r

PROJECT 92-25
Tracer Migration Experiments
in the Stripa Mine 1980-1991
L. Birgersson
H. Widen
T. Ågren
KEMAKTA Consultants Co.
Stockholm, Sweden
I Neretnieks
Department of Chemical Engineering
Royal Institute of Technology
Stockholm, Sweden
May 1992

TECHNICAL REPORT
An OECD/NEA international p;oject managed by:
SWEDISH NUCLEAR FUEL AND WASTE MANAGEMENT CO
Division of Research and Development

Mailing address:
Box 5864, S-102 48 Stockholm Telephone: 08-665 28 00

1

TRACER MIGRATION EXPERIMENTS IN THE
6TRIPA MINE 1980-1991

Lars Birgersson
Hans Widen
Thomas Ågren
KEMAKTA Consultants Co.
Stockholm, Sweden

Ivars Neretnieks
Department of Chemical Engineering
Royal Institute of Technology
Stockholm, Sweden

May 1992

This report concerns a study which was conducted for the
Stripa Project. The conclusions and viewpoints presented in
the report are those of the authors and do not necessarily
coincide with those of the client.
A list of other reports published in this series is attached
at the end of the report. Information on previous reports is
available through SKB.

r
ABSTRACT

During more than 10 years, tracer experiments have been
performed in the Stripa mine as part of the Stripa
Project to investigate the properties of both "average"
fractured rock and fracture zones. Experiments have
been performed that have ranged from a few decimeters,
to examine the diffusion into the rock matrix, up to
tracer migration to a drift more than 50 meters from
the injection point. This report compiles the results
and experience that have been gained from all these
tracer experiments.
The experiments that are described in this report are:
The In-situ diffusion experiment where simultaneous
flow and diffusion of tracers in undisturbed rock were
studie i over more than 3 years to validate
diffi £•-• .vities obtained under laboratory conditions.
Mi c ; ;. on in a single fracture where water flow
di.< , _r ution and tracer transport were studied using
bo i conservative and sorbing tracers over migration
dis+a:ces up to 10 meters.
TJ^r ,j-D migration experiment where water inflow and
t T -jer transport to a drift covered with 350 plastic
s • -jt were investigated to get information on flow
p. osity, dispersion and channeling. The transport
d: tcJices were between 10 and 56 meters from the
ir. action points to the drift.
T_h_-. channeling experiments in which the aim was to
excnine the channeling properties of single fractures
in detail. Pressure pulse tests and tracer experiments
were performed over a distances of 2 meters.
The tracer migration experiment in the validation drift
where the tracer were injected mainly in a fracture
zone and the collection was inside both a drift covered
with plastic sheets similar to in the 3-D experiment a.:
well as in a borehole. The distances between injection
and sampling location were between 10 and 25 meters.
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SUMMARY

This report summarizes the results and the experiences
gained from five tracer tests that have been performed
in the experimental mine at Stripa during the years of
1980-1991. All experiments except one were performed
within the Stripa Project, an OECD/NEA International
project, managed by the Swedish Nuclear Fuel and Waste
Management Company and have previously been published
within the Stripa Project as technical reports.
All experiments were performed in granitic rock and
were individually designed to study flow and transport
properties of fractured media. Flow and transport
properties were studied in single fractures as well as
in large blocks of rock. The experiments were designed
to study water and tracer transport over distances
ranging from decimeters up to 50 m. The extent of
channeling effects and matrix diffusion have during the
years been of special interest. Equipment and
techniques for performing field experiments have been
improved to facilitate refined tracer injections and
water inflow measurements.
Although measuring techniques and si^sequar.tly the
quality of the field data is different in the two large
scale experiments, a comparison between flow ar.d
transport observations from the 3-D Experiment and the
Tracer Migration Experiment has been done. The water
inflow to the 3-D drift, located in "average" fractured
rock, was more evenly dist ibuted than inflow to the
Validation drift, where 99 % of the inflow was
concentrated to the intersection with a fracture zone.
This uneven distribution was also observed for the
tracer mass flowrates. In the Validation drift
approximately 75 % of the recovered tracer mass was
found in 3 sampling areas compared to 5-10 sampling
areas in the 3-D drift.
The observed variations in inflow rates and tracer
concentrations are effects of water transport in fairly
isolated pathways. This is also referred to as
channeling. Channeling effects were observed whenever
water flow and tracer transport was measured
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irrespective of the scale of observation. Channeling
has been observed within single fractures as well as
within fracture zones. Observations from several of the
tracer tests indicate that the minor part of the
fracture plane is available for water flow.
Contrary to what has been found experimentally in sand
beds, compilations of field and laboratory experiments
show that the dispersion length increases
proportionally to the distance between injection and
monitoring points. One possible explanation is that
with increasing travel distances more and more large
fractures such as fracture zones will be encountered by
the flowing water and thus proper averaging will not
develop. This has the consequence that larger Iractions
of the nuclides will move faster than what the mean
residence time indicates.
Laboratory and field experiments have shown that
crystalline rocks are porous and that the val.:e of the
interconnected porosity varies between 0.1 % ar:d 0.7 %
for Stripa granite. Tracers have been found to have
penetrated several decimeters into the undisturbed rock
matrix. Diffusivities found in-situ compare well with
those found in laboratory experiments. Diffusion of
radionuclides into the rock matrix will retard the
nuclides significantly. To what extent they are
retarded depends on the area of rock surface wetted by
mobile water, the values of diffusivities and sorption
coefficients. Diffusion and sorption coefficients are
possible to determine in laboratory experimer.'-s - The
flow wetted surface has not been determined iire-ctly in
the performed experiments, but will be of m,'ij.:r
interest for future tracer tests.
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GENERAL INTRODUCTION

This report is based on the results and interpretations
from five tracer migration experiments performed in the
Stripa mine. The experiments are:

-

In-situ diffusion experiment
Migration in a single fracture
3-D migration experiment
Channeling experiments
Tracer Migration Experiment in the Validation
drift

These tracer experiments have given valuable
information for the general understanding of flow and
transport in crystalline rock. The experiments have had
different purposes and have studied migration in as
small scale as a few tens of centimeters and up to
about 50 m.
All these experiments have been performed at the 360 m
level in the Stripa mine, so the numbers obtained OP.
different migration parameters must be considered to be
site specific and do not necessarily even have to be of
the same order of magnitude for other sites. Some of
the basic phenomena like diffusion into the rock
matrix, channeling within fracture planes, flow and
tracer distributions within the average fractured rock
as well as in a fracture zone are phenomena that are
most likely to be valid for other sites situated in
similar geological formations.

BACKGROUND
The Swedish repository concept proposes that nuclear
waste is to be stored in canisters at large depths in
granitic rock (KBS-3, 1983). The canisters will
eventually degrade and the radionuclides can then be
transported away by the ground water flowing in the
fractures. The migration modeling in the safety
analysis for a repository in granitic rock is based on
the assumption that radionuclides leached from the
waste will interact chemically or physically with the

fccärcck and thereby be considerably retarded. The
magnitude of this retardation depends upon the flow
rate of the water, the uptake rates and equilibria as
well as on the surface area in contact with the flowing
water. If safety analysis are to be performed with
confidence then the above mentioned items have to be
quantified.
Prior to the start of the migration experiments in
Stripa a series of laboratory experiments had indicated
the existence of a connected pore system in granite
(Bradbury et al., 1982; Bradbury and Green, 1985;
Bradbury and Stephen, 1985; Bradbury and Green, 1986;
Skagius et al., 1982; Skagius, 1986; Skagius and
Neretnieks, 1986a,b; Skagius and Neretnieks, 1988).
Dissolved metals, like many radionuclides, tend to sorb
on the surfaces of the minerals that make up granite
rock. Furthermore, the existence of preferential
flowpaths within fractures was a concept supported by
laboratory experiments {Neretnieks et al., 1982) but
not quantified for fractures at in-situ conditions. The
state of the art migration modeling assumed, at that
time, that the water flow took place over the entire
surface of parallel fractures. Since then, the
mathematical models describing flow and transport in
fractured rock has became more elaborate by taking
findings like those obtained in Stripa into account.
The models developed within the Stripa Project in the
Site Characterization and Validation program (Olsson,
1992) are, together with other models (Moreno and
Neretnieks, 1991), essentially developed based on
Stripa information. These are presently probably the
most comprehensive mathematical descriptions of flow
and transport in fractured rock.

i.1.1

Aims
The tracer migration experiments have been aimed at
studying different transport properties in the average
fractured rock as well as in a fracture zone. The main
aims for the experiments are given below and detailed
descriptions of the experiments are given in Chapter 2.
Ir.-situ diffusion experiment. Laboratory experiments
had previous to the in-site experiment shown that it
was possible for sorbing as well as non-sorbing tracers
to migrate into the rock matrix by diffusion, but the
experiments were not carried out in "undisturbed" rock.
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It could not be ruled out that the release of the rock
stresses, which occur when samples are taken, have
irreversibly induced microfissures. For this reason,
in-situ experiments in rock in the natural stress
environment before a first stress release are necessary
because a re-compression will not necessarily close the
induced microfissures.
Migration in a single fracturp. the 2-D experiment - The
main purpose of this experiment was to investigate if
it is possible to apply results on sorption and
retardation of radionuclides in granitic rock, obtained
from laboratory experiments, to a real environment with
migration distances up to 1C m. Further it was
attempted to determine the extent of channeling within
fractures.
3-D migration experiment This project aimed at
obtaining information on migration over long distances,
up to about 50 m, in average fractured rock. Of special
interest was to gather information on flow porosity,
longitudinal and transverse dispersion and channeling.
Some common models for tracer transport were tested
against the experimental results.
Channeling experiments. The channeling experiments
aimed at a detailed study of channeling properties
within single fracture planes. This experiment gave a
significantly more detailed description of channeling
compared with the previous experiments which also, at
least partly, aimed at studying channel effects in
fracture planes. A number of fracture planes were
investigated using the same methods giving some measure
on variations between different fracture planes.
Tracer test in the validation drift. These tests aimed
at monitoring the water inflow rates and distributions
into a drift partly intersected by a fracture zone and
to obtain information about migration of tracers within
a fracture zone. The output from this experiment was
compared with modeling predictions (Olsson, 1992) to
determine the applicability of these flow and transport
models.

MODELING OF TRACER MOVEMENT
When radionuclides are carried by the water flowing
through a porous or fractured medium, they are
influenced by several mechanisms. Very important are:
1.
2.
3.
4.
5.
6.
7.

L ./.. L

Advection
Hydrodynamic dispersion
Diffusion into the rock matrix
Channeling within single fractures
Sorption on the fracture surface
Sorpticn within the rock matrix of species which
diffuse into the matrix.
Decay

Mathematical modeling
The simplest models are based on the concept of
advective flow in a porous medium where a tracer would
be subject to dispersion due to velocity variations ar.c
molecular diffusion. These models have been much
studied and are well summarized by Maloszewski and
Zuber (1984). They are readily extended to include
instantaneous sorption on the surfaces of the solid.
Another group of models include the phenomenon of
nonstationary uptake by diffusion of tracers into the
rock matrix or other stagnant zones of water. These
models are readily extended to include instantaneous
sorption on the inner surfaces (Neretnieks, 1980;
Rasmuson and Neretnieks, 1980; Tang et al., 1981). A
further group of models assume that the flow in a
fracture plane takes place in preferential flow paths,
the so-called channeling models. These models can also
include the matrix diffusion effects (Neretnieks,
1983).

Models used
Four different model concepts have been used in
evaluating and simulating the field experiments.
The advection-dispersion model, with and without
surface sorption
The advection-dispersion matrix diffusion model

r
The channeling model with no intermix ag between
channels
The channel network model

The Advection-Dispersion model (AD)
The Advection-Dispersion model has been used to test if
it is possible to get a good fit with a model that does
not take into account diffusion into the rock matrix.
The following mechanisms are included in the model:
- Advective transport along a transport pathway.
- Hydrodynamic dispersion in the flow direction.
The concentration at the outlet, for the advection
dispersion model without sorption, can be written as:

Co is the injection concentration, DF accounts for
dilution effect:
effects, Pe is the Peclet number, tw the mean
residence time.
The equation was analytically solved by Lapidus and
Amundsen (1952).

The Advection-Dispersion matrix Diffusion model (ADD)
There is considerable experimental evidence on
crystalline rock porosities and diffusivities from the
laboratory (Bradbury et al., 1982; Skagius, 1986;
Skagius and Neretnieks, 1985, 1986a, b ) , and from the
field (Birgersson and Neretnieks, 1982, 1984, 1988) in
undisturbed rock. Porosities in unaltered rock range
from 0.06 co over 1% ..nd the effective dif fusivities,
De for small ions and molecules range from 1*1O"14 to
70*10-14 m 2 / s . The effects of matrix diffusion will be
larger in flow paths which have a larger exposed rock
surface from which the dissolved species may diffuse
into the matrix.

In the ADD model the mechanisms of matrix diffusion and
sorption within the matrix are introduced in addition
to the instantaneous surface sorption in the AD model.
The concentration at the outlet can be written as:

Co, DF, Pe, tu, and t are the same as for the
advection dispersion model. The A-parameter accounts
for the interaction with the solid matrix and includes
data on matrix diffusion and sorption within the
matrix.
The A-parameter for non-sorbing solutes is defined by
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d-3)

where ö is the fracture aperture, De is the effective
diffusivity in the rock matrix and £_ is the matrix
porosity.
The equations were solved analytically by Tang et al.
(1981) for constant concentration boundary conditions

The Advection Channeling Model
The Advection-Channeling (AC) model is based on the
assumption that all channels conduct the flow from the
inlet to outlet without mixing between channels on the
way. At the outlet, however, the fluid from all
channels is instantaneously mixed. This would simulate
a very common way of sampling for tracers. It is
assumed that the channels can be uniquely described by
their apertures in regard to the flow rate and
concentration response. Similarly to the AD model, the
AC model can be written

where CTj is a measure of the variability of the
channel properties. In the model applied here we assume
a log normal distribution of fracture (channel)
apertures and then (Tj is the standard deviation in the
log normal distribution.

r
The Channel Network Model
In the channel network the flow and transport is
envisaged to take place in a 3 dimensional network of
channels. The individual channel members may have
different hydraulic, geometric and sorption properties
flow and tracer transport in a channel member is
described by advection and matrix diffusion. Full
mixing is assumed at channel intersections.
This model can be thought of as an extension of the
advection channeling model where mixing between
channels is allowed.

1.2.3

Determination of flow porosity
When the flow rate, the residence time, and the travel
distance are known, the flow porosity may be evaluated.
This is done by using the assumption that the flow is
radially convergent in a homogeneous porous medium
where Darcy's law applies. The residence time of the
water along the different flow paths can be estimated
from the fitting of the models to the breakthrough
curves of the injected tracers.
£

f=

(1-5!

H±~r\
^0 is the collecting area of the drift, Q is the water
inflow to that area, t^ is the residence time, and r2
and r; are the distances to the injection and tunnel
radius respectively.

1.2.4

^valuation and interpretation of experimental results
The tracer tests have been interpreted with the various
models. The basis for the models and the mechanisms
pertaining to each model have been described above.
Some items that are of special interest in evaluating
the different models include water travel time (flow
porosity), dispersivity, matrix diffusion effects, flow
wetted surface, and channeling characteristics. Models
which have more parameters may describe more mechanisms
and thus may give better agreement with the experimental results. Of the models used, the simplest models
contain only three parameters; travel time, dilution
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factor and dispersivity. The more complex models
include four independent parameters. By including more
parameters it is easier to get better fits without
actually increasing the physical meaning of the
obtained parameter values. However, a good fit dees not
imply that the mechanisms which the model is based on
actually are active at all. Therefore several models
have been used, including different mechanisms which
may give similar results, e.g. the spreading of a
tracer pulse may be caused by hydrodynamic dispersion,
channeling, matrix diffusion, or some other causes
which are not included in the model. The three
mentioned mechanisms will in many circumstances lead to
a similar spreading of a pulse and cannot be
distinguished from one another by just fitting one or a
few experimental curves in a model. In order to
separate out the various mechanisms, independent
information, e.g. laboratory data on matrix diffusion,
is needed.
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PERFORMED EXPERIMENTS

2.1

DIFFUSION IN THE MATRIX OF GRANITIC ROCK. FIELD TEST IN
THE STRIPA MINE

2.1.1

Background
In laboratory measurements, the matrices of crystalline
rocks have been found to have a connected porosity
(Skagius and Neretnieks, 1986a,b, 1988). In the case of
radionuclides leaking from a final repository for
nuclear waste, the potential uptake into the rock
ma. ix may be one of the most important retardation
mechanisms for nuclides transported by mobile waters in
the fractures (KBS-3, 1983; Nagra, 1985; Neretnieks,
1988) . It is therefore important to ensure that this
connected pore system exists under natural stress
conditions and can be utilized for matrix diffusion.

2.1.2

Influence of the stress field
Even at large depths, the rock stresses can be
redistributed due to excavations/boreholes and the
experiments performed in disturbed rock might not be
representative of the adjacent undisturbed rock. The
disturbance in the stress field is, however, limited to
the immediate vicinity of the excavation/borehole and
undisturbed rock can be accessed using a proper
drilling arrangement. A rule of thumb is that the rock
stresses are altered over a distance of approximately 2
hole diameters out from and below the hole. Therefore,
a long wide hole was drilled to get far enough away
from the drift. To avoid disturbances from the drilled
hole a thin hole was then drilled from the bottom of
the wide hole, see Figure 2-1.
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0 146 mm
0 20 mm

Figure 2-1.

2.1.3

Drilling dimensions and packer positions.

Experimental design
Three similar experiments were performed. These are
referred to as Part I, II and III. After drilling the
holes, a large packer was placed close to the bottom of
the 146 mm hole, see Figure 2-1, to close off the
injection compartment from the rest of the hole. In
this way the lower part, approximately 100 mm, of the
large hole and all of the small hole were used for the
tracer injection. The tracer solutions were
continuously injected with constant pressures ranging
from 0.5 to 0.9 MPa above the natural water pressure.
This caused advection as well as diffusion of the
tracers from the injection hole into the rock matrix.
Part I of the in-situ experiment was a preparatory
experiment with a tracer injection time of about 3
months where the main purpose was to test the
experimental procedure. Part II and Part III of the
field experiment were started simultaneously and
continued for 6 months and 3.5 years respectively.

*m

.1.4

Over—coring and sampling
After termination of the injections, the tracer fluid
was removed, the packers were retrieved and the little
hole was over-cored. The core from the over-coring had
a diameter of 132 mm and length of approximately 3.5 m.
The core was cut into 50 mm long cylinders from which a
number of sampling cores with a diameter of 10 mm were
drilled at different distances from the injection hole,
see Figure 2-2. The number of sampling cores obtained
were 200 in Part I, 650 in Part II, and 1800 in Part
III. The sampling cores were leached in distilled
water.

~5cm

0132 mm
010mm
Figure 2-2.

Sampling.

The tracer concentration in the distilled water was
determined and recalculated for the concentration in
the pore water. The recalculated concentrations in
Parts II and III were based on the porosity that was
obtained for every individual sampling core from the
weight difference between wet and dry core. All
concentrations in Part I were based on an assumed
uniform porosity of 0.345 % (Miiller-Vonmoos, 1981).
In Parts II and III of the experiment, additional holes
were drilled adjacent to the injection hole to study
the concentration profile further out than the
approximately 110 mm that was obtained from the overcoring of the injection hole.
Mixtures of the tracers Uranin, Cr-EDTA and I" were
injected in all three experiments. These tracers have
been tested in the laboratory and found to be stable
with time and non-sorbing.

r
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2.1.5

Expected migration distances
Prior to the field experiments, the expected migration
distances were estimated based on diffusivities and
hydraulic conductivities measured in laboratory
experiments (Brace 1968; Heard, 1979; Freeze, 1979;
Skagius 1986).
The equations that describe the migration distance when
radial diffusion and advection occur simultaneously
are:
Diffusion equation :

3c
dt

i^i-r) 1 () r —.
dr *» dr dr

(2-1)

Radial advection e q u a t i o n :
v
Vr

_ const.
r

(2-2)

Velocity at wall of injection hole :
.

KpAh

V(r = rO= JT

(2-3)
where c is concentration, r is radial distance, Dp is
pore diffusivity, Ah head difference, £p is porosity of
matrix, T1 is radius of hole and r2 distance to "outer"
boundary where head is constant.
The numerical code TRUMP (Edwards, 1972) was used to
solve the advection - diffusion problem for radial
symmetry. The results for some calculations with
different values on the hydraulic conductivity, Kp, and
the diffusivity, Dp, are illustrated in Figure 2-3. The
advection calculation is based on an overpressure of
0.9 MPa, which is the actual overpressure used in Part
I of the experiment. The dispersion due to advection is
neglected in the calculations.
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Advection and diffusion. Calculated
concentration profiles in the rock
matrix.

If the values of K p and Dp are of the order expected,
see Figure 2-3, then the tracers would migrate beyond
the disturbed zone (approximately 40 mm) and a distance
into the rock matrix within an injection time less than
3 months.

2.1.6

Results part I and II
The results from Part I and II are summarized in this
chapter and the details are found in Birgersson and
Neretnieks (1982, 1983).
Because only one core was taken in Part I of this
experiment, the observations on migration in the rock
matrix was limited to 115 mm outward from the injection
hole. The concentration profiles in the cut out pieces
all showed that the three tracers had passed the
disturbed zone (appr. 40 mm) and migrated a distance
into "undisturbed" rock. The diffusivity and hydraulic
conductivity obtained from this preliminary experiment
were found to be: Dp=10-10 m2/s and Kp=10"13 m/s
respectively.
In Part II of the experiment, two cores were taken and
the concentration profile could be followed from core 1
into core 2 for 250 mm from the injection hole, see
Figure 2-4.
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0146mm 0146mm

3.5 ml

Figure 2-4.

Corel
0132mm
020 mm

Core2
0132mm

Drilling arrangement, Part II,

The values of the migration parameters were evaluated
by comparing the experimentally obtained concentration
profiles with theoretical concentration profiles, like
those illustrated in Figure 2-3, obtained by solving
the advection-diffusion equation for the appropriate
geometry (Birgersson and Neretnieks, 1983) . These
approximate values of Dp and Kp from Part II are
summarized in Table 2-1.

Table 2-1.

Approximate values on Dp and Kp for
different depths, Part II.

Sampling piece

Depth
(m)

D p *10 10
(m2/s)

K p *10 13
(m/s)

1-2
3-9
10-13
14-20
21-22

0.36-0.48
0.78-1.41
1.46-1.59
1.74-2.24
2.62-2.67

>1
0.5
0.05
1
>1

>2-5
0.1
<0.1
1
>2-5

Table 2-1 shows that Dp and Kp can vary over an order
of magnitude for sampling pieces separated by just a
few tens of centimeters. In some pieces in the top and
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bottom of the core there was no obvious decline in
concentration so only a lower limit of Dp and Kp could
be obtained.

Results and interpretation, part III
Figure 2-5 shows the coring out arrangement used in
Part III. The three large holes (146 mm) made it
possible to study the concentration profile as far as
about 400 mm outward from the injection hole. The three
additional 76 mm holes added information about
concentrations in other directions.

000

Figure 2-5.

Part III. Drilling arrangement and
notation of the cores.

The results from Part III of the experiment show that
the tracer concentrations vary considerably with depth
along the core as well as with direction from the
injection hole. The penetration depth could in some
cases vary by a factor 2 or more in sampling cores
separated by just a few tens of centimeters in depth c:
located at the same depth but in different directions
fro.T, the injection hole. Some examples of concentratio:
profiles are given in Figures 2-6 and 2-7.
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Figure 2-6 illustrates the concentration profile for
Uranin in the sampling pieces located around 0.725 m
below the 146 mm hole. The tracer concentration within
the large cores is almost independent of distance frorc
the injection hole. However, the samples from one of
the cores taken in another direction, but still at the
same depth, show concentrations that are approximately
2 orders of magnitude lower.
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Figure 2-6.

Part III. Uranin concentrations vs
distance at 0.725 m depth.

Uran i r. only penetrated about 200 mm into the rock
matrix at the level illustrated in Figure 2-7
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The Uranin concentration for a fixed distance is
illustrated in Figure 2-8. The distances from the
injection hole to the sampling cores in the 76 mrr. cores
were 200-250 mm. Therefore, the concentrations
illustrated in Figure 2-8 are mean values for sampling
cores located 200-250 mm from the injection hole.

Uranne
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C/CQ[%]

1-

3
Depth [m]

'igure 2-8.

Average Uranin concentration 200-250 ir.r
from the injection hole.

Figure 2-8 shows that there are large differences in
the concentration at different depths in the cores. The
concentrations are fairly high in the upper meter and
then decrease to 0 at approximately 2 m depth. The
concentrations around 2.5-3 m depth are quite different
in the different directions. Samples taken from the
cores denoted E, T, and A have concentrations that are
well above 0 but still lower than those found in the
upper part of the cores. However, samples taken from
the core denoted by R have concentrations well above
what, is found at any other level in that core.

1 fl

Causes of the differences in penetration depth

The migration distances were different at different
depths and directions from the injection hole.
Different porosities (£p) could cause this. But even if
the porosity is the same, the pore size distribution
could be different. Assuming the same porosity, a large
number of small pores would give different migration
properties compared to a few large pores. Another
possible cause for the difference in the concentration
in pieces located at the same depth but in different
directions could be if the pores, microfissures, had
specific directions.
The porosity was measured for every individual sampling
core by comparing the weight difference between wet and
dry core. The measurements did not give any significant
differences in porosities in the sampling pieces. The
porosity was found to be between 0.12-0.51 % with an
average close to 0.3 % and no correlation was found
between porosity and migration distance.
The direction of the micro fissures were determined in
three samples by Jaktlund (1986) . The method used was
the DSA-method (Differential Strength Analysis). No
preferential micro fissure direction could be found in
any cf the three samples.
Fore size distributions were determined for 5 samples
by measuring the size of pores on electron microscope
photographs. The majority of pores were found to have
an opening less than 0.5 \lm and almost no porto have an
opening above 2 ^.m. Some minor variations in pore sizedistribution were found when comparing the 5 samples.
As the porosity is almost the same for the samples it
might be expected that the sample with the highest
frequency of large pores should have the largest
hydraulic conductivity and thereby the higher!, tracer
concentration at a distance from the injection hole.
The nur.ber of samples taken are few, but indicates tha';
there might be a correlation between the pore size
distribution and the ability for tracers to penetrate
the rock matrix. A sample with an increased fiequency
of large pores would then have an increased facer
concentration at a given distance from the source.
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When evaluating Kp and Dp from the concentration
profiles one must be able to follow the concentration
not only in the core from the over-coring of the
injection hole but also in the cores denoted E and X,
see Figure 2-5. There must also be a decrease in the
concentration over the studied length, otherwise only a
lower limit of Kp would be obtained.
Diffusivity and hydraulic conductivity was also
determined in laboratory experiments using rock samples
taken from the in-situ experiment. The diffusivity in
the rock matrix for the tracers was measured by the
method used by Skagius and Neretnieks (1986a). The
obtained diffusivities are shown in Table 2-2.

Table 2-2.

Pore diffusivities obtained from
laboratory experiments.

Depth in core (m)

1.49
2.63
2.83
2.83

Dp*1012 (m2/s)
Iodide
Uranin
90
200
200
200

8
9
3
10

The diffusivity for I is at least one order of
magnitude larger than for Uranin. This difference
compares well with the findings in the in-situ
experiment. The two samples taken at the same level
(2.83 m) were separated by less than a centimeter, but
the difference in diffusivity for Uranin is a factor
three.
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Figure 2-9.

Depth [m]

Diffusivities obtained in the laboratory
and in-situ.

The similar diffusivities found in the laboratory
experiments and in the in-situ experiment is important
since it indicates that diffusivities found in the
laboratory also seem to be valid for in-situ conditions
under natural stress conditions. The in-situ
diffusivities were found to vary between 2-10"12 to
5-10"10 m 2 /s.
The hydraulic conductivity was determined in laboratory
experiments for five different samples by Forsberg
(1987) . The natural rock stress at the location where
the in-situ experiments were performed is around 15
MPa. Therefore, the hydraulic conductivity was
evaluated for all five rock samples using a uniform
confining stress of 15 to 30 MPa, see Table 2-3.
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Table 2-3.

Hydraulic conductivities obtained from
laboratory experiments.

Depth in core
(m)

Kp*1013
(m/s)

1.48

0.2

15

1.89

2
0.5

15
25

2.14

1
0.3

15
30

2.74

0.8
0.4

15
20

2.89

2

15

Confining stress
(MPa)

The hydraulic conductivity Kp was found to be 2*10"14 2*10'13 m/s in the laboratory experiment for the rock
samples with a confining stress of 15 MPa. The in-situ
hydraulic conductivities were found to vary between
1-10-" to>2-10" 13 m/s.
If one compares the hydraulic conductivities obtained
in-situ with those obtained in the laboratory
experiment it is obvious that the values are of the
same order of magnitude, see Figure 2-10.
Uranine

i In situ
• Laboratory

Depth [m]

Figure 2-10.

Hydraulic conductivity vs depth in core
From in-situ conditions and laboratory
experiments.
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2.1.9

Discussion and conclusions
Even though the tracers have behaved differently, which
might have been caused by slight sorption, the fact
remains that all three tracers migrated through the
zone disturbed by the presence of the injection hole
and a distance into "undisturbed" rock. In some cases,
no obvious decrease in tracer concentrations could be
se~n out to at least 400 mm .
The differences in Dp and Kp, calculated from the
experiments, could be an order of magnitude between
samples separated by just a few tens of centimeters.
The changes in migration properties at different
locations and in different directions could not be
explained by the laboratory experiments performed
concerning porosity, pore size distribution or
direction of microfissures.
The diffusivities and hydraulic conductivities obtained
in-situ compare well with those obtained in the
laboratory experiments.

,m
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MIGRATION IN A SINGLE FRACTURE, THE 2-D EXPERIMENT

.2.1

Background
Laboratory experiments (Neretnieks et al., 1982; Allard
et al., 1978), and a preparatory field experiment,
Abelin et al. (1982), have shown two mechanisms that
are of importance for the magnitude of the retardation
of the migrating radionuclides:
- Diffusion into the rock matrix adjacent to
the fracture and subsequent sorption on the
inner surfaces.
- Channeling within a fracture i.e. only
certain parts of the fracture conducts
water.
The first mechanism considerably enhances the bedrock's
capacity to retard the radionuclides. The second
mechanism counteracts the first by reducing the contact
surface between the flowing water and the bedrock. It
may also give rise to "fast" channels.

Aim
The main purpose of this experiment was to investigate
if it is possible to extend results on sorption and
retardation of radionuclides in granitic rock, obtained
from laboratory experiments, to a real environment with
migration distances up to 10 m. Further it was
attempted to determine the extent of channeling within
fractures.

Experimental design
The equipment used in the experiment is presented in
detail in Abelin and Gidlund (1985).
The experiment was run in naturally occurring fractures
in granitic rock. Conservative (nonsorbing) tracers
were used to characterize the water flow within the
fracture. The results from the runs with the nonsorbing
tracers and data on sorption and porosity obtained in
the laboratory was used to predict tl.e breakthrough

r
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curve for one of the sorbing tracers. The predicted
breakthrough curve would later be compared with the
experimentally obtained breakthrough curve.
Figure 2-11 shows the layout of the test site with two
fractures and five injection holes intersecting the
fracture planes. The distance between the intersections
of the injection holes with the fracture plane and the
drift ranged between 5 and 10 m.
Only fracture #2 was utilized when injecting the
tracers. Pressure pulse test were performed to locate
the connections between injection holes and sampling
holes and to give a qualitative answer if there was a
sufficiently good connection for tracer injection
purposes. Tracers were injected from four out of the
five borehole intersections with fracture #2. The
injection flowrates were in the order of a few up to
about 10 ml/h and were aimed to be constant with time.
However, the variation in flowrate with time was quite
large due to problems with the injection equipment.
Water and tracers were collected in short boreholes
drilled into both fracture 1 and from the drift. A
total of 31 sampling holes were drilled, 13 in fracture
No 1 and 15 in fracture No 2. Three sampling holes were
drilled outside the actual fractures at locations where
moisture was seen at the face of the drift.
Both sorbing and non-sorbing (conservative) tracers
were injected. Brom Thymol Blue, Elbenyl, Eosin Y,
Iodide, and Uranin were used as non-sorbing tracers and
Cs, Sr, Eu, Nd, Th, and U as sorbing tracers.

1
25

(g) Injection holes (D Sampling holes
Figure 2-11.

Schematic view of the test site.

The tracers were injected into a single fracture which
had a "natural" water flow towards the drift, where the
water coming out of the fracture was collected. The
sorbing tracers were continuously injected at one of
the injection points for several months. At the
injection points where only nonsorbing tracers were
injected, groundwater was throughout the experiment
continuously injected between tracer pulses.
As only Sr was expected to possibly reach the sampling
holes within the time of the experiment and the other
sorbing tracers would be sorbed in the vicinity of the
injection point, part of the fracture around the
injection point was excavated.

.2.4

Results from modelina
Figures 2-12 and 2-13 show the fit between the three
different models and the experimental data for a nonsorbing tracer. The flow parameters obtained from, the
fittings are presented in Table 2-4 and 2-5. As can be
seen in the figures it is possible to get a good fit
with all the models. It is not possible to select
between the models based on the results from this
experiment only. Some of the mechanisms and their
parameters have to be determined independently.

r
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Without matrix diffusion

Figure 2-12.

Sampling hole 2-6. Experimental data and
model fit.

X
\J Without matrix diffusion

Figure 2-13.

Sampling hole 2-8. Experimental data and
model fit.

The A-parameter obtained in the three and four
parameter fits of the ADD model for sampling hole 2-6
only differs with a factor 1.4. On the other hand the
A-parameter for sampling hole 2-8, in the four
parameter fit, was found to be 133 compared with a
value of 30000 for the three parameter fit where
independent laboratory data were used to calculate A.
This indicates a strong interaction with the rock
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matrix. The seemingly strong interaction with the
matrix may be due to presence of stagnant water zones
into which the tracer can diffuse. Similar results as
with matrix diffusion may be obtained if the tracers
diffuse into stagnant water.

Table 2-4.

Flow parameters at sampling hole 2-6
obtained by the fitting.

Flow
par

A-D

DF

3.0

366
1.96
[s 1 / 2 ]
10 7 [m 2 /s] —

t w [h]
Pe

A

a1
DD

Table 2 - 5 .

Flow
par.

A-D

10.5

tw th]

710

<*:

DD 107

2.8
293

2.7
279

2.33
4926*
—

Channelling
3 par. 4 par,

2.46
3548

2.8
348
-

2.5
-

—

0.40
2.65**

0.36
7.88

29 1

Flow parameters at sampling hole 2-8
obtained by the f i t t i n g .

DF
Pe
A [sl/2]

A-D-D
3 par.
4 par.

0.86
[m 2 /s] —

A-D-D
3 par.
4 par.
10.5
548
1.16
30000*
—

8.5
44.5
36.9
133
—

Channelling
3 par.
4 pa:
11.5
530
-

8.4
90
-

0.47
2.65**

0.17
48.49

* The A parameter based on porosity and effective
diffusivity determined in the laboratory is used (three
parameter fitting).
** D3 based on independent laboratory experiments
(three parameter fitting).
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Calculation of fracture aperture
The observations indicate that fractures are closed in
some parts and are open in other parts. The apertures
of the openings may vary considerably over the fracture
plane. These potential flowpaths have unknown
extensions before they loose their identity by
connecting to other flowpaths. Any calculations of the
fracture aperture will thus include some assumptions on
other properties. The average volume of the fracture
could be determined from measuring the flowrate over a
width of the fracture and the residence time of the
water. We call this the mass balance fracture aperture:
5f = f(Q,tw,L,B)
Another property of interest is the equivalent fracture
aperture which would permit a certain flowrate at a
given pressure drop. This we call the cubic law
fracture aperture:
8c = f (Q,Ah,L,B)
A third equivalent fracture aperture is that which
would give a certain water velocity for a given
pressure drop. This we call the frictional loss
fracture aperture:
8: = f(Ah,tw,L)
The results from the calculations are given in Table 26.

Table 2-6.

Equivalent fracture apertures.
linear

Sampling
K•pf
6
10 (m/s)
hole
2-6
2-8
4*
5*

1.,1

5f

3,A

240
280

1..5
0,.8

2200
1500

106 (m)

radial

5C

5:

5,

10 6 (m)

2.0

6.7
10

130
150

1 .2
2.0

5.5
8.5

1.3
0.9

16
11

1200
820

1 .4
1 .0

13
9.1

1.1

Fracture used in the preparatory investigation.
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'FRACTURE 1

Figure 2-14.

II WATER FLOW
<> RATE [ml/h]
I MAX TRACER FLOW
•flATElg/h 10*1

FRACTURE 2

Water flow rates from fracture #1 and #2

Table 2-6 sliows the large difference between the
different calculated equivalent fracture apertures. It
should be noted that 5C underestimates the mean
residence time for the water and 8X corresponds to a
fracture that can not carry all the water actually
measured, there would have to be several of these
fractures within the fracture plane. When calculating
5, one assumes that all water collected over the width
B passes the injection point and that the injected
tracer directly enters this flow. If only part of the
total flow passes the injection point, the fracture
volume will be overestimated and thereby give a value
of the fracture apertures 8f and 8C that is to large.

Compilation of water and tracer monitoring
The results from the water flow and tracer monitoring
are presented in a summarized form in Figure 2-14. The
water flow is very unevenly distributed within the
fracture planes. About 50 % of the total water inflow
rate into the 28 sampling holes in fracture planes #1
and #2 was found in two sampling areas. This type of
uneven flow pattern was also observed in the fracture
used in a preparatory investigation (Abelin et al.,
1982) .
Tracers were only found in three of the sampling holes.
About 60 % of the recovered mass was found in a single
sampling area. That sampling area did however only give
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about 10 % of the total water inflow into fracture
planes #1 and #2. The sampling area with the largest
water inflow rate had a considerably lower mass inflow
rate.
The observations regarding water and tracer
distributions clearly shows that the investigated
fracture plane has channels. There seems to be fairly
limited mixing between the channels on the scale
considered, 5-10 m, since sampling areas where large
amounts of water is found do not necessarily have to
account for the largest mass flow rates of tracers.

.2.6

Results from the injection of sorbino tracers
The flow parameters obtained in the runs with the
conservative tracers and laboratory data on sorption
have been used to predict the breakthrough curve for
Sr. Sr was predicted to reach the sampling holes within
the time of the experiment. However, Sr did not arrive
in detectable concentrations at the sampling holes. The
rest of the sorbing tracers were predicted to sorb in
the vicinity of the injection point. To make it
possible to determine how far from the injection point
they had travelled and how deep into the rock they had
penetrated, part of the fracture around the injection
point was excavated. Figure 2-15a shows the excavated
fracture and the concentration of Cs. Figure 2-15b
shows the concentration of Eu. The injection hole is
illustrated in the figure.
A Surface concentration of Cs

B Surface concentration olEu

120

Mam core no

Mam or*» no. 6

10
Background

Figure 2-15.

ro
Background

Excavated fracture with concentration oi
Cs (a) and Eu (b) .
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It can be seen in Figure 2-15 that there are elevated
concentrations of Cs and Eu around the injection point,
but there seems to be an area to the lower right of the
injection hole which has the highest concentrations.
This could indicate that the injected water was not
evenly distributed around the injection point but had a
preferred flow direction.

u

Figure 2-16.

Concentration profiles into the rock.

Figure 2-16 shows concentration profiles into the rock
obtained in one of the samples taken close to the
injection hole. It can be seen that elevated
concentrations of Cs, Eu and Nd, at this sampling
point, can be found down to a depth of 1.4 mm.

Discussion and conclusions
There are some inherent difficulties to interpret tests
with sorbing tracers. Among these one could mention a
variable natural content of the tracer over the
fracture surface, variation in mineral composition
giving different Kd values at different sites in the
fracture and variations of the thickness of the
fracture filling and coating materials.
As can be seen in Figure 2-12 and 2-13 it is possible
to obtain a good fit with the three tested models. But
they model different mechanisms and thus the fitting
cannot differentiate between the mechanisms. The
correct mechanism(s) must be selected by some other
independent process.
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trior to the excavation of the fracture piat-.e, the
expected surface concentrations and concentration
profiles into the rock matrix were calculated for the
sorbing tracers using sorption data from laboratory
experiments. These predicted concentrations were partly
confirmed by experimental data obtained when excavating
the fracture plane. The concentration profiles for the
sorbing tracers could be explained by matrix diffusion.

Areas with stagnant
water. Access by
diffusion only

Channels with
mobile water

Fracture surfaces
in contact with
each other

Figure 2-17.

Concept of water flow within a fracture

Our observations indicate that it is not realistic to
treat a fracture as two planar parallel surfaces with a
constant aperture. Blocks of rock can not hover over
each other, but have to have points where they are in
contact. If this is the only effect that causes
channeling, the direction and magnitude of the channels
would be randomly distributed. The flowing water in the
individual flowpaths may, however, through chemical or
erosion processes affect the flowpaths, so that
preferred flow directions develop with time. If there
are preferred directions of flow, the results of a
tracer test is dependent on if the induced pressure
drop is perpendicular to or parallel with the
preferred flow direction. The present experiment gave
no information which could be used to determine the
extent of creferential flow directions.
The concept of channeling implies that there are
channels which mix their waters at irregular distances.
The channels are in contact with stagnant or nearly
stagnant waters which may be accessed by diffusion.
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This is illustrated in Figure 2-17. With this concept
is it easy to see the difficulties to in detail model
the response of tracer tests in natural fractures.
Matrix diffusion was observed by direct observation of
penetration depths. Channeling was observed by using a
large number of collecting points. The presence of
stagnant waters was not observed directly but inferred
from general observations on the necessity of points of
contact between blocks of rock.
The observed fracture apertures determined from the
water volume that resides in the fracture is order(s)
of magnitude larger than what is needed to induce the
observed pressure drops. This means that hydra lie
testing can not be used to obtain the actual flow
porosity of a fissured natural rock using available
interpretation methods.
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THE 3-D MIGRATION EXPERIMENT

2.3.1

Background
It is often assumed that the fractured rock, even at
depth, is sufficiently fractured to allow for an
averaging of the properties in a volume such that it is
meaningful to assign an average value to a "point" in
the rock. The properties of interest for flow are the
hydraulic conductivity and the porosity. The size of
the volume over which the averaging is performed is
called a representative elementary volume, REV. It is
implicitly assumed that the REV is considerably smaller
than the rock volume studied. Darcy's law is used
together with the appropriate boundary conditions to
calculate the flow rate and flow directions in "all"
points of the rock volume. These implicit assumptions
may not be valid for fractured rock.

.3.2

Aims
The main aims of the experiment were to determine flow
porosity and longitudinal and transverse dispersion,
and to obtain information on channeling. Some common
models for tracer transport were to be tested against
the experimental results .

.3.3

Excerimental_desian
To start with, an access drift was excavated to locate
the experimental drift about 100 m from the old
galleries and thereby reducing the risk of disturbances
in the experiment. Figure 2-18 shows an overview of the
mine adjacent to the experimental drift. The test site
consists of a 75 m long main drift and a crossing arm
25 m in length, as shown in Figure 2-19.
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-3K)m level

360m level

Figure 2-18.

Overview of the mine adjacent to the 3-D
test site.

SAMPLING ARRANGEMENT

Figure 2-19.

Dimensions of the 3-D test site

r

36

URANINE
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Figure 2-20.
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() BROMIDE

Location of the injection zones, injected
tracers and location of fracture zones
interpreted from the radar measurements.

The test site was fracture mapped for the 100 most
prominent fractures. For each of the mapped fractures
in the drift the following features were noted:
location and extension, direction and dip, infilling
and coating materials, surface characterization, and
signs of water flow.
The upper part of the test site, approximately 700 m2,
was divided into about 350 sampling areas each with an
area of 2 m 2 . Each sampling area was covered with a
plastic sheet. As more sheets were added during the
experiment at potential points of interest there were
approximately 375 sheets at the end of the experiment.
The total water inflow to the covered area was 700
ml/h. Of the 375 sampling sheets 145 gave measurable
amounts of water; 50% of the total inflow came from
approximately 3% of the covered area. The wettest sheet
carried about 10% of the total inflow. The water inflow
rate distribution from the rock (prior to the drilling
of the three injection holes) was monitored for 6
weeks. The results from these measurements are
presented in Figure 2-21, where it can be seen that the
water inflow is located to a few areas with large dry
areas in between.
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Figure 2-21.

Water inflow rates into the test site
before drilling of the injection holes.

Tracers were injected from nine different 2.5 m long
sealed off borehole sections located between 10 and 56
m above the test site, see Figure 2-20. The location of
the injection sections were based on water inflow
measurements, core loggings, TV inspections, and the
interpreted locations of fracture zones from the radar
measurements. 8 of the 9 injection sections are located
10 to 37 m above the test site. The 9:th injection
section was located 56 m from the test site. The reason
for choosing an injection section that far from the
test site was the indication from the radar
measurements that fracture zone C could be connected to
the vicinity of the test site via zone A.
The tracers were injected continuously for more than 20
months using a "constant" pressure, less than 10% above
the natural pressure. The injection pressures ranged
between 1.3 and 2.3 MPa. These injection pressures gave
injection flow rates between 1 and 20 ml/h. The
injection flow rate varied during the time of the
experiment. The decrease in the injection flow rate at
the start of injection was caused not only by the
natural pressure build-up, but also by the closing of
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ar. adjacent borehole Nl some 100 rn distant. If the
injection flow rate decreased below a certain level,
the injection pressure was increased to get an
acceptable mass inflow rate of tracers.
Water entering the drift was sampled for tracers during
the injection time of 20 months and an additional 6
months after the end of injection. Figure 2-22 shows a
view of the test site from the side, illustrating to
which parts of the test site the different tracers have
migrated.

Figure 2-22.

Areas in the test site where the
different tracers emerged.

During the last months of sampling a seventh tracer was
found which is illustrated with dashed lines in Figure
2-22. This occurrence might be due to the preparations
for Stripa Project Phase III. No tracers were found in
the right part of the arm which is the area with the
highest water inflow rates. The right arm is also
closest to the injection zones in hole III, but the
tracers injected at these zones emerged at the central
part of the main drift.
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?.3.4

Correlation between fracture characteristics and water
flow rates
Histograms were generated showing the fracture length
and number of fracture intersections. These histograms
were compared with the flowrate measurements in the
main drift and "arms". Areas which have a larger number
of fracture intersections were found to have higher
water inflow rates, see Table 2-7. We think this is a
significant finding and it is in accordance with
observations in another investigated site in Sweden
(Neretnieks, 1987b).

Table 2-7.

Number of
intersections

Number of fracture intersections and
average water inflow :rates.
Number of
sampling
areas

Sum Q

[ml/h]
0
1
2
3

2.3.0

68
23
9
4

308
123
134
47

Average flowrate
per sampling
area
[ml/h/sampl. area]
4.5
5.3
14.9
11.8

Results of the model fitting of breakthrough curves
The results from the model fits indicate that the
dispersion for many of the breakthrough curves was very
high. There are many conceivable reasons for high
dispersion values. One is the spreading of the tracer
pulse by diffusion of the tracer into and out of
stagnant or nearly stagnant volumes of water. Such
volumes of water are known to exist in the porous
matrix of the rock as well as in the fracture plane
itself. They can be accessed by molecular diffusion
from the flowing water in the channels. The ADD model
was used to investigate this possible cause of
dispersion and also to investigate the matrix
diffusion. The matrix diffusion mechanism may be an
important cause of withdrawing the tracer from the
flowing water and into the rock, thus causing a less
than full recovery to be obtained even after very long
collecting time periods.
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Preliminary results showed that most of the curves have
a very low Peclet number (high dispersion). The model
used was not valid for Peclet numbers less than 3
(Sauty, 1980). For this reason the Peclet number was
limited to values greater than or equals to 4.
Representative values for the obtained transport
parameters are shown in Table 2-8. The tracers Eosin B
and Uranin show a very high dispersion. The Peclet
numbers for the tracer Iodide were about 30.
The Advection-Dispersion-Matrix diffusion model
requires the determination of four parameters; the
Peclet number, the water residence time, the A
parameter which takes into account the diffusion into
the rock matrix, and the dilution factor. The A
parameter is defined by

where 8 is the fracture aperture, De is the effective
diffusivity in the rock matrix and €p is the matrix
porosity. Results show that the A parameter varies by
several orders of magnitude, 20 to 10 6 . These large
variations cannot be explained by the variations in the
rock and channel properties. In the fitting procedure,
the effects of matrix diffusion and hydrodynamics
dispersion are not well distinguished between because
they influence the breakthrough in a similar way. The
noise observed in the experimental results was large,
so that in order to distinguish between the different
mechanisms additional information was required. The A
parameter could thus not be determined with sufficient
accuracy by fitting the individual breakthrough curves.
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Table 2-8.

Tracer
Eosin B
Uranin
Elbenyl
Eosin Y
Iodide

Representative values for the parameters
obtained from the advection-dispersion
model. The condition that the Peclet
number is greater than or equals to 4 is
imposed.
Peclet
Number

Residence
Time [h]

<4
<4
5.0
5.0

6000
5000
2000
7000
8000

30

Distance From
Injection [m]
31
35
11
24
41

For the tracers Eosin B, Uranin, Elbenyl, Eosin Y, and
Iodide, fittings were done for some breakthrough curves
that were constructed by adding together several
(between three and 31) sheets that seemed to form a
group, separated from the other groups by a zone where
no tracer was found. The grouping is defined by a
section of length of the drift. From the fitting a very
large dispersion was observed in the combined
breakthrough curves. None of the fits were good except
for the Eosin Y curves and one group of Iodide curves.
From the combining of breakthrough curves from several
sheets additional dispersion was introduced to the
system because of the different travel distances of the
tracer to the different sheets. The results from
fitting the AC and ACD models gave very similar results
as the AD and ADD models and the results are not
presented here. The fitting of the models to the
experimental data gave varying results for the
different sheets. One of the reasons for the variance
is that there exist different travel paths to the
different sheets and these paths exhibit different
transport properties. The goodness of the fit expressed
as a standard deviation was poor for many of the
curves. The different combination of the parameter
values could give nearly as good fits. Therefore, this
indicates that there are processes involved which are
not included in the models. The incorporation of the
mechanism "diffusion into the rock matrix" only
produced marginal improvements in the fits. The values
resulting from the matrix diffusion parameter fits were
very erratic and often outside the range for reasonable
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values. Although there were independent laboratory
measurements performed which showed that this mechanism
contributes, the noise in the data did not permit the
values to be evaluated.

2.3.6

Determinat- ion of flow porosity
The method used to calculate the flow porosity is
described in Section 1.2.3. The flow rate to the drift
was very unevenly distributed. Tracers were found
mainly in the central part of the drift. Other large
parts of the drift were dry with the exception of the
far end and the right arm where most of the water flow
to the drift was located. It was assumed that the
section (length) of the drift where the traced water
was collected could be considered as a representative
rock area. The water flow rate in that section and the
residence time of that water were used in the
calculations. The shortest distance between the
injection point and the collection sheets were used as
the distance to the injection section. Still some
uncertainties remained in the porosity values. The part
of the drift used in the calculations contained some
dry areas which were included. Other dry areas of rock
are located immediately adjacent to sections used. The
unresolved question is how large a portion of the
adjacent dry rock belongs to the section of wet rock.
The porosity values may be representative for the wet
part of the rock but then there is an unknown mass of
"dry" rock which has a porosity equal to zero. Figure
2-23 show a plot of the porosity as function of the
distances to the the injection point. There is a
tendency for the porosity to decrease w.^th increasing
distance.
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Figure 2-23.

2.3.7

Porosity versus distance from drift

Summary of main results, discussion and conclusions

Flow Porosity
The flow porosity was determined for six different
tracers using information on flow rates, residence
times of tracers, and flow distribution. Because of the
large variations in flow rate in different sheets and
over different sections of the drift it was not obvious
how the averaging of the data was to be done. The
entity "flow porosity" is by nature an averaged
property. The averaging volume must be large enough for
the property to become reasonably constant for it to
have a well-defined meaning. The flow rate variations
were too large and too irregular in the drift for it to
make up a large enough rock volume. Still we wish to
assess this entity in some well-defined way.
The porosity was found to decrease with distance from
the drift. The values for the rock far from the drift
were found to be of the order of 2 x 10~5 to 7 x 10~6
and the porosity in the 10 m nearest the drift was
found to be 15.5 x 10~ 5 , which indicates that the
presence of the drift has increased the porosity. The
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water residence times which were used to estimate the
porosity varied considerably between sheets. Also the
residence times for major flow paths and averaged flow
paths were quite variable. These and other observations
indicate the presence of channeling. This adds further
to the need to use the average properties with
considerable caution. The presence of tritium in some
sheets, for example, indicates that there is some pare
of the porosity which is not well connected to other
parts of the rock porosity.

Dispersion
Three mechanisms for "dispersion" have been modeled:
hydrodynamic dispersion, channeling, and matrix
diffusion effects. Hydrodynamic dispersion is modeled
as Fickian diffusion. It can be quantified as a Peclet
number, Pe, a dispersion length, a, or dispersivity,
DL. Channeling has been modeled as if flow were to
take place in a multitude of independent channels with
a known flow rate distribution. The distribution of
channel apertures is modeled as being log normal and
the cubic law is assumed to be valid. The channeling
can be quantified by a single entity, the standard
deviation in the log normal distribution of apertures.
Other ways of describing channeling are known, e.g. by
assuming a given number of channels (two, three, four
or more), each having known characteristics. In the
latter approach at least one parameter value must be
assigned to each channel and it is our experience that
such values seldom can be uniquely chosen. If no
independent information is known for the channels this
approach gives dubious results. When the channels are
few the first approach is not good either because it
implicitly assumes that the statistics apply to a large
number of channels. The evaluated Peclet numbers range
from very low values, less than 4 to about 35. Values
less than 4 indicate that the transport to a large
extent is dominated by dispersion. For values of Pe <
1, as was found in many of the fitted curves, the
hydrodynamic dispersion description is very dubious. In
molecular diffusion situations it would imply that the
molecular diffusion in the mobile water dominates the
transport of the tracer over that induced by advectior..
In the present case the dispersion is induced by the
advection and it is not easily conceived how advection
can be neglected in comparison to the dispersion if the
latter is induced by the former. Seemingly very low
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Peclet numbers (high dispersion) are easily attained
when there are channels which have different velocities
and which do not mix their waters much over the travel
distance. It may be illustrated as follows: A system of
two channels which have the same flow rate and no
dispersion, but where the velocity in one channel is 2
times that in the other, would have a Pe = 2 . 5 if
evaluated by the method of moments.
The models used do not describe some of the important
causes of dispersion and attempt to force the parameter
values to account for processes which they cannot
account for. This is clearly seen in the fitted
concentration curves. The model results cannot describe
the several ups and downs in the experimental curves.
Furthermore, the experimental curves in adjacent sheets
with the same tracer in many cases are quite
dissimilar. This indicates that there may be more or
less independent pathways. This is supported by other
information such as the presence of tritium in some
sheets and the very large variations in the ratios
between tracers in adjacent sheets. If there was a
regular mixing constantly occurring, which is the basis
for the concept of hydrodynamic dispersion, then the
curve forms and the ratios in adjacent sheets would
behave in a much more regular way.
Tsang et al. (1991) used a Toeplitz matrix analysis to
separate the different channels in the 3D experiment.
They found that the different tracers had travelled
through 2-5 different channels.
The transverse spreading of the tracers to many
different sheets which most often contain different
fractures indicates that the tracers have spread to
several channels in one fracture and that they have
spread from the channels in one fracture to channels in
other fractures. This would be called transverse
dispersion in a homogeneous porous medium and could be
quantified by a transverse dispersivity. In this case
where the flow rates are so very variable between the
sheets we have found no meaningful way to evaluate an
equivalent transverse dispersivity. The tracers will
follow the water and will of course not be found in thtj
dry areas of the rock. Most of the tracers have spread
to a very large part of the sheets in the center of th'
drift where there is water flow. The tracers have
spread out over the entire covered width of the drift
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(7 m) and tor 10 to 20 m along the drift. This has
taken place over travel distances which vary between 1C
m and more than 30 m. The spreading may have occurred
gradually along the travel path but it may also be
argued that it may have taken place mostly near the
drift where the porosity has increased due to the
presence of the drift. The latter case is however not
probable because there are large variations in the
curve forms and in the ratios of tracer concentrations
between adjacent sheets. Also the tracer concentration
ratios do not seem to vary in a regular fashion.
Measurements of the matrix diffusion properties of the
tracers used in Stripa granite have been performed.
Models including the matrix diffusion effects have beer,
used to fit the tracer curves. The fits improved only
marginally. A more sensitive approach was also taken,
namely, to try to attribute the loss of tracer to
diffusion into water that is stagnant in the matrix or
in the fractures.
The results show that for the tracers to have been
taken up by the rock matrix, fracture spacings
(equivalent water carrying fractures) for the dyes of
between 7 and 40 cm and for iodide between 50 and IOCcm are needed. These values are probably much too small
considering that about 100 prominent fractures are
visible in the whole drift of 100 m. The diffusivity
data used were for intact rock. It is known from other
measurements that the rock and fracture coating or
alteration materials adjacent to water-conducting
fracvures may be much more porous and have much higher
dif^usivities. If this is the case then matrix
diffusion effects may have played an important role ir.
these experiments.

Channeling
The water flow is very unevenly distributed over the
investigated portion of the rock. There are large dry
areas extending over many tens of meters. If the Strip:
rock is representative for low-permeability granites,
then the use of porous medium models with essentially
constant properties may give results with unknown and
probably large errors for water flow and especially fc:
tracer transport. The results of the tracer experiment..:
and the tritium measurements give strong support to trv.
notion that a non negligible portion of the flow taker,
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place in channels which have little contact with each
other. This c&r.not be treated by the models which have
been appliea : r. the analysis of the experiment. A
probably frui\:f_l avenue would be to try to incorporate
the variability in the models. So-called stochastic
models are available for porous media and some attempts
to apply them to this type of rock have been made
recently (Gelhar, 1987; Moreno et al., 1987,1988; Tsang
et al., 1988). These models need considerable amounts
of data to obtain the statistical properties. They also
must be made to incorporate the correct processes. The
mechanisms of diffusion into stagnant pools of water,
matrix diffusion, frequency of mixing, and especially
the connectivity of channels will have to be studied
more.
Recently the channel network model has been used to
evaluate the 3D experiments (Moreno and Neretnieks,
1991) . This rr.odel reproduces the flow and tracer
pattern well in a stochastical sense and seems to be a
promising model concept for the description of flow and
transport in fractured rock.
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2.4

THE CHANNELING EXPERIMENTS

2.4.1

Background
It has been recognized that most of the water in
fractured rock only flows in a limited part of the
fracture planes (channeling effects) and that this has
a strong impact on flow and transport properties. Fast
channels may carry some of the mass of the
radionuclides considerably faster than the average flow
and may thus give this portion less time to decay.
Channeling further aggravates the retardation of
sorbing nuclides because less surface area for sorption
is available in a channel within a fracture than if the
entire fracture surface area is exposed to the flowing
water.

2.4.2

Experimental design
The channeling experiments were designed to study
channeling properties within single fractures (single
hole experiments) and to study interconnection and
mixing between channels within a single fracture
(double hole experiment). The experiments were
performed at the 360 m level.
Prior to any tests, the boreholes were photographed
from within along the fracture visible in the hole. The
enlarged photos were used to measure visual aperture,
thickness of infilling and number of fracture
intersections along both sides of the borehole. These
physical properties were later compared with the
results from the water injection tests.

2.4.3

T q single hole experiments
To be able to investigate the fracture characteristics
along a fracture plane, a large diameter (O 200 mm)
hole was drilled along the fracture plane to a depth of
about 2.5m from the face of the drift. To facilitate
the drilling, only planar fractures well seen in the
drifts were selected for testing.
A multi-pede packer, the Multipede, was inserted into
the hole to seal off the hole from the drift, see
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Figure 2-24 . The packer was used to inject water with a
constant pressure all along the intersected fracture
plane. The equipment allowed for individual flowrate
monitoring in 20 sections at a time along the fracture
plane with a resolution of 1/100 ml per hour. The 50 *
50 mm sections were located in a row, 50 mm apart. The
parts between the sections were sealed off. The
injection flowrates were monitored separately for the
"left" and "right" side of the hole. To cover all parts
of the fracture intersections, four sets of
measurements had to be performed including one 50 mm
movement of the Multipede packer. These experiments
gave information on flowrate distribution with a
resolution of 50 mm on both "sides" of the fracture.
The duration of the injection tests were between 5 and
10 hours and the pressure used was close to 0.2 MPa.
These detailed single hole tests were performed in 5
different fractures. Another 5 fractures were
photographed and the flowrate distribution measured in
a more coarse way.
The information obtained from the photographs and the
flowrate measurements were used to obtain means,
variances and variograms of the visible aperture and
the injection flowrates.

Figure 2-24.

A fracture with an investigation borehole
and the Multipede packer.
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2.4.4

Double hole experiment
One of the fractures used in the single hole tests has
been investigated in more detail. A second hole,
parallel to the first, was drilled in the same fracture
plane at a distance of about 2 m. Hydraulic tests and
tracer tests were made between the two holes to obtain
information on connections in the plane of the fracture
and residence time distributions in different paths
(channels). The fracture plane between the holes seen
at the face of the drift was prior to the tests sealed
with epoxy glue to prevent water dissipation.
One of the holes was pressurized either in one 50 * 50
mm window, the rest of the hole being closed off by an
inflatable packer, or in other tests by pressurizing
the entire hole. The pressures in the receiving hole
were monitored in 20 sections using the Multipede
packer. These pressure tests were run in both
directions. Figure 2-25 illustrates the experimental
setup for the double hole experiment. The situation
where the entire hole is pressurized is shown.

Side 2

Hole 1i
Side 1

Side

injection

Hole 7/1

2

I
Side 1

Figure 2-25. Experimental setup for the double hole
experiment.
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The pressure connection information formed the basis
for the design of the tracer tests from one hole to the
other. 5 different conservative tracers were injected
at different locations in one of the holes and
monitored for in the other hole.

2.4.5

Results and interpretation
The photographs of the fracture in the single hole
experiments gave information on visual apertures and
Figure 2-26 shows an example of these data for one side
of a fracture extending nearly 2.5 m into the rock. The
measurements are made as averages over 10 mm length
along the fracture. Figure 2-27 shows the variation of
injected flowrate in 50 mm sections along both sides of
the same fracture. The first of the flowrate curves
corresponds to the same side as the visual apertures
showed in Figure 2-26. A few of the sections have
negative flowrates which indicates leakage in those
areas. Figure 2-28 shows the number of fracture
intersections on side 1 of the same hole.
The mean flowrates in the 50 mm sections for the 5
holes with each 2 sides were between 0.04 and 1 ml/h.
The logarithmic (base 10) standard deviation of the
flowrate distribution varied between 0.32 and 1.02. No
correlation between visual apertures or number of
fracture intersections on one hand and the injected
flowrates on the other hand were found. Visual
apertures were order(s) of magnitude larger than
hydraulic apertures.
Opening

area

[mm2/cm]

12 t

50

100

150

200

Depth [cm]
Figure 2-26,

Example of fracture apertures based on
photo logs, side 1 of a fracture.
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Flowrate [ml/cm/h]

Side 1

4.5

-1.5

Depth [cm]
Flowrate [ml/cm/h]

Side 2

1.5 T

0.5

-0.5

Depth [cm]
Figure 2-27.

#

Injected flowrate in both sides of a
fracture in 50 mm sections along the
hole. The upper diagram illustrates
measurements from the same side as in
Figure 2-26.

Intersections

[cm"1]

4 r

2I

50

100

150

200

Depth [cm]
Figure 2-28.

Number of fracture intersections at side
1 seen on the photographs taken inside
the hole.
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Kriginq was used to study how far into the fracture
from the observation points along the hole the aperture
could be assessed with any degree of confidence. The
variograms obtained from both visual apertures and the
detailed flow distribution measurements were used. It
was found that the prediction of apertures could not be
made for more than 10 cm and often less. The flowrate
distribution can be estimated somewhat further but
still only for so short distance that it is not useful.
Figure 2-29 below shows variograms of visual apertures
from two different fractures. Figure 2-30 shows
variograms of flowrates into 50 mm sections of the same
fractures.

4 -I
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100

200
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Figure 2-23.

200

Distance (cm]

Variograms of visual apertures for two
fractures.
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0.25 '
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Figure 2-30.
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159

Diitanca \cm]

Variograms of flowrates over 50 mm
sections in the same fractures as in
Figure 2-29.
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One of the questions addressed was how to translate the
flowrate distribution to a transmissivity distribution.
The following method was used. A large number of
stochastic fractures were generated using the
information on the spatial correlation of the
variograms based on the flowrate distribution. A log
normal distribution of local transmissivities was
assumed. The standard deviation of the transmissivities
was varied between the different realizations. The
flowrate distribution in the stochastic fractures was
calculated with boundary conditions similar to those in
the experimental fracture. The standard deviation of
the flowrate distribution into the stochastic fractures
was calculated. Figure 2-31 below shows the relation
between the standard deviation of the flowrates and
that of the local transmissivities.

0.4-

>
«
0.2
V)

Figure 2-31.

0.5

0.6 0.7 0 . 8 0 . 9 1.0 1.1 1.2
S t . Dev. for T r a n s m i s s i v i t y

1.3

Relation between the standard deviation
of the flowrates and that of the local
transmissivities.

The standard deviations of the flowrates ranged from
0.32 to 1.02 for the 5 times 2 sides of the fractures
measured. The mean was 0.58. It is seen from Figure 231 that the standard deviation of transmissivities is
expected to be about 30 % larger.
The simulated fractures were then used to plot the
ratio of the total flowrate normalized by the average
trar.smissivity as a function of the standard deviatic:
of the transmissivity, as shown in Figure 2-32. The
average hydraulic transmissivities for all fractures
tested with the Multipede may now be estimated. The
results are given in Table 2-10.
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Q/T, [mA3/s]/[mA2/s]
0,7

0,4
0,3 t
0,2 40,5

0,6

0,7

0,8

0,9

1

1,1

Std. Deviation for Transmissivity

Figure 2-32. The ratio of flowrate to transmissivity
versus standard deviation of
transmissivity for 300 stochastic
fractures. Every point represents an
average of 100 fractures.

Table 2-10.

Fracture
# : side

1:1
1:2
2:1
2:2

7 :1
7:2
8:1
8:2

12:1
12 :2

Estimated hydraulic transmissivities for
all fractures tested with the Multipede.

(ml/h)
measured

°Q
measured

0.041
0.032
0.333
0.207
0.949
0.716
0.590
0.137
0.240
0.150

0.368
0.320
0.626
0.793
0.660
0.438
1.03
0.508
0.504
0.530

''aver.

Taver*1010
(m 2 /s)

0.16
0.12
2.0
1.6
5.9
3.2
2.8

0.66
1.1

0.76
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Double hole experiment
The pressure tests in the double hole experiment show
that there are pressure connections between the two
holes in the fracture. The pressure responses are seen
already after a few tens of minutes and in many
monitoring sections the increase in the pressure has
levelled off after 6 to 10 hours. The level reached
varies between much less than one percent and up to 5
percent of that in the injection hole (20 m water
head). These low values indicate a large pressure
dissipation somewhere. This may be due to dissipation
into other fractures intersecting "our" fracture or due
to flow into the monitoring hole by some paths entering
at locations not covered by the multipede "feet". Where
dissipation takes place could not be determined from
the pressure tests.
During the later part of the tracer test, the drift
wall close to the double hole experiment became
strongly colored due to the dyes. This indicates that
pressure dissipation to the drift was one reason for
the low pressure response. No increased water seepage
on the walls of the drift could be noted during the
time the injection hole was pressurized. The drift wall
was however not covered during the pressure test so
only a larger increase in water outflow rates could
have been detected.
To study the transport paths and residence times, five
different tracers were injected at different conductive
points in one of the holes and monitored for in the
other hole. Figure 2-33 shows where the tracers were
injected and where tracers were found. The width of the
streams correspond to the mass flowrate. The two outer
tracers as well as the innermost were not found at
detectable levels in any location in the collection
hole.
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Figure 2-33.

Tracer experiment. Artist's view of flow
paths in the fracture. Widths of paths
correspond to mass flowrates.

Only two tracers were found in the monitoring sections.
One of the tracers, Uranin, was found with a steady
state recovery of about 10 % but in a concentration of
25-50 % of the injection concentration in the different
sections. Duasyn which was injected only 10 cm from the
injection point of Uranin, was found in a steady state
recovery of 1 % but in nearly the same concentrations
as Uranin. These two tracers as well as the other
tracers were later found on the wall of the drift in
three separate areas where the proportion between the
tracer concentrations were quite different.

Discussion and conclusions
The results, regarding channeling, from the single hole
experiments are not contradictory to what has been
observed in other experiments (Bourke, 1988;
Neretnieks, 1988; Abelin et al., 1985). Some parts of
the fracture conduct water but a large part of the
fracture is almost tight. It is impossible to tell fro.-i
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photo logs if a fracture will conduct water or not.
Fractures with visible large openings will in some
cases not take any water. Even if the selected
fractures look similar at the face of the drift a
quarter of them were very tight and could not be used
for measurements.
There is a bias in the fracture selection because the
fractures that have been investigated are those that
from the drift seem to be isolated and planar. However,
these fractures might not always participate in the
major flow in the rock.
The pressure tests as well as the tracer tests in the
double hole experiment show that there are pathways
between the two holes which divert the water from "our"
fracture plane into other paths. A very detailed survey
of the photographs from the two holes used in the
double hole experiment did not show any clear location
of any conductive intersecting fracture. The diversion
pathways probably intersect the fracture somewhere
between the holes. The tracers found on the wall of the
drift were located at distances from the fracture of at
least one meter and cannot be clearly related to
fractures visible on the wall of the drift.
Based on photographs of 50 m of fracture intersections
in total one can say that individual openings within
fracture planes are in the range from millimeters to a
decimeter in length, in rare cases a few decimeters.
These openings normally occur in clusters with widths
of 0.05 to 1 m with 2 to 4 clusters over a length of
2.5m. The open part in one of these clusters is at
mcst half the cluster width and normally much less. The
same results are obtained from the single hole
injection tests. Looking at the infilling thickness, a
footprint of long-term properties, the result is the
same as for the methods mentioned above, except that in
this case, it is possible to find some distinct narrow
channels (50 mm widths). One should, however, keep in
mind that the channels now seen as infilling might not
have been active at the same time.
To sum up these observations, on the average 25 percent
or less of the fracture plane is open to flow, with
individual channel widths from millimeters to a
decimeter. These channels occur in clusters with
cluster widths of decimeters. These clusters occur at
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half a meter to a meter apart, see Figure 2-34.
Individual fractures may however have properties that
strongly deviate from the average.

Fioure 2-34.

» V »V> $ » »V.

Artist 's view of single channels and
clusters within a fracture plane.
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TRACER MIGRATION EXPERIMENTS IN THE VALIDATION DRIFT

Experimental

design

General layout
The Tracer M i g r a t i o n E x p e r i m e n t w a s o n e of a number of
experiments w i t h i n t h e Site Characterization a n d
V a l i d a t i o n (SCV) P r o j e c t . O t h e r experiments h a d p r i o r
to t h e Tracer M i g r a t i o n Experiment been using
geophysical a n d h y d r o l o g i c a l techniques t o c h a r a c t e r i z e
a large "virgin" b l o c k of rock, t h e S C V b l o c k . T h e s e
e x p e r i m e n t s gave i n f o r m a t i o n on location a n d
o r i e n t a t i o n of f r a c t u r e s a n d fracture zones w i t h i n this
block of rock. T h e y a l s o g a v e results from inflow
m e a s u r e m e n t s p e r f o r m e d in b o r e h o l e s a n d in t h e 50 m
long V a l i d a t i o n d r i f t , located 385 m b e l o w g r o u n d
l e v e l . During t h e T r a c e r M i g r a t i o n Experiment t r a c e r
solutions were i n j e c t e d from sealed o f f b o r e h o l e
sections located 1 0 - 2 5 m from t h e Validation d r i f t . T h e
water inflow a n d t r a c e r b r e a k t h r o u g h w e r e m o n i t o r e d in
the V a l i d a t i o n d r i f t .
The V a l i d a t i o n drift h a s a c i r c u l a r cross section with
a diameter of 3 m . A f r a c t u r e zone, t h e H z o n e , is
oriented almost p e r p e n d i c u l a r t o the drift a n d
intersects t h e V a l i d a t i o n drift over a 10 m long
section a p p r o x i m a t e l y 2 2 - 3 1 m from t h e e n t r a n c e . A
number of b o r e h o l e s a r e p e n e t r a t i n g t h e H zone in t h e
vicinity of t h e d r i f t .
F i g u r e 2-35 gives a s c h e m a t i c section view of t h e
Validation d r i f t . T h e C h o l e s were drilled at an early
stage in t h e S C V p r o j e c t for detailed c h a r a c t e r i z a t i o n
of t h e S C V b l o c k . T h e T h o l e s were drilled d u r i n g t h e
Tracer M i g r a t i o n E x p e r i m e n t a n d used a s injection h o l e s
for tracer s o l u t i o n s . T h e T holes start at t h e e n t r a n c e
of t h e Validation d r i f t a n d intersects t h e H zone right
above the d r i f t . T h e t w o C h o l e s that were s u i t a b l e for
tracer injection b o t h start from the 3-D drift at t h e
360 m l e v e l . Hole C 3 i n t e r s e c t s t h e H zone b e t w e e n the
two T holes d i r e c t l y a b o v e t h e Validation d r i f t . Hole
C2 intersects t h e H zone approximately 10 m b e l o w a n d
20 rc beside t h e d r i f t .
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3-D drift

H zone

•••••••••••••i
»••••••••••••i

Validation drift

• Sections used for
tracer injection.
o Sections used for
tracer monitoring.

Figure 2-35. Schematic section view over the
Validation drift and nearby boreholes.

A total of 9 sections, 8 in the H zone and 1 in the low
permeability rock, were chosen as injection sections.
The entire length of the boreholes were sealed off by
using compacted bentonite except for the 0.5-2.0 m long
injection sections. Only sections with high
conductivity were chosen as injection sections. In
Figure 2-35 black spots indicate borehole sections used
for tracer injection. White spots indicate sections
used temporarily for tracer monitoring. Table 2-11
gives information about the injection sections.

Water collecting system
The entire burface of the 50 m long Validation drift
was of interest when investigating water and tracer
distribution. Water inflow measurements to the
Validation drift were done using three different
techniques: plastic sheets, sump holes and ventilation
measurements. Continuous measurements were done for
approximately ten months.
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Water samples for tracer analysis were taken manually
on a daily basis from sampling areas in the Validation
drift. In places with large water inflow, the water was
lead to a system for automatic collection of water
samples which allowed more frequent sampling. With this
system samples were taken every eight hours from 30
sampling areas with the highest water inflows. Among
the samples, some were chosen for tracer analysis.

Tracer injection system
When injecting tracers, the ambition was to inject
small amounts of tracer solution into a section with
considerably larger natural water inflow rate to keep
the disturbance due to injection as low as possible.
The main requirement on the tracer injection system was
that it should deliver constant injection flowrates in
the order of a few ml/h even if the pressure in the
injection section should be as high as 3 MPa.
Furthermore, the injection system should be able to
operate continuously for several months in field
environments. A system was designed, which proved to
fulfill all these requirements.

Injection sections in boreholes
The distance to the drift, used in Table 2-11, is the
distance between the injection section and the area in
the drift where the major part of the mass flow was
collected.
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Table 2-11

Location of injection sections in the
T and C holes.

Hole Section

Depth in Inflow
hole, [m] [ml/h]

Distance to
d r i f t , [m]
10
11
15

4.0
-

21
25

17.5
19.0
30.0

1530

22

15.0

63

15
18

4.0
2.0

31.0-31.5
32.5-33.5
37.0-38.0

2640
2530
10930
11800
17650

22

3

38.2-38.8
39.7-40.2
43.2-43.7

C2

1

58.9-59.9

C3
C3

1
2

55.8-57.8
63.8-64.8

Tl
Tl
Tl

2

T2
T2
T2

2

1
3
1

I n j . flow
[ml/h]

930

17

Figure 2-36 shows when and where the different tracers
were injected during the 10 month experiment. Water
samples were collected in the Validation drift during
the entire experiment. From May 1991 urtil the end of
the experiment, the water sampling was extended to also
include the three Tl sections. These injection sections
were then kept at zero pressure.
1990
s p

*

Oa

1991
May

Hov

|

Jun

Tb / Elbenyl

T1:2
T1:3
T2:1
T2:2
T2:3

R« / R O M Bengal

Sf

Oy / Phk»in« B
Eu / Duasyn

Oa I Eosin V

GO / Eotln Y

Dy / PNoxIn B

C2.1

Ho / Uranin

C3:1
C3:2

Eu / Duasyn

Tracer in|ection
Water sampling

Figure 2-36.

Time schedule for tht Tracer Migration
Experiment.
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Tracers
The six dyes used in the Tracer Migration Experiment
have earlier been used in the 3-D Migration Experiment
(Abelin, 1987). The fact that large volumes of these
tracers could remain in the rock volume adjacent to th-..Validation drift stressed the need for an additional
set of conservative tracers.
A set of lantanoids together with ReO^" were chosen as
alternative tracers. When using lantanoids, they have
to be in the form of chelate complexes usually with
EDTA or DTPA as ligand to make them nonsorbing. DTPA
complexes were preferred to EDTA complexes because of
somewhat higher stability constants. Among the
lantanoids, Eu, Gd, Tb, Dy and Ho have the highest
stability constants and are thus best suited to be used
as conservative tracers. Finally, because of
encouraging laboratory and field results ReO^~ was
added to the list of metal tracers.
Using only the metals was considered to uncertain
because some of them had never before been used in
field experiments. Furthermore, the metal tracers can
not be visually detected, which is a significant
drawback when to determine where and when to take water
samples for tracer analysis. It was therefore decided
to use the two sets of tracers in parallel. A mixture
of two tracers, one dye and one metal, were injected
simultaneously from each injection point.
Tracer monitoring in the Tl hole
The water inflow rate observed in the Validation drift
was one order of magnitude lower compared to inflow
rates in the D holes. This can be explained by the
existence of a disturbed zone around the drift and
possibly by two phase flow. In order to study tracer
transport without the influence of a disturbed zone, it
was of interest to monitor the tracer breakthrough in
borehole sections as well as in the drift. In an
additional test, tracer breakthrough curves were
monitored in sections Tl:l, Tl:2 and Tl:3 while
injecting tracers 10 m away in T2. Effects of a
disturbed zone around the Validation drift was then
eliminated. This in between hole experiment was done
during the last months of the Tracer Migration
Experiment to reduce the disturbances on the tracer
breakthrough curves to the drift.
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Berore start of injection, the three injection sections
in Tl were open for two weeks in order to stabilize the
concentrations of the "old" tracer solutions.
Thereafter three tracer solutions were injected in the
three injection sections in T2. The injection flowrates
earlier used in T2, were used again. The three sections
in Tl were kept open during the entire experiment.
Water samples from the sections in Tl were collected
every 8 hours. Tracers were injected during 9 days and
tracer concentrations were monitored two weeks before
start of injection and 4 weeks after.

Water inflow measurements
The total water inflow to all sampling areas in the
Validation drift was about 6000 ml/h. Altogether 49
sampling areas had measurable inflow rates ranging from
0.01 ml/h to 3000 ml/h. These "wet" areas covered 64 nv~
out of a total area of 441 m2 in the drift. More than
99 % of the water emerged into the 6 m long
intersection with the H zone, see Figure 2-37.

Distance from drift entrance (m)
O

£
c
CO
Q.

Figure 2-37.

Water inflow distribution into the
Validation drift.
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50 t of the total water inflow was located in one
single sampling area situated in the lower part of the
drift wall. The remaining 50 % of the water inflow waa
distributed equally between the upper and lower
sections of the drift, i.e. between plastic sheets and
sumpholes. The major part of the water inflow was found
in a fe / sampling areas, as illustrated in Figure 2-38.

Fraction [%]
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•
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1
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1
7

1

1

1
10

Number of sampling areas

Figure 2-38.

Fraction of total water inflow as
function of number of sampling areas.

Among the many hundred fractures seen in the drift,
there are two major fractures in the fracture zone that
dominate the water inflow to the drift. Sampling areas
with high water inflow rates, accounting for more than
90 % of the total water inflow, are intersected by at
least one of these two fractures. However, these two
fractures also intersect areas with low and even
unmeasurable water inflow rates!
The observations noted above together with Figures 2-37
and 2-38 illustrate the uneven flow distribution in the
drift and also along the trace length of a fracture.
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Tracer breakthrough
A total number of more than 200 breakthrough curves
were obtained. Out of these, 50 for the dyes and 70 fcr
the Me-DTPA complexes could b<* used for fitting vlch
the advection-dispersion (AD) model and the adveetiondispersion-matrix diffusion (ADD) model.
The fitting of the tracer transport gives mean
residence times, tw, from 1200 hours up to 5C00 hours
for most of the breakthrough curves. Looking at the
results, it is obvious that a tracer injected in one
injection section has similar t w independent of
sampling area in the drift. Typical Pe numbers are
between 2 and 6. The dilution factors vary from 50 to
1000 for the different tracers. Figure 2-39 shows
experimental points and fitted curve for one of the
breakthrough curves. A compilation of typical values
obtained from fitting with the AD-model is given in
Table 2-12.

50 H

Sheet 279, tracer Gd
P e - 4.6
T w «3300
DF-11

o

1000

2000

3000

4000

5000

Time[h]

Figure 2-39.

Advection-dispersion model. Experimental
points and fitted curve.

r

"e-DT?A complexes. Typical values
obtained with AD-model fittina.
t Vi
[h]

?e

Ti ; 2
T>2 • i

T2:3
C2:I
C3:l

3-8

1200-2000
2000-4000
3000-5000
1300-2200
1500-2500

1 .5-3
2-6
2 ^— ^
2-7

DF

50-200
50-100
50-4000
40C-1200
100-1000

In j . dis*" ar c[m]
(10)
(20)
(20)
(25)
(15)

Table 2-12 shows that there are large differences in
the transport properties for the different injection
sections, even though they in some cases are separate
by only a few rr.eters. Figure 2-40 shows the
instantaneous recovery, defined as the maximum mass
flow of tracer found at any time divided by the
injection mass flow, for tracers injected in two nea;
sections in the H zone. Both these tracers were
injected approximately 20 m above the drift from the
saxe borehole, T2, and only 5 m apart. In spite of
this, the transport properties are quite different, =
Table 2-12, and the largest instantaneous recoveries
are found in different sampling areas.
7,2 i R e

Oistanca rrom dnP an franco

Figure 2-40.

T2:3 Gkf

^rorr dnft *ntrance fmj

Instantaneous recovery for the tracers
injected in T2:1 and T2:3.

The major mass flowrates of the tracers are, in tru
th
same way as the water inflow rates, limited to a few
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sampling areas. The six tracer injections show
different concentration patterns in the drift and rr.ay
be grouped into three different groups accordingly to
their patterns, see Figure 2-41. All groups have their
major rr.ass flowrates United to different sections
along the fracture with the largest water inflow. This
fracture is shown in the figure.
Figure 2-42 shows the total recovery as a function of
the number of sampling areas. Between 20 and 75 -s of
the total mass found in the drift of a tracer is found
in one sampling area. Roughly 75 % of the total
recovery for a tracer is found if three sampling areas
are considered, as in Figure 2-41.

3-D drift

T2:1
Validation drift

T1:2, T2:3
C2:1, C3:2

C2:1
Sampl ng areas in the H-zone
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Figure 2-41.

Sampling areas where the major mass flow
rates for the tracers are found.
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Figure 2-42.

Me-DTPA complexes. Fraction of t o t a l
recovery as function of number of
sampling areas.

Figures 2-41 and 2-42 illustrate the uneven tracer
distributions found in the drift.
Tracer recovery is illustrated in Figure 2-43 where all
sampling areas that have measurable concentrations of
tracers are added to give the total recovery in the
drift for the six metal complexes. Differences in mean
residence times and first arrivals can be seen.
0.8-1

0.6-

|
0C
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1000
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4000

5000

Time after start of injection (h]

Figure 2-43.

Me-DTPA complexes. Recovery as function
of time.
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The recoveries were lower for the dyes than for the MeDTPA complexes. It was also noted that the breakthrough
curves were different. Due to these observations, high
sensitivity sorption and rock matrix diffusion
experiments were started. The matrix diffusivity was
found to be almost the same for dyes and Me-DTPA
complexes, while some of the dyes might be slightly
sorbing or degrade with time. Weak sorption is very
hard to measure in a laboratory experiment, but may
strongly influence the shape of a breakthrough curve in
a field experiment.
The mean travel times were considerably smaller in the
experiment where tracers were injected in borehole T2
and collected in Tl. The distance between these holes
is 9.5-12 m, which is comparable to the distances
between some of the injection sections and the
Validation drift, see Table 2-12. A compilation of
typical values obtained with the AD-model in the T2-T1
experiment is given in Table 2-13. There is a high
uncertainty in the obtained parameters due to high
background concentrations caused by earlier injections.

Table 2-13.

Section

T2:l
T2:2
T2:3

2.5..

Me-DTPA complexes in the T2-T1 experiment . Typical values obtained with ADmodel fitting.
DF
[-]

Pe

8
2-10
15

500
700
300

200
60
50

Distance to Tl
hole, [m]

(9. 5)
(10 .0)
(12 .0)

Discussion
In early stages of the SCV project, before the drift
was excavated, seismic and radar measurements indicated
the existence of several major fracture zones, among
them the H zone intersecting the Validation drift. The
next step in the project was to drill six boreholes,
the so called D holes, at the exact location where
later the drift was to be excavated. Water inflow
measurements to these boreholes gave inflow rates
almost one order of magnitude higher than those later
measured in the drift.
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Pressure measurements performed in the injection
sections of the Tl, T2 and C3 holes, which all are
located above the Validation drift, do not show any
evident pressure gradient towards the drift. These
seven injection sections situated 10 to 20 m above the
drift in the H zone have the same pressure head.
The low water inflow rate to the drift compared to the
inflow to the D holes and a situation where the
pressure drop is limited to a narrow section reaching
only a few meters outside the drift indicate the
existence of a disturbed zone around the drift. The
effect of the disturbed zone is also seen in the
radar/saline tracer experiment (Olsson et al., 1991)
where tracers were injected both before and after the
excavation of the Validation drift. Considerably lower
values of the mean travel time were obtained during the
first experiment when the D holes were used as sampling
holes. Similar observations have been made in the
Tracer Migration Experiment when comparing values of
mean travel times from breakthrough curves obtained in
the Validation drift and in Tl. The values obtained for
the between hole test are close to one order of
magnitude lower than those to the Validation drift.
Although the flowpaths are not identical, the
difference in mean travel time are remarkable.
If one compares the water inflow distribution into the
D-holes with corresponding data for the Validation
drift, the magnitude of the water inflow rates is
changed but the distribution seems to be the same. This
would imply that basic information obtained in this
experiment, such as tracer distributions and
preferential flowpaths within channels, should be valid
even if the actual values of mean travel times are
exaggerated. A large number of boreholes are
intersecting the H zone. The sections of these holes
that intersect the H zone have water inflow rates that
vary more than three orders of magnitude and are in
some boreholes almost as low as in sections in the low
permeability rock outside the H zone. Each borehole may
have none, one or a few sections within the H zone with
significantly increased water inflow. It appears that
the H zone has sections with high permeability as well
as low permeability and that the water flow
distribution has a similar uneven distribution in
boreholes as in the Validation drift. It is remarkable
that the water flow within a fracture zone, as in the
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low permeability rock, is located to a few fractures
even though the fracture frequency and hydraulic
conductivity is increased compared with the low
permeability rock.
The mass flow rates of tracers are, in the same way as
the water inflow rates, dominated by a few sampling
areas. The six tracer injections show different
concentration patterns in the drift and may be grouped
into three different groups accordingly to their
patterns. All groups have their major mass flowrates
limited to different sections along the fracture with
the largest water inflow. For some of these patterns,
the most of the tracer can be found in a sampling area
with considerably lower water inflow rate than in the
adjacent sampling areas.
The observations discussed above indicate that the
transport of tracers in a fracture zone, as well as in
the low permeability rock, takes place in more or less
isolated channels. The fact that the largest tracer
mass flowrates for four out of the six injection
sections were found in the same sampling areas in the
Validation drift indicates that the number of channels
important for tracer transport and connected to the
Validation drift is very limited. Tracers injected at
different locations find the same way to the sampling
areas in the drift. The large variation in mean travel
time for these tracers must therefor be an effect of
the initial migration of the tracer from the injection
section to the flowpath, channel, that is connected to
the Validation drift. The uniform mean travel times for
a tracer independent of sampling area also indicate
that the transport from the injection section towards
the drift most likely occur in one or a few major
channels. However, close to the drift the tracer seems
to spread oat over a large area. This phenomenon can be
an eifect of the disturbed zone due to the excavation.

r

74
2.6

.6.1

SOME EXPERIENCE GAINED FROM THE TRACER TESTS

Introduction
Considerable experience have been gained during the
twelve years of experimental activities in the Stripa
mine on how to perform tracer tests. A comprehensive
description of the considerations taken regarding
experimental layout, design of equipment and choice of
tracers has been compiled in the instrumentation
reports for the different tracer experiments. In the
following section, an attempt has been made to sum up
some of this experience. It is, however, impossible to
write a guideline about how to perform a tracer
experiment, since tracer tests differ in aims, scale
etc. The design depends also to a large extent on the
site where the experiment is to be performed.
A basic criterion when to perform a tracer test is to
have a firm concept or preferably a knowledge of
flowpath systems and mechanisms affecting the tracer
migration. With this concept/knowledge about a site
that is to be investigated at least some of the gained
experience should be possible to apply in future tracer
tests even in geological media significantly different
from the Stripa granite.

2.6.2

Evaluation of breakthrough
Already when planning a tracer test one has to consider
how to evaluate the breakthrough curves that,
hopefully, will be obtained. This consideration will to
a large extent determine how to perform the tracer
injection and sampling. The injection equipment for
long time injections must be designed for long term
service and so that it easily and swiftly can be
serviced. High precision constant flow rate injections
has been found to have considerable advantages over
constant head injection equipment. Time and resources
spent on designing the injection equipment is well
worth the effort.

I
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2.6.3

Tracer injection equipment
The tracer injection equipment has been significantly
refined over the years. Tracers were injected with a
constant pressure in the 2-D and 3-D experiments. This
allowed the injection flowrates to vary considerably
with time due to pressure build up in the vicinity of
the injection point and outer disturbances. The results
from constant flow rate injection test are easier to
interpret visually as well as mathematically.
In the Tracer Migration Experiment a new technique was
developed for continuous injection of tracers with
constant injection flowrate. The system was able to
deliver constant flow rates in the order of a few ml/h
for time periods of many months. The low injection flow
rates imposed a minimal disturbance in pressure and
flow field in the vicinity of the injection sections.
The constant injection flow rate significantly
simplified the evaluation of the breakthrough curves.
The injection system was found to work without any
major problems during the entire tracer experiment and
should be very useful in future tracer tests when
constant injection flowrates are desired.
The injection holes in the 3-D experiment and the
Tracer Migration Experiment w>re sealed with compacted
bentonite except for the sections selected for tracer
injection. This ber.tonite packer system proved to work
well, be reliable, cheaper than conventional packer
systems and fairly easy to install. The risk for
failure with time is also reduced, since the system
does not rely on for example compressed nitrogen that
has to be used with conventional inflatable packer
systems. The drawbacks are that there is a limited time
for installation and that the packer system can not be
moved once installed.
It is recommended to use bentonite packer systems in
future tracer tests, but it is wise to first test the
installation technique in a borehole that is not
critical for the performance of the tracer test.

2.6.4

Water and tracer sampling equipment
The design of the water and tracer sampling equipment
depends on what is to be measured and the scale cf the
experiment. If one prior to the experiment considers
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how the data will be used and what phenomena the
experiment is aimed to study, see "Evaluation of
breakthrough curves" above, the sampling arrangement
will to a large extent be determined.
It has been found valuable to have ?. large number of
samples, some which are analysed as soon as possible
and some which are saved and can be used later to
confirm some unexpected or dubious results. These
"extra" points on the breakthrough curve have been
found very valuable when later evaluating seemingly odd
concentration values which may depend on noise in the
analysis or unexpected changes, e.g., due to migration
within several individual flowpaths.

2 .6.5

Tracers
The tracer experiments have mainly been performed with
tracers that at least were aimed at to be non-sorbing
and very stable in the Stripa water and rock. Three
main types of tracers have been used: salts (I", Br'
and F"), dyes and metal-complexes. The major advantage
with the dyes is that they can be visually detected.
Dyes are, however, sensitive to exposure of light and
their light absorbance is often pH dependent. The salts
and especially the dyes are cheap and easy to analyse.
The analysis of these tracers can be made at the site
or even under in-situ conditions. The metal-complexes
had in our case to be analysed in a remote laboratory
which influences the cost as well as the time before
the results were available. The detection limit is
however considerably lower for the metal complexes and
there is not any interference problem even if several
metal tracers are used at the same time.
Dyes were used in tandem with the metal complexes in
the Tracer Migration Experiment. The lower recovery and
later arrivals for the dyes relative to the metal
tracers indicate that the dyes are slightly sorbing. If
these sorption properties are carefully determined,
than the use of dyes in tandem with non-sorbing tracers
in a future tracer test could be used as a direct
technique by which to assess the flow wetted surface..
What type of tracers to use in future tracer
experiments depends on the geological formation that is
to be tested. A type of tracer which has been found to
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be non-sorbing when used in Stripa is not necessarily
non-sorbing in other geological formations and must
therefore be extensively tested prior to use. If
possible, a combination of dyes and metal complexes, as
in the Tracer Migration Experiment, is strongly
recommended for use in future tracer tests.
To use sorbing tracers, such as Sr, is of interest in
tracer tests but is usually problematic due to high and
varying background concentrations in the groundwater.
This problem was solved by injecting the isotope 86Sr
which makes up a small fraction of natural Strontium
and thereby changing the natural 86Sr/88Sr ratio. When
using ICP-MS for analysis, it is possible to detect
86
Sr breakthrough as a change in the 86Sr/88Sr ratio. No
Sr breakthrough was detected, as expected, in the
Validation drift nor in the Tl borehole, but the method
seems promising and could be applied in future tracer
tests.

2.6.6

Experimental layout
The use of a drift vs boreholes to collect tracers has
been much debated during the Stripa experiments. The
presence of a drift seems to change the flow properties
in the vicinity of the drift. The causes are not fully
understood at present. It is possible to use boreholes
to collect tracers as, e.g., in the simulated drift
experiment. This would at least eliminate the effects
of excavation. The number of sampling points would
probably be much reduced then, however. An advantage of
boreholes is that the boreholes could be arranged in
vary different patterns, e.g., as a planar "screen"
over a very large area, say, 50 holes in an area of
100*100 m where the tracers could be collected form
injection holes located at say 50 m distance from the
screen. This would ensure a well controlled nearly
linear flow in a large rock mass. We hesitate
considering the costs, however.
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OVERVIEW OF FLOW AND TRANSPORT OBSERVATIONS TO THE
VALIDATION AND 3-D DRIFTS

3 .1

INTRODUCTION
The water and tracer flow were monitored in similar
ways both in the 3-D Migration Experiment and in the
Tracer Migration Experiment in the Validation drift
(TME). It is therefore interesting to compare the
distributions regarding flow and tracer transport since
the findings in the 3-D drift were obtained in average
fractured rock and those from the TME in a fracture
zone.
Both these experiments were based on monitoring water
and tracer flow into plastic sheets glued onto the
upper parts of the drifts. The sampling was however
extended to also include the lower part of the drift in
the TME by using short boreholes, sumpholes, at
locations where water visually was detected. Some "wet"
spots in the lower part of the 3-D drift were also
monitored on a regular basis. These measurements are
considered to be more uncertain because of less
sophisticated sampling equipment and a lower ambition
level. A significant difference in the sampling for the
upper covered sections of the drifcs is the use of
slits and steel plates in the TME. Early it was noted
that the method of putting up plastic sheets with glue
did not work well in the fracture zone, H zone, which
resulted in water leakage between the plastic sheets
causing erratic flow measurements. The installation of
the steel plates seemed to prevent this leakage. After
the installation about the same amount of water was
found in the upper part of the drift as in the lower.
Slits and steel plates were not used in the 3-D
experiment. This might have caused some erratic
measurements, but it should be noted that the tota/
amount of water emerging into the 3-D drift was
significantly lower compared to the Validation drift.
Because of the lower water inflow rate the leakage
between plastic sheets in the 3-D experiment was
probably very limited.
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The quality of water and tracer data is better from the
TME compared to the 3-D experiment. This is mainly due
to a significant refinement of injection, sampling and
tracer analysis techniques. The water and tracer data
from the 3-D drift have been revised for this
comparison with the observations in the TME. The
numbers and distributions given in the following
compilations for water flowrates and tracer occurrence
do therefore not necessarily have to be identical to
those given in the report about the 3-D experiment
(Abelin et al., 1987). A number of uncertain
observations and unstable sampling areas have been
excluded giving the remaining data a higher standard.

3.2

FLOWRATE DISTRIBUTIONS
The 3-D drift has a length of about 100 m and consist
mainly of grey granite with a rather even fracture
density except for a section of the right arm, which is
intersected by red granite with an increased fracture
frequency and water inflow rate (see Section 2.3). The
water inflow rate to the 3-D drift was:
700 ml/h into upper part (plastic sheets)
4 00 ml/h into covered areas in the lower part
200U ml/h from the uncovered part, measured in the
ventilation air
This adds up to 3100 ml/h of which 700 ml/h were
collected in the upper covered part, where frequent
sampling could be done. Measurable amounts of water
were found in 104 sampling areas when all uncertain
sampling areas had been excluded.
The Validation drift has a length of about 50 m and
consist mainly of grey granite with an even fracture
frequency except for the 6 m long intersection with the
H zone in the central part of the drift which consists
of red granite with an increased fracture frequency and
water inflow rate (see Section 2.5). The water inflow
rate to the Validation drift was:
3000 ml/h into upper part (plastic sheets)
3000 ml/h into the lower part
300 ml/h from the uncovered part, measured in the
ventilation air

1
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This adds up to 6300 ml/h of which 6000 ml/h were
collected in the upper covered part or the sumpholes in
the lower part. Measurable amounts of water was found
in 51 sampling areas located in the upper as well as
the lower part of the drift.
The numbers given above gives average water inflow
rates of 31 ml/h/m for the 3-D drift and 126 ml/h/m for
the Validation drift.
The amount of water measured in sampling areas is 700
m/h respectively 6000 ml/h. The distribution is more
uneven in the Validation drift where one sampling area
contributed 50 % of the total water inflow rate. The
sampling area in the 3-D drift with the largest water
inflow gave about 10 % of the water inflow into the
entire 3-D drift. The fraction of the total water
inflow rate as function of number of sampling areas for
the two drifts is illustrated in Figure 3-1.
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Figure 3-1.

Fractions of total water inflows as
function of number of sampling areas.

The number of sampling areas with measurable amounts of
water inflow was about twice as large in the 3-D drift
then in the Validation drift. In spite of this it can
be seen in Figure 3-1 that the inflow distribution is
significantly more uneven in the Validation drift. This
is mainly because of the 6 m long intersection with the
H zone in which about 99 % of all emerging water was
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collected. The water inflow distribution is more uneven
in the fracture zone even though the fracture zone has
an significantly increased fracture frequency and
hydraulic conductivity compared to the average
fractured rock. One question that is unfortunately
still not resolved is to what extent the drifts have
influenced the observations due to release of dissolved
gases, rock stress redistributions etc.
Figures 3-2 and 3-3 illustrates the number of sampling
areas within a given flowrate interval.

Number of sampling areas

10 T

0,8

6.4

51,2

409,6

>1638,4

Flowrate, upper limit [ml/h]

Figure 3-2.

Validation drift. The distribution of
flowrates among the 51 sampling areas
with measurable water inflow rate. Note
the logarithmic flow rate axis.

r

82

Number of sampling areas

51.2

0.1

Figure 3-3.

409,6

>1638,4

3-D drift. The distribution of flowrates
among the 104 sampling areas with
measurable water inflow rate. Note the
logarithmic flow rate axis.

Flowrates below 0.8 ml/h are considered to be uncertain
in both experiments. Considering flowrates above this
limit it is obvious that the number of sampling areas
decreases gradually with increasing flowrate in the 3-D
experiment, while the data points are more scattered
for the Validation drift. These observations, as well
as those shown in Figure 3-1, illustrate that the flow
distribution in the 3-D drift is more even with only a
few sampling areas having high flowrates. In the
Validation drift, some sampling areas located at the
intersection with the fracture zone have water inflow
rates significantly higher than other sampling areas in
the fracture zone and the average fractured rock
outside the fracture zone.

TRACER DISTRIBUTIONS
The tracer monitoring was performed with significantly
larger accuracy in the TME compared to the 3-D
experiment. The tracers injected in the 3-D experiment
were dyes and salts. One tracer was injected in each
injection section. In the TME a mixture of one dye and
one metal-complex were simultaneously injected in each
injection section. Comparing the breakthroughs for
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these tracers it was obvious that the dyes in all case;;
were found in significantly lower concentrations
compared to the metal tracers. A possible explanation
for this is that the dyes might be slightly sorbing.
The distributions of the dyes and the metal-complexes
used in the TME are however quite similar. The main
differences between the two types of tracers were these
lower concentrations and the fact that the analysing
technique allowed for an accurate concentration
determination of the metal-complexes even at very low
concentrations. The following comparison of the tracer
results are based on the results from dyes/salts in the
3-D experiment and the metal-complexes in the TME. The
findings regarding distributions should however be
valid even if the dyes should be considered for the
TME. The compilation are based on the following number
of breakthrough curves from the different injection
sections:
Validation drift:
38 sampling areas for all 6 tracers
3-D drift:

29
35
19
6
38
20
43

sampling
sampling
sampling
sampling
sampling
sampling
sampling

areas
areas
areas
areas
areas
areas
areas

for
for
for
for
for
for
for

Uranin, 1:1
Eosin Y, 1:2
Elbenyl, 11:3
Duasyn, 111:1
Iodide, 111:2
Eosin B, III: 3
Bromide, III: 4

About the same numbers of sampling areas, except for
Duasyn in 3-D have been used in the compilations.
Furthermore, the distances from injection section to
the sampling areas are quite similar in these two
experiments, see Sections 2.3 and 2.5. Therefore,
differences in distributions will indicate differences
in migration behavior between the average fractured
rock in the 3-D experiment and the fracture zone in
TME.
Tracers were found in all sampling areas in the central
part of the 3-D drift which carried water, see Figure
3-4. No tracers were, however, found in the section of
the right arm which had the largest water inflow rates.

.«*-

Water
Water+tracer

Figure 3-4.

3-D drift. Areas where water and trace:
were found.

Tracers were found in all sampling areas carrying wa:
and intersected by the H zone in the central part of
the Validation drift, see Figure 3-5. Minor amounts ^
tracers were also found in some of the sampling area.:
in the average fractured rock close to the fracture
zone. No tracers were found in the sampling areas in
the average fractured rock "far" from the H zone.
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Figure 3-5.
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Validation drift. Areas where water and
tracers were found.

Figure 3-6 shows the total recovery of tracers in the
TKE as a function of number of sampling areas. Betwee:
20 and 75 \ of the total mass found in the drift of a
tracer is found in one sampling area. Roughly 75 % of
tracer is found if three sampling areas are considers'
and close to 100 % is found in 10 sampling areas.
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Figure 3-6.

Validation drift. Fraction of total
recovery as function of the number of
sampling areas.

Figure 3-7 shows the corresponding data for the 3-D
experiment. Between 20 and 40 % of the total recovered
tracer mass is found if one sampling area is
considered. 10 sampling areas gives 80 to 90 %, except
for Duasyn which only was found in 6 sampling areas .
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Figure 3-7.

3-D drift. Fraction of total recovery as
function of the number of sampling areas
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Ii the two experiments are compared it is obvious t:
the mass inflow rates are located to a smaller frac:
of the sampling areas in the TME compared with the J
experiment. This implies an even larger degree of
channeling within a fracture zone, the K zone, comp:
with the average fractured rock in the 3-D experime:

Largest mass flow rates
Tracers were found in a large number of sampling are.
both in the 3-D experiment and in the TME, but the
largest mass flow rates are limited to a few areas i:
both experiments.
The six tracer injections in the TME show different
patterns for the largest mass flow rates into the d:
and can be grouped into three different groups
according to their patterns, see Figure 3-8. All th.
groups have their largest mass flow rates limited t:
different sections along the fracture with the larg^
•/ater inflow. This fracture is shown in the figure,
patterns are identical if instead the maximum
concent; rat ions are considered.
3-D drift

T2:1
Validation dnft

T1:2, T2:3
C2:1, C3:2

C2:1
Sampling areas m ihe H zone
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I
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23 24 25 26 27 28 29 30 31

Figure 3-8.

TME. Sampling areas where the highest
mass flow rates for the tracers were
found.

ö/

The 3-D data show different results. Figure 3-9 show
the locations in the 3-D drift where the highest
concentrations of the different tracers were found.
Sampling areas with the highest concentrations of the
different tracers are found Ln a large section of the
3-D drift. If one tracer is considered, then the
highest concentrations are normally found in sampling
areas located close together. If the three sampling
areas with the largest mass flow rates are considered,
see Figure 3-10, then it is the same four sampling
areas where almost all tracers are found in large
quantities. The largest mass flow rates are
concentrated significantly more to a few sampling areas
in the 3-D experiment compared to the TME even though
the tracers where injected in boreholes located "far"
from each other in the 3-D experiment.
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Figure 3-9.

3-D drift. Locations were the highest
tracer concentrations were found.
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3-D drift. Sampling areas where the
highest mass flow rates were found.
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Average concent, rat ions
The patterns obtained when mass flow rates are
considered depend on the tracer concentrations as well
as the water flowrates to the sampling areas. A way to
compare the dilution in different sampling areas and
for different tracers is to compare the ratios between
accumulated mass and water flowrate. This number givej
a weighted average concentration in the sampling area.
To normalize this number to enable a comparison between
different tracers, it was divided by the ratio for a
reference area, see Equation 3-1.
2*mass

Q I sampling
Q

area

reference area

(3-1)

The sampling areas were chosen to area 2 69 in the TME
and area 31+1 in the 3-D experiment. The number
obtained from Equation 3-1 will be 1 for all sampling
areas with the same dilution, "average concentration",
as .V^ chosen reference area and less than 1 if more
di •. t-d. A compilation of these "average
c . <? ltrations" obtained from the TME showed that a
r i s? r of sampling areas had the same dilution and that
t; :- rs injected in different sections had similar
"sre rage concentrations" in a large number of areas.
ri j.:, indicated that these tracers had migrated to the
V )idation drift within essentially the same flow
ths, see Figure 3-11.
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Figure 3-11.

TME. "Average concentrations" for two of
the tracers normalized to sampling area
269.

The numbers for the two tracers, injected about 5 m
apart in the H zone, are almost identical. This
indicates that these tracers have been transported to
the Validation drift through the same major
flowpath(s), channel(s). If all six tracer injections
in the TME are considered i' seems that the transport
of tracers have occurred in three major separate
flowpaths. The flowpaths seems to have spread out over
a large area close to the drift, which might be an
effect of reduced rock stresses due to the excavation.
The compilation of the 3-D data did not give the same
clear indications of sampling areas having a uniform
dilution or different tracers having a similar dilution
in different sampling areas. The general trend for the
3-D data is that the concentrations are more evenly
spread out, i.e. there are not the same distinct
differences in concentration between the sampling areas
as was found in the TME. Figures 3-12 and 3-13
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illustrates this.
Average concentration
4 -

Sampling area 269 has concentration 1

10

is

20

25

30

35

40

Number of sampling areas

Figure 3-12.

TME."Average concentration" for all
sampling areas in decreasing order.
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Figure 3-13.

3-D. "Average concentration" for all
sampling areas in decreasing order.

The absolute numbers but not the shape of the curves in
the compilations of the two tracer experiment will
depend on the chosen reference sampling area. In the
TME, Figure 3-12, all tracers except Re has one or a
few sampling areas with considerably increased "average
concentration". If the sampling areas with the fifth
highest "average concentrations" are considered then
these concentrations are typically 1/10 to 1/5 of the
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highest "average concentration". In the 3-D experiment,
Figure 3-12, there seems to be a few sampling areas
with increased concentration, but the concentrations
for the following areas decrease considerably less. If
the sampling areas with the fifth highest "average
concentrations" are considered then these
concentrations are typically 1/2 of the highest
"average concentration".
Also these observations indicate that the migration of
tracers is even more located to a few more or less
isolated flowpaths in the TME compared to the 3-D
experiment.
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OBSERVATIONS OF

Observations of water flow and tracer transport from
four of the tracer experiments performed in Stripa are
summarized below. They illustrate the uneven
distribution of flow and transport properties within
fractured rock, which may be described as channeling
effects. The uneven distribution of flow and transport
is observed when investigating single fractures, larger
blocks of average fractured rock as well as when
investigating fracture zones.
The observed channels in fracture planes and fractured
rock may have several causes. In a fracture with uneven
surfaces, where the aperture varies and where the
fracture may be filled with precipitated minerals and
clays, the water will seek out the easiest paths for
the prevailing gradient. The paths will change as the
direction of the gradient changes (Tsang et al., 1988;
Moreno et al., 1988). The paths may te clogged or
opened by chemical or erosion processes in the fracture
plane, e.g. dissolution channels as found in fracture
zones in Switzerland (Nagra, 1985). In a three
dimensional system, intersections between fractures are
potential causes for channeling and have also been
observed to make up high flowrate conduits (Neretnieks,
1987a, b ) .

THE 2-D EXPERIMENT
A compilation of water inflow rates from three
different fractures measured during the 2-D experiment
gave the following results; Almost 80 % of the total
amount of sampling points had low water inflows
corresponding to less than 10 % of the total water
inflow. Less than 5 % of the sampling points had
between 70 and 80 % of the total water inflow, injected
conservative tracers arrived in only three of the
sampling points, see Figure 4-1.
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Figure 4-1.

Water and tracer flow in fractures No 1
and 2.

After excavating the fracture, injected sorbing tracers
showed elevated concentrations in one direction of the
fracture plane. This indicates that the injected water
was unevenly distributed over the fracture plane and
that the water had preferred directions of flow, which
were not identical with the direction of the shortest
way towards the drift.

4.2

THE 3-D EXPERIMENT
The water inflow to the 3-D drift was unevenly
distributed among the 350 plastic sheets covering the
entire upper section of the drift, as seen in Figure 220. A correlation between sampling areas with a high
number of fracture intersections among the 100 largest
fractures considered, and increased water inflow rates
could be observed. No such correlations could be
observed between water inflow and other fracture
characteristics such as fracture length, fracture
filling or fracture orientation. This indicates that
fracture intersections form conducting paths.
One of the tracers arrived in a location where it must
have passed through the pathways of the others without
much mixing. Tritium was found in two of the five
sampling points were it was looked for. The tritium
must have come from water infiltrating from the ground
level or not very far from the ground level and
travelled in less than 40 years to the drift without
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being to diluted with other water in the rock that it
fell below the detection level as in the other sampling
points
One tracer moved to a location about 150 meters from
the injection section in considerable quantities.
All these observations indicate that there are more or
less isolated flow paths which do not mix their water
over considerable distances.

4.3

THE CHANNELING EXPERIMENTS
The Channeling Experiments investigated hydraulic
conductivity variations in fracture planes over the
scale of 2 m. The flow rates were measured over 40
sections, each 5 cm long. Photographs taken inside the
boreholes along the 2 m intersections between fracture
planes and boreholes gave information on visual
fracture apertures, fracture intersections and fracture
filling. No correlation could be observed between
injected flow rates and visual apertures. Nor was there
any correlation between the injected flow rates and the
number of fracture intersections or fracture filling.
It was found during the single hole experiments, when
injecting water into 2 m sections of fracture planes,
that large sections of the fracture planes consists of
dead-end pathways or closed parts. When it was possible
to inject water into the fracture plane, a number of 5
cm sections with elevated water flow rates could be
grouped into clusters, sometimes up to 0.5 to 1 m wide,
separated by low flow sections.
The Double hole experiment indicated large differences
in pressure responses between the two holes and also
between shorter sections along the fracture planes. The
pressure responses were usually less than 5 % of the
injected pressures. This indicates large pressure
dissipation into fracture planes intersecting the
investigated fracture plane.
Only two of the five tracers injected during the Double
hole experiment arrived in the receiving hole. The two
tracers, injected over 5 cm sections separated by only
10 cm, had recoveries of 1 and 10 %, respectively. Both
were found together over a 0.5 m section in the inner
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part of the receiving hole. Injected close to each
other and found in the same area, still the mean
residence time was four times longer for the tracer
with the low recovery. The two tracers apparently
travelled mostly in separated pathways, although
injected only 10 cm apart and emerging in the same
section of the receiving hole.
Smaller amounts of four of the five tracers emerged on
tha drift wall as colored spots with different tracer
compositions. This together with the pressure
dissipations indicates that a three dimensional network
cf pathways exists already over the 1.7 m separating
the two boreholes.

4.4

THE TRACER MIGRATION EXPERIMENT
The SCV site is hydraulically dominated by the presence
of a fracture zone, the H zone. This motivated the
division of the rock into two subgroups; average
fractured rock and the fracture zones. More than 99 %
of the total water flow to the drift emerged in the
Validation drift at the intersection with the H zone.
The water inflow into the boreholes used for tracer
injections showed the same uneven distribution between
high conductivity and low conductivity sections. The
high conductivity sections were all located within the
H zone. More surprisingly are the observations of very
uneven water flow distributions within the 6 m wide
fracture zone. The water inflow was measured in 0.5 m
sections and was found to vary by 3 orders of magnitude
between different sections of rock within the fracture
zone. Although the H zone had a high density of
fractures, only a very limited number of fractures
carried the bulk mass of water.
This is also illustrated by the two fractures within
the fracture zone carrying more than 90 % of the water
flow to the Validation drift. The mass flows of the
injected tracers were also concentrated to a few
sampling areas. The three sampling areas with the
highest mass flow rates for each tracer accounted for
approximately 75 % of the mass flow.
Four of the tracers were injected from injection
sections within the fracture zone located in a rather
limited region above the drift. The largest parts of
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the recovered tracer mass from these injections were
collected in sampling areas intersected by the two main
fractures. Large differences in the transport
properties exists between different injection sections,
in spite of the fact that the tracers were injected
near each other and also emerged close to each other in
the drift. The transport properties vary less between
breakthrough curves from one injection section than
between breakthrough curves from different injections
sections. This indicates the existence of separated
pathways from the different injection sections to the
sampling areas in the drift.

4.5

SUMMARY
The observed large variations in concentrations and
mass flow rates between sampling areas are to a large
extent the effects of transport in separated pathways.
The pathways are most likely not separated all the way
from the injection point to the sampling area but are
interconnected at some locations into a three
dimensional network.
Individual fractures are often old and weathered and
filled with minerals and clays. The flow properties of
individual pathways have been found to vary strongly
and are to a great extent influenced by pinch points
and areas of nearly stagnant water. Channeling effects
observed during field experiments are the physical
results of existing pathways and the applied pressure
gradients and may be observed whenever water flow is
measured within fractured rock, independent of the
scale of observation.
To sum up the observations from mainly the Channeling
experiments it seems that, on the average 25 percent or
less of the fracture plane is open to flow, with
individual channel widths from millimeters to a
decimeter. These channels normally occur in clusters
with cluster widths of decimeters. These clusters occur
quite regularly about half a meter to a meter apart.
Individual fractures may however have properties that
strongly deviate from the average.
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Figure 4-2.

Artist's view of single channels and
clusters within a fracture plane.
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OBSERVATIONS OF MATRTX DIFFUSION

5.1

OVERVIEW
It has been observed that even seemingly dense
crystalline rocks are porous. This porosity has a
potential of acting as a sink for dissolved
radionuclides and thereby withdrawing them from the
flowing water (Neretnieks, 1980). Especially many
positively charged species that sorb on the micropore
surfaces in the interior of the rock matrix will be
retarded and can therefore, for many of the nuclides,
be expected to decay to insignificant amounts without
reaching the biosphere.
This chapter includes a short description of some of
the experimental techniques used for direct and
indirect investigation of matrix diffusion. A
compilation of results from both field and laboratory
measurements is also made.

5.2

EXPERIMENTAL TECHNIQUES
A number of different experimental methods have been
utilized to determine parameters of importance for
matrix diffusion phenomena. The through diffusion
technique measures the steady-state transport rate due
to diffusion through a rock sample when solute moves
from one vessel with high concentration to another
vessel with low concentration. Such experiments by
Garrels et al.(1949), Skagius and Neretnieks (1986a)
and Bradbury and Green(1985) have used both charged and
and uncharged solutes. Both small ions and high
molecular weight tracers have been used. This through
diffusion method is used to determine the effective
diffusivity De which is the product of the pore
diffusivity and the matrix porosity.
The matrix porosity can be determined by weighing a
sample both in wet and in dry condition which will
yield the total porosity of the sample. Indirect
methods using the time lag from a tracer diffusing
through the sample give similar information.
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Field experiments have been performed to investigate
the matrix diffusion effects in conditions that are
similar to conditions that would prevail near a
repository for spent fuel. The in-situ diffusion
experiment (Birgersson and Neretnieks, 1990) in the
Stripa mine is a unique set of experiments where rock
that has not been stress released was tested for matrix
diffusion. This diffusion experiment under natural
stress conditions was performed during more than 3
years.

5.3

COMPILATION OF OBSERVED DIFFUSIVITIES
Laboratory measurements of matrix diffusion has been
performed on Stripa granite both for nonsorbing and
sorbing species. Skagius(1986) measured porosities and
diffusivities in Stripa granite for nonsorbing dyes,
tritium and iodide and the sorbing species strontium
and cesium in centimeter thick samples. Skagius (1986)
also measured electrical conductivities of cores up to
30 cm in length. The porosities were found to vary
between 0.1 and 0.5 % typically. Higher values were
found for fracture coating and filling material.
Effective diffusivities were in the order of 3*10"13
m2/s and could vary by an order of magnitude even over
short distances. The electrical conductivity
measurements proved that the pore system is connected
over at least 30 cm. Because electrical conduction and
diffusion in these systems is by ion mobility it could
be concluded that also the diffusion would be active
over at least such distances. Skagius also measured
diffusion and electrical conductivity of samples under
high stresses (30 MPa) similar to those at the 360 m
level in Stripa and of typical repository depth and
found that the diffusivity decreased by a factor 2-3 at
most.
Birgersson (1988, 1990) made a number of long term insitu diffusion experiments in Stripa. The longest
duration was 3.5 years. These experiments were
specially designed so that the migration took place
more than 15 meters from the excavated drift. This
ensured that the rock was not altered by stress
release. Figure 5-1 compares the laboratory and the insitu measured diffusivities. It is seen that they are
very similar.
Table 5-1 gives a compilation of results from some
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investigation from both laboratory measurements and one
in situ experiment. The compilation includes data from
other sites than Stripa and also other crystalline
rocks. The diffusivities have been obtained for nonsorbing tracers as I" and Uranin. Figure 5-1 gives a
comparison of pore diffusivities obtained in in-situ
and in laboratory experiments. The values on the pore
diffusivities are similar using the two different
experimental methods.

Table 5-1.

Compilation of effective diffusivities
and porosity in rock.

Reference

De*1012
[m 2 /s]

Rock type

Skagius,
1986

0.07-0.44

0.2-0.6

Granite

Skagius,
T.986

0.03-20

1.1-7.4

Granite +
fissure coating

Gidlund et al .
1990

0.12-4.3

0.9-8.0

Tectonite

Gidlund et al . 0.003-1.7
1990

0.2-3.1

Granodiorite

Gidlund et al .
1990

0.07-2.4

0.3-4.5

Aplite

Abelin et al. 0.003-0. 31
1987

0.5-0.7

Granite
Stripa

0.12-0.51

Granite
in situ, Stripa

Birgersson
1988

0.3-3.0
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5-1.

Depth [m]
Comparison of pore diffusivities obtained
in laboratory and in situ.

In the Stripa 3-D experiment (Abelin et al., 1987)
there was an indication that migration into the rock
matrix could be a factor influencing the breakthrough
in the drift. The indication was even stronger in the
Tracer Migration Experiment (Birgersson et al., 1992)
were the difference between the two tracer types
injected simultaneously (one dye and one metal-complex
tracer) was successfully modeled as caused by a very
slight sorption of the dyes.
The laboratory measurements of diffusivity and sorption
which were made of the tracers used in the Tracer
Migration Experiments did not show any measurable
difference in diffusivities. Also no sorption could be
detected. A sensitivity analysis reveals that the
laboratory sorption experiments, although designed to
detect very low sorption, cannot detect the slight
sorption that would be sufficient to obtain significant
differences between the tracers in a field experiment
over long distances.
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TMPACT ON RADIONUCLIDE MIGRATION

6.1

INTRODUCTION
Radionuclides which escape from a repository in
crystalline rock will be transported by the mobile
water. The radionuclides decay and the longer their
residence time is the more of the nuclide will decay.
Most nuclides interact with the rock by sorption and
will be retarded in relation to the water velocity. The
retardation effects can be very large and the nuclides
may move many orders of magnitude slower than the
v^ter. Even nonsorbing nuclides will be retarded
L.^ause they can diffuse in the porous rock matrix and
thus access a large volume of stagnant water. The added
residence time while the nuclide resides in the matrix
water may be several orders of magnitude larger than
the residence time of the water flowing in the
fractures. The sorbing nuclides which diffuse into the
matrix will have very large inner surfaces on which to
sorb in addition to the fracture surfaces. The rate of
uptake into the matrix will be influenced by the
diffusivity, the sorption coefficient and in addition
by the flow wetted surface. The latter is the fracture
surface which the flowing water contacts as it flows
through the rock. The larger this surface is the more
of the nuclide can be "soaked" up by the rock matrix.
The flow wetted surface is one of most important
entities to determine.
For a given flowrate of water the velocity and thus the
residence time for sorbing species is not noticeably
influenced by the water velocity, xt is determined by
the amount of sorption sites the nuclide has access to.
Water which flows in the fracture network in the rock
has a residence time distribution, RTD. A part of the
water moves faster than the mean velocity. The decaying
nuclides which are in the faster water will have less
time to decay. The residence time distribution is
determined by the mixing processes along the flowpaths.
When mixing is frequent of the sub-pathways of the
flowing water the residence time distribution is narrow
and centered ground the mean residence time. If mixing
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is infrequent and if there are large velocity
differences between the sub pathways then a noticeable
fraction of the water can move much faster than tne
mean. Infrequent mixing can occur when isolated flow
paths develop in the network of fractures. This is
loosely called channeling. Distinct channeling is found
both in individual fractures and in networks of
fractures. Below we illustrate by some very simple
examples the impact of matrix diffusion and channeling.
The illustrative examples are based on data and
observations from Stripa.

6.2

MATRIX DIFFUSION
In the basic example the rock is fractured and the
water flows in only that part of the fractures which
are open. These are the channels in the fracture. For
illustration purposes the channels are thought of as
straight flat ribbons as shown in Figure 6-1 below.

Volume of rock containing one channel

\

r

T"

Fracture

\
Channel

Figure 6-1. A volume of rock which contains one
fracture with a flow channel.

Water which flows in the channel will wet the surfaces
of the channel and nuclides dissolved in the water will
sorb on this surface by surface sorption and also
diffuse into the rock matrix. The residence time of the
water is the volume of the channel (capacity of the
system to hold water) divided by the flow rate. The
residence time of a nuclide is in addition determined
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by the capacity of the system to hold nuclide in the
stagnant water in the matrix and sorbed on the inner
surfaces in the rock matrix. Some nuclides will also
sorb on the surfaces of the channel. In our example the
volume of the channel is 1/10 000 of the rock volume.
The channel width is 0.1 m and if the cross section of
rock which contains the channel is 1 m2 the flow wetted
surface is 0.2 m2/m3 rock. For a water flux of 10"4
m3/m2/a, which is a typical value at repository depth
for a KBS-3 type repository, the water velocity in the
channel is 1 m/a. A nuclide which has penetrated all
the rock in this volume has a volume in which to reside
of 1 m3/m3 rock. A nuclide such as Iodide which has
negligible sorption would have access to the stagnant
water in the micro pores in the matrix. With a matrix
porosity of 0.5 % this volume is 50 times larger than
that of the flowing water in the channel. The Iodide
velocity will then be 0.02 m/a compared to 1 m/a for
the flowing water. A nuclide such as neptunium has a
volume sorption coefficient K d p on the order of 10 000
m3/m3. For this sorption coefficient the sorption
capacity is the equivalent of 10 000 m3 of water for
one m3 of rock and thus per m of channel length. This
should be compared to the capacity of the rock to hold
flowing water which is 1/10 000 as noted earlier. Thus
this nuclide would move 10 8 slower than the water if it
instantaneously had access to all the rock about half a
meter from the channel. It would take the nuclide 108
years to move 1 m. However, a strongly sorbing nuclide
will need a very long time to penetrate all through the
rock volume in his example. Only a small fraction of
the m3 of rock would be equilibrated. The volume of
equilibrated is now addressed.
The rate of uptake into the rock matrix is directly
proportional to the flow wetted surface at early times
when the penetration depth is small and the diffusion
is directed perpendicularly to the surface. Had there
been two channels in the same rock volume the rate of
uptake would be twice as large.
At longer times when the penetration distance is larger
than the channel width the diffusion will more resemble
radial diffusion from a circular hole. This is
illustrated in Figure 6-2. The channel geometry will
have some impact on the uptake of the nuclides but in
relation to other entities this is not one of the most
important issues.
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Figure 6-2. The diffusion is linear at early times but
becomes increasingly radial at longer
penetration depths.

Strongly sorbing nuclides will not penetrate more than
a fraction of the distance between channels. Typical
penetration depths are on the order of 10:s of
centimeters for contact times of hundreds of thousands
of years. Because of the very high sorption capacity of
the matrix the retardation effects are still
formidable.
For typical pore diffusion coefficient values for
Iodide in the Stripa granite, l'lO"11 m 2 /s, the time to
effectively equilibrate a distance of 0.5 m is about
1000 years for the non sorbing Iodide and 107 years for
the strongly sorbing neptunium. For short penetration
distances, i.e. when the distance is less than the
channel width, the penetration depth T\ is readily
estimated from diffusion theory which shows that

Kdp

(6-1)

A neptunium pulse with a duration of 100 000 years
would allow the penetration to extend to about 6 cm.
The volume of rock accessed by diffusion depends on the
time the flow wetted surface is exposed to the species.
The retardation will also be time dependent and the
notion of a constant retardation factor is thus
misleading.
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For a single channel with no dispersion the effluent
concentration from a channel with a flow rate Q, width
W and length L for a species is supplied to the inlet
with a constant concentration C o which can be written
as follows
(6-2)

Co
Equation (6-2) illustrates that the flow wetted
surface, L'W, per flow rate, Q, in the channel plays a
dominating role. The time since the species started to
flow into the system t, the effective diffusion
coefficient D e and the sorption coefficient Kdp also
influence the results but less so because their values
are raised to the power 1/2. Because the water
residence time t w « t this entity has negligible
influence for sorbing species and long exposure times.
The example has served to illustrate that matrix
diffusion can retard nuclides very much, that the
effect is time dependent and that the flow wetted
surface plays a large role ( Rasmuson and Neretnieks,
1986a).
Laboratory and the specially designed field diffusion
experiments on Stripa granite have clearly shown that
the effect exists and is active also in rock in-situ
which has not been subjected to stress release. The 2-D
single fracture experiments (Abelin et al., 1985)
clearly show a penetration into the rock matrix from
the surface of the fracture. This was found by direct
observation of the excavated fracture. The other tracer
experiments i.e. the 3-D (Abelin et al., 1991a, b) and
Tracer Migration Experiment ( Birgersson et al., 1992)
experiments all show some effects which can be
attributed to matrix diffusion but other mechanisms
such as diffusion into stagnant waters in the fractures
may also have contributed and the interpretation is not
unequivocal.

6.3

CHANNELING
The above discussion has highlighted the entities which
are important for matrix diffusion. Dispersion effects
were consciously not discussed and equation (6-2) does
not account for it. Dispersion is often conceived as
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being caused by frequent mixing of the different fluid
parcels with somewhat different velocities. This
results in Gaussian residence time distribution and is
often described by the Advection-Dispersion equation
where it is inherently assumed that a dispersion length
a can be found which is constant. Compilation of field
and laboratory experiments (Neretnieks, 1985) together
with more recent results (Abelin et al., 1991a,b;
Birgersson et al., 1992; Shapiro, 1988) show that the
dispersion length increases proportionally to the
distance between injection and monitoring points.
Figure 6-3 shows this relation. Here also the recent
Tracer Migration Experiments in the Validation drift
included.
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Figure 6-3. Dispersion lengths versus distance between
injection and observation points in the
experiments.

The observed effect is expected if there is a number of
independent flow paths, channels, in the rock
(Neretnieks, 1983) . It has the consequence that in the
residence time distribution of the water there is
always the same fraction of water which moves with a
constant percentage of the mean water velocity. To
exemplify say 5 % of the water always moves twice as
fast or faster than the mean water velocity. This is in
contrast to the hydrodynamics dispersion theory which
implies that the residence time distribution must
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become narrower relative to the mean residence time. It
will broaden in absolute values though. This may have a
very large impact on the decay of radionuclides. If a
nuclide has a half life of 30 a, it will have decayed
to 10~9 in 900 a, which is the mean residence time of
the nuclide in this example. If 1 % of the nuclide
moves with 3 times the average velocity this fraction
has only 10 half lives in which to decay. It will decay
to 10"3 only and the total outlet concentration will be
10"5 which is 10 000 times higher than what nuclide
transported with the mean residence time.
In the chosen example the fast fraction of water is
realistic for the Stripa rock judging from the obtained
breakthrough curves. Because of the strongly nonlinear
effects sorbing nuclides will broaden the residence
time distribution very much in a channeling
environment. Larger fractions of the nuclides will move
faster than the mean residence time of the nuclides. A
larger fraction may then have less time to decay. These
effects have been demonstrated earlier (Neretnieks
1983) . Recently Moreno and Neretnieks (1991) have shown
that if the channels are connected in a channel network
with intersections and mixing then the residence time
broadening effect may decrease considerably.
There are at present three different concepts of water
flow and solute transport in the ground. They have all
been made the basis for mathematical models. The
Advection-Dispersion model (AD), the Channeling model
(AC) and the (Channel) network model (s) (ChNW) . In the
latter there are no fundamental differences between the
fracture network and the channel network models. All
models can by choosing the appropriate parameter values
be made to give very similar residence time
distributions, RTD, for the water and a non interacting
tracer. The AD model uses the dispersion length to
adjust the range of the RTD, the AC and ChNW models use
the transmissivity and volume distribution of the
channel members to adjusts the RTD. The choice of an
RTD would in a performance assessment be based on
experimentally based experience. It could for example
be stated that the RTD should be such as is obtained
for a certain dispersion length using the AD model. All
three models will then give very similar RTD:s for a
given distance. Using the assumption that the
dispersion length in the AD model increases with
distance the AD and AC models extrapolate to larger
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distances in a very similar way. This assumption,
though experimentally substantiated, is contrary to
expectations because for sufficiently large distances
the different water parcels should have mixed
sufficiently for the dispersion length to become
constant. This is found in laboratory experiments using
sand beds. It is not known at present what distances
are needed in fractured rock to attain this. It has
even been suggested that this may not ever occur
because with increasing distance more and more and
larger features such as fracture zones will be
encountered. This will not allow the proper averaging
to develop.
From a performance assessment point of view it would
seem prudent to use those assumptions which give the
highest rate of nuclide escape unless strong arguments
can be found which disprove the assumption. In
practically all cases studied in the KBS-3 (1983) and
SFR (Neretnieks, 1988) analysis it was found that the
channeling model gives the larger release. Although the
AD model was used in the actual computations in the
KBS-3 study the parameters were adjusted to mimic the
behavior of channeling for the water RTD.
The differences in the RTD for sorbing species are more
complex between the models. Even having adjusted the
parameters for the non interacting species so that the
models have the same RTD and using the same flow wetted
surface in all three models, the results can be very
different. Figure 6-4 shows some sample calculations
with the AD, the AC and a ChNW model. The parameters
governing the "dispersion" i.e. the spread in RTD was
selected so that it is equivalent to a dispersion
length equal to the length of the path a^L or Pe=l
(Peclet number). Using a volumetric sorption coefficient Kdp of 13 500 (typical for many actinides), an
effective diffusivity (product of pore diffusivity and
matrix porosity) of 10"13 m 2 /s, a flow wetted surface of
0.048 m2/m3 rock and a flow path length of 100 m the
resulting breakthrough curves were obtained and are
shown in Figure 6-4 below. It is seen that the AC model
will predict a "first" arrival at about 1000 a, the AD
model 100 000 and the ChNW 1000 000 a.
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Figure 6-4. Comparison of nuclide breakthrough
calculated with different models.

For a decaying nuclide these differences in RTD can of
course have a profound impact.
It was at first surprising that the AC and the ChNW
model behaved so differently, especially considering
the fact that the network only is 20 sub-channels long
in the example. The reason behind this behavior is that
the retardation in a sub-channel is very nonlinear due
to matrix diffusion effects and sensitive to the flow
rate in the individual channel. A slightly less than
average flow rate in a channel will make the nuclide
residence time much larger, larger than the decrease i.i
residence time in a channel with a slightly higher than
average flow rate. If the streams of these two channels
are mixed the average residence time is increased. As
the process is repeated, more than 20 times in the 3D
network. The resulting increase in residence time may
become quite large.
At present there is not sufficient information on the
structure of the channel networks to be able to select
among the different models. The properties of the ChNW
concept and model are very attractive. When we have
used the model all the channel members were selected
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from a random distribution. It is conceivable and even
probable that the rock contains paths whose properties
are correlated to the other channel members along the
path. One reason could be that water has flown a long
time there and formed a dissolution path. Such are
frequently seen in fracture zones. In such cases the AC
model would better describe the transport. There are
also other entities which are poorly known e.g. the
relation between the transmissivity and the volume of
the fracture and the relation between the flow wetted
surface of a channel and its transmissivity to mention
;» few.

0.4

DISCUSSION AND CONCLUSIONS
Matrix diffusion is one of the dominating mechanisms
which can retard radionuclides which move with the
flowing water. The experiments at Stripa have shown
that matrix diffusion takes place in granitic rock at
repository depth. The magnitude of the flow wetted
surface from which the nuclides are taken up into the
rock is another important entity. The 3-D and Tracer
Migration Experiments in the Validation drift indicate
that the flow wetted surface may vary in a wide range
depending on what assumption are made in the
interpretations. The channeling experiment together
with other observations indicate that the lower values
i.e. considerably less than 1 m2/m3 rock are more
probable. Even quite low values can give a substantial
retardation of sorbing species.
Fast long pathways have been directly observed at
Stripa. This indicates that more or less isolated
extensive channels are present in the rock which may
transport a fraction of the nuclides faster than the
average mass. The structure and the properties of the
channel network is not known. Theoretical
considerations indicate that some conceivable network
structures may have very different transport
properties. This is still an area which must be further
investigated.
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DISCUSSION AND OVERALL CONCLUSIONS

Over the years, field equipment has been continuously
improved and refined. Our injection equipment today
manages to inject constant flow rates, as low as a few
ml/h, during time periods of several months. The
plastic sheets and the bentonite packer systems have
proven to work well and are reliable and fairly easy to
install. Through computer controlled water injection
and water sampling it has been possible to minimize the
manual work during the injection and sampling periods
of an experiment.
Still problems arise when the entity measured or
controlled becomes very small; it may be water flow or
pressure differences as in the Channeling Experiment or
the diffuse inflow to the Validation drift measurable
only indirectly through moisture in the ventilation
air. In a large scale experiment this problem is less
pronounced because the transport properties of the bulk
flow are of major interest. During experiments
investigating transport properties on a smaller scale
these difficulties may introduce more uncontrolled and
important errors.
The process of drilling a borehole or excavating a
drift induces rock stress redistributions. A general
rule of thumb is that the rock stresses are altered
over a distance of approximately 2 hole diameters from
the hole. This is a problem because the results from
experiments performed under altered stress conditions
may not be representative for the undisturbed rock.
Possible ways to reduce the impact of stress
redistributions in the vicinity of drifts could be to
perform tracer experiments between boreholes. But there
will always exist an inherent conflict between
performing field experiments under controlled boundary
conditions and the wish to obtain field results from
"virgin" rock under natural stress conditions.
The impact of a disturbed zone around drifts was
clearly shown during the SCV project; the water inflow
to the Validation drift area was reduced with 90 %
compared to corresponding boreholes. Furthermore, the
pressure crop towards the drift was concentrated to
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only a few m close to the drift. The propagation of a
gas phase due to the pressure release has been
discussed during the SCV project (Olsson, 1992) and may
also contribute to the observed effects which usually
are connected to stress redistribution.
The impact of sorption on tracer breakthrough curves
was shown during the Tracer Migration Experiment. The
lowered recoveries of the dyes were interpreted as
caused by sorption in the rock matrix. Accurate values
of effective diffusivities and sorption are of immense
importance in the interpretation procedures of field
experiments. Weak sorption and chemical instability
belong to the processes which are difficult to determine in laboratory. Because the impact of these
properties on field results is of such great importance, the determination of the properties has to be
improved through more advanced laboratory experiments.
It might be discussed whether or not the obtained
results are site specific. Effects of channeling and
matrix diffusion have been observed in a number of
investigations and have to be accounted for in all
crystalline fractured rocks and not only in Stripa
granite. The actual values of flow and transport
properties are more likely to be site specific although
estimations of the properties can be given depending on
e.g. type of rock, rock stresses and fracture density.
In performance assessments for nuclear waste
repositories there is a need to model regions and
distances which are considerably larger than what time
and effort has allowed us to study. It must be
recognized that the question of scaling and
extrapolating to larger distances has not been a
question addressed in the performed investigations. It
is still very much an open question.
It is known that for sorbing substances mechanisms are
active which cannot be investigated by hydraulic
testing and the use of nonsorbing tracers. The
magnitude of the specific flow wetted surface which
dominates the migration of sorbing species has only
been indirectly inferred and must be further studied
with other experiments and observations. Properties of
the tracers like sorption, effective diffusivity and
other processes, e.g. biological degradation, which
might influence the use of tracers, are also of great
importance.
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The disturbed zone influences the results from field
experiments and is an interesting subject for future
investigations. All processes involved causing the
disturbed zone effects have to be fully understood
before it is possible to calculate their individual
impact on field results. With the encouraging results
from the performed experiments, it should be possible
to involve flow and transport predictions prior to
future tracer experiments. Model predictions together
with field experience concerning injection and sampling
techniques would influence the design and the outcome
of these experiments greatly.
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NOTATION

parameter containing interaction with the rock
matrix
[s
area

B

D

D

D

e

D

P

DF
h
K
dP P
K

P

L
Pe
Q
r
t

T
W

a
6
5

[mol/m3]

concentration of injection fluid

[mol/m3]

(D e R d P p ) 1 / 2
effective diffusivity into the rock
pore diffusivity
dilution factor
hydraulic head
volumetric sorption coefficient
hydraulic conductivity
channel length
Peclet number
flow rate
radial distance
time
water residence time
transmissivity
fracture width
dispersion length
fracture aperture
cubic law fracture aperture
fractional loss fracture aperture
porosity
diameter
penetration distance
density of rock matrix

O.

[m]

fracture width
concentration

mass balance fracture aperture

8.

[m3]

standard deviation in the lognormal
distribution of apertures
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[m2/s]
[m2/s]

[-]
[m]
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[m2/s]
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