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Abstract
The joint Nagra/JNC Radionuclide Migration Programme has now been ongoing for
more than 15 years in Nagra's Grimsel Test Site (GTS). The main aim of the pro-
gramme has been the direct testing of radionuclide transport models in as realistic a
manner as possible. The understanding and modelling of both the processes and the
structures influencing radionuclide transport/retardation in fractured granitic host rocks
have matured as has the experimental technology, which has contributed to develop
confidence in the applicability of the underlying research models in a repository per-
formance assessment. In this paper, three in situ experiments which were carried out in
a discrete granitic shear zone are briefly presented: The Migration Experiment (MI), the
Excavation Experiment (EP) and the ongoing Colloid and Radionuclide Retardation
Experiment (CRR). Each project expanded on the experimental experience and research
results from the preceding experiment.

MI provided a sound data base of in situ tracer breakthrough curves which was used to
derive relevant transport parameters by inverse modelling in order to enhance the capa-
bility for predictive modelling of tracer transport in a granitic shear zone. The Excava-
tion Project (EP) then focussed on the excavation of the dipole flow field in order to
describe the flow paths within the shear zone dipole and the retardation behaviour of
sorbing radionuclides that are relevant to post-closure safety. The ongoing CRR experi-
ment actually investigates the influence of bentonite colloids on the radionuclide trans-
port behaviour through a fractured granitic host rock. Again, the experience in planning
and handling of complex tracer field experiments gained in the proceeding experiments
will be availed.

The methodology adopted for the geological and hydrological characterisation of water-
conducting features and the simplification of this characterisation for modelling pur-
poses proved to be indeed effective on the modelling of radionuclide transport in a
fractured rock.

1 Introduction
The Grimsel Test Site (GTS) is an underground rock laboratory which has been ope-
rated since 1984 by the Swiss National Co-operative for the Disposal of Radioactive
Waste (Nagra) in the crystalline rock of the Aare Massif. Organisations from Germany,
France, Japan, Spain, Sweden, Taiwan, the USA and the Czech Republic, as well as the
European Union, participate in different programmes at GTS. The partner organisations
either work on Nagra projects or carry out their own experiments.
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Over the last decade, a modelling approach to radionuclide transport in fractured crys-
talline rocks that integrates input from geological studies, hydrogeological data and
geochemical data on the composition of the rock and groundwater was developed. This
approach has been applied, for example, in the Kristallin-1 performance assessment
(PA), that considered a repository for high-level waste sited in the crystalline basement
of Northern Switzerland /Nagra, 1994/. Transport models represent always simplifi-
cations of reality insofar that:

• the processes that are incorporated and their representation in the model, and

• the geometry (structures in the rock) within which these processes operate.

In a PA, it is necessary to have confidence either that the simplifications have a negli-
gible impact on the results or, if bounding estimates are acceptable, that the simplifica-
tions give rise to over-estimates of releases. It is also necessary to show that the para-
meters that are used are realistically (or at least conservatively) assigned. 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, confidence is developed through the consistency of the
model assumptions, and associated databases, with a large number of diverse observa-
tions and experiments. Furthermore, the model should have the capability to make
predictions, or at least bounding estimates, that can be tested, even if the scales differ
from those relevant to PA. In the case of a geosphere transport model, testing needs to
address /see Smith et al., 2000 for details/

• the adequacy of the catalogue of relevant processes incorporated in the model;

• the adequacy of data-collection techniques and the transferability of laboratory data
to in situ conditions;

• the understanding and modelling of individual processes;

• the modelling of combined processes in the transport model.

The three presented experiments MI, EP and CRR are part of the above mentioned
model development approach. Radionuclide selections as well as the definition of
boundary conditions surrounding a repository have continuously adapted to the latest
scenarios developed by the various experimental partners. The influence of the EBS
(Engineered Barrier System) on ground water chemistry and radionuclide transport as
well as the comparison with natural analogues become more and more important in the
actual experiments.

2 Overview of Grimsel Test Site

Site characterisation and geological background

The GTS is situated in the granitic rock of the Aare Massif at an altitude of 1730 m
above sea-level with an overburden of about 450 meters. The main tunnel system,
which is approximately 1 km long, was constructed in 1984 and further extended in
1996 and 1998 to accommodate new experiments. Most of the tunnels were drilled with
a tunnel boring machine (diameter 3.5 m), while most of the caverns were excavated
using standard drill and blast techniques. The horizontal access to the facility allows
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Figure 4-1. Geographic location and layout of the GTS.

easy transport of heavy experimental equipment and the layout of the tunnels allowed
the establishment of a radiation controlled zone (IAEA type B/C) in 1990. The geo-
graphic location and schematic tunnel layout of the GTS are illustrated in Figure
4-1.

The granitic rock of the Aare Massif crystalline basement consists of a pre-Hercynian,
metasedimentary envelope intruded by granitoids 320-280 Ma ago; this was followed
by the intrusion of a series of lamprophyres and aplites. The whole complex underwent
a "greenschist fades" metamorphism with a peak at 19 ± 3.9 Ma ago. This ductile
deformation stage is evidenced in NE-SW-orientated shear zones and mylonites. Reacti-
vation of these structures took place during subsequent cooling and uplift and is mainly
characterised by brittle deformation behaviour. All the main structural elements and the
lamprophyre dykes dip sub-vertically. For radionuclide migration experiments in par-
ticular, deformation mechanisms and structures and their impact on the radionuclide
transport properties of the shear zones (as the main water-conducting features) have
been investigated in detail /Frick et al., 1992; Bossart et ah, 1991/ and are summarised
in Table 4-1. Basically, the southern part of the facility is characterised by the occur-
rence of single shear zones which form a set of sub-parallel striking fracture planes.
This area is particularly suitable for experiments aimed at understanding transport
processes of gas or radionuclides. In the northern part, a fracture network and more
pronounced lamprophyres provide suitable locations for the development and testing of
site characterisation tools, including geophysical investigations, as well as for the
characterisation and definition of relevant parameters on a large scale.
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Table 4-1. Structural units, main deformation characteristics and resulting flow paths.

Structural unit Deformation Flowpath Porosity

Granitic matrix

Non-reactivated
ductile shear zones
and fractures

Reactivated ductile
shear zones and
fractures

Dykes

Extension fractures

- ductile
- weak cleavage

- ductile
- intense cleavage
- quartz ribbons
- stretching lineation

- brittle
- creep structures
- weak cohesion

- ductile, with brittle
overprinting at
contacts to granite

- cleavage refraction

ductile to brittle

- grain boundary pores 0.5-1.5%
-solution pores
-transgranular pores

- sheet silicate pores < 0.1%
- grain boundary pores

- fault gouge porosity 10-30%

- grain boundary pores ca 1 %
- sheet silicate pores

- at contacts: fault gouge
porosity

- solution pores
- grain boundary

ca 5%

First indications of the general hydrogeological situation at the GTS were obtained from
boreholes drilled prior to construction. Hydraulic pressures of up to 40 bar indicated
that the overlying rock was fully saturated almost to the top of the Juchlistock, the
overlying peak. At present, hydraulic pressures of up to 15 bar can be measured at most
of the experimental sites at a distance of approximately 20 metres from the tunnel
surface. The total water inflow to the GTS tunnel system is about 2 litres or more per
minute and is concentrated in about 25% of the identified fractures. Almost all the
water-bearing features appear to be associated with ductile structures, overprinted by
subsequent brittle deformation. The hydrogeological characteristics of individual shear
zones depend largely on the intensity of brittle deformation. General bulk hydraulic
conductivity values of 10'9 to 10"10 m/s for shear zones and 10" to 10"12m/s for the rock
matrix are measured at GTS. It should be noted that the shear zones in particular show a
large variability in their hydraulic properties.

Experimental programme

Since the start of operations at the GTS, a series of experimental programmes has been
performed, covering geological, hydrogeological, geophysical, geochemical and engi-
neering aspects of deep geological disposal. The results of the experiments are pub-
lished in the Nagra Technical Report (NTB) series and provide a comprehensive data-
base for planning and implementation of new, more complex investigations. For the
most recent research phase, in particular, a systematic evaluation procedure has been
applied to establish an experimental programme that is directly related to site selection
and planned underground investigations at a repository site as well as to support the
development of PA codes /McCombie et al., 1997/.
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Figure 4-2. Block model of MI shear zone.

Work on transport modelling began at the GTS in 1985 with the hydrogeological
characterisation of a water conducting shear zone in a granodioritic host rock, the MI
zone (see Figure 4-2), and has continued with a large series of in situ tracer migration
experiments, increasing in complexity from simple, non-sorbing tracers (fluorescein dye
Uranine, 82Br, 123I,3He and 3H) through various weakly sorbing tracers ("Na, 24Na, 8'Sr
and 86Rb) to a long-term experiment with strongly sorbing 137Cs /Frick et al., 1992; Heer
and Hadermann, 1996; Smith et al., 2000/. Most recently, chemically complex tracers
(241Am, 242Pu, 237Np, "Tc,"3Sn, 75Se, 234U,235U, 237Np, 60Co, 152Eu and stable Mo) have been
utilised followed by the physical excavation of a part of the shear zone to recover these
strongly retarded radionuclides /Alexander et al., 1996; 2000/.

In the ongoing Phase V (1997-2002), two experiments investigating radionuclide
retardation in the geological barrier are being performed in the radiation-controlled zone
of the GTS. Both the High-pH Plume in Fractured rock (HPF) and the Colloid and
Radionuclide Retardation (CRR) experiments have similarities with the migration/
excavation experiments /Heer and Hadermann, 1996; McKinley et al., 1988/, but now
specifically address the retardation behaviour of safety-relevant nuclides in the presence
of near-field colloids (CRR experiment) and the effect of high-pH leachates on the host
rock and the retardation behaviour of radionuclides (HPF experiment). For both experi-
ments, a single shear zone (in the case of CRR, the well characterised migration experi-
ment (MI) zone) is used as the test field.

2 The Migration Experiment (Ml)
As noted before, the MI experiment investigated the migration behaviour of a large
series of non- to strongly-sorbing active tracers. Here the main findings will be sum-
marised by a more detailed examination of the tracer breakthrough of the weakly
sorbing tracer 85Sr and the strongly sorbing 137Cs and subsequent conclusions for pre-
dictive modelling of in situ tracer experiments.
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Objectives

Tracer migration experiments in the migration shear zone have been performed and
modelled as a joint undertaking of Nagra (Swiss National Co-operative for the Disposal
of Radioactive Waste) and JNC (Japan Nuclear Cycle Development Institute), with the
support of PSI (Paul Scherrer Institute, Switzerland). The aims of the investigations
were:

• to improve understanding of radionuclide transport trough fractured crystalline rock;

• to develop and test transport models that describe the experimental system and
allow predictive modelling and that may also provide a basis for geosphere per-
formance assessment modelling;

• to compare laboratory results with in-situ results (with regard to the different
conditions).

Experimental layout

The central component of MI is a series of radiotracer-transport tests which were sup-
ported by a range of field and laboratory investigations and modelling studies aimed at
understanding and, ultimately, predicting the radionuclide migration in the geosphere.
The general proceeding of the MI experiment is shown in Figure 4-3. The in situ tests
were performed in different dipoles within a single, approximately planar, shear zone
that was selected on the basis of criteria given in Frick et al. /1992/. The layout of the
dipoles is shown in Figure 4-4.

The following methodology was adopted when applying the PSI transport model to the
migration experiments:

Step 1: Inverse modelling:
For a suitable experimental flow field, the model was fitted to the experimental
breakthrough curves for non-sorbing and sorbing tracers.

Step 2: Consistency of derived parameter values:
Transport parameter combinations were derived from the tracer breakthrough
curve fits. Since the number of individual physico-chemical parameters
exceeds the number of parameter combinations that can be fitted, additional
information (e.g. from independent observations and experiments) is required
in order to obtain these individual parameters. Consistency of derived para-
meters with all available information was sought and, where necessary, the
details of the model concept were modified.

Step 3: Predictive (or blind) modelling:
The model was calibrated using parameters that were expected to be inde-
pendent of the experimental flow field in a given shear zone. Predictions
were then made, using the calibrated model, of the experimental breakthrough
curves for a different flow field or different tracers, in which the various pro-
cesses are expected to be weighted differently.
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Figure 4-3. The use of supporting hypotheses and interpretative models to interpret field and laboratory
data in terms of input parameters of a transport model /from Smith et al, 2000/.

Inverse modelling (step 1) and derivation of the relevant transport parameters (step 2)
was carried out with the 83Sr and 137Cs tracer breakthrough data from the 4.9 m dipole

137/(see Figure 4-4). The expected tracer breakthrough curves for 8:iSr and J;WCs in the 1.7
m dipole were then predicted /for details see Heer and Hadermann, 1996/. In the final
experiment of the MI project (not presented here), 137Cs was injected into the 14 m
dipole (see Figure 4-4) and this work is discussed in Heer /2000/.

Conceptual model

A conceptual model of the flow path and the related transport processes within the
investigated MI shear zone was derived from both structural geological investigations
on resin impregnated shear zone samples and a series of laboratory investigations. The
laboratory work mainly focussed on the mineralogy and porosity distribution within the
shear zone and on the characterisation of the cohesionless fraction (e.g. fault gouge and
breccia) between the shear zone walls. A simplified picture of the complex reality of the
internal build up of a granitic shear zone is shown in Figure 4-5 (upper part). This
simplified reality and the derived laboratory parameters were then transferred into a
conceptual model for tracer transport in a shear zone. The resulting transport model
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Figure 4-4. Dipole configuration of Ml experiments.

Reality (simplified not to scale)

Mylonite Fault Gouge Grimsel Granodiorite

Shear Zone

Porosities : H i 1 - 2 % H i -0.1 % QiJ 10 - 30 %

Model (not to scale) Advection

Diffusion

Dispersion
•••-...! L

Mylonite Dual Porosity Mylonite
Processes

Figure 4-5. Dual porosity concept for transport modelling.
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follows a dual porosity concept with open channels which take up advection and
dispersion and with fault gouge which is accessible for matrix diffusion.

Main findings

Figure 4-6 shows the breakthrough curves for 85Sr and 137Cs in the 4.9 m flow field. The
graphs contain the experimental data (dots) collected at the outlet borehole as well as
the modelled breakthrough curves with different modelling approaches. The black solid
lines represent the final model fit curve to the measured breakthrough curves of S5Sr and
137Cs.

For the non-sorbing dye Uranine, position and shape of the peak were, to a large extent,
governed by advection and dispersion. The pronounced tailing, that approaches the im

asymptote, was taken as an experimental indication of the occurrence of matrix diffu-
sion /Heer and Hadermann, 1996/ and the presence of a "tail-end perturbation" sug-
gested that the depth of the diffusion-accessible porosity is limited. For the sorbing
tracers 8SSr and 137Cs, however, an increased influence of matrix diffusion with increas-
ing sorption strength is observed, broad peaks without "tail end perturbations" within
the duration of the experiments (see Figure 4-6). For 137Cs, especially noteworthy is the
large peak height reduction (by a factor of 7,000) and delay (by a factor of 1,000) with
respect to Uranine.

The predicted breakthrough curves for 85Sr and l37Cs for the shorter 1.7 m flow field are
shown in Figure 4-7 where the model predictions are compared to the experimental
data. Whereas the non-sorbing Uranine showed excellent agreement between the predic-
tions and the field measurements of the breakthrough peaks, the strongly reduced break-
through time with respect to the 4.9 m dipole flow field for 8:iSr is less well predicted,
but still tends to support the concept of advection through narrow, open channels. For
I37Cs, the model does not predict the fast breakthrough, but only the final tail. An addi-
tional calculation with a lower sorption coefficient (dot-dashed line) fails to describe the
overall shape of the experimental breakthrough curve, indicating that sorption kinetics,
irrelevant for the larger time scales characterising the 4.9 m dipole, is the most obvious
candidate for refining the model.
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Figure 4-6. Breakthrough curves for 8 Sr and '"Cs in the 4.9 inflow field (inverse modelling).
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Figure 4-7. Breakthrough curves for s5Sr and '"Cs in the 1.7 m flow field (predictive modelling).

MI also showed, that physical parameters, such as flow porosity, dispersion length and
diffusion coefficient, derived effectively through model testing, are consistent with
values from independent field observations so supporting the underlying model con-
cepts. In addition, and potentially more importantly, there is a good agreement between
values for the radionuclide distribution coefficients (Kd), obtained by different labora-
tory and field techniques (see Table 4-2). In particular, for radionuclides that sorb
rapidly and exhibit a reversible cation exchange on the rock, the results of laboratory
experiments can be extrapolated reasonably well to in situ conditions, provided suf-
ficient care is exercised in selecting and preparing the rock samples so as to ensure that
they properly reflect the geological character of the site.

Table 4-2. Kd values derived from breakthrough modelling compared to laboratory data.

Nuclide

85Sr
137Cs

d

Field data

2.1 •

2.9-

10"2

101

(m3 /kg)

Laboratory data

1.3- 10"2

1.6- 10°

3 The Excavation Experiment (EP)
The Excavation Experiment constitutes part of the Radionuclide Retardation Project
(RRP) which expands on the MI experiment. Similar to MI, tracer breakthrough curves
were recorded in the field, but were then followed by excavation of the whole flow field
and subsequent core analyses.

Objectives

EP focussed on the structure of the shear zone and on the behaviour of radionuclides
that are relevant to repository post-closure safety, but are so strongly retarded by inter-
action with the shear-zone rock that they are not expected to pass completely through
the dipole flow field in experimentally reasonable times. The aims of EP were
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• to elaborate an in situ injection technique for strongly sorbing tracers in a URL
(Underground Rock Laboratory);

• to develop an in situ conservation technique of the shear zone and the potentially
sorbed radionuclides and to find an appropriate excavation technique;

• to examine directly the sites of in situ radionuclide retardation and to obtain a better
understanding of the in-situ flow system (channels, matrix porosity etc).

Experimental layout

Before the in situ experiment was started, a large laboratory programme was carried out
in order to determine sorption properties of the different nuclides, to develop the resin
for shear zone impregnation and to select the appropriate analysis techniques for solid
phase analysis of the nuclides sorbed on the shear zone (i.e. autoradiography, total
dissolution analysis, secondary ion mass spectrometry and nuclear microprobe ana-
lysis). The tracer cocktail for the in situ experiment was kept in glass ampoules and the
injection borehole was packed off by a triple packer system. The down hole equipment
was constructed such that the glass ampoules could be introduced into the packed off
shear zone interval without removing the injection system. The composition of the
cocktail is shown in Table 4-3. Breakthrough curves of the y-emitting nuclides were
measured on-line by using an Intrinsic Ge detector whereas the a-emitters were ana-
lysed off-line in the GTS tunnels with Si surface barrier a-detectors /see Eikenberg et
al, 1998 for details/.

Table 4-3. Radioisotopes used in EP with the activity injected into the 1,7 m dipole.

Nuclide

S0Co
7 5Se
113Sn

LU

235U
S33pa

237Np

Half-life

5.26 y

120.4 d

115.1 d

13.3 y

2.5- 105y

7.0- 10s y

27.0 d

2.1 • 106y

Decay mode

P-.Y
ec, Y

ec, Y

ec, p+, y

a, (Y)

a, Y

P.Y
a, Y

Injected activity
(Bq)

2.03 (60.05)

1.08(60.08)

1.93(60.10)

2.96(60.10)

5.74 (60.37)

1.54(60.10)

5.80 (60.40)

5.80 (60.60)

• 1 0 6

• 1 0 7

• 1 0 6

• 1 0 5

• 1 0 5

• 1 0 4

. 1 0 5 ( c )

• 1 0 5

After the injection phase, the 1.7 m long dipole flow field was impregnated with a
fluorescein epoxy resin in order to stabilise the whole shear zone prior to the recovery
of the radionuclide doped part of the shear zone. The flow field was excavated by means
of two overcoring boreholes with an outer diameter of 380 mm (see Figure
4-8). The active cores were removed and kept in the plastic liner from the triple core
drilling system and subdivided into core sections of about 0.5 m length. The core sec-
tions were then sawn into slabs of 3 to 5 cm thickness for "post-mortem" analysis.
These analyses consisted of a structural geological characterisation of the shear zone
and a three-dimensional model of the flow paths within the dipole as well as a deter-
mination of the distribution of injected radionuclides within the flow field /see
Alexander et al., 1996, 2000 for details/.
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Figure 4-8 Overcoring of dipole flow field (left) and sawing of slabs (right).

Main findings

The methods applied in this technically challenging experiment were successful. 90% of
the flow field containing almost 100% of the retarded radionuclides could be excavated
owing to the resin impregnation of the shear zone and the applied triple-barrel drilling
technique. The slabs revealed a sound data base for the characterisation of the flow path
within the shear zone.

The experimental shear zone was known to be highly heterogeneous /Bossart et al.,
1991/, but the degree to which channels in the water conducting features controlled
radionuclide migration was nevertheless surprising and this would be worth considering
further in any future in situ tests of transport codes (see Figure 4-9). Dead-end channels,
short-cuts between adjacent channels and merging and bifurcating of migration path-
ways characterised radionuclide flow on the metre and centimetre scale.

Interestingly, not all the seemingly open channels were involved in radionuclide
transport.

The breccia components for the adjacent wall rock (mylonite and less deformed grano-
diorite) were generally supported by fault gouge which was also impregnated with the
fluorescein resin. This accessibility of the fault gouge for fluids was reflected also in the
preferential distribution of sorbed radionuclides on fault gouge /for details see Berry et
al., 2000; Mori and van Dorp, 2000a; Ota et al., 2000/.

Matrix diffusion played a significant role in radionuclide retardation although most
material was not trapped in the rock matrix sensu stricto, rather in the highly porous
fault gouge present in the system. This has serious implications for repository site
characterisation drilling techniques: unless double-, or better still, triple-barrel core
recovery technology is used, such fault gouges are frequently lost from deep boreholes
and there will, therefore, be a tendency to under-estimate potential geosphere retarda-
tion (never mind the impact on the hydro geological assessment of the site).
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Figure 4-9. Evolution of impregnated flow paths along overcore "A" (flow direction was normal to the
slab surfaces). Above: slab surfaces with impregnated flow path's under UV light, below: development of
flow path's along flow field, red, blue and green lines indicate impregnated parts of the shear zone map-
ped from slab surfaces.

The spatial distribution of radionuclides along the flow path revealed element-specific
concentration profiles. Figure 4-10 shows the element distribution of 237Np between the
injection and the extraction borehole. The element concentrations were derived from
total dissolution data from samples which were selected from active areas located by
autoradiography imaging of the slab surfaces. The mass balance revealed that about
75% of the injected 237Np remained in the shear zone, with mostly sorbed around the
injection borehole.

The basic modelling approach employed in MI 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 system can be set
up to mimic the in situ conditions appropriately. Of course, this was not the case for all
radionuclides: 75Se, although injected into the flow path in reducing form (selinite),
appeared to behave as a non-sorbing tracer (i.e. as selenate). Unlike the case for 137Cs 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 75Se (but this is still under
investigation).
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Global Z coordinate (cm)

Figure 4-10. Distribution of217Np between the injection borehole at 229.5 cm and the outlet borehole at
45.2 cm.

4 The Colloid and Radionuclide Retardation project (CRR)
In most HLW (high-level radioactive waste) repository designs, the waste is packaged
in a massive metal canister (e.g. steel, in the Swiss design) which is surrounded by a
large volume of bentonite backfill. The canister will slowly degrade and eventually fail,
releasing small quantities of radionuclides, most of which are expected to decay within
the bentonite. However, it is conceivable that erosion of the bentonite at the bentonite/
host rock interface (see Figure 4-11) could produce colloids, as noted in a memo of
March 1989 from HSK, the Swiss Federal Office of Reactor Safety, which stated that
"... the generation of colloids at the boundary of the bentonite package cannot be
excluded...". The full consequences of this scenario are unclear but, as HSK note further
{op cit) "... colloid facilitated transport of strongly sorbing radionuclides at the near
field / far field boundary remains very much an open question...". As one of the major
roles of the research programmes carried out in URLs is to address such open questions
in the repository PA, it was decided to examine bentonite colloid facilitated transport of
radionuclides in the far-field in GTS Phase V by means of the CRR (colloid and radio-
nuclide retardation) project (which is based on the experience gained in MI and EP).
Due to the complexity of the field experiment, CRR was divided into two phases: a first
phase of detailed laboratory experiments (with associated modelling), followed by a
second, still ongoing, phase of additional preparational field experiments and the final
in situ experiment.
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Figure 4-11. Experimental concept of the CRR Project.

Objectives

The broad objective of the CRR experiment is to provide an improved understanding of
the stability and in-situ retardation of colloid-bound safety-relevant radionuclides in the
vicinity of the near-field/far-field interface. Prior to beginning the in situ experiment,
three main questions had to be answered:

- is it likely that bentonite colloids will be generated at the bentonite / granite
interface and are these colloids stable in the Grimsel Ground Water?

- which are the solubilities of the selected RN's in natural Grimsel Ground Water,
can they be detected in solution and, if any sorption occurs in the flow field, can
they be detected in the rock after excavation?

- can the tracer cocktail be safely handled in the field (sorption of nuclides on
equipment, requirements for radioprotection)?

Experimental layout

From the technical point of view, the in situ experiment of CRR is based on the pre-
ceding EP experiment, including injection of active tracers, resin impregnation and
overcoring followed by subsequent core analysis. The main changes in the layout are
the use of a Laser Induced Breakdown Detector (LIBD) for on site detection of colloids
and the complete PEEK1 coating of the equipment.

1 PEEK (polyetheretherketone) is a flexible polymer material for tubings and fittings and is resilient to
most chemicals.
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Figure 4-12. Schematic ovet-view of the granite plus bentonite experiments simulating the near field/far
field interface (left) arid investigated sorption reactions for radionuclides and colloids in the Grimsel
granodiorite.

AN intense modelling and laboratory programme was carried out in Phase 1 mainly by
Ciemat (E), FZK (D), QuantiSci (E) and JNC (J) aimed to prove the feasibility of the
planned field experiment. Modelling calculations regarding solubility, retardation and
speciation of radionuclides were compared to literature data on the concentration, gene-
ration and stability of different colloid types such as the natural colloids found in the
Grimsel Ground Water, bentonite colloids and radiocolloids (e.g. PuO2). A detailed
laboratory programme with evaluation of solubility and sorption behaviour of radio-
nuclides in different media as well as colloid generation, stability and labelling experi-
ments were carried out (see Figure 4-12). A first field campaign served for site charac-
terisation in order to define boundary conditions for the in-site experiment and for the
development of conceptual models.

The final tracer injection will be divided into two injection runs: a first run with " Am,
' Np, ' "Pu, - Pu, " U, Sr and "Th in Grimsel groundwater in absence of bentonite

colloids and a second injection with 241Am, 237Np, 244Pu, 238Pu, 233U, "Tc, 137Cs, 85Sr, 232Th
in Grimsel groundwater in presence of 20 mg of bentonite colloids per litre. The use of
different isotopes for Am, U and Pu in both runs will guarantee to distinguish the sorbed
nuclides between run 1 and 2 on the excavated samples. The migration/retardation
behaviour will be observed via tracer breakthrough. Rock samples from the flow-field
will be recovered for detailed definition of radionuclide/colloid sinks, in conjunction
with definition of the flow system.

Preliminary results

The work carried out in the Phase 1 laboratory and modelling exercises produced the
following results and conclusions for the in situ injection in Phase 2 /for details see
Mori ed., 2000b/:

The calculations based on laboratory sorption data (backed by literature data and
experience from the RRP project) of Phase I indicate that, while keeping well within
radioprotection limits and solubility limits (see Table 4-4), it is feasible to design a
tracer cocktail which will still be possible to analyse using current techniques like ICP

196



MS and where the activities likely to be trapped in the shear zone will be detectable in
the solid phase (e.g. autoradiography and total dissolution).

Table 4-4. Calculated solubility limits for radionuclides in Grimsel Ground Water and
Febex Pore Water with predicted dominant solid phases.

RN

Cs

Ra

Se

Tc

Am

Th

U

Np

Pu

Oxidising (458 mV)

nsl

5-10"8(RaSO4)

nsl

nsl

7-10"7

(AmOHCO3(am))

10-8(Th(OH)4(am))

10" (schoepite)

10"4(NpO2OH)

10"'°(Pu(OH)4(am))

Febex

Reducing (-190 mV)

nsl

5-108(RaSOJ

10"9 (Seor FeSe)

10~8(TcO2)

7-107

(Am0HCO3(am))

10-8(Th{OH)4(am))

10-9to108

(U(IV)solids)

108(Np(OH)4(am))

IO9(PUOHCO3)

Grimsel

(-70 / -200 mV)

Nsl

106(RaSO4)

10"9(Se)

10"3(TcO2, -70 mV)
108(TcO2, -200 mV)

10'7

(AmOHCO3(am))

108(Th(OH)4(am))

10""(Eh=-70mV)
108(Eh=-200mV)

10-8(Np(OH)4(am))

10-'°(Pu(OH)4(am))

LIBD analysis on GGW showed that the natural colloid population is low and labelling
natural colloids with safety relevant radionuclides is not feasible. Vitrified Waste-
derived radiocolloids were found to be unstable in the GGW, especially in the presence
of bentonite colloids. On the other hand, it was found that ground water flow at the
host-rock bentonite interface indicate bentonite colloid generation. FEBEX bentonite
colloids showed a range of size from 70 to 300 nm. The colloids remained stable in
concentration of several tens of mg/litre in alkaline GGW even after several month, but
not in the Febex pore water. It was also seen that waste derived radio colloids are
unstable in the GGW, especially in the presence of bentonite colloids. The near-field
(bentonite) colloids can be unambiguously labelled with radionuclides which will
remain stable in solution for the duration of the field injection (see also Figure 4-13,
influence of colloids on sorption properties of actinides on granite). A first in situ
bentonite colloid injection in the GTS revealed that 50% of the colloids passed through
the shear zone completely unretarded.

The strong sorption to fracture infill and granite of the actinides Am, Pu and the fission
product Cs and Tc is expected to lead to a strong retardation or even immobilisation of
these radionuclides. Np(V) will probably elute like a very weakly or non-sorbing tracer
while U will probably behave as a weakly sorbing tracer due to the short contact time
with the solid surface. However, due to the high sorption of Am, Pu, U and Cs to bento-
nite colloids, colloid facilitated transport of these radionuclide may occur.
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Figure 4-13. Sorption of Am, Np and Pit on granite in presence and absence of bentonite colloids.
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Figure 4-14. Preliminary conceptual model of radionuclide transport in a granitic shear zone in
presence of bentonite colloids.
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Significant sorption onto vial walls was observed for the actinides Pu and Am. Almost
90% loss of Pu and Am found in the case of low density polyethylene (LDPE) vials and
less than 60% is lost in case of hard polyethylene, polypropylene material after -10
days. No actinide losses can be detected in presence of 20 mg/L bentonite colloids.
Additional laboratory experiments with PEEK vials are under way.

All these findings lead to the conclusion that a realistic field experiment is feasible at
the GTS. A preliminary conceptual model of the behaviour of the nuclides within the
flow field is shown in Figure 4-14.

5 Lessons learned and outlook
Given the scales of time and space that must be considered in a PA, direct testing of the
realism, or conservatism, of a model in the system of interest is impossible. Field expe-
riments, such as those performed at the GTS, are nevertheless of great value in that:

• the fundamental transport processes that operate in the system are expected to be the
same or similar to those relevant to any fractured repository host rock;

• the structures present, though differing in detail, are also similar to those of potential
fractured repository host rocks;

• the scales of time and space over which the experiments operate, though often
considerably smaller than those of performance assessment, are larger than those
achievable in the laboratory;

• the degree of characterisation of the system that is possible is greater than that
achievable at a repository site (due to the smaller spatial scales involved in many
field experiments and the need, at a repository site, to avoid perturbing the favour-
able properties of the system);

• field experiments, being performed in situ, are much less subject to experimental
artefacts than laboratory experiments.

To look back on the last 15 years of radionuclide retardation experiments in the GTS,
several things would almost certainly be changed from the days of MI (for example, in
RRP a more complete hydrological characterisation of the experimental site was
produced before beginning the in situ work and, for HPF/CRR, better structural and
petrological descriptions of the flow paths have been produced). However, a more
realistic question might be " knowing now as little as you knew over ten years ago, at the
beginning of MI/RRP, would you do it differently?". In this case, it is likely that much
less would be changed: the entire experiments have been a learning experience for most
of the people involved and have certainly contributed to our views on blind predictive
testing and the development and testing of conceptual models of groundwater flow. As
noted in Alexander et al. 119911 one weakness is that while the field experimenters,
laboratory experimenters and transport modellers were in it together from the very
beginning, the performance assessors were remarkable only by their absence. This
would probably be the single greatest improvement possible to ensure the production of
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PA relevant data from any field tracer experiment - and the eventual inclusion of such
data in a repository PA.

Otherwise, the direction for future in situ experiments is clear: there must be greater
integration of field experiments with appropriate natural analogues and laboratory data,
everything being pulled together by the modelling of the systems /see Alexander et al.,
1998 for comments/.

Overall, the field experiments at the GTS have enhanced confidence that the
methodology adopted for:

• geological and hydrological characterisation of water-conducting features;

• simplification of this characterisation for modelling purposes;

• the adaptation of laboratory data (particularly sorption data) to field conditions;

• numerical solution of the governing equations for solute transport in dual-porosity
media;

is indeed applicable to the modelling of solute transport through a fractured crystalline
rock and have also been applied, at least in part, in the Kamaishi and Aspo rock labora-
tories.
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