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Foreword

The International Stripa Project is a joint undertaking by a number of member
countries of the Organization for Economic Cooperation and Development and is
carried out under the auspices of the OECD Nuclear Energy Agency. The Project is
managed by the Swedish Nuclear Fuel and Waste Management Company (SKB)
under t he direction of a Joint Technical Committee composed of representatives from
each participating country. The Project was established in 1980 to develop techniques
:o fully investigate sites, located deep underground in granite rock formations, that
are potentially suitable for the disposal of heat generating wastes; and also to examine
particular engineering design phenomena associated with enhancing the long term
safety of a high level radioactive waste repository.

An executive summary of the research performed during Phase 1 of the Project,
which was carried out between 1980 and 1985, has been presented in Report 86- ()4 in
the Stripa Technical Report Series. The current report presents an executive summary
of the results and conclusions from Phase 2 of the Project, which was carried out
between 1983 and 1988.
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1 Introduction

An international cooperative research project cm nuclear waste storage in crystalline
rock is being carried out at the Stripa Mine, an abandoned iron-ore mine located in
central Sweden. Adjacent to the ore excavations is a granitic intrusion which is
accessible at about 350 meters below the ground surface. The first experiments at
Stripa started in 1976 when the reserves of iron-ore were exhausted. The international
cooperation at Stripa began with the joint Swedish-American Cooperative (SAC)
program in 1977, followed in 1980 by the ongoing autonomous OECD/Nuclear
Energy Agency International Stripa Project. Phase 1 of the Stripa Project, carried out
from 1980 to 1985, involved the multi-national participation of Canada, Finland.
France, Japan, Sweden, Switzerland, and the United States.

Phase 1 of the project included development of methods for determining hydraulic
conductivity in situ using single, vertical and horizontal boreholes as well as between
successive boreholes.

Hydrogeochemieal studies of the Stripa groundwaters, which began under the SAC
program, were carried out in order to gain an understanding of the origin and
evolution of the groundwater at Stripa and to develop procedures for hydrogeo-
chemical investigations at potential radioactive waste disposal sites. This has included
sampling from a number of boreholes from the surface and from the mine to a depth
of up to 1200 meters below surface. Analyses have been carried out in various labora-
tories around the world with the results being synthesized by a specially convened
hydrogeochemistry advisory group.

Migration studies were carried out during Phase 1 of the Stripa Project in order to
gain further understanding of the behaviour of solutes flowing through granitic rock
so as to aid the prediction of the migration of any radionuclides that might be released
f'rom a repository. It was known that any significant flow in granite takes place within
,'ractures but that migration of solutes would be ini'ibited by chemical sorpiion onto
the fracture surface and into the rock matrix. An experiment was carried out to study
sorption behaviour by introducing non-active tracers, analogous to important radio-
nuclides, into a single fracture which was known to intersect a borehole in the rock.
Fl- >w times were measured and the concentration of the tracers were monitored after
they had migrated along the fracture. In addition, the fracture was excavated follow-
in j the completion of the test so that the concentration of tracers along the fracture
could be d-•termined.

Engineering design studies for radioactive waste repositories in granite suggest that
canisters could be cm placed in shallow vertical boreholes situated in the floor of

I'igure II I he Stripa Mine, with a history that can he traced hack to the Middle Ages, ;v
located in the beautiful landscape oj the Hergslagcn region.



horizontal tunnels. The space between the canisters and the boreholes would be filled
with highly compacted clay buffer maierials. After the individual canisters had been
emplaced the entire tunnel would be sealed off with a mixture of clay and sand. The
large scale Buffer Mass Test during Phase 1 of the Stripa Project was designed to test
predictions of the behaviour of certain bentonite-based clay buffer materials under
simulated repository conditions. Blocks of sodium bentonite were placed in a series
of six large diameter boreholes containing heaters to simulate the heat output from a
spent fuel canister and the tunnel abeve the boreholes was backfilled with a sand/ben-
tonite mixture. Various physical and chemical measurements were made during the
life of the test. Finally, the bentonite was excavated under rigorously controlled
conditions.

The experience gained from Phase 1 of the project was used in the development of
Phase 2. This report presents an executive summary of the findings during t his second
phase of the Stripa Project which was carried out from 1983 to 1988. Phase 3 of the
project is currently in progress and is planned to be completed in 1991.



Organization

Responsibility for supervision of the research program and for its finance resided
with the Joint Technical Committee (JTC). This was composed of representatives
from each of the national organizations. It also provided information on the general
progress of work to the Steering Committee of the OECD Nuclear Energy Agency,
through the NEA Committee on Radioactive Waste Management.

Each research activity was assigned to a Principal Investigator, a scientist with
special expertise in the research field in question. The conception of the experiments,
and their realization, were periodically reviewed by two Technical Sub-groups (TSGs).
These sub-groups were composed of scientists from the participating countries. The
first dealt with hydrogeology, chemical transport and geophysics, the second with
engineered barriers and rock mechanics.

The Research and Development Division of the Swedish Nuclear Fuel and Waste
Management Company (SKB) acted as the host organization, and provided the
management for the Project. It was responsible for mine operations, and for the pro-
curement of equipment and material for experimental work. Meetings of the Tech-
nical Sub-groups, the Joint Technical Committee, the Principal Investigators and the
project management were held on a regular basis to review the progress of the Project.
The organization of the Project is illustrated schematically in Figure 2-1.

Figure 2-1 Organization of the Stripa Project during Phase 2.

The following organizations participated in Phase 2 of the International Stripa
Project:

Canada
Finland

France

Japan

Spain
Sweden
Switzerland

United Kingdom
United States

Atomic Energy of Canada Ltd (AECL)
Industrial Power Company Ltd (TVO), Ministry of Trade and
Industry, Imatra Power Company (IVO)
Commissariat å I'Encrgic Atomique (CEA); Agcnce Nationale
pour la Gestion des Dcchets Radioactifs (ANDRA)
Power Reactor and Nuclear Fuel Development Corporation
(PNC)
Junta de Energia Nuclear (JEN)
Swedish Nuclear Fuel and Waste Management Company (SKB)
National Co-operative for the Storage of Radioactive Waste
(NAGRA)
Department of the Environment (UK DOE)
Department of Energy (US DOE)



3 Crosshole techniques for the detection and
characterization of fracture zones

3.1 Background

The rock mass surrounding a nuclear waste repository is an essential barrier in pre-
venting hazardous amounts of radioactive nuclides reaching the biosphere. The
major foreseeable mechanism for transporting any rudionuclidcs from the waste will
be within flowing groundwater. In crystalline rock essentially all groundwater
transport takes place in fractures and fracture zones. Hence, the location of fracture
zones and their transport capacity is fundamental to a quantitative description of
radionuclide transport from a repository to the biosphere.

The project for development of techniques for detection and characterization of
fracture zones has come to be know n as the "Crosshole Programme". The principal
investigator was Dr. Olle Olsson, Swedish Geological Co., Uppsala, Sweden. Jörgen
Pihl, Swedish National Defense Research Institute (FOA), Stockholm, Sweden, and
Calin Cosma, Vibrometric OY, Helsinki, Finland, were responsible for the seismic
sub-programme. John Black, British Geological Survey, Keyworth, United Kingdom,
was responsible for the hydraulics sub-programme.

3.2 Objectives

The objective of the Crosshole Programme was to develop methods which could
assess the suitability of a rock mass for final disposal of radioactive wastes. An
important criterion was that the methods employed should be non-destructive, i.e. an
investigation should only require a few boreholes. In the development of ihe investig-
ation methods, effort has concentrated on the identification and characterization of
fracture zones. These are considered to be the most important transport paths for the
radionuclides.

The Crosshole Programmecomprised the development of borehole radar, borehole
seismic, and hydraulic testing methods. These methods provide data on the electric,
elastic, and hydraulic properties of the rock. For each of these methods new equip-
ment has been developed, field tests have been performed, and interpretation techni-
ques developed and tested on the obtained data. Finally, th<- results obtained using the
different methods have been compared.

3.3 Geophysical methods

A major effort of the Crosshole Programme has been the development of bor-.hole
radai and seismic methods. Investigation methods such as these, based on wave
propagation, combine the attributes of high resolution with large range.

3.3.1. Borehole radar

Borehole radar was used in three different measuring modes; single-hole rei'lection,
crosshole reflection, and crosshole tomography. The reflection modes basically
provide geometric data on features located at a distance from the borehole (see Figure
3-1). In addition, the strength of the reflections indicate the contrast in electrical
properties. The reflect ion method has high resolution and is sensitive even to features
with low contrast in properties. Single-hole reflection data are cylindrically sym-
metric with respect lo the borehole, which means that a unique fracture orientation
can not be obtained. A method has been devised where absolute orientation of frac-
ture /ones is obtained by combining single-hole reflection data from adjacent holes.
Similar methods for analysis of crosshole reflection data have also been developed
and found to be efficient. The radar hasa resolution of one lo I hree metres. The inves-
tigation range obtained in the Stripa granite is approximately 100 m in the single- hole
mode and 200 m lo 300 m in the crosshole mode.
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Figure 3-1 Borehole radar single-hole reflection result from borehole F4 at the Crosshole
Site. Reflections labeled A, C, andK, are caused by fracture zones intersecting the
borehole.
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Figure 3-2 Seismic tomogram of P-wave velocity for the borehole section F5-F6.



3.3.2. Borehole seismics

The seismic method has mainly been applied in the crosshole configuration with
analysis by tomographic inversion Variations in t he arrival time of the direct wave be-
tween transmitter and receiver are studied. If a sufficient number of measurements
are made the data set can be inverted to yield a map of the seismic velocity variations
in the plane between the two boreholes. A fast new iterative tomographic inversion
technique known as the Conjugate Gradients (or CG) method has been developed as
part of the project.

The crosshole measurement configuration coupled with tomographic inversion has
lower resolution compared to reflection methods but provides better quantitative es-
timates of the values of measured properties. The tomographic methodology and in-
version techniques have also been applied to radar data. However, analysis can be
made of both travel time and amplitude data, yielding maps of radar velocity and
attenuation respectively. The project highlighted the need for data of high quality in
order to obtain tomograms without significant artifacts.

The maximum distance between boreholes at the Crosshole site is 200 m. At the
Gideå site, seismic signals were registered for borehole separations up to 1000 m.

3.3.3. Achievements

At the onset of the Crosshole Programme no effective borehole radar equipment
existed. During the course of the project the borehole radar equipment has been deve-
loped into a practical site investigation tool. This has also involved the development
of effective interpretation techniques.

The seismic method has also been developed into a practical site investigation tool,
both with respect to the analysis of data and to the field procedures.

The comparison of the geophysical results with the hydraulic data from the
Crosshole site shows that the features identified are of hydrogeological significance
and therefore relevant to nuclide transport.

3.4 Geophysical model of the crosshole site

Most of the field investigations of the Crosshole Programme were performed at the
so-called "Crosshole Site" situated at the end of a drift at the 360 m level of the Stripa
Mine. Six boreholes, drilled from the end of the drift in a fanlike fashion, outline a
tilted pyramid with a height and a base of about 200 m.

The features observed in the radar and seismic data are, to a first approximation,
related to the fracturing of the rock. For example, increases in water content associ-
ated with fracturing will cause a localised change in the dielectric constant and elec-
trical conductivity. These changes in electrical properties are the features detected by
the radar. Fractures also cause a decrease in the mechanical stiffness and strength of
the rock which, in turn, decreases P and S-wave velocities. The reduction in mechani-
cal properties can thus be detected by the seismic method.

The agreement between rav'-v ind seismic results is extraordinary and gives con-
fidence that the geophysical anomalies depicted by the u mographic interpretation of
crosshole data arc real and correctly positioned in space. For example, agreement
between radar and seismic tomograms is found where the same section has been
measured by both methods and in places where measured sections intersect, i.c. the
anomalous features occur at the same locations and have similar form. Intersections
between measured sections occur both along boreholes and along lines in the region
between boreholes. An example of the agreement between the two methods occurs at
the intersection between "F1-F6 (radar)" and "F3-F4 (seismics)" shown in Figure 3-3.
The line of intersection actually occurs approximately in t he centre of t he investigated
region.

From the tomograms we can see that the darker areas, which represent /ones of in-
ci cased fracturing, form approximately planar regions. However, it is also evident
Ilia! the geometry of these /ones is irregular and that the magnitude of the geophy-
sical anomaly varies within ihcm.



F6
Figure 3-3 Tomograms obtained from inversion of radar amplitudes (F6-FI section) and

seismic travel times (F3-F4 section). The intersection line common to both
sections occurs approximately in the middle of both sections. The darker colour
indicates properties which are indicative of increased fracturing of the rock, i.e.
reduced radar end seismic velocities and increased radar attenuation.

figure 3-4 Perspective view of the zones included in the Hasic Model.



Reflection measurements yield information of another type. Reflections are caused
by changes in properties and are not very sensitive to the absolute value of these
properties. It is apparent from Ridar reflection results that zones of anomalous
geophysical properties are essentially linear features. Some variations in reflectivity
and deviations from a straight line can be observed.

The geophysical model includes zones A, C, K, and L which arc observed as pro-
minent features by all geophysical methods. The layout of these zones is depicted in
Figure 3-4 from whie'i it is evident that they form two sets characterized by their orien-
tation. The zones ( '*'., and L are essentially parallel, the strike is NE and the dip is
steep towards N W. Zone A has a different orientation. The strike of A is NNE and the
dip is steep towards SW. The zones of the extended model have an orientation similar
to zone A.

3.5 Hydraulic methods

The hydraulic investigations within the Crosshole project have yielded substantial
progress in assessing the hydrogeology of fractured granitic rocks. This has resulted
from improvements concerning three aspects of hydraulic testing. Firstly, the ap-
proach to testing has been improved by planning based on reliable geometric inform-
ation about the whole region to be tested. Secondly, the instrumentation used in the
testing was computer based, resulting in better adherence to interpretation assump-
tions and improved control over test conditions. Thirdly, the testing has demonstrated
the application of an improved and feasible interpretation concept which is more
appropriate to fractured rocks than previous concepts derived from sedimentary
rocks.

The crosshole testing concentrated on measuring the distribution of hydraulic pro-
perties within the extensive fractured zones. Additionally, a testing approach using
sinusoidally varying pressure and flow rate was adopted to minimise times waiting for
the tested zones to regain their pre-testing head. The sinusoidal approach to crosshole
testing was also seen to be advantageous in the mine environment since a signal of
known frequency is easily observed even against a rapidly fluctuating background.

The equipment for generation and measurement of the sinusoidal hydraulic signal
had several features which were very useful in the mine environment. Firstly, it was
possible to generate a precisely controlled signal w hich conformed closely to the as-
sumptions involved in the analysis of the data. Secondly, th? location of the signal was
precisely known. Thirdly, a second set of pumps used to control the head in the rest
of the borehole was found to be extremely effective.

The form of crosshole hydraulic testing used in the project, that of sinusoidal
testing, is sensitive to the geometry of the flow system being tested. It was found

Figure 3-5 The novel hydraulic testing equipment in operation at the Crosshole Site.



necessary to devise a new interpretation approach in which the "flow geometry" is
unknown. I his analysis uses data from crosshole sinusoidal tests as input to a variable
geometry model and derives the apparent "dimension" of the tested flow system in
addition to the more usual hydrogeological parameters. Essentially the analysis as-
sumes that there is a continuous spectrum of geometry in between the well-known
forms such as 2-D (radial flow in a plane) and 3-D (spherical flow within a porous
medium). This is a versatile analysis, wellsuited to the sort of How geometries likely
to be found in fractured crystalline rocks.

3.6 Implications for site investigations

In site investigations for radioactive waste, the data will inevitably be used as input to
a three dimensional predictive model. The site investigation therefore requires data on
the geometry of the site and the distribution of properties within it.

The first aim of a site investigation programme must be to define the geometry of
the major features. Experience from this project shows that the distribution of the
major features is identified best by a combination of single borehole reflection radar
and tomographic inversion of crosshole radar and/or seismic data. Once these
featuici are identified, the second aim can be approached; that is to describe the
distribution of important properties such as hydraulic conductivity. This is best
achieved by crosshole hydraulic testing, even though it is extremely time consuming.
In order to solve this problem of time and consequently cost, it is necessary to focus
the crosshcle hydraulic testing on the major features by testing within them.

3.7 Conclusions

The access to tools like the radar and seismic methods opens new prospects for the in-
vestigation of groundwater flow and nuclide transport through fractured crystalline
rock. An important aspect is the possibility to obtain high resolution data on the
structure and extent of fracture zones. This could improve the under standing of
processes like faulting, lateral variations in the properties of fracture zone, and
channeling of groundwater flow within fractures or fracture zones. Data of this type
will have bearing on how nuclide transport models are constructed and the reliability
of the data that are used as inputs into the models.

The success of the radar and seismic methods is best demonstrated by the con-
cordant description these methods have given of the Crosshole Site. These methods
have identified regions in this rock volume of decreased velocity and increased at-
tenuation, both properties which are indicative of increased fracturing.

The hydraulic testing in the Crosshole project has shown some of the possibilities
in this field of work. The combination of geophysics with hydrogeology is extremely
productive in helping to define problems and focus testing.

Groundwater flow is concentrated within a few major features which have been
identified by the geophysical methods. The main features are considered to be broadly
planar, containing patches of high and low hydraulic conductivity. The fracture zones
are likely to be channelled, where the flow paths constitute a branching intercon-
necting network.

The Crosshole Project has shown that it is possible to characterize fractured
crystalline rock with a reliability and realism not attained before. The same approach
should be adopted in future site investigations for radioactive waste disposal.
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4 3D Migration experiment

4.1 Background
In many countries the final repositories for high level radioactive waste are planned
to be located at large depths in crystalline rock formations. The only known menns for
the radionuclides to migrate to the accessible environment is by flow with mobile
water in the fractures in the rock and by molecular diffusion. The latter process can
be neglected as an escape mechanism for the depths considered. It is known that the
rock is fractured and that practically all water movement is confined to the fractures.
The rock matrix is porous and may be accessed by diffusing species but, due to the low
hydraulic conductivity of the matrix, flow is negligeable under repository conditions.

To assess the potential release and transport of the radionuclides, information on
the flow rates, velocities and on the pathways of the water is needed. The nuclides
which are dissolved in water will be able to diffuse into the micropores of the porous
rock matrix which are accessed by diffusion. The rate of uptake into the rock matrix
will thus be directly influenced by the size of the fracture surfaces which are wetted by
the mobile water.

Only a small fraction of the fractures in the rock are open to flow. In the Stripa 2D
experiments it was also observed that the water flow was unevenly distributed in the
fractures. Such channeling effects may give rise to preferential fast pathways and limit
the wetted area.

The velocity variations between fractures or channels may cause dispersion of the
migrating radionuclides both in the longitudinal direction and in the transverse direc-
tion. Longitudinal dispersion may cause dilution but may also allow some part of the
nuclides to arrive earlier than the main portion and then allow less time for decay.
Transverse dispersion may also result in dilution.

4.2 Objectives
The broader aim is to understand and quantify transport processes relevant to the
safety of a final repository for high level radioactive waste. The detailed aims are given
below

— Develop techniques for large scale tracer experiments in low permeability fissured
rock.

— Determine flow porosity.

— Obtain information on longitudinal and transverse dispersion.

— Obtain information on channeling.

— Obtain data and other information for validation and/or modification of models.

4.3 Experimental design
Very few investigations have been made regarding flow and transport properties in
deep lying crystalline rocks. There are no well developed techniques available to inves-
tigate the properties of interest. The flow patterns and mechanisms are not well
known and investigative techniques must be developed so that many conceivable
result can be accommodated with the experiments.

The flow rates, velocities, channeling frequencies and geometry of pathways were
not known before the experiment to within several orders of magnitude. Nor were the
possible variations in the properties known or could they be reasonably assessed.
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To accommodate possible large variations of these properties some special techni-
ques were developed. The basis for the whole experiment was the development of the
plastic sheeting technique which permitted a very detailed monitoring of the water
flow rate and tracer path distribution. Another special aspect of the experiment was
to use as many different tracers as possible (91 racers) in order to investigate variations
in the transport properties of the rock. The choice of different injection distances was
made with dual purposes. First, because of the a priori unknown water velocity, a
large difference in the migration distance would ensure that at least some of the
tracers would arrive during the duration of the experiment. Second, different migra-
tion distances along essentially the same flow path may give information on how the
dispersivity is influenced by the migration distance. This is an open question of some
importance.

The magnitude of the wetted surfaces is unknown. If it is large, small molecular
weight tracers might diffuse into the micropores of the matrix and to a large extent be
withdrawn from the mobile water. This might cause them to be retarded and diluted
to such an extent as to be difficult to detect in the collected water in the drift. Tracers
of different molecular weight were used and a very large mole molecular weight tracer
was synthesized especially for this purpose.

-3K)m level

360m level

Figure 4-1 Location of the experimental drift (coloured) in the mine.

An experimental drift was excavated for the experiment, see Figure 4-1. It is located
in water saturated rock and has a natural inflow of water. The water flow to the totally
100 m long drift was monitored by collecting it in about 375 plastic sheets which were
glued onto the roof and upper part of the walls. More than 700 m2 of the drift was
covered. In addition, the water inflow to the lower part of the drift was measured by
a ventilation test. The 140 m long access tunnel which was excavated in order to ensure
that the drift was far away from other tunnels and galleries in the old mine was also
used for a ventilation experiment. Hydraulic heads were measured in three vertical 70
m long holes extending upwards from the experimental drift. Water flows were mo-
nitored for more than 2 years.

Figure 4-2 shows a view into the drift with the plastic sheets.

4.4 Results
The water flow rates varied very much between the different sheets, see Figure 4-3.
One sheet carried 10% of the total water flow to all the sheets. Fifty percent of the
water arrived at about 10 of the sheets, and 90% of the water came to 42 sheets or
about 10% of the covered area.

The average hydraulic conductivity of the covered area was found to be between
0.4x10" and 0.8x10" m/s. The floor and lower sides had a conductivity of
2-4x10" m/s and the average of the access drift was 0.5-1x10 " m/s. However, the va-
riations along the experimental drift are so large that it is doubtful if the 100 m long
drift is long enough to make up a "Representative Elementary Volume".

The three vertical holes were sealed off completely, except in a total of nine 2 m long
sections at distances varying from 10 to 55 m from the drift. Nine different tracers



12

Figure 4-2 View into the drift with the pLstic sheets.

were injected for nearly two years into these sections. Later, two more tracers were
added in one of the previous locations.

The tracers were monitored in all sheets carrying water and in some locations in the
floor of the drift where water was seeping out, see Figure 4-4. Many of the tracers are
strongly colored dyes and were looked for in other drifts and galleries as well as in
waters sampled in other places. The 167 tracer concentration curves for 6 of the
tracers which arrived in measurable concentrations were analyzed by fitting them to
several different models which describe tracer transport. Twenty five of the curves,

Figure 4-3 Distribution of flowrates into the individual sheets.
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representing most of tracer flow rate, were analyzed in more detail. The models were
the Advection-Dispersion model, an Advection- Channeling model and two models
based on the previous two to which is added the further mechanism of molecular dif-
fusion of the tracers into and out of stagnant pools of water. The Fitting of the models
to the experimental concentration curves gave values of the mean travel time of water
from different injection points and also data on dispersion. Matrix diffusivities for
the tracers were measured in the laboratory and the second set of models were used to
determine values of the frequency of water conducting fractures or, rather, the average
amount of surface in the rock which is contact with the mobile water.

The travel times were found to vary between 2 000 and 7 000 hours as averages for
the tracers, but considerably shorter as well as longer times were found in some of the
sheets.

Figure 4-4 Areas in the test site where the different tracers have emerged

The flow porosity determined from these data was 15.5xlO5 for the tracer injected
nearest to the drift. The porosity decreased with increasing distance and was 2-3x105

at the farthest injection points. The higher porosity near the drift is interpreted to be
caused by the change of rock stresses induced by the presence of the drift.

The dispersi vity was found to be very high for all except one tracer. Peclet values of
less than 4 were obtained for two of the tracers. For two of the tracers values around
5 were typical and for one of the tracers values around 30 were found. The low and
very low values are deemed to be caused by mechanisms other than those usually in-
cluded in the term hydrodynamic dispersion. The main cause seems to be channeling
i.e. the transport of the tracer in a few channels with different transport properties.
The presence of "channels" or some preferential pathways was also noted by the pre-
sence of tritium in some of the holes. The tritium must have been carried from surfi-
cial waters in less than 30 years.

The recovery of the tracers varied between 2.8% and up to 65% for 5 of the tracers.
One of the tracers had a recovery of 0.002%, four were not found at all and one was
recovered in considerable but unknown quantity. The tracers which were not found
were as a rule injected at the farthest distances.



14

The recovery dau* were used to analyze the possibility of matrix diffusion and dif-
fusion into stagnar pools of water as a cause for the loss of tracer. The analyses
show that both mecnanisms are probably active and will cause loss of tracer to some
extent. It can not be ruled out, however, that there are also other caa-.es for loss of
tracer. One tracer, which was injected 17 m above the drift, was found to have travelled
in considerable quantity more than 150 m to a newly excavated gallery.

It cannot be rule-/ . ut that some of the loss of the other tracers also may be due to
transport to some othrr location although no traces of the tracers have been found in
the water samples tu* n in many other parts of the mine.

The conventional models used in the evaluation of this experiment cannot be used,
without modification, to accurately and in detail describe the movement of water or
tracers in the Stripa rock. The variability of rock properties is very large and results
will be strongly influenced by local variations of the properties. The volume of rock
studied is not qir »• --> ge enough to be a representative elementary volume for mo-
delling.

The variability lr. the data obtained in this investigation may however be used in
stochastic models, which may indicate not only expected average properties but also
the expected variability in the properties.

4.5 Summary of main results, discussion and conclusions
The summary of results and discussion below is related to the original aims.

The development of techniques for large scale facer tests was successful. The
sheeting technique made it possible to do the very d-. railed sampling which proved to
be necessary in order to obtain the variability and distribution of flow rates and tracer
flow paths. The fracture mapping before sheeting made it possible to find the correla-
tion between the number of fracture intersections and flowraies.

Flow porosity was determined over six different paths. The values were lower than
expected and are, to our knowledge, the only experimentally determined pororsities
in so large a volume of rock of low permeability.

Longitudinal dispersion was determined. Considerable transverse spreading was
found to take place but the transversedispersion could not be quantified based on pre-
sent concepts because flowrates were so unevenly distributed.

Channeling was found to be more pronounced than expected.
Some observations were made which may indicate a need to modify some concepts

and models.
The water flow is very unevenly distributed over the investigated portion of the

rock. There are large dry areas extending over many tens of square meters. If the
Stripa rock is representative for low permeability granites then the use of porous
medium models with essentially constant properties may give results with unknown,
but probably large, errors for water flow and especially for solute transport.

The results of the tracer experiments and the tritium measurements give strong sup-
port to the notion that a non-negligible portion of the flow takes place in channels
which have little contact with other main channels. This cannot be treated by the
models which have been applied in the analysis of :h<. '-xperiment. A probably fruitful
avenue would be to try to incorporate the variability in the models. So called sto-
chastic models are available for porous media and some attempts to apply them to this
type of rock have been made recently. They need considerable amounts of data to de-
fine the statistic properties needed for the models. They must also be modified to in-
corporate the correct processes.

The mechanisms of diffusion into stagnant pools of water, matrix diffusion, the
frequency of mixing, and especially that of non-mixing, of channels will have to be
studied further.

4.6 Inference for safety assessment
Of the 100 m long drift, practically all of it was found to be in very tight rock. This
indicates that large bodies of rock may be found where there is so little flow that the
water there could carry away only very small amounts of dissolving nuclidcs from a
repository located in such rock.
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Locating the waste repository with such good rock surounding the waste would
ensure a very effective near field barrier.

To assess the transport in the far field, some of the observations indicate that more
(kita may be needed to improve the quantification of radionuclide movement.

The fast channels found in the present investigation indicate that channeling may
have to be investigated further in order to obtain the frequency and transport proper-
ties of fast pathways in crystalline rock. Such paths may give the nuclides less time to
jecay than if they were to travel with the average velocity of that species.

The obsej v *ion, that areas with more fracture intersections carry more water, indi-
cates !hat the intersections may form the more conductive pathways. Such paths
*>>utd be expected to have a smaller surface (contact surface oetween mobile water
s»nd rock) than if the water flowed in wide sections of open fractures. As the nuclides
;re regarded more if the contact and thus the sorption surface is large, this may have
> ifetrimental effect on the retardation of the nuclides. The rather high recovery of
tnany cw (he tracers also indicates that the uptake into the rock matrix was moderate,
'fris K r. further indication that the contact surface cannot be very large.

T>< t ; ww porosity was found to be rather low. For a given flowrate the water velocity
iä t>» ;refore higher than if the fl w porosity were high.

f*f<rsfnt fracture flow m«,»ceh wiii ha* e to be modified and new models developed
to acccun» tor the observed effects.



5. The borehole, shaft and tunnel plugging tests

5.1 Background
Boreholes, shafts and tunnels drilled or excavated prior to or during the construction
of a repository may create direct passages for radionuclidc transport to the biosphere
and it is therefore essential to seal them. Na bentonite in highly compacted form has
the potential of being a particularly effective material for plugging all types of
openings as concluded from the preceding Buffer Mass Test. It was therefore, also
used in the presently described field tests. The substantial difference in size of bore-
holes compared to shafts or tunnels calls for different designs and application tech-
niques. Various designs and application techniques were tested with respect to sealing
efficiency and practicality.

5.2 Objective
The general objective of the plugging tests was to select suitable techniques for pre-
paring bentonite block material of suitable density and shape for application in bore-
holes and in blasted excavations, and to determine the sealing ability. This latter pro-
perty did not only concern the plug material per se but also the contact between plug
and rock, and the possible effect of the swelling pressure on the hydraulic conduc-
tivity of the adjacent rock.

5.3 Experimental design
5 J.I . Borehole ptaggiag

The borehole plugging experiment comprised three field tests using plugs of highly
compacted Na bentonite as the sealing component. The function and practicality in
handling and application of such plugs were tested under real conditions. The basic
design principle was to enclose cylindrical blocks of compacted clay powder in per-
forated casings. After insertion into the water filled boreholes, the clay absorbed
water, swelled through the perforations and ultimately embedded the casings in ho-
mogeneous, dense clay. Figure 5-1 illustrates successive swelling stages of a clay plug
in a laboratory experiment. The main features of the three tests were as follows:

I. A 100 m long, almost horizontal, 56 mm diameter hole was plugged off such
that a 2x2 m long section could be pressurized through built-in filters for deter-
mination of the critical pressure for piping.

II. Two 14 m long, almost vertical, 76 mm boreholes were plugged off over a length
of 4 m such that they could be pressurized at one end to determine the rate of
development of piping resistance. Also, they were equipped with pressure
gauges for recording the rate of swelling of the clay material. At the termination
of the tests, the plugs were extruded from below for determination of the bond
strength. The major difference between this test and the previous test was that
the rock water pressure was almost zero in the last-mentioned experiments,
which were thus expected to yield a very slow and incomplete water uptake. The
two plugs had casings of different perforation ratios, see Figure 5-2, in order to
find out how this ratio affects the maturation rate.
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Figure 5-1 Swelling of highly compacted Na henlonite through the holes of the per/orated
casing of a borehole plug. Upper: Borehole plug prior to insertion in a 56 mm
borehole. Lower left: Appearance of plug after submerging it in water in a lab test
for 8 hours. Lower right: 24 hours.

5.3.2. Shaft Plugging Test

The shaft plugging test was conducted in the same area as the short-length borehole
plugging test, i. e. in rock with a low water pressure. The test involved the measure-
ment of the out flow of water from a central, sand-filled injection chamber located be-
tween plugs in a 1 m diameter shaft of 14 m length. The scaling effect was evaluated
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Figure 5-2 Schematic picture of the plug arrangement in holes I la (left) and lib (right). P,,
inflatable rubber packer. P2, mechanical packer, 1-6 measuring units for re-
cording total pressures and pore pressures. Fis the upper filter separating the plug
from the injection chamber.

by comparing the outflow in a reference test using plugs of expansive cement, with
that recorded in the major test using plugs of highly compacted Na bentonite, see
Figure 5-3.

5.3.3 Tunne! Plugging Test

Thepossibilityof installing a large plug in a repository tunnel to stop inflow of water,
while still allowing for traffic through the plug construction, was investigated in a
large-scale experiment. The plug consisted of a 1.5 m diameter steel casing that was
enclosed by concrete bulkheads at each end. The bulkheads were cast against the
tunnel wall, with blocks of highly compacted Na bentonite forming "O-ring" seals at



Figure 5-3 General lest arrangement in the shaft. The slot around the lower plug (broken
contours) was prepared after the reference test.

the rock/concrete contact, see Figure 5-4. The space between the steel casing and the
rock was filled with sand, simulating the presence of a richly water-bearing rock-zone.
The sealing effect of the bentonite was determined by measuring the water outflow
from the sand-backfill at progressively increased pressure during the approximately
two year duration of the test. This effect was correlated with the build-up of swelling
pressures at the rock/bentonite and sand/bentonite interfaces.
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Figure 5-4 General view of the lest arrangement showing the central steel casing and tie-rods
passing through the concrete plugs with bentonite sealings (B) at the ends; and the
sand-filled chamber, which simulates a richly water-bearing rock zone.

5.4 Test results
5.4.1. Borehole Plugging

The practicality of plugging short as well as long boreholes with the applied technique
was very obvious. Thus, in the 100 m long hole, it required only about 2.5 hours to in-
sert a plug of the same length, despite the delay caused by the instrumentation. The
rate of maturation of the plugs, through water uptake and swelling, was found to be
very high. Thus, for the long plug located in rock with a rather high piezometric pres-
sure, the water pressure could be raised to 1.4 MPa at one end of a 2 m long test section
after only 2 days, without causing piping. Two and a half years after the start of the
test, a 0.6 m long section of the plug was extracted by a slot drilling technique. The clay
was found to be perfectly homogeneous with a bulk density of 1.85 t /m \ which cor-
responds to a hydraulic conductivity of less than 10 l2rn/s.

The different perforation ratios rf the two 14 m long plug casings did not have a sig-
nificant influence on the maturation rate of the clay. Both plugs resisted the highest
water pressure that could be applied (300 kPa) without causing hydraulic fracturing
of the rock at this test site. The rate of water uptake was expected to be lower than in
the 100m plug because of the much lower piezometric pressure, and hence slower flow
rate of water through the rock to the test holes. However, it was found that the suction
power of the bentonite clay set up significant negative pore pressures in the rock and
thereby caused rather fast water uptake. The homogeneity of the clay plugs was de-
monstrated by the comprehensive sampling after the extrusion of the plugs at the ter-
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mination oi the test. The force required to extrude the plugs corresponded to a bond
strength that was almost identical with the shear strength of the clay; which can in
turn be predicted by knowing the angle of internal friction and the swelling pressure.

5.4.2. Shaft Plugging

The drop in outflow from the central injection chamber, from 8-9 liters per hour at the
reference test with 100 kPa injection pressure, to about 0.3 liters per hour at the end
of the main test with 200 k Pa injection pressure, demonstrates the excellent sealing
power of bentonite plugs in shafts. This power is due to several phenomena, the major
ones being the blocking of water flow along the rock/plug interface by the clay-filled
slot, and the penetration of clay into fractures. The latter effect substantially reduces
the flow of water through the major, hydraulically active, structures along the
clay/rock interface. This forces the water to flow at larger distances from the interface.
The tendency of clay to penetrate fractures and fill up irregularities in the rock surface
creates a perfectly integrated and tight clay/rock interface.

5.4.3. Tunnel Plugging

The practicality of establishing ring-shaped seals, consisting of blocks of highly com-
pacted bentonite, was found to be very good. The tests indicated that the leakage of
water from the highly pressurized injection chamber would have been at least 15 times
higher had there been no bentonite seals. Additional bentonite grouting of a few perti-
nent fractures around the plug actually increased this figure to 30 to 40 at moderate
water pressures.

The major sealing effect was concluded to be the development of a very tight con-
tact between the rock and the clay, as in the case of the borehole and shaft plugs. This
interaction is primarily controlled by the swelling pressure, which is in turn determi-
ned by the bulk density. The surface character of the rock against which the blocks we-
re placed was found to be of significance in the tunnel plugging test, both with respect
to the rate of swelling and to the ultimate bulk density. It was concluded that where
the surface was very irregular, it was difficult to fit in blocks in a tight pattern. Conse-
quently, the net bulk density became relatively low and the time for swelling and ho-
mogenization rather long. However, complete saturation of the bentonite next to the
rock, and a swelling pressure of 2-5 MPa, i. e. within the predicted pressure range, we-
re observed after about 20 months along the entire contact area.

5.5 Conclusions and comments
The use of Na bentonite in the form of suitably shaped blocks of highly compacted
powder has been found to be very practical for sealing off boreholes, shafts and
tunnels in repositories. The net hydraulic conductivity of the clay plugs formed when
the initially partially unsaturated clay takes up water from the rock and expands, is
significantly lower than the gross permeability of the surrounding rock. A very im-
portant function of the clay is that it forms a tight, integrated contact with the rock,
so that water flow along the rock contact is hindered. In this respect Na bentonite clay
is very much superior to cement. The compressibility and expandability of the clay
means that this tight contact is preserved even if slight rock displacements occur.
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6 Hydrogeological characterization of the
Stripa site

6.1 Background
The initial research and development work at Stripa was based on the premise that the
disposal of nuclear wastes in fractured granitic rock masses requires one to determine
the nature and range of the hydraulic and geometric properties of fracture systems,
and also how they vary both within a potential nuclear waste repository site and from
site to site. In order to compare potential repository sites one must follow a systematic
approach in the measurement, analysis, integration and interpretation of the basic
fracture and hydrology data.

Starting in 1977, an extensive set of fracture and hydrology data were collected at
the Stripa site. The fracture data included geometrical data from a drift face; and also
drill core data from boreholes drilled from the surface and from the underground
excavations. In addition, hydrogeological data was obtained from both borehole and
drift scale tests, see Figure 6-1. These data presented the opportunity in Phase II of:

Surface

310

410 !•¥•!

Figure 6-1 Perspective view from the South-Southwest at the 200 meter level, of the test site
area, showing the mined-out ore zone and the different mine drifts and shafts in
the northeast to eastern end of the mine.

a) characterizing the fracture system, b) characterizing the permeability and porosity
distributions within the rock mass and, c) simulating the local and regional flow sys-
tems, with the measured geochemical and isotopic signatures providing constraints to
the flow system analysis.
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6.2 Objectives
The objectives of the hydrogeoiogical characterization work were to a) develop a
statistical characterization of the fracture system geometry, b) determine the range
and nature of fracture permeabilities, primarily in the Buffer Mass Test area at Stripa,
c) determine the effective and total fracture porosity distributions based on field and
laboratory data and d) determine the three dimensional configuration of the ground-
water flow system at Stripa in order to provide a framework for the interpretation of
the hydrogeoiogical, geochemical and isotopic data from the Stripa site.

6.3 Experimental procedures
Approximately 10,000 fracture measurements were combined to define the distribu-
tions of orientation, trace length and spacing for each fracture set. Approximately
750 injectioi and withdrawal tests, in 3 surface and 15 subsurface boreholes, were an-
alyzed to determine permeability trends with depth, and the nature of the permeabili-
ty and fracture aperture distributions in the Buffer Mass Test area. The total and flow
porosities of single fractures from Stripa w.-re determined both in the laboratory,
using a resin impregnation technique, and by combining the aperture data from the
field packer tests and the laboratory studies with the fracture statistics for trace length
and spacing.

The parameters of the distributions of fracture trace lengths and spacings for each
set were used as input for the generation of stochastic fracture networks for the Buffer
Mass Test area. The total flowrates through these networks were computed for field
defined hydraulic boundary conditions. The network model was calibrated using the
flowrates measured during the large scale macropermeability drift experiment.

In addition, the directional permeabilities of the rock mass in the Buffer Mass Test
area were assessed by a) generating fracture networks for three orthogonal planes and
determining the relative flux rates through these fracture networks for a full range of
flow directions and b) measuring the change in flow through natural fractures from
the Stripa granite as a function of normal stress, under laboratory conditions.

The flow system analysis was conducted on both a regional and a local scale. The
regional model included an area, defined by surface water drainage boundaries, of
about 9 km by 12 km. The sub-model region or local model included an area of about
4 km by 4 km centered on the Stripa mine. The basic geology, consisting of granite,
leptite, metasediments and the two sets of major fracture zones, were incorporated in
each model. The regional model was analyzed as a 7 layer case, extending to 3000
m. The sub-model was divided into 11 layers, extending to 3000 meters, with the
hydraulic head boundary conditions being obtained from the regional model. The
permeability and porosity input parameters for each model were developed using the
field data from Stripa, and were calibrated against the measured mine discharge rates.
The water table was developed from the lake levels and by fitting a smoothed surface
to the surface topography.

6.4 Results and conclusions
Analysis of the fracture orientation data indicated that at least four fracture sets can
be clearly defined in the rock mass immediately surrounding the Buffer Mass Test
area at Stripa. For each fracture set within this rock mass, the distribution of fracture
spacings, trace lengths and densities have been determined. Spacing data, obtained
from the drill cores of the 13 oriented subsurface boreholes, show significant dif
ferences in mean values between boreholes for each fracture set. The differences de-
crease when groups of boreholes, in the same location along the drift and sampling
larger rock volumes, are compared. For the Buffer Mass Test area as a whole, both
trace length and spacing data show significant differences between fracture sets. In
addition, the differences for trace lengths are much more apparent after corrections
for sampling biases have been removed. This analysis showed that the mean fracture
density, corrected for orientation bias, varies considerably from one fracture set to the
other.
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Permeability data from the boreholes in the Buffer Mass Test area, when plotted in
the form of a cumulative probability lognormal plot, follow a straight line. This
suggests that they arc well approximated by a lognormal model. Using the mean and
standard deviation for the natural logarithm of the permeability values, the mean and
standard deviation of the lognormal distribution are 1.09xl0-16 m : and 1.53x!fr15 m2

for the outflow tests, and 1.73x10l6 m : and 3.14xlfr15 m2 for the injection tests. For
comparison, the macropermeability experiment in this same drift gave a mean perme-
ability of 6.6x10""* m:. It is worth noting that about 5% of the packer tests have per-
meabilities equal to or greater than 6.0xlfr16m2.

The parameters of the distributions of fracture orientations, trace lengths and
spacings for each set were used as input for the generation of fracture networks for
vertical sections perpendicular to the Buffer Mass Test area, see Figure 6-2. The total
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Figure 6-2 Simulation of the fracture network in a vertical plane perpendicular to the Buffer
Mass Test drift; (A) East quadrant of drift and (B) west quadrant of drift.

flowrates computed for these fracture networks, based on field defined hydraulic
boundary conditions, agreed very closely with the measured flowrates. This agree-
ment occurred when the mean fracture aperture used in the fracture network flow mo-
del was approximately equal to the mean aperture, of about seven micrometers, deter-
mined from the borehole packer injection tests.

The borehole injection test data from the three surface boreholes, SBH I, SBH2 and
SBH3, show decreasing permeabilities with increase in depth from the surface to the
Buffer Mass Test area. In addition, the packer test data from the three surface bore-
holes showed that the average permeabilities for each borehole reflected the direction
of the boreholes with respect to the orientation of the maximum principal stress.
Boreholes SBH1 and SBH2 are oriented sub-parallel to the maximum principal stress.
Hence fractures oriented sub-perpendicular to the maximum principal stress will be
most likely to intersect these boreholes. Similarly, fractures oriented sub-parallel to
the maximum principal stress will preferentially intersect SBH3. The borehole packer
test data for these three boreholes show that, on average, SBH1 and SBH2 have lower
permeabilities than SBH3. This result is consistent with the pattern that one would
expect, given the orientation of the boreholes with respect to in-situ stresses, if the
permeability of the fractures is a function of the stresses acting on the fracture planes.

Laboratory tests on four cores of the Stripa granite, each containing a natural
fracture, showed that the permeability of individual fractures does in fact decrease
with an increase in normal stress, under laboratory conditions. This dependency of
fracture permeability on normal stress must produce significant anisotropy in the
flow in both the horizontal and vertical planes, given the anisotropic nature of the
measured in-situ stress, and the increase of in-situ stress with depth. Since the direc-
tional permeabilities are controlled in part by the fracture geometry, and the fracture
system is not isotropic, the permeability anisotropy due to the in-situ stress must be
superimposed on the directional permeabilities produced by the fracture geometry.



The contribution of fracture geometry to the rock mass permeability anisotropy at
Stripa is clearly apparent from an analysis of the relative flowrates in different direc-
tions through simulated fracture networks for three orthogonal planes. In each plane,
flowrates were computed for two orthogonal directions, with all fractures assumed to
have the same aperture. The fracture network was then rotated in 15 degree increments
and the flowrates in the two orthogonal directions recalculated to give a measure of
the relative anisotropy in the flow due to the fracture geometry. The relative flowrates
indicate a maximum anisotropy in the flow of a factor of 1.5 for the horizontal plane,
with the maximum flow direction oriented North-Northwest. Similar degrees of
anisotropy were determined for the two vertical planes, the N-S and W-E planes, with
the N-S plane having much lower fracture interconnection and hence lower overall
flowrates. Thus, the fracture geometry at Stripa produces a flow anisotropy in which
the direction of highest permeability is oriented sub-perpendicular to the direction of
highest permeability inferred from the packer test data for the three surface bore-
holes. Consequently, the anisotropy in permeability due to fracture geometry tends to
partly mask the anisotropy in permeability due to the in-situ stresses.

The total and How porosities of single fractures from Stripa were determined in the
laboratory using steady state flow tests and a resin impregnation technique. The
apertures computed from the flow tests were from three to seven times smaller than
the mean value for the resin thickness for two of the samples. The equivalent uniform
apertures for these two samples, computed using the measured variation in fracture
aperture, were consistent with apertures computed from the hydraulic data. Both the
resin thickness and the total aperture distributions are well approximated by a log-
normal model.

The rock mass effective and total porosities were calculated by combining the
aperture data from both the field packer tests and the laboratory studies with the frac-
ture statistics for trace length and spacing. The mean effective porosity contributed
by the fractures in the rock mass, calculated using the field data, was about an order
of magnitude less than the porosity computed using the hydraulic data from the labo-
ratory tests on single fractures in the core samples. More importantly, the porosity cal-
culated using the data on resin thickness was almost two orders of magnitude greater
than that computed using the field data. The consistency between the equivalent uni-
form apertures and the hydraulic apertures, strongly supports the contention that
apertures computed from steady state field packer tests underestimate the fracture
porosity by an order of magnitude or greater. The calculated mean effective porosities
ranged from 0.00001 to 0.0001 and the mean total porosities ranged from 0.0001 to
0.001.

Steady state simulations of the mine, within both the regional and local model,
clearly show that the mine perturbs the flow system to depths of at least 3000 m. This
results in the discharge of deep groundwaters into the mine. The three-dimensional
numerical model gave mine inflows of about 120 l/min when a single hydraulic con-
ductivity of 1.0E-09 m/s was used for all rock types and all layers. Using hydraulic
conductivity averages that approximated the geometric mean of the permeabilities,
and the depth-permeability relationships observed in the three surface boreholes for
all rock types, gave mine inflows of 534 l/min. This figure closely approximates the
average discharge from the mine. Similarly, when different permeabilities were as-
signed to each rock type, a mine discharge of 177 l/min was computed.

Transit times predicted from the flow tube calculations were much shorter than
those predicted from the existing geochemical and isotopic data, sec Figure 6-3, for
the range of porosities and permeabilities used in the flow model calculations. How-
ever, the streamlines were much longer than expected and showed that the ground-
waters discharging into the mine may have been recharged at a considerable distance
from the mine. This effect of the mine development on the regional flow system is
readily apparent from the general pattern of isopotential lines. These indicate that
groundwater recharge and shallow groundwater flow from within 3 km of the mine
affect mine discharge at the deepest mine levels. They also support the geochemical
hypotheses that mixing of shallow and deep waters is occurring in at least some mine
boreholes. Transients in Cl concentration have been observed in borehole M3 at the
335 m level, indicating a mixing of shallow groundwater into deeper mine levels, or
vice versa. Changes in Oxygen-18 in M3, over the same 6 year period, also sug gest that
mine dewatering may be responsible for promoting mixing of shallow and deep
fluids.
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Maximum flow path lengths of up to 9 km, and residence times of about 900 years,
for the porosities used, originating from topographic highs of about 220 m, west of
the mine, suggest that the approximately 0.1%o delta !SO differences between
shallow and deep groundwaters are not due solely to recharge altitude differences (un-
less significant flow originates outside the 3-D model's boundaries). It also suggests
that most of the "O-depletion found in deep groundwaters is due to cooler climatic
conditions at recharge. Such evidence would further suggest that calculated residence
times based on porosities computed from field data are too low. That is, published evi-
dence for approximately O.I °/oo '"O-depIeted paleo-groundwaters in Western Euro-
pe suggests that, regionally, cooler climatic conditions prevailed in Europe about
10,000 years B.P.. If the delta '*O differences observed in Stripa groundwaters are due
to different climatic conditions at recharge about 10,000 years B.P., then a factor of
10 increase in calculated rock porosities would bring the 3D flow model's residence ti-
mes into better accord with the '*O data.

Figure 6-3 Geological cross section showing the division into upper and lower geochemical
zones and a summary of the isotopic data for each zone.

Of the independent geochemical/isotopic residence time estimates available, see
Figure 6-3, a factor of 10 increase in model residence times would also create better
agreement with Ra-226 and U-234/238 residence times, and possibly C-14 estimates
as well, if better constraints can be placed on inorganic carbon exchange models.
Surprisingly, however, the 3D model residence times would still be a factor of about
10-30 lower than those predicted by Cl-36, which up to now, has appeared to provide
perhaps one of the best estimates of tracer residence time. This result may force a
re-evaluation of the Cl-36 model parameters used to interpret tracer abundances in
these groundwaters, together with a critical appraisal of the effects of dispersion and
"dead end" porosity on tracer versus water transit times in these rocks.

6.5 Overall summary of conclusions and inference
for safety assessment
The fracture hydrology studies at Stripa have resulted in a number of conclusions that
have a direct bearing on safety assessment. These include:

I) The work at Stripa has shown that it is possible to collect and analyze data that
enable one to determine the type of distribution and its parameters for each of the
essential geometrical and hydraulic properties of the fracture system. As a con-
sequence, it will be possible tocompareone site with another as part of experience
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building in safety assessment studies. In addition, for the first time it has been
shown that one can integrate fracture and hydrology data using stochastic frac-
ture network models that can closely simulate the flux into full-scale drifts. This
presents safety assessment workers with the possibility, when extended to 3-D, of
predicting not only the velocity distribution within a fracture system but also the
pathways radionuclides might take in moving through a fractured rock mass.

2) Borehole permeability tests have shown that fracture permeability decreases
logarithimically with depth. The Stripa data suggests that this is a function of ef-
fective stress. Also, it is suggested that both in-situ stress and fracture geometry
produce anisotropic permeability conditions. Thus, safety assessment studies
must determine the role of vertical and horizontal permeability anisot ropy in the
development of the flow system configuration within the rock mass, and also, the
in-situ stress and fracture geometry conditions that produce the most favourable
flow system configuration for waste storage.

3) The combined laboratory and field work ha^ shown that teady state borehole
packer tests give a reliable estimate of fracture properties .or flux calculations.
However, they underestimate the total porosity of the fracture system by one or
more orders of magnitude. Thus, much more watc is involved in the rock-water
interactions than previously thought. This will have considerable importance for
safety assessment studies that invoke diffusion into the matrix and dead-end pore
space as a major retardation factor in radionuclide migration. The resin techni-
ques used in this study have shown that the apparent large differences between ef-
fective and total porosity are a result of large variations in aperture within the
fracture plane. In the few samples tested, no systematic evidence of channelling
within the fracture plane was observed.

4) The 3-D flow system analysis of the S'ripa area has shown that 3-D models can
provide a useful flow sysiem framework for interpretating geochemical and iso-
topic data, as well as being a us f"' •ool in planning site investigations. While the
3D flow system analysis of the *>. ipa a.ea was preliminary, it showed that safety
assessment models have to accou it for the apparent incompatibly between the re-
sidence times calculated using .low models and those inferred from geochemical
and isotopic data.
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Hydrogeochemical characterization of the Stripa
groundwaters

7.1 Background

Deep underground disposal of nuclear waste requires a detailed knowledge of the
environment into which the waste will be disposed and through which it may be
transported if leaks occur. Critical key components of that environment are the che-
mical composition of the groundwater and the dynamics of the water-rock inter-
actions which dominate the groundwater chemistry. Identification of hydro-
geochemical processes in the sub- surface is essential for several reasons. Such proces-
ses determine I) the mobility of radionuclides, 2) the potential for canister corrosion,
3) the effect of ground water chemistry on the buffer material, 4) potential changes in
porosity and permeability through water-rock interaction, 5) identification of dif-
ferent aquifer systems, 6) groundwater residence times and 7) thermomechanical ef-
fects on hydrogeochemistry. As groundwater evolves from recharge through selected
flow paths to discharge, it carries a chemical signatui ? that changes with the residence
time and the geological environment. The chemical and isotopic properties must be
consistent with the available hydrogeochemical data. When such consistency is ob-
tained, the reliability of the safety assessment is considerably enhanced.

Phase 1 of the Stripa Project provided several important insights into deep granitic
groundwaters. These include the compositional control on major ions by carbonate
geochemistry (dissolution and precipitation of calcite in a closed system), by fluorite
and barite solubility and by feldspar hydrolysis, the irregular distribution of total dis-
solved solids with depth and horizontal distance, the introduction of salt components
into the groundwater hypothesized to be fluid inclusion leakage, the influence of
thermal gradients on water chemistry, the strong expectation that natural radio-
isotope studies at Stripa can provide upper limits to sub-surface radionuclide produc-
tion, insights to the origin and mechanism of production and the inherent problems
of a groundwater age based on a single radioisotope.

7.2 Objectives

The overall purpose of the hydrogeochemical program was to determine the geo-
chemical origin and evolution of deep groundwaters within the Stripa granite and to
identify processes and mechanisms of water-rock interactions that may be encounte-
red at depths suitable for high-level radioactive waste disposal in crystalline bedrock.
Phase 2 investigations have focused on the logical extensions of the research conclu-
sions from the Phase 1 investigations:

— To measure fluid inclusion properties in the fracture-fill minerals and determine
their genesis and their capacity to influence the groundwater chemistry.

— To monitor the groundwater chemistry continuously for about 2 years to deter-
mine if there are temporal changes for selected water-b:?ring fracture zones.

— To make strontium isotope measurements in the fracture minerals and the ground-
water as an interpretative tool.

— To fractionate the organic compounds dissolved in the groundwaters and to deter-
mine their carbon isotope composition.

— To complete studies documenting the subsurface production of 'H, I4C, '6CI,
'"Ar, »?Kr and '»I

— To refine the interpretation and conclusions during Phase 1.
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7.3 Experimental procedures
Hydrogeochemical investigations were carried out by collecting water samples from
packed off water-bearing zones in boreholes VI and V2 (which are described in the
Executive Summary for Phase 1). Five selected zones in V2 having sufficient dis-
charge and demonstrating a wide range of groundwater composition were chosen.
Packers were installed in November, 1984 but had to be reinstalled in the spring of
1985. Samples were collected app- .imately every 6 weeks beginning May 13/14 until
September 1986 when the sampling programme was rearranged to sample only 3
zones every 3 months until June, 1988. Zone 1 was the bottom of the borehole (559-
822 m depth from top of the borehole at the 410 m level), whereas all the other zones
were 8 m intervals, i.e., Zone II: 550-558 m, Zone HI: 490-498 m, Zone IV: 402-410 m.
Zone V: 389-397 m. These zones ranged in discharge from 12 to 300 mL/min and they
ranged in total dissolved solids from 350 to 1 200 mg/L. The bottom interval in VI
(430-505 m) was also monitored during the same total time period. Monitoring of the
M3 borehole was also continued during Phase 2 although partway through the pro-
gram it was no longer allowed to flow freely.

Samples were sent to laboratories all over the world for routine and specialized
analyses. On site measurements of neutron flux were also obtained by Dr John
Andrews to improve the estimates of sub-surface production of radionuclides. Core
samples from both the VI and the V2 boreholes were selected for fluid inclusion,
strontium isotope and additional trace element and isotope studies.

7.4 Results and conclusions
The major results and conclusion obtained from the Phase 2 investigations can be
summarized as follows:

— Stripa has proven to be an ideal site for the investigation of neutron-induced reac-
tions which produces radioisotopes that are normally used for groundwater age
dating. The results have provided the most fully documented case study for in situ
production of radionuclides. The productions of 3H, I4C, 36C1, 37Ar, 8lKr and
85Kr have been estimated within the Stripa granite, its associated fracture mine-
rals and the surrounding leptite based on nuclear theory and the known composi-
tion of these rock materials. Experimental measurements of the neutron flux in
the Stripa granite are within 15% of the theoretical values and were used to calcu-
late production rates for neutron-induced products.

— The in situ produced activities of 3H and I4C which enter fracture fluids from the
rock matrix are close to present detection limits. The upper limits for 3H from
subsurface production is estimated at 0,7 TU for the Stripa granite. Increased
amounts of 3H have been found in the deep boreholes VI and V2 that can now be
attributed to the infiltration and admixture of very young groundwater. These re-
sults document the occurrence of young groundwaters to depths approaching 1
km at Stripa, no doubt caused by strong hydraulic gradients induced by artesian
flow conditions and pumpage from the mine workings.

— Chlorine-36 production by neutron-capture within the granite is much more signi-
ficant than inputs from cosmogonic and nuclear fallout. The 36C1/CI ratio may
be used to evaluate Cl-sources in saline groundwaters. At Stripa it can be demon-
strated that significant proportion of the salt content of the water must be derived
from the surrounding leptite body based on the 36CI/CI ratio (see Figure 7-1).

— Measurements of IMI show that there is considerable production of this radio-
isotope and transfer to the groundwater. The amount generally increases with
depth and with the 36Cl/Cl ratio, as well as with dissolved iodide concentration.
The uncertainty in the spontaneous fission yield and the assumption of steady-
state mass flux prevent a quantitative estimate of the rate of I29I transfer from the
rock to the groundwater.
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Figure 7-1 The i6CI/CI atomic ratio plotted against Ct content for the Stripa ground-
waters. Dilution lines are shown for mixing of the atmospheric input of MCI
(cosmogonic and bomb-pulse) with chloride derived from the leptite and from
the grarite. These lines show that bomb- pulse and atmospheric inputs can have
little influence on in situ chlorinities.

For the first time the radionuclide r A r has been detected in a groundwater sys-
tem and its concentration, along with that of "Ar, *5Kr and : : :Rn, is much higher
than most other groundwater systems. These results arc consistent with tb" known
high in situ production rates.

The 222Rn concentrations have been used to deduce fracture widths in the
groundwater flow system and these range from 20-250 pm.



Monitoring of the boreholes for about 3 years has shown that the concentrations
of major and trace constituents has remained constant. Apparently the flow sys-
tem at Stripa has attained a steady-state condition with respect to the mass flux of
solutes for a period of a few years. The continued monitoring has also provided
an opportunity to obtain improved accuracy and precision in the analytical data.

Dissolved organic carbon (DOC) concentrations in the Stripa ground waters have
ranged from 0.2 to 70 mg/L and have been found to be correlated with residence
time in the sampling line wherever nylon tubing was used. The results from orga-
nic fractionation analysis found that most of the DOC was an anthropogenic
compound known as N-butyl benzenesulphonamide NBBS). NBBS is used com-
mercially as a plasticizer and is probably being leached from the nylon sampling
line. The single teflon sampling line gave the lowest DOC concentration and did
not correlate with residence time. Other organic compounds have been identified
including long-chain fatty acids, low molecular weight cyclic hydrocarbons and a
colored component operationally defined as fulvic acid. Natural DOC does not
exceed 0,3 mg/L.

Carbon-14 values for the DOC are generally lower than the I4C for the dissolved
inorganic carbon. The organic fractions represent mixtures of both "young" and
"dead" carbon, and they are unaffected by subsurface production of '•*€,
whereas the inorganic carbon can be affected by subsurface production at Stripa
where the neutron flux is high and the inorganic carbon concentrations are very
low.

Fluid inclusion studies of vein calcite have shown that, although the same salt
content is found as for the rock matrix (about 0,017^» as chloride), the fluid in-
clusion volume tends to be larger and the equivalent sodium chloride content is
higher in the vein calcite. The salt content is about the same because the density
of fluid inclusions is lower. A history of multiple hydrothermal events, after em-
placement of the granite, over temperature ranges of 7O-25O°C is apparent from
the fluid inclusion studies.

Mass balance alculat ions on the amount of salt in vein calcites indicate that more
than sufficient salt is present to account for the groundwater salinity.

7.5 Overall summary of conclusions and inference for
safety assessment
Several overall conclusions can be made from the hydrogeochemical investigations
regarding the safety assessment of .rystalline rock for nuclear waste disposal:

1) A wide range of groundwater compositions can occur in crystalline rock, and the
investigations at Stripa indicate that a new type of solute source must be con-
sidered — fluid inclusions in the host rocks. Consequently, the age of the solutes
may be entirely different than the age of t he groundwater. At Stripa the age of the
solutes is likely to be hundreds of millions of years older than the groundwaters.
Furthermore, this source contributes the largest portion of the total porosity. Al-
though fluid inclusions are considered to be a residual or non-flow porosity, it
could become part of the flow porosity through microfracturing brought about by
changing stress fields. Dynamic changes in stress fields is to be expected in subsur-
face excavations for radioactive waste disposal because of mechanical and ther-
mal perturbations.

2) Radioisotope age dating of groundwater can be very misleading, with the possible
exception of 'H and I4C. Age calculations are dependent on the mechanism of
transfer to the groundwatcr system which is not well understood. Furthermore,
the Stripa results have greatly reduced several of the uncertainties regarding radio-
nuclidc movement in t he subsurface. Uranium series studies have shown that there
is significant retardation of some actinides during groundwater migration.



3) Stable isotope measurements are essential to understanding the origin and evolu-
tion of the groundwater, especially '*O and :H. because they carry their meteoric
signature with the water body, independent of the normal chemical parameters.

4) A carefully selected subset of chemical and isotopic parameters is critical to the
proposal of a hydrogeoiogical model for safety assessment because they provide
information on geochemical processes affecting porosity and permeability, geo-
chemical constraints on residence time, detailed spatial information on infiltra-
tion rates of young water, and delineation of different aquifer systems. This infor-
mation cannot be obtained by other methods.



8 Summary of conclusions

The Second Phase of the Stripa Project included the continued development of
methods and techniques for repository site investigations. The crosshole investiga-
tions demonstrated that it is possible to characterize fractures in crystalline rock with
a reliability and realism not obtained before. At the investigated site at Stripa, it was
shown that groundwater flow is concentrated within a few major fractures that were
identified by geophysical methods. The main features were considered to be broadly
planar, containing patches of high and low hydraulic conductivity.

Detailed investigations of the fracture hydrology at Stripa and of the migration of
tracers in the groundwater, together with additional infcrmation of the groundwater
composition, resulted in an improved knowledge of the groundwater flow in frac-
tured crystalline rock. The work at Stripa has shown that it is possible to collect and
analyze data that enable one to determine the type of distribution and its parameters
for each of the essential geometrical and hydraulic properties of the fracture system,
and hence compare one site with another as part of experience building in safety
assessment studies. The migration experiment demonstrated that the groundwater
How could be very unevenly distributed in the rock. Together with the tritium mea-
surements it also gave strong support to the notion that a non-negligible portion of
the flow takes place in channels which have little contact with other main channels.
A further research effort has to be devoted to development of appropriate numerical
models for the description of How in fractured crystalline rock. The hydrogeochemi-
cal investigations at Stripa also indicated t hat a new type of solute source must be con-
sidered — fluid inclusions in the host rock. The age of the solutes may be entirely dif-
ferent from the age of the groundwater. At Stripa, the age of the solutes is likely to be
hundreds of millions of years older than the groundwaters. Furthermore, this source
contributes the largest portion of the total porosity. Although fluid inclusions are
considered to be a residual or non-flow porosity, it could become part of the flow
porosity through mierofracturing brought about by changing stress fields.

Sealing and redirection of the groundwater flow away from man made openings in
the rock was tested at Stripa and found to be feasible as shown in the various plugging
and sealing experiments. The use of Na bentonite in the form of suitably shaped
blocks of highly compacted powder has been found to be very practical for sealing off
boreholes, shafts and tunnels in repositories. The net hydraulic conductivity of the
clay plugs formed when the initially partially unsaturated clay takes up water from the
rock and expands, is significantly lower than the gross permeability of the sur-
rounding rock. A very important function of the clay is that it forms a tight, inte-
grated contact with the rock, so that water flow along the rock contact is hindered.
The compressibility and expandability of the clay means that this tight contact is pre-
served even if slight rock displacements occur.
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