture and a vein network, re
spectively. For the granite sample from Bottstein at 1193 m depth. Note that 
both curves are best-fit calculation. 
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Figure 13 Comparison of calculation with a fracture and a vein network, re
spectively. For the gneiss sample from Kaisten at 817 m depth. Note that both 
curves are best-fit calculation. 


