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Abstract 

This report describes the modelling of break-through curves from a scries of two-
tracer dynamic infiltration experiments, which are intended to complement larger 
scale experiments at the Nagra Grimsel Test Site. The trcxers are H2Br, which is 
expected to be non-sorbing, and 24Na, which is weakly sorbing. The 24Na concen
tration is well below the natural Na concentration in the infiltration fluid, so that 
sorption on the rock is governed by isotopic exchange, exhibiting a linear isotherm. 
The rock specimens are sub-samples (cores) of granodiorite from the Grimsel Test 
Site, each containing a distinct shear zone. Be st—fits to the break-through curves 
using single-porosity and dual-porosity transport models are compared and sev
eral physical parameters are extracted. It is shown that the dual-porosity model 
is required in order to reproduce the tailing oart of the break-through curves for 
the non-sorbing tracer. The sing!e-por>sity model is sufficient to reproduce the 
break-through curves for the sorbing tracer vithin the estimated experimental er
rors. Extracted K& values are shown to agree well with a field rock-water interaction 
experiment and in situ migration experimer.s. Static, laboratory batch-sorption 
experiments give a larger A'j, but this difference could be explained by the larger 
surface area available for sorption in the artificially crushed samples used in the 
laboratory and by a slightly different water chemistry. 
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Z usammen fassu ng 

In diesem Bericht wird die Modellierung von Durchbruchskurven aus einer Reihe von 
dynamischen Infiltrationsexperimenten mit zwei Tracern beschrieben. Sie sind als 
Ergänzung der Migrationsexperimente auf grösserem Massstab im Felslabor Grim-
sel zu betrachten. Die Tracer sind n2Br, das als nichtsorbierend angenommen wird, 
und das schwach sorbierende 2ANa. Die 24Na Konzentration liegt erheblich unter 
der natürlichen Natrium-Konzentration des Infiltrationswassers, soda-ss die Sorption 
am Gestein durch Isotopenaustausch bestimmt wird und sich eine lineare Sorptions-
isotheme ergibt. Das Gesteinsmatcrial besteht aus Bohrkerncri aus dem Granc-
diorit der Migrationszone im Grimsel Felslabor der NAGRA, wobei jeder Bohrkern 
eine deutliche Scherzone aufweist. Unter Benützung von Transportinodellen ein
facher und doppelter Porosität werden Best-Fits an die Durchbruchskurven durch
geführt und mehrere physikalische Parameter bestimmt. Es zeigt sich, dass für 
den nichtsorbicrenden Tracer nur das Modell doppelter Porosität den Schwanz der 
Durchbruchskurve reproduzieren kann. Innerhalb der geschätzten experimentellen 
Fehler genügt ein Modell einfacher Porosität, um die Durchbruchskurven des sor-
bierenden Tracers zu reproduzieren. Die extrahierten A^-Werte stimmen gut mit 
solchen aus einem Gesteins-Wasser-Wcchselwirkungsexperiment und Migrationsex
perimenten im Felslabor überein. Statische Labor-Batchexperimeritc ergeben grössere 
Gleichgewichtsverteilungskonstanten für die Sorption. Die Differenz kann jedoch mit 
einer durch das künstliche Brechen des Gesteins vergrösserten Oberfläche und mit 
einer leicht unterschiedlichen Wasserchemie in den Batchexpcrinientcn erklärt wer
den. 
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1 Introduction 

Confidence in a model for the transport of sorbing radionuclides is enhanced by 
its ability to reproduce experimental data using model parameter values which are 
consistent with independent measurements. Confidence is further enhanced if the 
model can reproduce data from a variety of experimental systems which rover differ
ing scales of space and time. For this reason, the large-scale field migration work at 
the Nagra Grimsel Test Site (GTS) has been complemented by a laboratory-based 
support programme, including high-pressure infiltration experiments, giving anal
ogous data for small-scale systems, and static batch-sorption experiments, giving 
independent measurements of sorption properties. This also motivated the selection 
of small-scale infiltration experiments as a test case in the international INT 11 AVAL 
study, the aim of which is the validation of geospherc transport models [1], [2]. 

Two radionuclide transport models, based on the assumptions of single-porosity 
and a dual-porosity media, have previously been fitted to break-through curves 
for both sorbing and non-sorbing radionuclide tracers, measured during infiltration 
experiments on fractured rock samples from GTS [3]. The single-porosity model 
accounts for the advection, dispersion and retardation due to sorption on fracture 
surfacs. The dual-porosity model also accounts for diffusion out of the fractures 
into a spatially-limited porous zone, referred to as the porous matrix [•!]. 

In principle, the best-fit to the break-through curves allows the goodness-of-fit of 
the different models to be compared and physical and chemical properties of the 
rock/water system to be determined. A similar exercise, based on the dual-porosity 
model, was carried out on data from the migration experiment at GTS, for a series 
of tests in which the same sorbing tracer was used [5]. Samples for the infiltration 
experiments were taken from a region of small shear zones branching from the test 
fracture of the migration experiment and are assumed to be mincralogically (and 
chemically) similar'; a comparison is therefore possible between the sorption prop
erties obtained from modelling the large-scale and small-scale experiments. Com
parison can also be made wiih directly measured values from the batch sorption 
experiments [6]. 

However, the results from the infiltration experiments [3] were not sufficiently accu-

'There arc, however, structural differences. In particular, shear zones within the samples for the 
infiltration experiment lack the infill material of the test fracture. The assumption of mintmlogical 
similarity will be investigated in detail in a forthcoming report. 
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rate to allow all the required information to be extracted from break- through curves 
for the non-sorbing tracer. As a result, only the product of the diffusion coefficient 
with the matrix distribution coefficient in the dual-porosity model could be deter
mined, rather than separate values; the range of values extracted for this product 
was, however, found to be consistent with the distribution coefficient calculated from 
the results of the migration experiment at GTS. 

In order to evaluate the diffusion and sorption parameters of the dual porosity 
model separately, further experiments have been performed at the PSI Ilotlabor 
with a modified apparatus and experimental procedure. This report documents the 
modelling of these new results [7], together with a reworking of earlier data and a 
comparison of derived physical parameters from this experiment with those from 
other, independent experiments. 

2 Experimental 

Two cylindrical rock cores (core 1 and core 2) consisting of granodiorite from the 
Grimsel Test Site were used in these experiments 2, each containing a distinct 
mica-rich shear zone formed by ductile displacement during Alpine met amorph ism. 
The cores were extracted at distances of 19.23m and 20.38m along the drill core 
BOMI86.004, which intersects the test fracture of the GTS migration experiment 
at 20.66m. They were cut from the drill core in such a way that in each case the 
shear zone lay along the symmetry axis of the core. Cores 1 and 2 are of length 
3.05cm and 4.38cm respectively; both have a diameter of 4.6cm. A cross section 
of core 1 is shown in fig. la. The experimental methodology can be summarised 
as follows. Infiltration fluid (natural Grimsel groundwater from the MI fracture) is 
forced through a core, which is confined within a high-pressure cell. The core is 
mounted between two stainless steel end-pieces, which are designed to distribute 
infiltration fluid across the surface of the core on the high-pressure (upstream) side 
and to collect the emerging fluid on the low-pressure (downstream) side (fig.lb). 
Once the system has reached a steady state, a pulse containing one or more radioac
tive tracers is injected into the infiltration fluid and the resulting break-through 
curves, i.e. the time dependence of the activities of each tracer at the downstream 
end of the cores, are recorded (fig.2: see [3] and [8] for details). 

2H is intended to document the samples ana .iiethodology of this experiment more comprehen
sively in a forthcoming report. 
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It has been shown that the break-through curve for a single sorbing tracer contains 
insufficient information to enable all physical parameters of interest to be determined 
uniquely [3]. Therefore, it is first necessary to model the case of a non sorbing tracer 
and use the information thus obtained to constrain the model for the sorbing tracer. 
For this reason, experiments were performed in which both sorbing (24Ara) and non-
sorbing (82Br) radionuclides were included in the tracer pulse [8]. For this system, 
the sorption mechanism for Na is cation exchange [9]. The concentration of 2*Na 
is well below that of natural Na in the infiltration fluid, so that sorption on the 
rock is governed by isotopic exchange and a linear sorption isotherm can be as
sumed in modelling its transport behaviour. In the original two tracer experiments, 
the form of the tracer pulse as it entered the core at the high-pressure side was 
not well-determined. This was because experimental artifacts (dispersion effects 
produced by the apparatus) were similar in magnitude to the effects of "ispeision 
and matrix diffusion on the non-sorbing radionuclide in the cores themselves. The 
latter processes could thus not be separated from the artifacts, seriously limiting 
the usefulness of the break-through curves. The apparatus and experimental pro
cedure were then modified to allow for these artifacts to be quantified [10]. In the 
present experiments, a "blank-run" is first carried out, in which the two end-pieces 
are pressed together with no core present (fig.3a). The break-through curve from 
the blank-run is taken to give the initial form of the tracer pulse on entry into the 
cores, which is then used as input when modelling the break-through curves in the 
presence of the cores (fig.3b), thus incorporating dispersion due to the apparatus 
into the model (fig.3c). 
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(a) cross section of core 

(b) side view, including end pieces 

Figure 1: Infiltration core I usr.l in «-xprnmrnts HOMl'iS. BOMKil and HOMIfi'2. 

Diameter of core : i.fi ci in . 
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Figure 2. Schematic diagram of the pressure infiltration apparatus. 

Core assembly with B core sample, E end pieces, F rubber sleeve. 
Pi infiltration pump, P2 confining pressure pump, 
P c confining pressure, P a infiltration pressure, P m pore pressure, 
GW groundwater vessel, VE pressure vessel, V injection valve, 
M manometers and pressure sensors, C electrical conductivity sensor, 
D droplet counter, S fraction/droplet sampler. 
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(a) Blank - Run 

tat - run 

cjd) 

(b) T e s t s 

(c) Modelling Approach 

Figure 3. Experimetal procedure and modelling approach. 

Artifact generation by the apparatus is taken into account by means of a blank-run. 
(a) The blank-run gives a break-through curve C((t). 
(b) The test using tracer i gives a experimental break-through curve C\{t). 
(c) The transport mor'.el gives a calculated break-through curve Ci{t). 
Operator 0 p , representing dowstream end-piece, is commuted with 0,, representing 
the transport model (see section 3), in order that C[(t) provides an input function 
for the transport model. 
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3 Modelling of Break-through Curves 

3.1 Transport Models 

The shear zone through a core is modelled as a single fracture of width (aperture) 
26[m] and length L[m] (assumed equal to the length of the core), with an adjacent 
porous matrix of limited thickness x m a i ,[ml f°r tracer i. > = 1 will be used to 
denote the non-sorbing tracer and i — 2 to denote the sorbing tracer. The matrix 
thickness may vary according tc the tracer i when, for example, ionic radius or 
charge influence matrix diffusion. A Cartesian coordinate system (x,z) is adopted: 
the 2 axis is parallel to the direction of fluid flow and the x axis is perpendicular 
to the plane of the fracture, z = 0 is at the inlet of the fracture and x = 0 is at 
its centre. In the dual-porosity model employed here, transport of tracer t along a 
fracture is described by the following partial differential equations 

?£i-<;d2c>+TdCi+i;°Z.\ m 

= v-irz; *: > o- (2) M _ v
d2h 

dt ~ ldx? 
Ci(z,t)[—] and Pi(iJ,i)[—] are the concentrations of tracer t in the liquid phase 
within the fracture and the porous matrix respectively, scaled by the concentration 
in the injected pulse. 5j[m2s - 1], 7i[ms -1], £/i[s_l] a n ^ ^ l* - 1 ] a r e tracer-dependent 
coefficients which are to be determined by fitting the model to the experiments. The 
transformation 

x — 6 
r! = -^-2. (3) 

has been used so that xmax; appears in neither the governing equations nor the 
boundary conditions, but is incorporated into the coefficients Ui and Vi. 

The terms on the right-hand side of equation (1) represent respectively dispersion 
and advection within the fracture and the flux of tracer between the fracture and 
the adjacent porous matrix. Diffusion through the porous matrix is described by 
equation (2). The single-porosity model is a special case of the dual-porosity model, 
in which the flux into the matrix is set to zero (Ui = G\s-1) and only equation (1) is 
solved. 

It is assumed that the core is initially free of tracer nuclides, so that 

< 7 , ( z , 0 = 0 ; W , t = 0 (4) 
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Pt(x'ot) = 0; Wt, t = 0 (5) 

C[(t)[—]3 represents the break-through curve from the blank-run; the boundary 
condition at the inlet to the fracture is obtained by equating the mass flux from the 
apparatus to the advective and dispersive mass fluxes within the fracture 

C,(0,t) + ^^(0,t) = C((t)-t>0 (6) 

Here, in order to include dispersion in the apparatus into the transport models via 
C[, the experimental system is modelled as though all parts of the apparatus which 
influence the form of the break-through curves lie upstream of the core. It, is thus 
assumed that the effects of the downstream end-piece, denoted by an operator 0£>, 
may be interchanged with the effects of the core itself, symbolized by an operator 
0j for the tracer i 

c{(L,t) = QD{e,[c((t))} = e.{0D[co'(<)]} = ©.[<?/(<)] (?) 
where C[(t) is the time-dependence of the concentration at the interface between 
the upstream end-piece and the core. The commutativity of QQ and 0 , can be 
shown mathematically if the operators are linear [11]. However, it is unclear that the 
contact with the downstream end-piece is identical in a blank-run and an actual test; 
no method has as yet been devised to test this experimentally. Future experiments 
will employ endpieccs with negligible dispersion effects, so avoiding this source of 
uncertainty. 

At the outlet 

^(L,t) = 0,C!(L,t) = Ci(L,t);Vt (8) 

describing free flow into the sampler. 

Concentration in the liquid phase is continuous across the boundary between the 
fracture and the matrix 

Ct(z,*) = /*((M); V2,V< (9) 

A zero-gradient condition is imposed at the outer boundary of the porous matrix 

dP 
^ ( 1 , 0 = 0 ; V*. (10) 

The governing equations are solved using code RANCHMD [12]. A set of time 
dependent, ordinary differential equations is derived from equations (1) and (2) 
using the Lagrange interpolation technique and integrated by Gear's variable order 
predictor-corrector method. 

3the superscript / indicates a flow-averaged concentration. The regaining are resident 
concentrations. 
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3.2 Regression Parameters 

There are two independent coefficients for each tracer (5, and T,) in the single-
porosity mode! and a further two (Ui and V;) in the dual-porosity model, each of 
which is detennined by fitting the models to the break-through curves using the 
non-linear least-squares technique. The \f merit function is defined by : 

N. ( ct(L,t,d) - cjt^y 

where C,'(<t,j) is the experimental break-through curve, measured at the Ni times 
tij,j = 1, A/",-. Each of these data .s associated with a measurement error charac
terised by a standard deviation a,-j. d(L,tij) is the tracer concentration at the 
downstream side of the core (z = L), calculated from equations (1) and (2) for a 
particular set of coefficients. The coefficients may be taken as regression parameters4 

and the merit function is minimised using the Levenberg-Marquardt technique [13]. 
This procedure yields the best-fit regression parameters, together with their stan
dard errors5. 

For the particular experients considered in this report, the uncertainty to be as
sociated with the data has not been given. However, if it is assumed that all the 
measurements using a particular tracer are described by a normal distribution, hav
ing the same standard deviation (taken as 1, say) and it is assumed that the 
model well represents all relevant physical processes, then the model can be 
fitted by minimizing \* and then o-; recomputed according to 

(1 
Ni °1 = TT (12) 

Although this approach allows an error bar to be assigned to the points when mea
surement error is not known, it also prohibits an independent assessment of 
goodness-of-fit of a particular model. In other words, it cannot objectively be de
termined whether a particular model does or does not fit the experimental data well. 
A comparison of \i o r <f% does, however, give a measure of the relative goodness-of-fit 
of the different models to the same set of experimental data. 

4In practice, LogioSi, Logio(-Ti), LogioUi and Log^Vi are taken as regression parameters; 
logarithms are used in order to give each of the regression parameters the same order of magnitude. 

5It is important to apply the procedure several times using different starting parameters in 
order to ensure that a unique minimum has been located. 
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3.3 Physical Parameters 

Having obtained the best-fit regression parameters for the two tracers, physical 
parameters (or combinations of parameters) can then be calculated. There are four 
in the case of the single-porosity model: 

an = - f k «' = 1,2 (13) 

Zi 
T 

u = - T , (15) 

R< = T2
 (14) 

and an additional four in the case of the dual-porosity model 6: 

(16) 

(17) 

(18) 

b VlTlU2 W 

Here, Cti[m] is the longitudinal dispersion length for tracer t, R/[—) is the surface-
based retardation factor of the sorbing tracer, u[ms"'] is the velocity of the infil
tration fluid and Cp[—], pp[m3kg~l], tpDp[m2s~x\ and Kd[kgm~3] are the porosity, 
density, effective diffusion coefficient and distribution coefficient (for the sorbing 
tracer) of the porous matrix. 

4DP 
b2 

ppKi 

*P 

tp-Emax 1 

b 
tp&max 2 

w 
Vi 

T2U2Vt 

~ T2U2V2 

Ux 

Vx 
T2U? 

In principle, Dp and ip could also be tracer dependent 
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4 Results 

Computations were carried out using a uniform rectangular mesh for RANCHMD, 
with 40 nodes discretising the fracture in the z-direction and 10 nodes discrctising 
the matrix in the i'-direction. Once the models had been fitted to the experimental 
break-through curves, the sensitivity of the results to mesh refinement was checked. 
In no case did a refinement of the mesh to 60 nodes in the z-direction and 24 nodes 
in the x'-direction result in a change of more than 2% in \f-

Tables 1 and 2 present the regression parameters extracted from 5 experiments on the 
two cores using the single-porosity and dual-porosity transport models respectively. 
The errors given in the tables correspond to one standard deviation in the various 
regression parameters. The physical parameters, derived using equations (13-19), 
are presented in tables 3 and 4. Experiments BOMI58, BOMI61 and BOMI62 
were performed on core 1, while BOMI60 and BOMI69 were performed on core 2. 
BOMI58, BOMI61 and BOMI62 were carried out using practically the same 

-Logi0{Si) 

-Logioi-Ti) 

-Logi0(Sj) 

-Logi0{-T2) 

-Lopio(o i i ) 

-Log\o(ai2) 

core I 

BOMI58 

a) 

») 

7.59 ± 0.01 

6.215 ± 0.004 

1.38 ± 0.01 

BOMI61 

7.32 ± 0.01 

4.855 ± 0.002 

7.64 ± 0.01 

6.127 ± 0.004 

2.47 ± 0.01 

1.51 ± 0.01 

BOMI62 

7.46 ± 0.02 

4.846 ± 0.003 

7.72 ± 0.01 

6.113 ± 0.005 

2.61 ± 0.02 

1.61 ± 0.02 

core £ 

BOMI60 

») 

7.750 ± 0.007 

6.290 ± 0.003 

1.46 ± 0.01 

BOMI69N 

6.45 ± 0.01 

4.964 ± 0.003 

7.93 ± 0.02 

6.369 ± 0.008 

1.49 ± 0.01 

1.5C ± 0.03 

BOMIG9Z 

6.17 ± 0.02 

4.948 ± 0.004 

7.90 ± 0.02 

6.386 ± 0.007 

1.22 ± 0.02 

1.51 ± 0.03 

a) not used; experimental artifacts (see text). 

Table 1: Regression parameters and longitudinal dispersion lengths extracted from 
5 experiments on two cores using the single-porosity transport model. BOMI69N 
and BOMI69Z refer to a single experiment in which break-through curves are mea
sured with two different devices (see text). All units are those givon in the text. 
Index 1 denotes the non-sorbing tracer and index 2 the sorbing tracer. 
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infiltration flow rate. BOMI60 was carried out with a higher infiltration flow rate 
than BOMI69. Activities of the tracers w r e measured using a lithium drifted ger
manium 7-detector in all experiments. In the case of BOMI69, however, an tddi-
tionai sodium iodide 7-detector was used: BOMI69N refers to results obtained with 
the sodium iodide 7-detector and BOMI69Z to those obtained with the lithium 
drifted 7-detector. In obtaining A'j, tp and pp have been assigned the measured 
values for granodiorite at GTS: 2600%m - 3 and 1% respectively [14]. 

The modelling of experiments BOMI58 and BOMI60 has been previously reported 
[3]- The dual-porosity model was fitted to the results for the sorbing tracer and 
S2, 7'2, U2 and V2 were obtained. The model was also fitted to the results for the 
non-sorbing tracer. Howeve:, as described in section 2, these experiments were 
carried out using apparatus which generated significant artifacts. Furt her more, the 
original design of the end pieces did not allow the possibility of using a blank run. 
Because of the shorter time scale on which break-through of the non-sorbing tracer 
occurs, the processes of dispersion and matrix diffusion were masked by artifacts 
and, of the four regression parameters for the dual porosity model .S'[, l\, Ux and \\ 
(the single-porosity model was no* fitted), only 7 | , the coefficient of the advection 
term for the non-sorbing tracer in equation (1), has been used in the present work. 
The remaining parameters, which are the coefficients of the dispersion and diffusion 
terms in equations (1) and (2), are unreliable. The physical parameters which can 
be obtained directly from these experiments are thus ?z, Ifj and o/,2 (equations (13-
15)). To obtain estimates of the remaining physical parameters, U\ and \\ aro also 
required (equations (16) and (19)). Therefore, for the two experiments BOMI58 and 
BOMI60, values olV\ and Vj are carried across from other experiments on the same 
core, which employed the modified apparatus: B0MI61 provides values of U\ and V\ 
for BOMI58 and B0MI61) provides values off/, and \\ for BOMI60. It is therefore 
assumed here that the physical parameters on the left hand sides of equations (17) 
and (19), while possibly dependent on the particular core used, are insensitive to 
the experimental conditions. 
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-Logio{Si) 

-Logio(-Ti) 

-Log\o(Ü\) 

-LogioiVt) 

-LogioiSj) 

- L O J I O ( - T J ) 

-Logio(Ui) 

-Logio(V2) 

-Logio(an) 

-Loffio(atj) 

core 1 

BOMI58 

•) 

4.82 ± 0.01 

») 

*) 

7.62 ± 0.01 

(7.62 ± 0.01) 

6.200 ± 0.006 

(6.187 ± 0.008) 

6.35 ± 0.08 

5.9 ± 0.2 

(5.9 ± 0.2) 

1.42 ± 0.02 

(1.43 ± 0.02) 

BOMI61 

7.41 ± 0.01 

4.829 ± 0.004 

4.89 ± 0.06 

4.35 ± 0.06 

7.69 ± 0.01 

(7.70 ± 0.01) 

6.092 ± 0.008 

(6.087 ± O.005) 

6.12 ± 0.O5 

5.8 ± 0.2 

(6.01 ± 0.09) 

2.58 ± 0.01 

1.60 ± 0.02 

(1.61 ± 0.02) 

BOMI62 

7.63 ± 0 02 

4.814 ± 0.002 

4.53 -t 0.03 

3.94 ± 0.03 

(—) 

(—) 

(—) 

2.82 ± 0.02 

(—) 

core S 

BOMI60 

4.786 ± 0.005 

») 

») 

(7.758 ± 0.008) 

(6.282 ± 0.004) 

(5.39 ± 0.05) 

(1.48 ±0 .01) 

BOMI69N 

6.45 ± 0.01 

4.956 ± 0.004 

5.56 ± 0.09 

4.12 ± 0.04 

(7.92 ± 0.02) 

(6.368 ± 0.009) 

(4.8 ± 0.8) 

1.49 ± 0.01 

(1.55 ± 0.03) 

BOMI69Z 

6.21 ± 0.03 

4.932 ± 0.007 

5.18 ± 0.07 

4.15 ± 0.09 

(7.91 ± 0.02) 

(6.375 ± 0.008) 

(5.1 ± 0.3) 

1.28 ± 0.04 

(1.54 ± 0.03) 

Table 2: Regression parameters and longitudinal dispersion lengths extracted using 
the dual-porosity transport model. Figures in parentheses are obtained by fixing 
U2 = TiU^/Ti (see text). 
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11 

"LI 

an 

*/ 

°\ 

°\ 

[ma-^XlO"5)] 

[m(xlO-3)] 

[m(xlO-3)J 

[-1 

[(xio-«)] 

[(xio-7)] 

B O M B S 

— 

— 

42.51 

24.7 

— 

4.92 

core 1 

BOMI01 

1.40 

3.44 

30.» 

18.7 

6.83 

4.91 

BOMIS2 

1.43 

2.44 

IAA 

20.0 

18.6 

8.74 

BOMI60 

— 

— 

34.6 

31.9 

— 

1.53 

core I 

BOMI69N 

1.09 

32.7 

27.6 

25.4 

2.69 

12.5 

I 
BOMI69Z I 

1.13 

60.3 

30.9 

27.5 

4.99 

8.08 

Table 3: Physical parameters extracted from 5 experiments on two cores using the 
single-porosity transport model. The physical parameters are defined in the text. 
Index 1 denotes the non-sorbing tracer and index 2 the sorbing tracer. 
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u 

»11 

1 ** 

»I 

[». .»-•("IO-1)) 

(m(xlO-J)) 

[m(xlO-5)] 

H 

[(XIO-*)] 

[(Xl0-a)] 

[ j - ' ( x i o - « ) ] 

[*-»(x io- s ) ] 

[m'kg-iixW-*)] 

[(xio-«)] 

[(XIO-7)] 

cm 1 

BOMI5S 

1.50 

38.0 

(36.6) 

23.8 

(23.2) 

31.2 

1.07 

(1.91) 

4.21 

(4.22) 

BOMIG1 

1.48 

2.64 

25.5 

(24.6) 

18.2 

(18.1) 

20.1 

24.2 

2.59 

6.4 

1.60 

(2.63) 

2.20 

3.41 

(3.37) 

BOMI62 

1.S3 

1.53 

(—) 

(—) 

17.7 

5.22 

16.7 

(—) 

3.45 

(—) 

con t 

BOMI60 

1.64 

(34.x) 

(31.6) 

(0.4*) 

(1.53) 

BOMI69N 

1.11 

32.0 

(27.8) 

(25.8) 

2.50 

0.069 

11.0 

(0.29) 

2.80 

(12.4) 

BOMI69Z 

1.17 

53.0 

(29.5) 

(27.7) 

6.51 

0.428 

10.1 

(0.50) 

4.80 

(8.11) 

Table 4: Physical parameters extracted using the dual-porosity transport model. 
Figures in parentheses are obtained by fixing U2 ^ T2t/i/T1 (see text). 
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Both models could be fitted to all the break-through curves for the non-sorbing 
tracer, although it should be noted that, in the case of BOM 169, the value of a\ 
is virtually identical for the two models (even showing a slightly higher value, and 
therefore a worse fit, for the dual-porosity model in the case of BOMI69N). Similarly, 
the single-porosity model could be fitted to all the break-through curves for the 
sorbing tracer. Only in the cases of BOMI58 and COMI6I, however, could a unique 
best-fit of the dual-porosity model to break-through curves for the sorbing • racer 
be obtained. For the remaining experimental results, the computer algorithm failed 
to find a minimum of \\ due to overparameterisation of the problem (see below): 
the dual-porosity model does fit the results, but, probably due to the amount of 
scatter in the measurements, the number of regression parameters is too large for 
unique best-fits to be found [15]. 

It can be seen from Table 4 that e p im a x j / 6 and tpxmax 2/b take a similar value in 
the case of BOMI61 (the only experiment where both quantities can be extracted). 
On the assumption that this is generally true (i.e. that the thickness of the porous 
matrix is the same for both the sorbing and the non-sorbing tracer), the number 
of regression parameterc which must be determined for the sorbing tracer with the 
dual-porosity model can be reduced from four to three. On setting x m a r i = xmax 2 

in equations (18) and (19), a simplified model is obtained in which U2 = T2C
ri/Ti 

and hence ppKi,'ep ^ Vj/V^. Having reduced the number of regression parameters 
by one, the problem was no longer overparameterised and it was possible to fit this 
model to the break-through curves for ihe sorbing tracer in each of the experiments, 
with the exception of BOMI62. The extracted parameters fr->m the fitting of the 
simplified model are presented in parentheses in table 2 and 4. 

Contours of io^o-concentration in the matrix for the non-sorbing and sorbing 
tracers are shown in fig.4 and fig.5 for experiment BOI4I61 at different times during 
break-through. At early times, there is a negative gradient of concentration from 
the fracture into the porous matrix, resulting in diff'isive flux out of the fracture. 
At later times (~ 1.5 hours in the case of the non-sorbing tracer and, although 
less pronounced, ~ 10 hours in the case of the sorbing tracer), the concentration 
gradient and the direction of diffusive flux near to the fracture is reversed as the 
peak tracer concentration moves downstream. 

Figs.6-11 show that the best fits to all the break-through curves for the sorbing 
tracer for both models yield very similar break-through curves, coinciding with 
each other at each measured time to within approximately the estimated standard 
deviation for the data (<r2). Since the single-porosity model is a special case of the 
dual-porosity model, this demonstrates that overparameterisation accounts for the 
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failure to locate unique best-fits of the 4-parameter dual-porosity model for several 
of the experiments; in all cases apart from BOMI58 and BOM 161, no minimum 
for X2 <*ould be located. Figs.8-11, showing those experiments for which the two 
models have been applied to the break-through curves of L»oth tracers, demonstrate 
that the dual-porosity model more successfully reproduces the tailing part of the 
break-through curves for the non-sorbing tracer7. 

In order to test quantitatively whether the dual-porosity model gives a significantly 
better fit to the experimental data, the time dependence of the difference between 
the best-fits of the two models is calculated and compared with the magnitude of 
the experimental error. Only where the difference exceeds the experimental error 
is it meaningful to distinguish between the models. In order to obtain an estimate 
of the experimental errors, ax and a?, the standard deviations of the data for non-
sorbing and sorbing tracers respectively, are calculated from equation (12) (in using 
this equation, it is assumed that the dual-porosity model gives a good fit to the 
experimental break-through curves). The difference between the best-fits, denoted 
by SC\(L,t) and SC2(L,t) for the two tracers, are scaled by cr\ and <r2 respectively 
and plotted in fig.12. It can be seen that 8C2{L,t) is not generally large with 
respect to experimental errors, never exceeding about 1.5<r2 for any of the experi
ments. 8Ci(L, t), however, takes higher values with respect to 0\ (as high as lOffj for 
BOMI62). The dual-porosity model thus significantly improves the goodness-of-fit 
to the break-through curves in the case of the non-sorbing tracer, but docs not in 
the case of the sorbing tracer. 

This result is unexpected as matrix diffusion is more easily observed where the delay 
and consequent elongation in the tailing part of the break-through curve which it 
causes is assisted by sorption. Moreover, anions are often excluded from pores in the 
matrix which are small. However, figs.6-11 show that the scatter in the experimental 
measurements for the sorbing tracer is large in the tailing parts of the break-through 
curves when compared to that for the non-sorbing tracer8, which may obscure the 
effect of matrix diffusion. 

7For B0MI61, the tailing part of the break-through curve produced by the single-porosity 
model coincides closely with the blank-run and therefore represents only the effects of the ap
paratus. The dual-porosity model better reproduces the additional tailing produced by the rock 
core. 

8the log-scale for the non-sorbing tracer would emphasise scatter 
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Figure 4. Infiltration experiment B0MI61: contours of82 Br Z,o<7i0~concentration 
(relative to injection concentration) within the porous matrix at different times 
following injection. x/b[-] is the ratio of distance into the porous matrix to the 
fracture half-aperture. z[m] is the distance along the advection path. 
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Figure 5. Infiltration experiment B0MI61: contours of 24IVa Lo^o-concentration 
(relative to injection concentration) within the porous matrix at different times 
following injection. 
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82Br Breakthrough : [BOML60] 
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F i g u r e 7 . Infiltration experiment BOMI60: experimental data and models fitted 
to S2Dr and 24Na break-through curves. Single-porosity model not fitted to *2Br 
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F i g u r e 8. Infiltration experiment B0MI61: experimental data and models fitted 
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tracer pulse on entry into the core. 
D G D D experimental data - blank-run 



27 

Ö2 Br Breakthrough : [B0ML62] 

10v 

10-N 

io"N 

**-\ 

o 10" 

10 

x x x x x x 

t [hours] 
10 12 

.020-

,_, .015-
1 

i i 

q- .010-

° .005-

.000-
C 

24Na Breakthrough : [BOML62] 

• • • • • I 

) 10 20 30 40 50 60 7 
t [ hou rs ] 

0 

Figure 9. Infiltration experiment BOMI62: experimental data and models fitted 
to S2Dr and 2iNa break-through curves. 
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Figure 10. Infiltration experiment BOMI69N: experimental data and models fitted 
to 8 2ßr and 2*Na break-through curves. 



29 

82 Br Breakthrough : [BOML69Z] 
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Figure 11. Infiltration experiment BOMI69Z: experim. ntal data and models fitted 
to S2Dr and uNa break-through curves. 
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Figure 12. Time development of difference between the best-fits to the break
through curves obtained respectively with the single-porosity and dual-porosity 
models. ax and <?i are standard deviations giving a measure of the uncertainty in 
the experimental data for the non-sorbing and sorbing tracer respectively. 
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5 Discussion of Parameter Values 

To summarize, single and dual-porosity transport models have been fitted to the 
break-through curves from two-tracer, high-pressure infiltration experiments on two 
different rock cores. On the basis of this work alone, it is not possible to demonstrate 
that the dual-porosity model is more appropriate for the sorbing tracer or that ci
ther model provides a good fit to the experimental data. However, assuming the fits 
to be good, several physical parameters (or combinations of parameters) are deter
mined. Confidence in the modelling approach is enhanced by demonstrating that 
the parameter values are reasonable by comparison with independent experiments. 

The phvsical parameters which can be determined using either model are the ve
locity of the infiltration fluid (u), the surface-based retardation factor (Rj) and 
longitudinal dispersion length for both tracers (an and a ^ , . For all experiments, 
u was found to be in the order of 10 - 5 ms - 1 and Rj to lie within the relatively 
narrow range of 18 to 32. /?/, which represents sorption on the fracture walls, may 
be written as 

Rf = l + -bKa (20) 

where /f0[rn] is a surface-based distribution constant. Assuming that the mineralogy 
(and therefore chemistry) of the fracture walls is similar for the iwo cores, giving 
similar values for Ka, equation (20) suggests that the aperture half-width b is also 
similar. 

ai2 »es in the range 2cm to 4cm for both cores. The range of values of an for 
core 2, between 3cm and 6cm, is similar to that of ai/i. For core 1, however, an is 
an order of magnitude smaller: between 1.5mm and 3.5mm. Table 1 and table 2 
give values for the logarithms of an and a ^ , together with standard deviations in 
these values. They show that the low values of an for core 1 are not explained 
by uncertainty in the best-fit due to random experimental error. The origin of the 
dispersion process lies in the heterogeneous properties of the fracture, which give 
rise to microscopic flow paths with differing tracer transit times. The magnitude of 
ai, is dictated by the length scales of inhomogeneities both in tracer-independent 
quantities, such as fracture aperture, and in tracer dependent quantities such as 
sorption along the flow path [16]. Different longitudinal dispersion lengths for non-
sorbing and sorbing tracers are, therefore, to be expected if it is variability in sorption 
which determines ai for sorbing tracers. For porous media, there have been studies 
which suggest that lonjitudinal dispersion is not constant, but depends on the mean 
transport distance, approaching an asymptotic value dependent on the statistical 
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properties of the medium. The scale effect is reviewed in [17]. The difference between 
the two cores may indicate that they are not sufficiently large to provide a REV 
(representative elementary volume). This couid be tested by carrying out further 
experiments with cores of different length. 

Physical parameters which can be determined from the dual-porosity model alone 
are the thickness of the porous matrix for both tracers with respect to the fracture 
half-aperture (tpxmax 1/6 and cpxmax 2/6). the ratio of the diffusion coefficient to the 
square of the fracture half-aperture {cpDp/b

2) and the distribution constant for the 
sorbing tracer (Kj). The quantities tpxmax 1/6 and t^Dp/b

2, both derived by fitting 
the dual-porosity model to the break-through curves for the non-sorbing tracer, 
each differ by one to two orders of magnitude between the two cores. Eliminating 
tpjb from these two quantities, values of Dp/x^^ , are obtained, also given in Ta
ble 2, which show relatively little variability, taking values in the order of 10_4s~ ! 

for both cores. This implies that it is tp/b, the ratio of matrix porosity to fracture 
aperture, which is chiefly responsible for the differences between the two cores. As 
discussed above, however, lack of variability in Rj suggests that suggests that the 
aperture is similar in both cases. This leaves only matrix porosity to account for 
the differences, with core 2 having the lower value of tp. 

Although it is not possible to obtain values of the fracture half-aperture width 6 
directly from the fitting procedure, b can be estimated from epDp/b

2 by assuming 
reasonable values for epDp and tp. The effective diffusion coefficient can be written 

epDp = k(pD0 (21) 

where Do is the diffusion coefficient in free water (~ lO^m2 /? - 1 for the major ions 
found in groundwater). Values of k between about 0.01 and 0.5 are commonly 
observed in diffusion experiments for non-sorbing ions in porous geological materials 
[18]. Taking cp = 1% [14], ranges of values for b of 14 — 140/im for core 1 and 
48 — 850/iTO for core 2 arc obtained. 

Fitted values of Kd for the sorbing tracer lie in the range 1 — 3 x lO'^m^kg'1 for 
core 1 and 3 — 5 x 10~5m3A:<7-1 for core 2. In the case of core 2, however, a\, 
and thus the merit function for the best fit xlnin 21 ' s virtually identical for single-
porosity and dual-porosity models. An examination of the variation of a relative 
merit function with K4 for each of the experiments demonstrates the reason for this 
(fig.13). The relative merit function is defined here as x\lx2

nin 2- It has a well-
defined minimum fo" the experiments BOMI58 and ROMI61 (core 1), whereas, for 
the experiments BOMI60 and BOMI69 (core 2), the function is almost flat for A'j, 
where Kj < lO'^m^kg'1. A wide range of Kj values give fits of the same quality, 
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so the single-porosity model, which corresponds to the particular choice of A'j = 0, 
gives almost as good a fit as the higher values of A4. Where there is no well defined 
minimum, no reliable value for A'j can be given and the calculated values of Kj 
for core 2 are therefore excluded. Values of K* for the sorption of Na on Grimsel 
fracture material obtained from independent experiments are compared with the 
range of values for core 1 in the present work below: 

1 - 3 x lO- 'm 3 *^ 1 [Present Work]. 

0.5 - 2.5 x l O ^ m 3 ^ - 1 [19]. 

3 x lO-Wkg-1 [5]. 

20 x l0-4m3kg-1 [6]. 

The range of values in [19] was calculated front the results of a geochemical field 
experiment together with an ion exchange model and that of [5] from field migration 
experiments together with the dual-porosity transport model. The value in [6] 
was measured directly in laboratory batch-sorption experiments. Agreement of 
the present work with the calculated values from both field experiments is good. 
Laboratory batch sorption experiments give a Kj which is an order of magnitude 
larger. These experiments, however, were performed on crushed material in order 
to obtain results within a reasonable time. The crushing process is likely to have 
disrupted the structure of the rock and to have created fresh surfaces on which 
nuclides may sorb, thus yielding a larger value for Kj. A slight difference in water 
chemistry may also have been important. 
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Figure 13 Variation of relative merit function, a measure of goodness-of-fit relative 
to the best-fit (defined in the text), with the distribution constant for the sorbing 
tracer Kd\m3kg~x). 
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6 Conclusions 

• The dual-porosity model is able to reproduce the tailing part of the break
through curves for the non-sorbing tracer, whereas the single-porosity model 
is not. 

• The single-porosity model and dual-porosity model both reproduce the break
through curves for the sorbing tracer to within the estimated errors for most 
of the experiments. However, the effect of matrix diffusion may be obscured 
by scatter in the experimental measurements, which is larger than for the 
non-sorbing tracer in the tailing parts of the break-through curves. 

• For most experiments, fitting of the four-parameter dual-porosity model to 
the break-through curves for the sorbing tracer is not possible due to overpa-
rameterisation. In order to obtain a unique best-fit, it is necessary to reduce 
the number of regression parameters, which can be achieved by making the 
reasonable assumption that thickness of the porous matrix is the same for both 
tracers. 

• The longitudinal dispersion length is generally in the order of a few centime
tres. A smaller longitudinal dispersion length was found for one of the cores 
in the case of the non-sorbing tracer. This is at present unexplained; the 
tracer-dependence of the dispersion process should be investigated in further 
experiments, as should the dependence on core length. 

• A comparison of the values of Rj, cpxma_lb and t2
pDvlb

2 for the two cores 
suggests that the mean aperture width is similar, whereas the matrix porosity 
varies between the cores. 

• A physically plausible range of values for the mean aperture b has been ex
tracted. 

• The extracted range of values for Kd agrees well with those calculated from 
the results of two separate field experiments. Direct measurement of Kj in 
laboratory batch-sorption experiments gives a larger value, but this difference 
may be explained by the larger surface area available for sorption. 

• In future experiments, it would be desirable to replace the downstream end-
piece with a design giving negligible dispersion effects. This would make the 
assumption that transport processes within the end-piece and the sample can 
be interchanged unnecessary. Such a design, first proposed by M.Bradbury 
(PSI) and described in [10], involves a continuous flushing of the end-piece, 
thus greatly reducing the residence time of the tracer. 
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