
Nagra 
Nationale 
Genossenschaft 
fOr die Lagerung 
radioaktiver Abfi:ille 

C6dra 
Societe cooperative 
nationale 
pour I'entreposage 
de dechets radioactifs 

Cisra 
Societa cooperativa 
nazionale 
per I'immagazzinamento 
di scorie radioattive 

TECHNICAL 
REPORT 87 -07 

Modelling small scale infiltration 
experiments into bore cores of crystalline 
rock and break-through curves 

J. Hadermann 
A. Jakob 

April 1987 

Swiss Federal Institute for Reactor Research, Wurenlingen 

Parkstrasse 23 5401 Baden/Schweiz Telephon 056/20 55 11 





Nagra 
Nationale 
Genossenschaft 
fOr die Lagerung 
radioaktiver Abfi:ille 

C6dra 
Societe cooperative 
nationale 
pour I'entreposage 
de dechets radioactifs 

Cisra 
Societa cooperativa 
nazionale 
per I'immagazzinamento 
di scorie radioattive 

TECHNICAL 
REPORT 87 -07 

Modelling small scale infiltration 
experiments into bore cores of crystalline 
rock and break-through curves 

J. Hadermann 
A. Jakob 

April 1987 

Swiss Federal Institute for Reactor Research, Wurenlingen 

Parkstrasse 23 5401 Baden/Schweiz Telephon 056/20 55 11 





Contents 

Widmung 3 

Vorwort 4 

Abstract / Zusamlnenfassung / Resulne 5 

1 Introduction 6 

2 Experiments 7 

3 Theoretical Model 9 

4 Results and Discussion 12 

5 Conclusions 19 

A cknow ledgements 21 

References 22 

Figures 24 



3 
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Vorwort 

IIn Ralllnen des Projektes Endlagersicherheit werden inl EIR Arbeiten zur Ana
lyse der Ausbreitung radioaktiver Elelnente in geologischen Medien durchgeführt. 
Diese Untersuchungen werden in Zusalllluenarbeit und lllit teilweiser finanzieller 
Unterstützung der NAGRA vorgenolllnlen. Die vorliegende Arbeit erscheint gleich
zeitig als EIR-Bericht und als Technischer Bericht der NAGRA. 
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Abstract 

Uranium infiltration experiulents for small saulples of crystalline rock have been 
used to model radionuclide transport. The theory, taking into account advec
tion and dispersion in water conducting zones, luatrix diffusion out of these, and 
sorption, contains four independent paralneters. It turns out, that the physical 
vatiables extracted froln those of the best-fit parameters are consistent with val
ues froul literature and independent UleasureUlents. Moreover, the lnodel results 
seeUl to differentiate between various geometries for the water conducting zones. 
Alpha-autoradiographies corroborate this result. A sensitivity analysis allows for 
a judgelnent on parameter dependencÎes. Finally SOUle proposaIs for further ex
perilnents are luade. 

Zusammenfassung 

Bohrkerninfiltrationsversuche an Proben aus dem Kristallin wurden dazu verwen
det den Radionuklid-Transport zu ulodellierell. Die Theorie berücksichtigt Ad
vektion und Dispersion in den wasserführenden Zonen, Matrixdiffusion aus diesen 
hinaus und Sorption. Sie enthaIt vier unabhangige Paralneter. Es zeigt sich, dass 
die physikalischen Variablen, welche abgeleitet sind von den Best-Fit-Paralnetern, 
konsistent sind lnit Literatur-Werten und mit Daten von unabhangigen Messun
gen. Darüberhinaus scheinen die Modelresultate zwischen verschiedenen Geolne
trien für die wasserführenden Strukturen zu diskrhninieren. Alpha-Autoradio
gralnlne stützten dieses Resultat. Eine Sensitivitatsanalyse ermoglicht Aussagen 
über die Parameterabhangigkeiten. Schliesslich werden einige Vorschlage für weit
ere Experiulente vorgebracht. 

Résumé 

Des expériences d'infiltration d'uranium dans des petits échantillons de roche 
cristalline ont servis à lnodéliser le transport des radionuclides. La théorie tient 
compte de l'advection et de la dispersion dans les zones conductrices d'eau, de 
la diffusion de matrice hors de ces zones et de la sorption. Elle contient quatre 
paramètres indépendents. On montre que les variables physiques, tirées à partir 
du meilleur ajustement des paranlètres, sont consitentes avec les données récensées 
dans la littérature et des résultats de mesures illdépendentes. De plus, le modèle 
senlble de perulettre de différencier plusieurs geolnétries pour les zones conductri
ces d'eau. Des alpha-autoradiographes corroborent ces résultats. Une analyse de 
sensibilité pennet d'établir les dépendences de paramètres. En conclusion quelques 
propositions sont presentées pour de futures expériences. 
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1 Introduction 

An ilnportant part of the performance assessment of nuclear waste repositories 
is the 11lodelling of radionuclide transport through the geosphere. Since a direct 
validation of such nlodels in a strict sense is not feasible because of titne and space 
scales, confidence in these Inodels has to be gained by laboratory experitnents, 
field experilnents 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 iIllportant re
tardation Inechanisnl. Hence, the Illodel based on a dual porosit.y Illediunl takes 
into account advective transport and hydrodynanuc 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 luatrix, and radioactive decay and 
build-up. 

Of course, the application of a particular Inodel to a slnall scale laboratory exper
itnent does not proof whether this lllodel is also applicable for a safety assessluent, 
Inainly for three reasons. First, the scales are too different, and consequently 
especially some paranleter values, such as for the dispersivity, have no relevance 
for safety asseSSlnent scales. Second, possible nlechanisllls not taken into account 
in the conceptual lllodel e.g. such as sorption kinetics or non-linear sorption in
stead of Inatrix diffusion, might lead to a sinlilar goodness of performance when 
comparing to experimental data. Third, processes not detectable in laboratory 
experilnents nlight prove extrelllely itnportant for safety assessments. Neverthe
less, it is believed that modelling laboratory experiments constitutes an itnportant 
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 Inodel gives 
appropriate paralneter dependencies. For these reasons we have applied the ra:
dionuclide transport model developped for NAGRA's 'Project Gewaehr 198.5' to 
uraniUln infiltration experiments through slnall bore cores. Modelled are break
through curves and froln - generally excellent fits - physical parallleters are ex

tracted. 

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

For the sake of completeness we present here the salient features of the uranhllll 
infiltration experiments. More details can be found in an accoillpanying report by 
Bischoff et al. (2]. Froill deep drilling bore cores fronl crystalline in the northern 
part of Switzerland several cylindrical rock sainpies have been cut out. The salll
pIes have a diameter of 46 mm and a length of 10 to 20 nUll. For the infiltration 
experiinent the rock piece is placed into a pressure apparatus, scetched below [2]. 

Y A 

y 

® 

Schematic diagramme of pressure infiltration apparatus 

Core assembly with (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 shllulation of 
the lithostatic pressure. The sanlple is conditioned by setting the desired confining 
pressure until a steady through-flow rate for water (natural groundwater from 
Bad Sackingen, Gernlany) is reached. Then, the valve (V) is opened for injection 
of a short tracer pulse. As tracers distilled water and an uraniUlll solution are 
used. At the outlet the water is sampled and the electric conduct.ivity and the 
uranium concentration, respectively, are measured in addition to the detennination 
of the bulk water flow. After the infiltration the sarnple is cut transversely or 
longitudinaly int.o slices and alpha-autoradiographed thus yielding infonnation on 
spatial distribution of uraniUlll sorption sites and transport pat.hs. 

Even though the experhnental situation is rather silnple, it is worthwile to address 
several difficulties with respect to an inferpretation of the experiments: 

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

• Second, the pore water chernistry of the sample is not known. Therefore a 
generic granitic groundwater has been used for the infiltration experinlents. 
This l1light induce geochelnical reactions and, consequently produce tiIne
dependent transport parameters. A sign of such a situation is probably the 
decreasing pernleability during experhnentation. To avoid, for SOlne salllples, 
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 aSSUlue a band release as given 
by the injection valve. However, it is known that the details of the specific 
fornl of the upstrealn boundary condition - in our case essentially a pulse 
release - plays a nlinor role as long as transport tiI1leS are sufficiently long 
and dispersivity is sufficiently sIllall. 

These difficulties have to be kept in mind, together with those stelluning fronl a 
simple modelling approach, when cOlllparing experilnents with theoretical calcu
lations. 
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3 Theoretical Model 

Starting from the mass balance for a representative elementary volume (REV) 
one can fornlulate [3], equations for tracer transport in a dual porosity 111editull. 
Details of the presently used transport model (general assull1ptions, specific ap
proxiInations) are given in ref. [4]. We have 

820 p 1 80p --+-.-
8 8r2 r 8r 
---0 =D· 8t p 

82_~ 
8x2 

80p / 

8r/r =R 

+Qp 

; 

(for veins) 

(1) 

(for fractures) 

r ?R (for veins) 

(2) 

Ixl ? b (for fractures) 

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 Inatrix. OJ is the concentration of the tracer in 
the water carrying zone, Op that in the pore water of the Inatrix, 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 ll1uch higher than the characteristic 
till1e of the experilnent, these terms can be neglected. 

The c.oefficients of eqs. (1,2) are given as cOll1binations of the following paratlleters 
[4]: 

A = aL"'f ~ J 
Rf 1 

B=-~~l 

aL Vj . b 
Ka 

_!!.L . R 
Ka 2 

2 ?" 

;Rj = 1 + REa 

1 
;Rj = 1 + bKa 

(for veins) 

(3) 

(for fractures) 

(for veins) 

(4) 

(for frac.tures) 
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(for veins) 

c= (5) 

(for fractures) 

(6) 

Here, we defined the following average quantities: 

aL ... longitudinal dispersion length [InJ v, ... water velocity in the water conducting zone [m/sJ 
R, ... retardation factor in the water conducting zone [-J 
Ka ... surface based sorption constant [m] 
fp •.• rock matrix porosity [-J 
Dp ... diffusion constant in the rock 111atrix [m2 /s] 
Rp ... retardation factor for the rock ll1atrix [-J 
p ... density of the rock matrix [kg/m3

] 

Kd ... volulne based sorption constant [m3 /kgJ 

We also note that we assume instantaneous sorption equilibriulll and a linear sorp
tion isothenn. In the matrix only diffusion perpendicular to the water conducting 
zone is considered. Furthennore, tinle and space dependencies of the paralneters 
are neglected. 

The initial conditions are given by: 

(for veins) 
fOT t::; 0 (7) 

Ixl2 b (for fract.ures) 

assuming that the sample is free of tracer nuclides. 

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

8 
al(z, t) . C,(z, t) + f31(Z, t) 8z C,(z, t) = fl(Z, t) z = 0 or L (8) 

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

r R or Rmax 

(for veins) ( 9 ) 



11 

x = b or Rmnx 

(for fractures) (10) 

where ai, f3i and Ii, i=1,2, are given functions detefluined by the physical problenl 
at hand. More specifically we then have: 

Inlet: OJ(z = 0 , t 2 0) = Oo(t) (11 ) 

Oo( t) is a function determined by the experinlental condition, in our specific prob
lenl 

Co(t) = { ~o 

has been used, where 0 0 is the input concentration. 

Outlet: 
8 

---OJ(z = L , t) = 0 
8z 

Vt 

(12) 

(13) 

corresponding to free outflow into the droplet salnpler, and in the medium at SOHle 
distance Rmax 

(for veins) 

=0 (14) 

(for fr act ures ) 

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: 

Vz , t 2 0 
(for veins) 
(for fractures) 

(1.5) 

There are not known any analytical solutions to the general problenl of eqs. (1) 
and (2). For simplified probleills and their analyt.ical solutions as well as the ac
tual nurnerical solution method, we reference again t.o [4]. In order to obt.ain a 
nunlerical solution of our transport problem we first carry out a spat.ial discretiza
tion using the Lagrange interpolation technique to convert the (time dependent) 
partial differential equations into a set of first order differential equations. For the 
nurnerical tirne integration of the coupled differential equations we use the stiff 
methods of Gear's variable order predictor-corrector method [5], [6], [7]. 



12 

4 Results and Discussion 

In this chapter we present the comparison of experimental data with the results of 
the theoretical 111odel. Figures 1 to 4 show outflow nortllalized to the peak inflow 
as a function of time for four different rock salnples frOI11 Kaisten and Bot.tstein 
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 mQdelled by A['lO-lO m 2 Is] B[.10- 8 mls] C[.10- 11 m/s) D[.10-15 m 2 Is] 

KAI817 fracture network 6.01 -80.1 110 4.53 

BOE 1093 fracture network 3.76 -4.70 7.20 2.83 

BOE 856R vein network 21.6 -12.8 25.8 0.896 

BOE 856R2 vein network 22.6 -14.1 21.6 0.907 

t indicated are location and depth [Ill] 

Table 1: The four best-fit paraIlleters of eq. (1) and (2) 

It IllUSt be elnphasized that for the results of figures 1 to 4 no ad-hoc scaling of 
absolute magnitudes has been used. No attempt has been Inade to quantify a 
goodness-of-fit measure, since a fit by eyes is deemed to be sufficient (see hi this 
context also the next section). It seelns that transport in veins and fractures can 
be discrinlinated. 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 paranleters. It is evident that from the four fit. paralnet.ers 
A to D the essentially five independent physical parallleters entering eqs. (3) to 
(6), namely aL, tpDp, K a , Kd and bl R, cannot be detertnined uniquely with the 
exception of the longitudinal dispersivity aL. 
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The reinaining (experimental) parameters are, taken frOln ref (2]: 

Sample vf [. 10-6 m/s] fp [. 10-3] p = p(1- €p) [kg/m3 ] 

KAI817 8.81 37 2700 

BOE 1093 9.63 7 2600 

BOE 856R 3.98 15 2550 

BOE 856R2 10.4 32 2520 

Table 2: Flow velocities, Inatrix porosities and densities for the four rock sainpies 

For this reason we have chosen to express h/R, a quantity ITIOst dependent on the 
samples, as a function of other paralneters, and taking values frOlll the literature, 
we exalnine whether a consistent picture and sensible paralneter values for b/R 
and aL einerge. 

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 aL. 

A 
(16) aL = TEl 

B. }= I~I . :1 fpDp = f(fpDp) 
(for veins) 

2 (17) 
b (for fract ures ) 

!J. }= 11 !a'jfl = f(Ka) 
(for veins) 

2 (18) 
b (for fractures) 

!J. } lEI· D 1 [ ]" (for veins) 
2 = C . v f . (1- Ep) P . K d + Ep = f ( Is.. d) (19) 
b (for fractures) 

From the literature the following parameter ranges were chosen: 
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(20) 

A large nUlnber of laboratory measurelnents 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. 

b). 3 .10-4 ~ Ka [mJ ~ 300.10-4 (21) 

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

(22) 

Volume based sorption constants have been 1neasured under oxidising conditions 
for Swiss granites [10J and have been evaluated [11] for appropriate groundwater 
conditions. Hence, for this para1neter the s111allest range is assu1ned. 

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 [nl] for all the salnples 
(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 In results, which 
seeins to be a reasonable nU111ber. 

The longitudinal dispersivity aL is uniquely given by eq. (16). The values (see 
table 3) are around 10-2 

III 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 fro1n top to bOttoIll of the sa1nple as is 
seen in the alpha-autoradiographies, hence the slnall value. For the other salnples 
the alpha-autoradiographies suggest more of a network of water conducting zones. 
Though understanding of dispersivity in fractured rocks is still Inissing, for porous 
media it can be shown that dispersivity is proportional to the spatial scale of 
heterogeneities (eg. [12]). The distances between the Inain active "spots" on the 
autoradiographed slices are around one cm, hence, larger dispersivities of the saIne 
111agnitude are not surprising. 
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Sensitivity analysis: 

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

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

Sample KAI817 BOE 1093 nOE 856R nOE 856R2 

Parameter 

R/2 [.10- 5 m] -- -- 1.00 0.50 

b [.10- 5 m] 4.55 0.40 -- --

aL [.10- 2 m] 0.075 0.80 1.68 1.60 

Ka [.10- 4 m] 4.55 8.16 3.00 3.65 

Kd [.10- 3 m3 /kg] 45.0 8.00 35.0 35.0 

EpDIJ [.10- 14 m2/s] 55.0 5.90 8.00 8.00 

Table 3: Central case paralneters for sensitivity analysis 

a). Variation of aL 

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

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

1 It is recalled that these parameters are not uniquely defined by the best-fit, except for aL. 

However, they are within the expected range. 
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diffusion, the migrating tracer peak will beconle sharper and higher and the maxi
lllUln of the outflow will be shifted somewhat to later titnes. Now switching nlatrix 
diffusion on, the higher and sharper peak induces a stronger gradient as the driv
ing force for the lllatrix diffusion. Consequently a further retardation results but 
also a counter effect of lowering the peak 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 
aL 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 fOfln of 
the inlet concentration. 

b). Variation of €pDp 

As a second exaillple we consider the influence of a variation of the effective diffu
sion constant €pDp for the sall1ple BOE 856R (figure 7). 

A higher effective diffusion constant for the matrix induces l110re tracer mass to 
penetrate into the adjacent rock lllatrix. Hence, retardation is slightly increased 
and peak outflow lowered. A variation of €pDp of about one order changes the 
peak lnaxilllUlll by a factor of 2 to 3. 

c). Variation of Ka 

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

Increasing Ka means increasing the retardation factor R f 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 lllatrix, hence a 
higher lnatrix contribution. The variability is lnuch less for the fracture network 
than for veins. In the first case we have a planar geolnetry for advective transport 
whereas in the second case the geoilletry is linear. 

d). Variation of Kd 

Fourth, we investigate the influence of a variation of the volulne based sorption 
constant Kd for the BOE 856R salnple (figure 10). 
An increasing Kd in the lnatrix increases the total alllount of radionudides in the 
lnatrix. Hence the trailing part of the break-through curve becolnes lllore itnpor
tant and the peak value for outflow is decreased. However, the variation is l~Ot 
very pronounced: An increase of Kd by one order of luagnitude decreases peak 
concentration by a factor of three, only. 
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e). Sensitivity to flow path geonletry 

One of the interesting modelling results is the possibility of discrinlination of flow 
path geometry for SOlne of the different rock sanlples. Despite the fact that the 
model shllplifies a conlplex experhnental situation (see section 2) and has four free 
paranleters to fit, a discrhnination between the concept of water flow in vein or 
fracture networks seems to result which is qualitatively consistent with 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 paralneters 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 
experinlentally investigated tirne span. 2 

In the case for the samples BOE 856R (figure 11) we see, that the fit for the vein 
network produces an excellent agreernent with experirnental 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 sanlple (figure 12) where the curve for a fracture network fits better 
the experirnental 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 seelns to be 
impossible (figure 13). This is certainly an unexpected result. The reason could 
be, that tracer transport is not fully dOlninated by the fracture seen in the autora
diographies. Experirnents with several tracers nlight clear up such open questions. 

2 Note that all curves are normalized to the same experimental inlet flow without ad-hoc ad
justment of peak values. 
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nOE 856R nOE 1093 KAI817 
Parameter 

fracture vein - fracttlre - vein-- --fracture vein 

R/2 [. 10- 5 111] -- 1.00 -- 0040 -- 2.27 

--

b [. 10- 5 m] 1.00 -- 0040 -- 4.55 --

aL [. 10- 2 m] 1.75 1.68 0.80 0.80 0.075 0.80 

Ka [. 10-4 m] 2.50 3.00 8.16 8.76 4.55 12.5 

Kd [. 10-3 m3 /kg] 35.0 35.0 8.00 7040 45.0 37.5 

€pDp [. 10- 14 m2 /s] 12.0 8.00 5.90 2.00 55.0 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 t.ransport Inodel including matrix diffusion 
and sorption to experinlental data on 233U transport through intact crystalline 
rock cores. The fit to the experimental data results in a consistent picture what. 
concerns the extracted physical paralneter values and it seelns possible to dis
crinlinate between two different geoilletries for the water flow paths, despite the 
strong simplifications in the nlodelling approach and the deficiencies in the ex
perhnental set-up. Especially we lllention the consistency between stat.ic sorption 
distribution nleasurenlents (batch Kd) and those extracted fronl the dynaillic in
filtration experinlents as well as the qualitative agreement of flow geolnetry with 
alpha-autoradiographies. Two of the samples (BOE 856R and BOE 856R2) are 
from the saille depth. Break-through curves are very shnilar and consequently the 
parameters extracted have almost the saIne values. This gives an indication on 
natural paranleter variability. 

When considering the question of lllodel validation SOille reillarks are in order. 
First, t.he laboratory experilnents help to understand the lllechanisnls and pro
cesses and their interactions on a slnall scale. It is believed that for spatially 
larger field experiments in inhoIllogeneous crystalline rocks the saIlle Illodel struc
ture would apply with appropriate scaling of some of the parailleters (especially 
dispersivity). Second, the spatial dOlnain investigated by the present experinlents 
would be that available for matrix diffusion in safety asseSSlnent calculations. At 
present it is an open question how relevant paranleters for this "large scale" ma
trix diffusion could be extracted, especially effective diffusion coefficients. Third, it 
lllust be recognised that the present lllodel interpretation is only one al1l0ng other 
possibilities. The main feature to be explained by any lnodel is the trailing part 
of the break-through curves over long times. In principle this can be explained by 
various mechanisllls [13] out of which we have chosen matrix diffusion and shown 
quantitative consistency. Others could be non-linear sorption (based on data at 
high uraniUlll concentrations for crushed granite [14], this seelns to be unrealistic) 
and sorption kinetics. Of course, the break-through curve could also be the re
suit of a superposition of several independent flow paths with or without matrix 
diffusion. But such a lllodel concept would increase the nUlnber of independent 
parameters draillatically. 

Some of these questions could brought nearer to a solution by further Illodel de
veiopillent especially also by a quantitative lllodelling 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 and 
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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voluule 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 iUlportant tracer 
independent paralneters. In this context we also would reCOlnnlend to perfonn a 
tracer experilnent with the inert tracer 222Rn. As a non-sorbing tracer, Rn would 
migrate in the water conducting zone and diffuse further in the adjacent rock Iua
trix [15J. The spatial distribution of its strongly sorbing daughter-nuclide 210Pb 
could be easily measured, yielding further infonnations about the flowpaths and 
the spatial extension of Inatrix diffusion. Work along these lines in the context of 
the ongoing migration experitnent in the GriInsel rock laboratory is in progress. 
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12*10-3--~-------------------------------------------------------. 

KAI 817 

• experimental data 
RANCHMD - fracture network 

o 20 40 60 80 100 120 140 160 

Time [hour] 

Figure 1 
Uranium outflow normalized to peak inflow as a function of tilne. The gneiss 
sample is from Kaisten at a depth of 817 III and advective flow is modelled by a 
fracture network. 
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16*10-· ~~----------------------------------------------------------~ 

BOE 1093 
• 
• • experimental data 

RANCHMD - fracture network 

10* 10-· 

8*10-· 

6* 10-· 

o 50 100 150 200 250 300 350 

Time [hour] 

Figure 2 
Uranium outflow normalized to peak inflow as a function of time. The granite 
sample is from Bottstein at a depth of 1093 m and advective flow is Inodelled 
by a fracture network. 
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8*10-3 ~~--------------------------------------------------------~ 

• 

5*10-3 

4*10-3 

3*10-3 

o 20 40 

Figure 3 

BOE 856R 

• experimental data 

RANCHMD - vein network 

•• .. -...... ...... ........ 

60 80 100 

Time [hour] 

• 

120 140 

U~;~~ outflow normalized to peak inflow as a function of thne. 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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8*10-J~--------------------------------------------------------~ 

5* 10-3 

4* 10-3 

3* 10-3 

o 50 100 

F!gE:~~'! 

BOE 856R2 

• experimental data 
RANCHMD - vein network 

150 200 250 300 

Time [hour] 

Uranium outflow normalized to peak inflow as a function of time. The granite 
sample is from Bottstein at a depth of 856 III and advective flow is modelled by 
a vein network. 
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4~--------'. f(Kd) 

ISCE 856R21 

"~i---------.~ f(~pDp) 

.~-------.~ f(K d) 

ISCE 856RI 

"~i---------•• f(~pDp) 

.. ~------..~ f(K d) 

ISCE 10931 ... -4-------.~ f(Ka) 

.... ~ f(~pDp) 

IKAI 8171 .~---------.~ f(Ka) 

R/2, b [m] 

~}g_~~e 5 
Ranges for fracture half-width (KAI 817 and BOE 1093) or vein half-radius 
(BOE 856R and BOE 856R2) extracted from the various relations between the 
physical parameters taking into account values deterrnined in other experiment 
(see text). 
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I Variation of aL ern] I 

30*10-3 

, BOE 856R 
II 
/1 • experimental data 

,I 50.0*1 o-~ 

,I 
25.0*1 o-~ 

25* 10-3 16.8*10-3 
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15* 10-3 I 
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I 
I 
I ;d 
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10*10-3 I, t1 

I' 
I ~ , 
I, 

/I 

I 
, . 
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I, 

o 20 40 60 80 100 120 140 

Time [hour] 

Figure 6 
Effect of variation of longitudinal dispersivity aL on break-through curve. All 
other parameters have been fixed to the values in table 3. 
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16*10-3 

1\ BOE 856R 

I' • experimental data 

14*10-3 
,I 1 * 10-1-4 

I I 4*10-1-4 

I 8*10-1-4 

I I 
10*10-1-4 I I 40*10-1-4 

I 
12*10-3 

10* 10-3 I,', I 
I 

/1 I I 
I' 
I 

I, 

8*10-3 /' 

6*10-3 

o 20 40 60 80 100 120 140 

Time [hour] 

Figure 7 
Eff~~t-of variation of the effective diffusion constant EpDp on break-through 
curve. All other paralneters have been fixed to the values in table 3. 
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Variation of 
for a fracture 

Ka [m] 
network 

16*10-3~----------------------------------------------------~ 

KAI 817 

• experimental data 
1.0* 10-4 

2.0*10-4 

4.5*10-4 

8.0* 10-4 

10.0*10-4 

10* 10-3 

8*10-3 

6*10-3 

o 20 40 60 80 100 120 140 

Time [hour] 

Figure 8 

Effect of variation of the surface based sorption constant I(a 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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Variation of Ka [m] 
for a veIn network 

12*10-3------------------------------------------------------~ 

1\ 

I, BcE 856R 

" 
• experimental data 

" 

1 * 10-4 

" 

2* 10-4 

" 

3* 10-4 

II 5*10-4 

, , 10*10-4 

"'J 
I' ,I 
I, I 

I'l 
I' . ~ I I 
I, 
II 

o 20 40 60 80 100 120 140 

Time [hour] 

Figure 9 
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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IVariation of Kd [m3/kg] I 

12*10-3~----------------------------------------------------~ 
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BOE 856R 

• experimental data 
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Figure 10 
Eff~~t of variation of the volume based sorption constant Kd on break-through 
curve. All other parameters have been fixed to the values in table 3. 
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8*10-3 ~.----------------------------------------------------------, 

• 

5* 10-3 

4*10-3 

3*10-3 

• 

o 20 

Figure 11 

.'\. .. , .. , .. ....... 

BOE 856R 

• experimental data 

RANCHMD vein network 

RANCHMD - fracture network 

. ... :-... 
.... ;e ...... ...... -...... ~.-

••••• - -- -.--
40 60 80 100 120 140 

Time [hour] 

Comparison of calculation with a vein and a fracture network, respectively. For 
the granite sample froln Bottstein at 856 III depth. Note that both curves are 
best-fit calculation. 
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16*10-'~--------------------------------------------------------~ 
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10* 10-' 

8*10-' 

6*10-' 

o 50 100 

BOE 1093 

• experimental data 

RANCHMD fracture network 

RANCHMD - vein network 

150 200 

Time [hour] 

250 300 350 

Figure 12 COlnparison of calculation with a fracture and a vein network, re
spectively. For the granite salnple frOln Bottstein at 1193 In depth. Note that 
both curves are best-fit calculation. 
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12*10-3~~-------------------------------------------------------. 

KAI 817 

• experimental data 

RANCHMD fracture network 

RANCHMD - vein network 

"'0 
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o 20 40 60 80 100 120 140 160 

Time [hour] 

Figl~re !3 C01nparison of calculation with a fracture and a vein network, re
spectively. For the gneiss salnple frOln Kaisten at 817 III depth. Note that both 
curves are best-fit calculation. 
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