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MODELLING THE GRIMSEL MIGRATION FIELD EXPERIMENTS AT PSI

W. Heer

For several years tracer migration experiments have been performed at Nagra's Grimsel Test Site as a
joint undertaking of Nagra, PNC and PSI. The aims of modelling the migration experiments are (1) to
better understand the nuclide transport through crystalline rock; (2) to gain information on validity of
methods and correlating parameters; (3) to improve models for safety assessments. The PSI modelling
results, presented here, show a consistent picture for the investigated tracers (the non-sorbing uranine,
the weakly sorting sodium, the moderately sorbing strontium and the more strongly sorbing caesium).
They represent an important step in building up confidence in safety assessments for radioactive waste
repositories.

1 INTRODUCTION

In Switzerland, an option for disposal of high-level and
long-living intermediate-level radioactive waste is
deposition in deep-lying crystalline rock. The public
safety depends on the long term retention within a
repository which relies, among other factors, on the
barrier function of the host rock. Therefore, a satis-
factory model of radionuclide transport is an important
component of safety assessment. In Switzerland, as
elsewhere ([1] and [2]), testing of such models is a
crucial and long-lasting activity. Hence, PSI partici-
pated at an integrated migration experiment per-
formed by Nagra (Swiss National Cooperative for the
Disposal of Radioactive Waste) and PNC (Power
Reactor and Nuclear Fuel Development Corporation,
Japan) at Nagra's Grimsel Test Site [3]. The exten-
sive field work was complemented by a substantial
programme of supporting laboratory studies ([4] and
[3], chapter 5) as well as by modelling tracer transport
in the field ([5], [6] [7]). The aims of modelling tracer
transport, taking into account the results from labora-
tory experiments, are: (1)to achieve an improved
understanding of nuclide transport; (2) to gain infor-
mation on validity of methods and correlating pa-
rameters; (3) to improve safety assessments. Since
the migration experiment is now, to a large extent,
successfully terminated, it is worthwhile to present
some of the main results of PSI modelling studies.
The intention is to explain basic relationships and
main features in a largely qualitative, and readily un-
derstood manner. The full quantitative details are
given in the cited reports. A comparison of model
concepts and ensuing interpretation by PNC, ETH
and PSI is in preparation [8].

2 FEATURES OF EXPERIMENT AND MODEL

To provide the essential background information
needed to understand the modelling results, the main
features of the experiments and the concept of the
PSI model are briefly summarised.
The migration field experiments ([9] and [3], chap-
ter 6 and 7) have been performed in the water con-
ducting part of a fractured shear-zone where, after
extensive hydraulic tests, a suitable region was se-
lected (the migration fracture). Water is injected at the
(packed off) intersection of a first bore hole with the

migration fracture and extracted, at a higher rate, at
an adjacent (packed off) intersection of a second bore
hole. By this procedure a steady state asymmetric
dipole flow field is superposed over the natural back-
ground flow. Two flow fields are considered. Both use
similar pumping rates of about 10 ml/min for injection
and 150 ml/min for extraction. One corresponds to a
distance from injection to extraction point of 4.9 m and
the other to a distance of 1.7 m. To investigate the
nuclide transport, short pulses of tracer nuclides with
different chemical properties are added to the injec-
tion water. The results of the measurements are the
time dependent tracer breakthrough concentrations at
the extraction point. These breakthrough curves im-
plicitly contain information on nuclide transport
through the migration fracture which is deduced by
the modelling studies.
The model consists of a hydrological part in which
the water flow field is computed, and a transport part
in which, based on the known flow field, tracer nuclide
transport through the migration fracture is calculated
([5] and [6], p. 16 - 57). The hydrological part of the
model [10] is based on Darcy's law (equation of vis-
cous fluid motion in a porous medium averaged over
a representative elementary volume and assuming
drag forces are negligible). The main approximations
are: (1) Representation of the migration fracture (over
a few meters distance) by a planar confined aquifer of
constant thickness; (2) space-independent flow po-
rosity and transmissivity and (3) representation of the
flow field by a dipole field that is not perturbed by the
natural background flow (due to the flat hydraulic po-
tential of the selected region and the high pumping
rates applied in the experiments). For the subsequent
transport calculations the flow field is subdivided into
10 stream tubes with equal water flow which are ap-
proximated by representative 1D flows (corresponding
to characteristic stream tube lengths and water transit
times determined numerically from the analytical di-
pole streamline expressions). In the transport part of
the model [11], tracer breakthrough is calculated by
superposition of the individual 1D stream-tube break-
throughs. The flow field was fairly uniform near the
dipole axis, extending less than 1 m perpendicular to
the axis, which generated clear-cut flow conditions for
the investigation of nuclides with different sorbing
behaviour.
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Fig. 1: Based on structural geology results (upper
part) a conceptual model for the geometrical
representation is derived (lower part).

Whereas the hydrological model is based on a homo-
geneous representation of the migration fracture, a
more detailed fracture description is applied for nu-
clide transport (dual porosity concept). According to
geological structural investigations ([12] and [3], sec-
tion 3.1.2) water flow in the migration fracture takes
place mainly in a small number of interconnected sub-
fractures, partially filled with highly porous fault gouge
as indicated in Fig. 1 (upper part). These sub-
fractures are also connected to pores in the adjacent
mylonite or granodiorite. The migration fracture is
modelled as several planar water conducting zones
without infill (representing narrow channels of flowing
water within the fault gouge), as is indicated in Fig. 1
(lower part). They are separated by porous rock
zones which contain stagnant pore water (mainly fault
gouge but also adjacent mylonite or granodiorite). In
the water conducting zones, nuclide transport is gov-
erned by advection and dispersion, the latter ac-
counting mainly for variability of sub-fracture geome-
try and water velocity as well as for sub-fracture inter-
connections. Nuclide diffusion from the water con-
ducting zones into the stagnant water in the porous
rock zones (matrix diffusion), is taken into account
neglecting the effect of diffusion parallel to advection.
Sorption on the surfaces of the water conducting
zones (surface sorption) and on the pore surfaces of
the porous rock zones (diffusion driven bulk sorption)
are calculated with the assumption of instantaneous
equilibrium between liquid and solid phase. Since the
presented cases consider only nuclide concentrations
far below natural background, linear sorption iso-
therms are applied.

3 POST-TEST ANALYSIS

The model is a simplified description of the compli-
cated water flow and nuclide transport. Analysis of the
migration field measurements in the 4.9 m dipole flow
field provide an opportunity to test the model, showing

areas of adequate nuclide transport description (fitted
model laying essentially within experimental errors)
and areas where refinements are necessary. Also the
analysis can help to improve and enable a quantita-
tive understanding of the main phenomena affecting
the breakthrough curves. A reasonable fit of the
model to the measured breakthrough curves is a first
indication of its usefulness. A second, equally impor-
tant indication is the numerical values of the model
parameters necessary to obtain the fit. These values
have to be credible and consistent with the underlying
concept. The analysis is applied to the experimental
tracer breakthrough curves for the non-sorbing
uranine, the weakly sorbing sodium (24Na), the mod-
erately sorbing strontium (85Sr) and the more strongly
sorbing caesium (137Cs), which are then corrected for
radioactive decay as necessary.

3.1 Breakthrough curves

3.1.1 The non-sorbing tracer uranine

The fit of the model to the experimental breakthrough
curve for uranine is shown in Fig. 2 (upper part). At
the extraction point the tracer, transported by the in-
jected water through the migration fracture, is diluted
according to the ratio of extraction and injection
pumping rate. Since the fairly uniform flow conditions
applied in the experiments have to be generated by a
high pumping rate ratio, a correspondingly large dilu-
tion factor of about 15 is contributing to the low
breakthrough concentrations. The high ratio also as-
sures full tracer recovery in the extraction hole. Peak
position is to a large extent determined by advection
in the water conducting zones, and therefore an indi-
cation for the average water velocity which itself is
correlated to the average aperture of the water con-
ducting zones. Breakthrough peak height and width
are largely determined by dispersion. The main dis-
persive effect is spreading the injected nuclide pulse
in advective direction over a characteristic spatial
width which is dependent on transport distance but
not on transport velocity. Advective transport of the
spread peak over the extraction boundary is the rea-
son why the width of a breakthrough curve (governed
by advection and dispersion) is essentially inversely
proportional to the average advection velocity. Nar-
rower water conducting zones would lead to a break-
through peak with smaller width and larger height (for
constant pumping rates). The reason for reducing the
breakthrough width is the corresponding larger water
velocity. The reason for increasing the breakthrough
height is the distribution of the injected nuclides over
a smaller total water conducting cross section
(perpendicular to advective flow) and, in addition, is
due to dispersion which spreads the nuclide break-
through peak in the advective direction over the same
spatial width as for the wider water conducting zones.

In the example of Fig. 2 (upper part), dispersion wid-
ens the curve and decreases the injected tracer peak
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Fig. 2: Comparison of fitted model to experimental
breakthrough for a 4.9 m dipole field. Upper
part: To a large extent the non-sorbing
uranine allows for discrimination of the influ-
ence of advection, dispersion and matrix dif-
fusion. Lower part: The weakly sorbing Na
shows a pronounced t~3/2 tail due to increased
influence of matrix diffusion.

value by a factor of 3. The pronounced tail of the
breakthrough curve is attributed to the effect of matrix
diffusion. A calculation without matrix diffusion
(dashed line) shows that, within the model concept,
matrix diffusion is definitely necessary to represent
the experiment. It shows also that, in the presented
example, matrix diffusion generates a tail mainly at
the expense of peak height which is reduced by a
factor of 2.5. The tracer pulse migrating in the water
conducting zone acts at the interface to the porous
rock zone, as a boundary condition for matrix diffu-
sion. A sufficiently long time after the pulse has
passed, the diffusion process generates a special
back-flow from the porous rock zone to the water
conducting zone. This flow decreases according to
f3/2 and is in size dependent only on the time integral
of the boundary condition (i.e. on the total nuclide
mass of the nuclide pulse which has passed in the
water conducting zone). Breakthrough tail due to this
back-flow can, therefore, be estimated solely from the
diffusion process, neglecting the small delays from
average advection time. It is presented in Fig. 2
(upper part) as "asymptote" (dot-dashed line). As
soon as tracer back-flow into the water conducting

zone is influenced by the outer boundary of the po-
rous rock zone, representing contact with imperme-
able rock or geometrical symmetry, an increase of
breakthrough concentration arises due to restriction of
further outwards diffusion. For still later times, the
breakthrough concentration decreases rapidly due to
the limited nuclide "reservoir" in the porous rock zone.
Comparing the fitted mode! to the experiment
shows that it is possible to reproduce the entire ex-
perimental breakthrough curve rather well represent-
ing, to a large extent separated, the effects of advec-
tion, dispersion and matrix diffusion. The model's
deviation at the front edge is not serious, considering
the logarithmic time scale. Model deviation repre-
senting the tail end perturbation (although 3 decades
lower than the peak!) indicates that a more realistic
representation of the porous rock zone could improve
this part of the fit.

3.1.2 Sorbing tracers

The breakthrough curve of the weakly sorbing Na is
presented in Fig. 2 (lower part). Compared to uranine,
peak height is decreased by a factor of 3 and delayed
by 40%. The reduction of peak height is caused by an
increased outwards diffusion from the water conduct-
ing zone into the porous rock. Due to bulk sorption in
the porous rock, propagation of diffusing nuclides is
slowed down and, therefore, steeper (negative) nu-
clide gradients are maintained at the interface to the
water conducting zone leading to the higher outwards
diffusion. The corresponding small peak retardation is
an indication that a noticeable fraction of nuclides in
the water conducting zone is not, or only slightly, af-
fected by the increased outwards and back-diffusion.
This is completely different from transport through a
single porosity medium where peak reduction and
delay due to sorption are given by the same factor.
The asymptotic tail is higher almost a factor 3 than
that for uranine (at the same observation time, e.g. at
30 h). The reason for the higher back-diffusion is,
again, the slower propagation of diffusing nuclides in
the porous rock zone. This leads to higher concentra-
tions near the interface and therefore also to higher
(positive) gradients driving the back-diffusion. The
increase of asymptotic tail amplitude corresponds
mainly to a multiplication by the square root of the
bulk sorption retardation factor. It is therefore also an
important indication of matrix diffusion. The retarda-
tion of the tail end perturbation can also be explained
by the slower propagation of diffusing nuclides. Com-
paring the fitted model to the experiment shows that
the model is able to reproduce rather well also the
overall shape of the breakthrough curve for Na, where
the different transport mechanisms are weighted dif-
ferently.
The breakthrough of the moderately sorbing Sr is
presented in Fig. 3 (upper part). It is governed by ma-
trix diffusion and bulk sorption in the porous rock zone
and differs considerably from the shape of uranine. No
narrow peak is observed around the water transit time
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Fig. 3: Comparison of fitted model to experimental
breakthrough for a 4.9 m dipole field. Upper
part: The moderately sorbing Sr is governed
by matrix diffusion coupled with bulk sorption.
Lower part: The more strongly sorbing Cs
follows the same breakthrough shape but,
due to the larger sorption, is substantially
shifted to lower concentrations and later
times.

since outwards diffusion into the porous rock zone is
largely affecting all nuclides. The asymptotic t'372 tail
is fairly late because the peak is flat. No tail end per-
turbation appears within the measuring time interval
since diffusing nuclides are strongly retarded. With
respect to uranine, peak height is reduced by a factor
250 and peak position delayed by a factor 45, a re-
markably large effect for even moderate sorption and
fractured flow. Although nuclide breakthrough is gov-
erned by matrix diffusion and bulk sorption, the front
edge is still noticeably affected by dispersion. Com-
paring the fit (solid line) to a calculation without dis-
persion (dotted line) shows that dispersion reduces
the arrival time at the lowest concentration in the fig-
ure from 40 h to 10 h and peak position from 200 h to
150 h. The reason why dispersion, spreading the
uranine peak by only about 2 h, can cause such a
large effect for Sr (which has the same advection time
as uranine) is the interaction of dispersion with matrix
diffusion. This interaction reduces retardation by ma-
trix diffusion for nuclides which, due to dispersion in
the water conducting zone, are transported faster
than the average. Comparing the fitted model to the

experiment shows that the model is able to reproduce
the experimental breakthrough curve reasonably well
demonstrating the usefulness of the applied sorption
concept. A calculation without matrix diffusion and an
adjusted surface sorption coefficient such that the
position of the peak is correctly reproduced (dashed
line), gives a peak height considerably too large. It
shows that, for the considered conditions, dispersion
and surface sorption widens the peak less effectively
than matrix diffusion and bulk sorption.
The breakthrough of the more strongly sorbing
tracer Cs is presented in Fig. 3 (lower part) showing
a fairly large sorption effect [7]. With respect to
uranine, the breakthrough peak is reduced in height
by a factor of 7000 and delayed by a factor of 1000. It
has (on the log-log scale) the same shape as the Sr
curve but is shifted with respect to Sr. The peak is
reduced and delayed roughly by a factor given by the
ratio of the sorption coefficients (since delay by ad-
vection is not important in this comparison). Tail am-
plitude of the shifted breakthrough curve is increased
by the square root of peak reduction, indicating again
back-diffusion increased by bulk sorption. The pertur-
bation of breakthrough at 4000 h is caused by a
pumping failure. Fortunately, the experimenters were
able to continue the measurements long enough to
confirm, nevertheless, the shape of the theoretical
curve (which was fitted only to the experimental points
before the failure). No new mechanism had to be
invoked to explain the Cs breakthrough.

4 PHYSICAL PARAMETERS

The physical parameters derived from the fit are
summarised in Table 1. Wherever possible they are
compared with independent determinations based on
geological considerations (G) and structural analysis
(SA) or on the results of laboratory experiments
(Exp.). The presented parameters correspond to the
median of log-normal distributions and the errors to
one geometric standard deviation. The actual fit pa-
rameters were chosen as combinations of these
physical parameters such that their variation would
influence as much as possible different parts of the
breakthrough curve.
To deduce specific physical parameters from the fit,
three physical parameters, the thickness of migration
fracture, the number of water conducting zones and
the bulk density of the porous rock zone had to be
fixed in advance. These were estimated from geo-
logical structural analysis. The influence of fixed pa-
rameter errors on the other parameters is included in
the error analysis.
According to the model concept, four independent fit
parameters can be determined for uranine leading to
the following four physical parameters: (1)The width
of the water conducting zones. It is small enough to
be in line with the concept of water conducting zones
lying within the fault gouge of the sub-fractures. The
average width of a sub-fracture (given in Table 1 as
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Tracer

Fixed for
all tracers

Uranine

Sodium

Strontium

Caesium

Parameter

Thickness of migration fracture (m)

Number of water conducting zones

Bulk density of porous rock (kg/m3)

Width of water conducting zones
(m)

Dispersion length (m)

Porosity of porous rock zone

Pore diffusion constant (m2/s)

Surface sorption coefficient (m)

Bulk sorption coefficient (m3/kg)

Pore diffusion constant (m2/s)

Surface sorption coefficient (m)

Bulk sorption coefficient (m3/kg)

Surface sorption coefficient (m)

Bulk sorption coefficient (m3/kg)

Derived from the fit Determined independently
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Table 1: Model parameters derived from the fit to the migration field experiments are consistent with independ-
ently determined values. (For Cs analysis is still in progress. Especially to mention are new laboratory
experiments with improved rock samples).

upper limit) is a factor of 9 larger. (2) The dispersion
length is smaller by a factor of 20 than the average
migration distance (given in Table 1 as upper limit)
and therefore within the range of applicability of the
dispersion concept. (3) The porosity of the porous
rock zone is only a factor of 2 smaller than the inde-
pendent estimate and agrees with it within the errors.
(4) The pore diffusion constant is only by a factor 3
smaller than the independent estimate and also
agrees within the errors. It must emphasised that the
separate determination of pore diffusion constant and
porous rock zone porosity was possible only since the
breakthrough curve was measured down to the tail
end perturbation (4 decades lower and 3 decades
later than the breakthrough peak!). The tail end per-
turbation contains the necessary information of nu-
clide propagation due to diffusion. The large error of
the diffusion constant stems from the inaccuracy of
the fit representing the tail end perturbation and from
the error contributions of migration fracture thickness
as well as from the number of the water conducting
zones.

For the further analysis of sorbing nuclides, the ap-
erture of the water conducting zones as well as the
porous rock zone porosity are assumed to be nuclide
independent. For all three sorbing nuclides, no retar-
dation due to surface sorption in the water conducting
zone was observed. Since no strongly sorbing frac-
ture coatings are indicated by structural analysis, and
the porous rock zone surfaces are much larger than
the water conducting zone surfaces, this result is re-
assuring. In addition, it indicates that there is no ho-
mogeneous flow through the fault gouge (which would
generate a retardation effect analogous to a surface
sorption). The most important result is that the bulk
sorption coefficients derived from the fitted model
agree with batch sorption values extrapolated to field
conditions for all three sorbing nuclides Na, Sr and Cs
within a factor of 3, and for Na and Sr within 2 stan-
dard deviations. This surprisingly good result reflects
the high quality of field and laboratory experiments,
but also the similarity achieved in the laboratory pro-
cedure preparing the rock samples to the geological
processes which have generated the fault gouge.
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5 PRE-TEST PREDICTIONS

After having calibrated the model in a successful
analysis (i.e. determined the open model parameters),
predictions of new experiments without the require-
ment of parameter extrapolation form the next step of
model testing. Predictions were done for experiments
in the same fracture configuration and using the same
tracer nuclides, but for a considerably faster 1.7 m
dipole flow field with an average water transit time of
0.3 h instead of 2.6 h. This test is very sensitive since
it leads to a different weighting of transport mecha-
nisms (e.g. reduction of the matrix diffusion effect by a
factor of 80).

Comparison of prediction and experiment for the non-
sorbing uranine and the weakly sorbing Na are
represented in Fig. 4. For both tracers an excellent
agreement was obtained. The almost identical
breakthrough peaks for uranine and Na, due to the
small water transit time, were predicted correctly. The
asymptotic tail for Na is increased by a factor of about
3 with respect to uranine as already observed in the
4.9 m dipole experiment (presented in Fig. 2). The
observed effect is independent of the flow field con-
firming the increased back-diffusion from the porous
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Fig. 4: Model predictions for a faster 1.7 m dipole
field. Upper part: For the non-sorbing uranine
an excellent prediction was possible. Lower
part: With respect to uranine the weakly
sorbing Na shows an unchanged peak but an
increased tail height; both were also predicted
correctly.

rock zone due to the bulk sorption of Na. It is also
predicted correctly.
Breakthrough prediction for the moderately sorbing
Sr is compared to the experiment in Fig. 5 (upper
part). The overall agreement is reasonable. With re-
spect to the 4.9 m dipole experiment, the large in-
crease of peak height (by a factor of 150) and antici-
pation of peak position (by a factor of 170) is pre-
dicted within a factor of 3. Especially important is the
strongly reduced breakthrough time since it corrobo-
rates nuclide transport through narrow water con-
ducting zones within the fault gouge.
Homogeneous transport through the fault gouge
would have led to a much more strongly retarded
breakthrough curve. The fast front edge of the ex-
perimental breakthrough curve, being noticeably
steeper and higher than predicted, is an indication
that Sr generates the high concentration gradient at
the interface from the water conducting to the porous
rock zone slightly more slowly than expected. The tail
on the other hand proves the predicted back-diffusion.
Comparison of prediction and experiment for the
more strongly sorbing Cs is shown in Fig. 5 (lower
part). The model did not predict the fast breakthrough,
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Fig. 5: Model predictions for a faster 1.7 m dipole
field. Upper part: The dramatic reduction of Sr
breakthrough time from the 4.9 m to the 1.7 m
dipole field was reasonably well predicted.
Lower part: The fast breakthrough of Cs was
not correctly predicted. It indicates an influ-
ence of sorption kinetics which is not impor-
tant in the slower 4.9 m dipole field nor in
safety assessments.
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but only the final tail. An additional calculation with a
low bulk sorption coefficient (K<j) shows that, in the
model concept, a mechanism is missing for repro-
ducing Cs breakthrough in the fast dipole. Lack of
sorption kinetics in the model is the most obvious
explanation.

6 CONCLUSIONS

From modelling studies of the Grimsel migration field
experiments, supported by the results of laboratory
studies on rock nuclide interaction and by geological
structural analysis, the following conclusions can be
drawn:

1. The model is able to represent breakthrough of
uranine, Na, Sr and Cs in the 4.9 m dipole migra-
tion experiment coherently. A high degree of ac-
curacy is achieved using a simple dual porosity
concept.

2. The good prediction of breakthrough for uranine,
Na and Sr in the 1.7 m dipole flow field confirms
the adequacy of the model in these conditions.
The poor prediction for Cs (with exeption of the
tail) indicates the influence of sorption kinetics
which is not important in the slower 4.9 m dipole
field nor in safety assessments.

3. The process of matrix diffusion is manifest
through the asymptotic tails of the breakthrough
curves decreasing with time as t~3/2 and having a
concentration height determined by the diffusion
process, both confirmed by the experiments. The
position of the experimental tail end perturbation
is also consistent with the matrix diffusion con-
cept.

4. The pore diffusion constant can only be deduced
from the fit if the breakthrough curve is measured
down to the tail end perturbation. This requires a
major experimental effort to measure the break-
through curve for a time period several orders of
magnitude longer and to lower concentrations
than the breakthrough peak.

5. The model parameters derived from the fit are
consistent with the underlying concept, and in line
with independent determinations. Of special note
is the agreement for sorption coefficients.

6. For nuclides sorbing rapidly (as well as linearly)
and exhibiting a reversible cation exchange proc-
ess on fault gouge (where geological processes
have grinded the rock), the laboratory sorption
coefficients can reasonably well be extrapolated
to field conditions, provided care is taken to select
and prepare the rock samples so as to ensure
that they reflect well the geological character of
the site.

The Grimsel migration field experiments, performed
with an exceptionally high precision, are a valuable
test of model and parameters. The modelling results
represent an important step in improving understand-

ing of nuclide transport mechanisms and contribute to
a increased level of confidence to the transport cal-
culations in the framework of safety assessments.
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