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ABSTRACT

The Grimsel Test Site (GTS) is an underground rock laboratory which has been operated
since 1984 by the Swiss National Cooperative for the Disposal of Radioactive Waste (Nagra)
in the crystalline rock fothe Aare Massif, central Switzerland. With increasing experience in
the implementation of situ experiments, improved process understanding and more mature
repository concepts, the experimental programmes at the GTS have gradually become more
complex ad more directly related to open questions defined by performance assessors or by
regulatory bodies. The aspect of demonstrating disposal concepts by performingrifutie

scale, longerm experiments has also become a key aspect of investigatiohe moak
laboratory. In this paper, a synthesis of the Nagra/JNC approach to the testing of radionuclide
transport models is presented (details can be found in McKinley et al., 1988, Alexander et al.,
1992, 1996, Frick et al., 1992, Ota et al., 1998, Eikemlet al., 1998; Frieg et al., 1998,
Kickmaier et al., 2000 and Smith et al., 2000a, b) with examples from a large programme of
field, laboratory and natural analogue studies based around the GTS. The successes and
failures are discussed as is the genapgroach to the thorough testing of predictive transport
codes which will be used in repository PA.

Some of the work is still ongoing and this represents a preliminary presentation of an unique
set of results and conclusions. Although this work hagmiegen presented before, this paper
represents a synthesis of two papers which are currently in press, namely Kickmaier et al.,
(2000) and Smith et al., (2000a), three reports which are also in press, namely Alexander et
al., (2000) and M¢ri et al., (208() along with some new information.

1. INTRODUCTION

Over the last decade, Nagra (Swiss Nationaloferative for the Disposal of Radioactive
Waste) has developed a modelling approach to radionuclide transport in fractured rocks that
integrates input &m geological studies, hydrogeological data and geochemical data on the
composition of the rock and groundwater. This approach has been applied, for example, in the
Kristallin-I performance assessment (PA), that considered a repository felehi@hwvaste

sited in the crystalline basement of Northern Switzerland (Nagra, 1994).



Figure 1: Map of Switzerland. Nagra's Grimsel Test Site (GTS) lies in the crystalline
Aare Massif in the central Swiss Alps.
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Figure 2: The MI, RRP, CRR and HIekperimental sites in the GTS tunnel system.



The model and databases developed by this approach, in common with all models of
geosphere transport in fractured crystalline rock, are simplifications of reality insofar that the
processes that are incorpordhtand their representation in the model, and the geometry
(structures in the rock) within which these processes operate.

The direct testing of the results of a model, as used in PA, is impossible, due to the scales of
space and time involved. Rather, ddefce is developed through the consistency of the
model assumptions, and associated databases, with a large number of diverse observations
and experiments. Furthermore, the model should have the capability to make predictions, or
at least bounding estirtess, that can be tested, even if the scales differ from those relevant to
PA. Few people, even those involved in the disposal of radioactive waste, fully appreciate the
difference between blind testing of mogekdictionsand testing if a model casimulae
particular observations as can be clearly seen in the literature. This is a crucial point, as
pointed out by Pate et al, (1994)his aspect of blind (i@redictive testing is particularly
important as, in many cases, the manner in which the siwmlaticarried out can be very
objective and, if théanswet is known, can be biased either consciously or subconsciously

In a repository PA, simulation of data brings little or no confidence that the models involved
can later predict repository evolutioconfidence can be much better built by carrying out a
series of predictive modelling exercises followed by experimental runs and a final assessment
of the accuracy of the predictions.

In the present paper, a general modelling approach is briefly bed@and examples from the
joint Nagra/JNC (Japan Nuclear Cycle Development Institute) Radionuclide Migration
Programme are taken from the widenging experimental programme at Nagra's Grimsel
Test Site (GTS; see Figure 1) in Switzerland (for details $&eafder et al., 1992; Eikenberg

et al., 1998; Frieg et al., 1998; Ota et al., 1998; Kickmaier et al., 2000).

Work on transport modelling began at the GTS in 1985 with the hydrogeological
characterisation of a water conducting shear zone in granodiee&e Figure 3) and has
continued with a large seriesiofsitutracer migration experiments, increasing in complexity
from simple, norsorbing tracers (fluorescein dy&pr, 123, *He and®H) through various
weakly sorbing tracersq\a, 2*Na, 8Sr and®Rb) to a longterm experiment with strongly
sorbing¥'Cs (Frick et al., 1992; Heer and Hadermann, 1996; Smith et al., 2000b). Most
recently, the construction of an IAEA level B radiation controlled zone in the GTS tunnels
(see Alexander et al., 1996rfdetails) has allowed the use of chemically complex tracers
(°°Tc,113Sn, 7°Se, 234235234 23/Np, 89Co, 1%%Eu and stable Mo) and this was followed by the
physical excavation of a part of the experimental shear zone to recover these strongly retarded
radonuclides (Alexander et al., 1996, 2000, Moéri et al., 2000a).

Currently, two experimental programmes are being performed in the radiation controlled zone
of the GTS. Both the Hyperalkaline Plume in Fractured rock (HPF) and the Colloid and
Radionuclide Reardation (CRR) experiments have similarities with the previously carried out
experiments, but now specifically address the retardation behaviour of -sésignt
nuclides in the presence of ndmld colloids (CRR) and the effect of hyperalkaline
cemetitious leachates on the host rock and the retardation behaviour of radionuclides (HPF).

This area of the GTS is particularly suitable foisitu experiments using radionuclides as it
offers:

i) steadystate hydrochemistry known from the MI experiments
i) steadystate hydrology (constant discharge rates, stable pressures)



iii) saturated flow conditions
iv) practical experimental timescales
V) an extensive database on the internal structure of the shear zones

Figure 3: Schematic layout ofdalexperimental shear zone in the GTS

As noted above, both new experiments intend to employ safety relevant radionuclides with
CRR considering the behaviour #f24Pu, 2Np, 23323, 232Th, 24Am, ??Ra, *°Tc, Se,
and'*Cs and HPF examining thetaedation of'*‘Cs,®°Co, 1°%Eu and'2%13,

2. THE BASIS OF GEOSPHERE TRANSPORT MODELLING FOR
FRACTURED CRYSTALLINE ROCK

In accordance with current understanding of geosphere transport processes (see, for example,
NEA, 1999), the dominant processes ganng solute transport in fractured crystalline rocks
are generally assumed to be (see also Figure 4):

i advection and dispersion within the watenducting features and

u retardation due to matrix diffusion into the rock matrix and sorption onto minefatesir
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Figure 4: lllustration of the effects of different retardation mechanisms on radionuclide tracers
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In PA, these processes are assumed to operate in extensive heterogeneous networks of water
conducting features, altholuga detailed, smalicale understanding of the structure of the
features is also required in order to model matrix diffusion (see, for example, Nagra, 1994).
As illustrated in Figure 5, the processes (including the geometrical parameters and the
parametershat are used to define the rates and spatial extent of processes) are derived from a
broad base of information which includes the results of a range of characterisation techniques
and general scientific understanding. The information is interprete@rnms tof transport

model parameters, by means of various supporting hypotheses and negpeisaSured
transmissivities are converted to advection parameters via groundwater flow models; sorption
measurements are converted to transport model parameteasKviar sorption isotherm
model: see, for example, Mazurek et al.,1992; McKinley and Alexander, 1992).

It should be noted that there may be many specific differences in the structures that are
relevant and the parameter values used depending on whethwdea is applied in
performance assessment or to the modelling of a field experiment. For example, in the
experimental shear zone at the GTS, the focus was on an individual featstesar zoné

rather than on a network of watesnducting features antie scales may differthe Ml and

RRP experiments were carried out overld metres, CRR and HPF will be carried out over

2 - 4 metres whereas distances of 100s to 1000s of metres are more applicable to a repository
performance assessment. Nevertheltss modelling approach outlined above, and in Figure

5, applies equally in all applications.

3. THE MIGRATION EXPERIMENT (MI)

Aims with respect to transport model testing

MI applied a model and parameter set, developed according to the above apjordheh,
results of radiotracer transport experiments in a shear zone at GTS (see Figures 3, 4 and 6).
The ability of the model to reproduce, or, still more convincingly, to predict in advance the
outcome of the experiments, provides a test of all the ooes illustrated in Figure k&;

i the appropriateness of current scientific understanding that provided the basis, for
example, of the catalogue of relevant processes incorporated in the model;

i the characterisation techniques employed;
i supporting hypotheges and interpretative models;
i the synthesis of this information into a transport model.

Ml therefore provides a test of the general approach and specific methods and model
assumptions that are applied in performance assessment.

Overview of experimentand modelling procedure

The central component of MI is a series of radiotréi@rsport tests performed in well
defined dipole flow fields, supported by a range of field and laboratory investigations and
modelling studies aimed at understanding andmaltely, predicting the results of the
radiotracer tests. The tests were performed within a single, approximately planar, shear zone
that was selected on the basis of criteria given in Frick et al., (1992).



Models of this system were developed by indepahdesearchers at INC, PSI (Paul Scherrer
Institute) and ETH (Federal Technical High School, Zirich) in Switzerland. Although
developed independently, the models differed only in detail and most findings of the model
testing exercises were compatibtéYmeki et al., 1995 and Smith et al., 2000b) and, as such,
the results can be summarised by considering the details of only one particular model, that of
PSI.
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Figure 5: The use of supporting hypotheses aratpretative models to interpret field and
laboratory data in terms of input parameters of a transport model.
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Figure 6: Examples of measured breakthrough curves from the MI experiment (cf Figure 4)



Here, the methodology for model testing was:

1. Inverse modelling
For a suitable experimental flow field, the model was fitted to the experimental break
through curves for nerorbing and sorbing tracers, by a process of inverse modelling.

2. Consistency of derived parameter values
Parameter combinationwere derived from the fits. Since the number of individual
physicachemical parameters exceeds the number of parameter combinations that can be
fitted, additional information €g from independent observations and experiments) is
required in order to obtaithese individual parameters. Consistency of derived parameters
with all available information was sought and, where necessary, the details of the model
concept were modified.

3. Predictive (or blind) modelling
The model was calibrated using parametbeg were expected to be independent of the
experimental flow field in a given shear zone. Predictions were then made, using the
calibrated model, of the experimental breéhtough curves for a different flow field or
different tracers, in which the varisprocesses are expected to be weighted differently.

Such predictive modelling, in particular, provides a sensitive test of the model concept and the
numerical procedures precisely because the modeller is given only limited information. The
method of teshg is crucial: as noted above (and worth repeating here) few people, even those
involved in the disposal of radioactive waste, fully appreciate the difference between blind
testing of modepredictionsand testing if a model caimulateparticular obserations This
coming together of transport modellers, field and laboratory experimenters and (to a lesser
extent) performance assessors has been the hallmark of the MI experiment.

Main findings
Relation to the overall R+D programme

The MI experiment hadeen the single biggest experiment to date in the Nagra R+D
programme and had a web of connections to other areas of the Swiss and Japanese
programmes. There was direct input into Nagra's laboratory sorption programme where an
assessment was made of théevance of laboratory produced sorption datairtositu
retardation of radionuclides and, in addition, there was much-tdgsation between the

MI experiment and site characterisation/PA in the field of flow path description.

In the PR field, initih use of the MI experiment was limited but this changed with the
production of a Nagra Bulletin on the GTS which included an extensive article on the Ml
experiment (Frick et al, 1988). Some 45,000 people have now visited the GTS and the MI
experiment is aoutine stop on the tour of the laboratory. Currently, Nagra is producing a
video on the GTS which will include footage on the MI experiment and its successor the
Radionuclide Retardation Project (or RRP). Finally, the Federation of Electric Power
Companis of Japan recently shot footage for inclusion in a PR video about underground rock
laboratories worldwide. Arguably, more remains to be done.
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Uses and extrapolation of the so obtained information

The most important use of the MI experiment has been dévelopment of testing
methodologies and the application of those methods to confidence building within PA.
Indeed, the Kristallifii safety assessment (Nagra, 1994) carried out by Nagra specifically
mentions the contribution of the MI experiment to maskting in general. Further, it was
noted that'...the results provide confidence in the dpafosity concept as an appropriate
foundation for a model of transport in fractured porous mediaaddition, it was noted that

"...the model provides a sasstory interpretation of the measured data and no evidence has
been found which would indicate that processes relevant to safety assessment and not
accounted for in the model are operatihg .

With respect to model testing, the main findings of the Miuide:

i Although the duaporosity concept provides a highly simplified representation of a
complex natural system, it is nevertheless able to describe, with reasonable accuracy,
experimental breakhrough curves forfluorescein dye, Na, Sr and Cs in anddipole
flow field (Heer and Hadermann, 1996).

i The physical parameters derived by inverse modelling are consistent with values from
independent observations and measurements, supporting the underlying model concepts.

i Of special note is the agreement betweeatues for the radionuclide distribution
coefficients (Kd), obtained by different laboratory and field techniques. In particular, for
tracers that sorb rapidly and exhibit a reversible cation exchange on fault gouge, the results
of laboratory experimenitsan be extrapolated reasonable well to field conditions, provided
adequate care is taken in selecting and preparing the rock samples, so as to ensure that they
properly reflect the geological character of the site (Baeyens and Bradbury, 1989).

i The succes®f the model in predicting the bre#thtrough for uranine, sodium, and
strontium in a 1.7 dipole flow field, where the different transport mechanisms are
weighted differently to the larger dipole flow field, builds confidence in the underlying
model concpts (Smith et al., 2000a,b).

The failure of the model to predict the breakough peak of caesium in the 1.7 m dipole flow
field, while more successfully representing last part of the tail, suggests that sorption kinetics,
which was not included in the adels tested, may be a significant factor for this particular
experiment (the effects of the sorption kinetics of caesium were not observed in the case of
the 4.9m dipole field and are, in any case, not relevant in PA; Bradbury and Baeyens, 1992).

Some #ort has gone into extrapolating data on retardation mechanisms from Ml to repository
relevant host rocks, but this has been limited in some instances. For example, it was noted in
Kristallin-1 that"The key mechanism of matrix diffusion has, in many expents, been
identified as important and its existance and effectiveness are much better founded than 10
years ago.. Despite this, the diffusion constants for the rock matrix used in Kristiallere
"...selected on the basis of a survey labgratory) experimentally determined diffusion
constants for crystalline rock%.(authors’ italics). Further, no reference is made to evidence
from the MI experimentggHeer and Hadermann, 1996) when depths of accessible wall rock
are considered other than in tloase of one parameter variation where data from Mi
supporting experiments (see Alexander et al., 1990a,b) are used to define a minimum depth of
diffusion.

While the work on investigating the connection between laboratory measured sorption data
and fieldretardation has shown that, with enough background information on the flow field, it
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is possible to show reasonable agreement within the MI experiment between field and
laboratory data, this has been taken no further as yet and has most certainly nuiibeen
in recent Nagra or PNC assessments.

4. THE RADIONUCLIDE RETARDATION PROJECT (RRP)

Aims with respect to transport model testing

The RRP expands on Ml to include (i), the Excavationmualect (EP in figure 2), and (ii),
the Connected PorositZP in figure 2) suiproject.

The main aim of EP was to extend the form of model testing developed in Ml (Alexander et
al ., 1998a). At present, studies such as Ml
the radionuclides. These data are thenenbd ed t o produce a set of
values for the retardation parameters, such as rock/water distribution coefficient (or Kd)
values, flowwetted surface area and matrix diffusion depth, by comparing calculated model
curves with the expanental breakthrough curves. However, the model values obtained may

not be an unique solution and, from this process, no detailed information is obtained about the
actual sites of retardation. Thus is it very difficult to extrapolate from one site osyisi@m

to another where properties are different. This is a key issue as, in practice, the geosphere
around a radioactive waste repository will not be exhaustively explored, due to the necessity
to maintain favourable characteristics in as unperturbethte s possible. Hence it is
essential that extrapolations from nearby or similar sites, where such restrictions do not apply,
can be justified by a thorough understanding of the factors influencing radionuclide transport
(Alexander et al., 2000).

The cantribution of CP within RRP to model testing is more specfic than MI. In fractured
media, the modelling of the retardation mechanism of matrix diffusiorsypposes the
existence of an interconnected porosity in the rock matrix adjacent to the fradthees.
definition of the depth and nature of the interconnected porosity has been ongoing in the GTS
for over a decade with data gathered from natural analogues (Alexander et al., 1990a,b) and
from the MI experiment (Frick et al., 1992; Heer and Haderman®6)1®ome effort has

gone into extrapolating data on retardation mechanisms from Ml to repository relevant host
rocks, but this has been limited (see comments above on the use of the MI experiment data on
matrix diffusion).

Apart from ignoring the avaitde data from the GTS, the approach in Kristallirs also open

to criticism insofar that, despite the wide range of laboratory techniques available to measure
matrix diffusion, all have one common uncertainty: the effects of stress release, drilling and
sample preparation on the results remain largely unquantified (outwith the pioneering work of
Chernis, 1981, 1983, 1984). The main aim of CP was to constrain this uncertainty and to
compare and integrate all other matrix diffusion data from the GTS.

Ovaview of experimental procedure

1. The Excavation Project (EP)
This focusses on the structure of the shear zone and on the behaviour of radionuclides that
are relevant to repository pedbsure safety (see Figure 7), but are so strongly retarded by
interaction with the sheazone rock that they are not expected to pass through the dipole
flow field in experimentally-mopeasesmoaklnal tys
the shear zone has been performed, in which the entire dipole flow field has been
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Element Half-life
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e Technetium 210000
Qg Selenium 03
182, Europium 134
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Figure 7: Activities of the safety relevant radionuclides injected into the experimental shear zone in the EP
experiment.
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Immobilisation and sampling of a shear zone (schematic)

A) Dipole configuration B} Injection of isopropanol

Shear zone

p
> L

C) Injection of resin D) Overcoring of shear zone

Figure 8: Excavation of the experimental shear zone during the EP experiment. A:
injection of the radionuclides intodipole flow field. B: the water in the dipole is replaced
by isopropanol to ensure adequate wetting of the rock by the resin which follows. C:
specially developed resin is injected into the experimental shear zone and allowed to
polymerise and harden. Bhe immobilised (radioactive) part of the shear zone is
recovered for analysis by overlapping triple barrel drill cores, drilled parallel to the shear
zone.
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Characterisation of pore space

* Porosities
* Pore size distribution
* Fracture apertures

Country rock

Figure 9: Analysis of the shear zone pore structure

immobilised using a newly developed resijection technique, excavated (see Figure 8) and
taken back to the laboratory for analysis (see Figure 9) of its-thmeensional structure and

of the distribution of injected radionuclides within the flow field (see Alexander et al., 1996,
2000, Frieget al., 1998 and Mori et al., 2000a for details)

2. The Connected Porosities (CP) Project

This focusses on the form and distribution of porosity in the undisturbed rock matrix at depth
(up to several metres) normal to the plane of a fracture. Althowgbnreclides would not be
expected to penetrate this porosity significantly on experimental time scalesoekall
porosity may be a key feature affecting radionuclide retardation over perforasseEssment

time scales (see, for example, Nagra, 1994, I2000). In CP, a specially developed resin

has been injected into the rock matrix under a small-pressure, hardenead situ and walt

rock samples have been excavated (see Figure 10) and the pore structure of the impregnated
material has been comparedfe laboratory with material excavated by conventional drilling

(see Mdri et al., 2000b for details).

Main findings of the RRP experiment

The analyses of the results of the EP project is still ongoing (see Alexander et al, 2000; Mori
et al., 2000a), buthe main implications of the study for model testing may be briefly
concluded to be:



i The basic modelling approach employed in Ml was shown to reasonably predict the
spatial distribution of the strongly sorbing radionuclides along the experimental flow path
(namely in the vicinity of the injection borehole and at a short distance along the flow
path). Again, this demonstrates, at least qualitatively, that laboratory derived Kd values
may be used with care in transport modelling if the laboratory systemecaethup to
mimic the in situ conditions appropriately. Of course, this was not the case for all
radionuclides:°Se, although injected into the flow path in reducing form (selinite),
appeared to behave as a +smmbing traceri€¢ as selenate). Unlike thmase for Cs in the
MI experiment (above), where kinetics was shown to be the problem, here it seems more
likely that equipment problems allowed oxidation of the Se (but this is still under
investigation).

i Although the experimental shear zone was knowbettighly heterogeneous (Bossart et
al., 1991 and see Figure 11), the degree to which channels in the water conducting features
controlled radionuclide migration was surprising and this would be worth considering
further in any futuren situtests of trasport codes. Deaeind channels, shecuts between
adjacent channels and merging and bifurcating of migration pathways characterised
radionuclide flow on the metre and centimetre scale. Interestingly, not all the seemingly
open channels were involved irdranuclide transport.

i Matrix diffusion played a significant role in radionuclide retardation (see Figure 4)
although most material was not trapped in the rock magniso strictprather in the highly
porous fault gouge present in the system. This h@suseimplications for repository site
characterisation drilling techniques: unless doybler better still, triplebarrel core
recovery technology is used, such fault gouges are frequently lost from deep drillholes and
there will, therefore, be a tendgnto underestimate potential geosphere retardation (never
mind the impact on the hydrogeological assessment of the site).

Although the final results of CP are currently being reported (Méri et al., 2000b), the main
findings of the project of relevancemodel testing may be summarised as:

i The architecture of the matrix porosity was studied under the microscope and was found
to be similar, but not identical to that observed in samples that were impregnated in the
laboratory. It appears that stress redeamd the preparation of samples in the laboratory,
while not creating new types of pores, does visibly alter the existing porosity.

Matrix pore apertures have not yet been measured with confidence under the microscope, but
JNC is currently carrying ounethod development in an attempt to remedy this problem.
Qualitatively, however, apertures are generally smaller in samples impregnaiad when
compared to laboratory impregnations. Thus, stress release and sample preparation may
result in the wideing of existing pores. In laboratory experiments, this may have the effect of
increasing the values of measured diffusion coefficients and underestimating the role of size
(and charge) exclusion effects in the rock matrix. Although this will probably la
specific effect, further work is currently ongoing to assess the consequences for PA via
comparison of data from the MI, EP and CP experiments.

i The porosity of samples impregnatedsitu, as well as the porosity of nempregnated
samples, was quéfied in the laboratory. Noimpregnated samples typically yield
porosities around 0.6 0.7 vol%, irrespective of the method used (water saturation
gravimetry, mercury injection etc). The porosityirfsitu impregnated samples is €023
vol%. It appars that around half of the porosity measured by standard laboratory
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Principle of in situ injection of acrylic resin
for immobilisation of rock matrix and sampling

A T Resin

Injection of acrylic /
resin into rock matrix e

B

Hardening (polymeri-
sation) of injected - —
resin by heating bore- —
hole interval

C
Overcoring of injection | ]
zone

D

Drillcores sawn into
slices; pore space - —> [T T
analysis with thin
sections under micro-
scope

Figure 10: CP experiment methodology. A: injection of the specially developed acrylic resin
into the rock matrix. B: polymerisation of the resin by means of a heat shock. C: ogfor
the resin impregnated zone. D: pore space analysis by application of object recognition and 3
D plotting software to thin section images.

17



Figure 11: An example of the flow path porosity in the experimental shear zone in the GTS (photomicrograph
taken under UMight and is approximately 3mm wide). Particles of ground up wall rock (porosity <1%) can be
seen isolated in the fine grained fracture infill (porosity c#820)

techniques is probably an artifact of stress release and sample pogpaeatling to an over
estimation of thdn situ retardation potential. Clearly this is roonservative, from a PA
viewpoint, and further work is currently ongoing, comparing the values for matrix diffusion
depths and calculated diffusion coefficientsnirthe various matrix diffusion studies carried

out to date within the Nagra/JNC joint programme at the GTS. It is hoped that
recommendations for conservative values for matrix diffusion parameters can be calculated
from this work and an attempt will there bmade to test these values via navegitu tracer
experiments planned in the current phase of work in the GTS (see Kickmaier et al., 2000).
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