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Abstract

The Äspö Task Force on Modelling of Groundwater Flow and Transport of Solutes is a
forum for the international organisations supporting the Äspö HRL Project. The purpose
of the Task Force is to interact in the area of conceptual and numerical modelling of
groundwater flow and solute transport in fractured rock. Task 4 of the Äspö Modelling
Task Force consists of modelling exercises in support of the TRUE-1 tracer tests. In this
report, the modelling work performed within Tasks 4E and 4F is evaluated, which
comprised predictive modelling of the tracer tests (STT-1, STT-1b and STT-2)
performed within the TRUE-1 project using sorbing and non-sorbing tracers. The tests
were made between packed off boreholes penetrating a water-conducting geological
feature with a simple structure (Feature A).

Nine modelling teams representing eight organisations have performed predictive
modelling of the tracer tests using different modelling approaches and models. The
modelling groups were initially given data from the site characterisation, data from
preliminary tracer tests performed with non-sorbing tracers and data on the experimental
set-up of the sorbing tracer tests. Based on this information, model predictions were
made of drawdown, tracer mass recovery and tracer breakthrough. For the predictions of
the STT-1b and STT-2 tests results from previous tracer tests with sorbing tracer were
also available.

The predictions of the sorbing tracer breakthrough in the initial tracer test (STT-1)
generally underestimated the breakthrough time, suggesting the need to include
additional processes and evaluate the application of the laboratory data. As a result of
model calibration and modification the predictions were considerably improved for the
latter tracer tests (STT-1b and STT-2).

Task 4E and 4F has proved to be very valuable in increasing the understanding of non-
sorbing tracer transport in fractured rock. There is a general consensus on the major
processes responsible for transport and retardation and also how these processes can be
described in a mathematical model. However, there are still a number unresolved
questions concerning the application of laboratory data to tracer tests, the extrapolation
of tracer tests to other distances and time scales and the application of results to other
sites.



5

Executive Summary

The Äspö Hard Rock Laboratory (HRL) is an underground research facility situated on
the east coast of Sweden operated by the Swedish Nuclear Fuel and Waste Management
Company (SKB). The Äspö HRL provides opportunities to perform studies of behaviour
and properties of the natural geological barriers, investigate interactions between
engineered barriers and the host rock, and perform development and demonstration of
technology for deep repository systems.

Within the Äspö Hard Rock Laboratory project a programme called Tracer Retention
Understanding Experiments (TRUE) has been defined for tracer tests at different
experimental scales. The overall objective of the TRUE programme is to increase the
understanding of the processes which govern retention of radionuclides transported in
crystalline rock, and to increase the credibility in the computer models for radionuclide
transport which will be used in the licensing of a repository. Within the first stage,
TRUE-1, a series of tracer experiments have been performed in a single feature using
both non-sorbing and sorbing tracers.

The Äspö Task Force on Modelling of Groundwater Flow and Transport of Solutes was
initiated by SKB in 1992 as a forum for the organisations supporting the Äspö HRL
Project. The purpose of the Task Force is to interact in the area of conceptual and
numerical modelling of groundwater flow and solute transport in fractured rock. In
particular, the Task Force proposes, reviews, evaluates and contributes to such work in
the HRL Project.

Task 4 of the Äspö Modelling Task Force consists of modelling exercises in support of
the TRUE-1 tracer tests. In this report, the modelling work performed within Tasks 4E
and 4F is evaluated. These tasks comprised predictive modelling of the tracer tests
performed within the TRUE-1 project using sorbing and non-sorbing tracers. These tests
were performed between packed off boreholes penetrating a water-conducting
geological feature (Feature A). A total of nine modelling teams representing eight
organisations have performed predictive modelling using different modelling
approaches and models.

The focus of Task 4E and 4F has been on the transport processes especially those of
importance for sorbing tracers. The modelling groups were initially given data from the
site characterisation, data from preliminary tracer tests with non-sorbing tracers and data
on the experimental set-up of the tracer test. Based on this information, model
predictions were made of drawdown, tracer mass recovery and tracer breakthrough.
After the predictions were delivered to the Task Force secretariat, the experimental
results were revealed to the modelling teams.

The modelling groups have basically retained the model geometry and structural model
used in the predictions of the non-sorbing tracer experiments in Task 4C and 4D. The
majority of groups have treated Feature A as an isolated single feature, with some



6

exceptions. In some cases also other features and background fractures have been
included.

The predictions of the sorbing tracer breakthrough in the initial tracer test (STT-1)
generally underestimated the breakthrough time. It was apparent that the active
processes were more complex than initially anticipated and that the application of
laboratory data was not straightforward. As a result of model calibration and
modification the predictions were considerably improved for the latter tracer tests (STT-
1b and STT-2).  During the course of the task, the models also became more similar,
concerning the processes that were considered. For the predictions of STT-2 matrix
sorption and diffusion was considered by all the models, whereas only half of the
modelling groups used matrix diffusion and sorption in their predictions for STT-1.
However, there were still substantial differences between the different models used for
the prediction of STT-2.

An important part in the Task 4E and 4F work was the evaluation done after the results
of the experiment were revealed. The modelling groups have put a lot of effort in the
evaluation, calibrating model parameters, modifying and adapting models and testing
alternative approaches. This has proved to be a successful strategy for evaluating the
importance of different transport and retardation processes. The interaction with the
TRUE project has also proved to be very valuable, where discussions between modellers
and experimentalists have provided additional information about geological and
geochemical conditions at the site.

The tasks have proved to be very valuable in increasing the understanding of non-
sorbing tracer transport in fractured rock. There is a general consensus on the major
processes responsible for transport and retardation and also how these processes can be
described in a mathematical model. However, there are still a number unresolved
questions concerning the application of laboratory data to tracer tests, the extrapolation
of tracer tests to other distances and time scales and the application of results to other
sites.
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1 Introduction

Disposal of spent nuclear fuel in deep rock is based on the principal of multiple barriers:
engineered barriers such as the canister and the backfilling material, and natural barriers
such as the bedrock itself. The deep bedrock constitutes a barrier by providing a
mechanically, geologically and chemically stable environment in combination with low
water fluxes. Furthermore, many radionuclides interact with the mineral surfaces of the
rock and are significantly delayed in their transport through the rock. This process will
significantly reduce the release to the biosphere for radionuclides with a radioactive
half-life considerably less than their travel time in the geosphere.

The importance of the low groundwater flow and the radionuclide retention implies that
a considerable knowledge is required concerning the groundwater movement and solute
transport. In safety assessments these processes need to be evaluated in large volumes of
rock over long periods of time. Consequently, modelling of groundwater flow and solute
transport is an important issue in nuclear waste management research programmes.

The water flow in crystalline rock occurs mainly along discrete water conducting
features. Only a part of the visible fractures carries any flowing water and only a few of
these fractures are responsible for the largest of the observed flow rates. There is also
evidence that the flow is located to limited pathways within the fractures (Abelin et al.,
1985, 1990; Bourke, 1987; Moreno and Neretnieks, 1993). These are usually referred to
as channels. The actual nature of the flow paths is important for the radionuclide
transport for several reasons. Firstly, it determines the size of the contact area between
the flowing water and the rock, a parameter that is crucial when estimating the extent of
radionuclide sorption and retardation. Secondly, how well and how frequently the flow
paths are connected is of importance for the residence time distribution and thereby for
the dispersion of radionuclides.

Tracer tests are one method commonly used to study the nature of the flow paths in
geological media. With tracer tests various transport properties can be investigated, for
example residence time distributions, flow porosity and dispersion. The results of tracer
tests are also used for qualitative and quantitative evaluation of various transport
processes. Comparisons with model results can provide valuable information on the
capabilities of models to adequately describe the hydrology and solute transport.

Äspö HRL

The Äspö Hard Rock Laboratory (HRL) is an underground research facility situated on
the east coast of Sweden in the vicinity of the Oskarshamn nuclear power plant and is
operated by the Swedish Nuclear Fuel and Waste Management Company (SKB). The
Äspö HRL provides opportunities to perform studies of behaviour and properties of the
natural geological barriers, investigate interactions between engineered barriers and the
host rock, and perform development and demonstration of technology for deep
repository systems.
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The TRUE programme

In 1994 the TRUE programme (Tracer Retention Understanding Experiments) was
defined (Bäckblom and Olsson, 1994). The overall objectives are to increase the under-
standing of the processes that govern retention of radionuclides in crystalline rock and to
increase the confidence in the computer models for radionuclide transport that will be
used in the licensing of a repository. Different model concepts are evaluated with regard
to realistic description of the rock, possibility of acquiring data from site characteri-
sation, usefulness and feasibility. Within the TRUE programme a number of experi-
ments are performed in stages at different scales and with successively increasing
complexity. 

The first stage (TRUE-1), completed in 2000, had the objectives to conceptualise and
parametrise an experimental site using both non-sorbing and sorbing tracers in a simple
test geometry, and to improve methodologies for tracer tests on a detailed scale
(Winberg et al., 2000). Additional experiments performed within this stage of TRUE
concerns the injection of resin in fractures for obtaining fracture aperture distributions,
and testing sampling and analysis technologies for evaluating matrix diffusion. The
work performed within TRUE-1 was to a large extent a learning exercise contributing
data and experiences for the more elaborate tracer tests performed within the TRUE
project, e.g. the TRUE Block Scale Project.

Äspö Task Force

The Äspö Task Force on Modelling of Groundwater Flow and Transport of Solutes was
initiated by SKB in 1992 as a forum for international co-operation within the Äspö Hard
Rock Laboratory. Each organisation supporting the Äspö HRL is invited to form or
appoint a team performing modelling of the HRL experiments. The work within the
group is being performed on well-defined and focussed modelling tasks in the area of
conceptual understanding and mathematical modelling of groundwater flow and solute
transport. The modelling efforts performed in the Task Force work provides information
on how different model concepts can be applied in fractured rock and in particular for
identification of important parameters needed to perform predictive modelling of
radionuclide transport.

The Modelling Task 4 consist of several modelling exercises in support of the TRUE-1
tracer tests including predictive modelling where the experimental results are not avail-
able beforehand. Task 4A consisted of modelling in support of the development of the
descriptive structural model of the test site. The scope of Task 4B was to perform
modelling in support of the experimental design. Tasks 4C and 4D were defined to per-
form predictive modelling of non-sorbing tracer tests at the TRUE-1 site, including a
comparison of model outputs with experimental results. The modelling work performed
in Tasks 4C and 4D is evaluated in Elert (1999). All these tasks are to a great extent
preparatory steps for Tasks 4E and 4F that comprise predictive modelling of tracer tests
performed with collection of sorbing, slightly sorbing and non-sorbing tracers.
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The present report gives an evaluation of the predictive modelling of the radially
converging tracer tests performed within TRUE-1 using sorbing tracers. These tests
were made between packed off boreholes penetrating a water-conducting geological
feature with a simple structure.

A total of nine modelling teams representing eight organisations have performed
predictive modelling using different modelling approaches and models. The modelling
groups were asked to make model predictions based on data from the site
characterisation, data on the experimental set-up of the tracer experiment and results
from preliminary design tests (PDT) performed with non-sorbing tracers. After the
predictions were delivered to the secretariat, the experimental results were revealed. In
addition the modelling groups were asked to fill in a questionnaire concerning: issues of
special interest, model and data base, calibration and sensitivity analysis performed,
lessons learned and issues resolved. The purpose of the questionnaire was to obtain a
rapid feedback from the modelling teams and to aid the evaluation process. The results
of the experiments, the predictions and the evaluations are compiled in proceedings of
the Äspö Task Force meetings (Ström, 1998) and (Morosino, 1999a, 1999b and 2000).
The work performed by the modelling groups is also reported in International
Cooperation Reports (ICR-reports), see Table 1-1.

Table 1-1 Organisations and modelling teams participating in Tasks 4E and 4F

Organisation Modelling team Representative Task 4E Task 4F Reference

ANDRA CEA-DMT E Mouche X X

BMWi BGR L Liedtke X X ICR 99-03

CRIEPI CRIEPI Y Tanaka X X ICR in prep.

DOE SANDIA S McKenna X

JNC Golder Associates W Dershowitz X X ICR 01-02.

NAGRA PSI A Jakob X X ICR in prep.

POSIVA VTT Energy A Poteri X X ICR 01-01.

SKB KTH-ChE L Moreno X X ICR 01-03

SKB KTH-TRUE J-O Selroos X X ICR 00-01

This evaluation report focuses on the lessons learned from the modelling work in terms
of process understanding and model capability, rather than on how the individual
modelling groups or models achieve in the predictions. In Chapter 2, the purpose and set
up of the experiments subject to modelling are given. Chapter 3 presents the various
modelling approaches used and in Chapter 4 a comparison between the results of the
experiments and the predictive modelling is presented. Chapter 5 contains a discussion
of the predictive modelling, lessons learned and remaining unresolved issues. Finally, in
Chapter 6 the main conclusions of the Modelling Task 4E and 4F are given.
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2 Purpose and set up of experiments

2.1 Description of settings

Äspö HRL Site

The Äspö Hard Rock Laboratory is situated on the east coast of Sweden in the vicinity
of the Oskarshamn nuclear power plant. The layout of the Äspö HRL is shown in
Figure 2-1. The tunnel starts at the Simpevarp peninsula and extends northward towards
the southern part of the island of Äspö where the tunnel continues in a spiral down to a
depth of 450 meters. The total length of the tunnel is approximately 3600 meters.

Figure 2-1 General layout of the Äspö HRL.

Äspö tunnel and TRUE block

The experimental site for the TRUE-1 tracer experiments, the TRUE-1 block, is a well
characterised rock block of approximately 50 m scale at the northern end of the Äspö
HRL at a depth of about 400 meters. A detailed characterisation programme has been
performed on the site including five cored boreholes (KA3005A and KXTT1-KXTT4).
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The characterisation included analysis of pressure response during drilling, core logging,
geological mapping, borehole radar, mineralogical analyses, detailed flow logging,
selective flow and pressure build-up tests, installation of multiple packer systems,
multiple hole interference tests, hydrogeochemistry, preliminary tracer tests and tracer
dilution tests. Based on the resulting database a structural model has been built
(Winberg, 1996), see Figure 2-2. Three minor fracture zones (NNW-4, NW-2 and
NW-3) have been identified and are interpreted as boundaries of the TRUE-1 block. In
addition a structurally less well-defined zone (NW-2') was identified.

Figure 2-2 Structural and geometrical model of TRUE site. Horizontal section at
Z=-400 m showing bounding minor fracture zones and features identified
in the TRUE-1 Block.

Four minor features (Features A, B, C and D) were identified in the borehole array.
Feature A is a steeply dipping NW trending structure characterised as a reactivated
mylonitic structure. Features B and D are structurally more complex, consisting of a
number of different planar fractures with a wide spread in orientations making NW
trending features intersecting Feature A south of the borehole array. Feature C is
interpreted as a single gently dipping fracture.

Feature A

In the update of the structural model of the TRUE-1 block a more detailed description of
Feature A is given (Winberg et al., 1998). The updated model has included the outcome
of work performed as a part of the Fracture Classification and Characterisation project
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(FCC) (Bossart et al., in prep) and the results of the tracer test programme (RC-1-RC-3,
DP-1-DP-6, STT-1, STT-1b, STT-2).

Results of performed cross-hole interference data show that the response in Feature B
and other sections not associated with Feature A is very low in within area of Feature A
covered by the boreholes. This reflects the relative hydraulic isolation of Feature A.
Results of the tracer tests show that Feature A is connected over the entire area covered
by the borehole array. The flow path KXTT4 R3 to KXTT3 R2 shows an unnaturally
high dispersivity, which could be an indication of two flowpaths belonging to Feature A
intercepting section KXTT4 R3. The detailed flow logs and the BIPS (Borehole Image
Processing System) image show an open fracture subparallel to Feature A in section
KXTT4 R3. The fracture may possibly be regarded as a part of Feature A. Pressure
response during pumping tests also indicates that Feature A is divided up in fractures
(splays) towards the tunnel.

Figure 2-3 shows the schematic conceptual representation of Feature A presented by the
TRUE-1 project (Winberg et al., 2000). The feature essentially follows the mylonite, but
can in part be in contact with altered Äspö diorite. The main fracture minerals in
Feature A are calcite, fluorite, quartz, k-feldspar and pyrite. SEM/EDS analyses show
the presence of clay minerals as an outer rim of the fracture mineral coating. This has
been taken as an indication that gouge material may be present in Feature A. Gouge
material has been found in similar features, but has not been isolated in the core
drillings performed in Feature A.

Figure 2-3 Schematic conceptual representation of Feature A. Note that fracture
aperture is not to scale.

An alternative conceptual model of the TRUE-1 block based on the results of the
Fracture Characterization and Classification Project (FCC) is documented in Mazurek et
al. (1996, 2001). In the FCC project, water-conducting features at Äspö were
investigated on a wide range of scales from millimetres to kilometres. Among the main
objectives were the geometric understanding of the present-day fracture network, its
evolution over geological time and the characterisation of the recurrent events of
hydrothermal water/rock interaction. One of the results of these investigations was the
geological conceptualisation of fracture patterns and the definition of various rock
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domains that may interact with migrating tracers in field experiments of short duration
or in the course of long-term natural processes.

In the alternative model the TRUE-1 volume including Feature A show a highly
complex network of fractures, cracks and fissures often bounded on one side by a high
porous zone accessible for diffusion addressed as fault gouge material. According to this
model Feature A is unlikely to be a single discrete structure, but more likely a cluster of
shorter interconnected fractures that concentrate along the mylonitic precursor.

Preliminary design tests

Prior and during the Sorbing Tracer Tests (STT) Preliminary Design Tests (PDT) were
performed in Feature A to optimise the test configuration for tests with radioactive
sorbing tracers. Four preliminary design tests have been performed (PDT-1 – PDT-4),
see Table 2-1. The tracer solution used in PDT-1 and PDT-2 contained only non-sorbing
tracers, the fluorescent dyes Uranine and Amino G. The tracer solution injected in the
PDT-3 experiment contained both non-sorbing and weakly sorbing tracers (Uranine,
HTO, 82Br and 24Na). The purpose of including the weakly sorbing tracer 24Na was to
give the experimental team a first indication of the sorptive properties of Feature A
(Andersson et al., 1998a). However, this data was not provided to the modellers.

Table 2-1 Summary of tracer tests performed within Tasks 4E and 4F. In all the
cases pumping was performed in section KXTT3 R2.

Preliminary Design Tests Sorbing Tracer Tests

PDT-1 PDT-2 PDT-3 PDT-4 STT-1 STT-1b STT-2

Injection
section

KXTT1 R2
KXTT4 R3

KXTT1 R2
KXTT4 R3

KXTT4 R3 KXTT1 R2 KXTT4 R3 KXTT1 R2 KXTT4 R3

Pumping
rate

0.1 l/min 0.2 l/min 0.4 l/min 0.4 l/min 0.4 l/min 0.4 l/min 0.2 l/min

Sorption
of used
tracers

None None None
Weak

None None
Weak
Moderate

None
Weak
Moderate

None
Weak
Moderate

The objectives of PDT-1 were to find the lowest possible flow rate with maintained high
recovery and to optimise injection and sampling procedures. The PDT-1 test was
conducted as a radially converging test with injection in two sections, KXTT1 R2 and
KXTT4 R3 using a pumping rate of 0.1 l/min in KXTT3 R2. The test showed a
relatively low mass recovery for both paths and consequently the pumping rate was
increased in PDT-2.

The objective of PDT-2 was to check that boundary conditions were unchanged
compared with previously performed dilution tests. The PDT-2 test was conducted as a
radially converging tracer test with injection in the same two sections as in the PDT-1
experiment. The pumping rate was increased to 0.2 l/min in KXTT3 R2. In the PDT-2
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test the mass recovery was still relatively low for the flow path KXTT1 R3 to KXTT3
R2, while the flow path KXTT4 R3 to KXTT3 R2 showed a high mass recovery.

Based on the result from the PDT-1 and PDT-2 test it was decided to only use the flow
path KXTT4 R3 to KXTT3 R2 in the subsequent PDT-3 test. Further, the test showed
that the lowest possible pumping rate to use for pumping in KXTT3 R2 should be
0.2 l/min. The results of the dilution tests performed at the TRUE-1 site indicated that
no major change in the boundary conditions has occurred in the two investigated
Features A and B.

The objectives of PDT-3 were to test routines for injection, sampling, transport and
analysis of radioactive tracer. The test was also made to check that Uranine is a non-
sorbing tracer by comparison with tritiated water. The PDT-3 test was conducted as a
radially converging test with injection in one section, KXTT4 R3 to KXTT3 R2 using a
high pumping flow rate of 0.4 l/min. The injected tracer solution included tritiated water
(HTO), two short-lived gamma-emitting tracers (82Br and 24Na) and Uranine.

Because of the incomplete recovery of tracer in one of the examined flow paths in the
PDT-2 experiment another preliminary design test (PDT-4) was performed in KXTT1
R3 to KXTT3 R2. The pumping rate was increased from 0.2 l/min (in PDT-2) to
0.4 l/min. The purpose of the preliminary design test, PDT-4, was to optimise test
procedures for STT-1b and to check that tracer mass recovery of the selected flow path
was high. The mass recovery for Uranine in PDT-4 was not as high as expected but it
was considered high enough for STT-1b to be performed (Andersson et al., 1999a).

2.2 Tracer test STT-1 (Task 4E)

2.2.1 Objectives

The objectives of the TRUE-1 sorbing tracer test STT-1 was to test equipment and
methodology for performing tracer test with sorbing radioactive tracers for future stages
of the TRUE project. The experiment was also made to increase understanding of
transport of sorbing tracers in the studied feature and obtain parameters, which describe
retention of tracer transport.

2.2.2 Definition and set up

The tracer test was performed in a radially converging flow geometry with pumping in
one borehole section and injection of tracer in another borehole section penetrating
Feature A (Andersson et al., 1998b). Pumping was performed in borehole section
KXTT3 R2 and tracer was injected in the borehole section KXTT4 R3, see Figure 2-4.
The travel distance between the boreholes was 4.68 meters. The injection sections were
equipped with a circulation system to rapidly achieve a homogeneous concentration
within the section. The volume of the injection section was reduced by inserting volume
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reducer (dummies). In total eight tracers, two non-sorbing: Uranine and tritiated water
(HTO) and six weakly to moderately radioactive sorbing tracers: 22Na, 47Ca, 85Sr, 133Ba,
86Rb, 137Cs, were mixed and injected as a finite pulse with a duration of four hours.
After four hour of injection the tracer solution was exchanged with unlabelled water.
The exchanged procedure lasted for 72 minutes.

KXTT3 R2

KXTT4 R3

KA3005A R3KXTT1 R2

KXTT2 R2

Figure 2-4 Test geometry, pumping flow rates (Q) and borehole intersection pattern
with Feature A for the tracer tests STT-1, STT-1b and STT-2.

Pumping in the withdrawal section (KXTT3 R2) at a rate of 0.4 l/min started a month
prior to the injection in KXTT4 R3. The withdrawal section was sampled with an initial
sampling frequency of one sample per 10 minutes during the first two hours and then
with a gradually decreasing sampling frequency down to one sample per day after two
months.

2.2.3 Data base for model predictions

Several deliveries of documents and data were made to the participating organisations
and the modelling groups. Three deliveries were made in August 1997 to Mars 1998
containing data on flow and injection concentration for the STT-1. The deliveries also
contained data sets for the Preliminary Design Tests. The deliveries included:

• Data set for PDT-1 and PDT-2 (breakthrough and injection curves for Uranine and
Amino G) and hydraulic data (head and pump rate) as well as electrical conductivity
of pumped water.

• Data set for PDT-3 (injection and breakthrough curves for Uranine) and STT-1
(injection data).

• Data set for PDT-4 (breakthrough curve and injection curves for Uranine) and for
STT-1 (breakthrough curves).
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2.3 Tracer test STT-1b (Task 4E)

2.3.1 Objectives

The objectives of the TRUE-1 sorbing tracer test STT-1b was to test equipment and
methodology for performing tracer test with sorbing radioactive tracers for future stages
of the TRUE project. The experiment was also made to increase understanding of
transport of sorbing tracers and to obtain in situ data of sorption from one additional
flow path within the studied feature.

2.3.2 Definition and set up

The tracer test was performed using a radially converging flow geometry with pumping
in borehole section KXTT3 R2 and injection of tracer in borehole section KXTT1 R2,
see Figure 2-4 (Anderson et al., 1999a). The travel distance between the boreholes was
5.03 meters. The injection section was equipped with the same circulation system as in
STT-1. A solution containing ten different tracers were injected, four non-sorbing
(Uranine, HTO, 82Br, 131I) and six weakly to moderately sorbing tracers (22Na, 42K, 85Sr,
86Rb, 58Co, 99mTc) as a finite pulse with a duration of 4 hours. After four hour of
injection the tracer solution was exchanged in two steps with unlabelled water. The first
exchange lasted for 60 minutes and the second exchange, 100 minutes after the end of
the first one, lasted for 25 minutes.

Pumping in the withdrawal section (KXTT3 R2) at a rate of 0.4 l/min started in June
1997 prior to the STT-1 test and injection in KXTT4 R3 for the STT-1b test started in
November 1997. The withdrawal section was sampled with an initial sampling
frequency of one sample per 10 minutes during the first two hours. During the next two
hours the sampling frequency was then increased to one sample every 5th minute and
then gradually decreasing down to one sample per day after two months.

2.3.3 Data base for model predictions

Several deliveries of documents and data were made to the participating organisations
and the modelling groups. Three deliveries were made in Mars to October 1998
containing data on flow and concentration for the STT-1b test and the final reports on
STT-1 and the preliminary design tests (PDT). The deliveries included:

• The final report “Preliminary Design Tests for Tests with Radioactive Sorbing
Tracers (PDT-1, PDT-2, PDT-3)” (Andersson, 1998a).

• The draft report “Tracer Tests with Sorbing Tracers, STT-1” (Andersson, 1998b).

• The memo “Radially Converging Tracer Test, RC-3” (Andersson, 1998c).

• Data from the sorbing tracer test STT-1b in Feature A (injection concentration
versus time for Uranine, HTO, 82Br, 22Na, 42K, 85Sr, 86Rb, 58Co, pumping rates).
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• Data from the radially converging tracer experiment RC-3 (injection concentration
of Uranine versus time, Uranine breakthrough in the pumping section versus time,
pumping rates).

Finally the experimental results of the breakthrough measurements were distributed in
October 1998, containing the following data:

• Breakthrough concentration versus time for Uranine, HTO, 82Br, 22Na, 42K, 85Sr,
86Rb, 58Co.

• Hydraulic head in KXTT1 R2, KXTT2 R2, KXTT3 R2, KXTT4 R3 and KA3005A
R3 versus time.

2.4 Tracer test STT-2 (Task 4F)

2.4.1 Objectives

The objectives of the TRUE-1 sorbing tracer test STT-2 was to test equipment and
methodology for performing tracer test with sorbing radioactive tracers for future stages
of the TRUE project. The experiment was also made to increase understanding of
transport and retention of sorbing tracers in crystalline rock and study the influence of a
decreased flow rate on the transport of the tracers compared to STT-1 and STT-1b.

2.4.2 Definition and set up

The tracer test was performed using a radially converging flow geometry with pumping
in borehole section KXTT3 R2 and injection of tracer in borehole section KXTT4 R3,
both penetrating Feature A (Anderson et al, 1999b), see figure 2-4. The travel distance
between the boreholes was 4.68 meters. The injection section was equipped with the
same circulation system as in STT-1 and STT-1b. A solution containing twelve different
tracers were injected, three non-sorbing (Uranine, HTO, 82Br) and nine weakly to
moderately radioactive sorbing tracers (22Na, 42K, 47Ca, 85Sr, 99mTc, 131Ba, 133Ba, 86Rb
and 137Cs) as a finite pulse with a duration of 4 hours. After four hours of injection the
tracer solution was exchanged in two steps with unlabelled water. The first exchange
lasted for 50 minutes and the second exchange, one hour after the end of the first one,
lasted for 40 minutes.

The pumping in the withdrawal section (KXTT3 R2) was decreased from 0.4 l/min to
0.2 l/min eleven days prior to the injection in KXTT4 R3. The withdrawal section was
sampled with an initial sampling frequency of one sample per 10 minutes during the
first 13 hours and then sampled with a gradually decreasing sampling frequency down to
one sample per 96 hours at the end of the test period.
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2.4.3 Data base for model predictions

Several deliveries of documents and data were made to the participating organisations
and the modelling groups. One delivery was made in December 1998 contained data on
flow and concentration for the STT-2 test and a technical memorandum on the updated
structural model of the TRUE-1 block. The deliveries included:

• The technical memorandum “Updated structural model of the TRUE-1 block and
detailed description of Feature A” (Winberg et al., 1998).

• Data from the sorbing tracer test STT-2 in Feature A (injection concentration versus
time for Uranine, HTO, 82Br, 22Na, 47Ca, 85Sr, 131Ba, 133Ba, 86Rb and 137Cs, pumping
rates).

Finally the experimental results of the breakthrough measurements were distributed in
August 1999, containing the following data:

• Breakthrough concentration versus time for Uranine, HTO, 82Br, 22Na, 47Ca, 85Sr,
131Ba, 133Ba, 86Rb and 137Cs.

• Hydraulic head in KXTT1 R2, KXTT2 R2, KXTT3 R2, KXTT4 R3 and KA3005A
R3 versus time.
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3 Modelling approaches

3.1 Introduction

A wide range of models and modelling approaches have been applied in Task 4E & 4F.
The main focus of the work has been on the transport of sorbing tracers, while the flow
modelling generally has received less attention than in the previous tasks. The need to
include relatively complex transport processes in the models has in many cases lead to
the need of simplifying the geometrical description of Feature A. Many of the groups
have also performed a great amount of model development during the work with Task
4E and 4F. Thus, the models for prediction of the STT-1 tracer test are in many cases
not the same as used for the predictions of STT-1b and STT-2 tests. In Tables 3-1 to 3-2
a summary is made of the flow and transport models used for prediction of the different
tests.

The majority of models describe Feature A as a two dimensional planar fracture, where
the fracture plane considered as a continuum extending in two dimensions – continuum
models. The properties of this continuum (transmissivity, aperture, etc) may either be
constant over the fracture plane (homogenous) or vary spatially (heterogeneous). The
spatially varying properties are assigned from a limited number of measurements, which
may be used to determine the properties in different parts of the feature - deterministic
modelling. However, statistical methods are often used to obtain a heterogeneous
parameter field, e.g. the transmissivity field. Such a field gives a stochastic
representation of the properties of the fracture plane; therefore several realisations are
made to obtain statistical measures of output entities. These models are called stochastic
models. The stochastic fields may be conditioned on measured quantities, e.g.
transmissivities and head values. 

An alternative approach is to make a discrete representation of the individual features
within the rock. In discrete fracture network models (DFN) the individual fractures are
included in the model in order to address the interconnections between fractures in the
rock. The properties of the individual fractures may either be homogenous or
heterogeneous. In channel network models (CN) the individual flow paths in the rock
are modelled. The properties of the flow paths are assigned from statistical distributions
defined in such a way that the large scale properties of the rock are maintained.

The modelling of the flow field and the tracer transport is performed in separate steps,
usually using different models. The modelling of the flow is for all groups based on the
flow equation, while the transport models are either based on the advection-dispersion
equation or on particle tracking methods. The transport models include surface sorption,
matrix diffusion and sorption.
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3.2 Approaches applied by the modelling teams

3.2.1 CRIEPI

The Central Research Institute of Electric Power Industry (CRIEPI) of Japan
participated in Tasks 4E and 4F with the specific modelling objective of deepening their
understanding of migration phenomena of sorbing solutes in a fracture. Furthermore,
they wanted to assess the usefulness of the numerical codes developed for prediction of
such phenomena. The modelling group performed predictive modelling of Task 4E and
Task 4F. After the experimental results were delivered also an evaluation of their model
was made including fitting the experimental results (Tanaka et al., 2000).

Feature A was considered as an isolated fracture described as a flat square with a side of
30 m. The flow in the fracture was solved with the flow equation and the tracer transport
using the advection-dispersion equation. Dispersion and diffusion within the fracture
plane was taken into account. For the predictions of STT-2 also diffusion into the rock
matrix was considered. The calculations were made with the Finite Element method on
a mesh refined in the central part where the boreholes were located. The number of
elements was about 4000 for the two-dimensional simulations of STT-1 and STT-1b
and about 23 000 for the three-dimensional simulations for STT-2.

The transmissivity field of Feature A was assumed to have a lognormal distribution. The
transmissivities at the borehole intersections (KXTT1 - KXTT4) were obtained by
minimising the error of predicted and observed drawdown in the previous tracer tests.
The transmissivity at KA3005A was taken from the flow- and pressure build-up test.
The transmissivity field was estimated by kriging on the basis of the transmissivities of
the five borehole intersections with an exponential model for the spatial correlation and
a correlation length of 1 meter. A fixed hydraulic head was set on the surrounding
boundaries. The magnitude and direction of the gradient was estimated from head
measurements before the start of PDT-3.

The mass flux in the injection section was calculated based on the decline of the
concentration of the two tracers Uranine and Amino G Acid in the injection section. The
product of tracer concentration and the fluid flux was input as the mass flux of tracer.

Tracer test STT-1

The predictions of STT-1 were made using the two-dimensional model. The fracture
aperture and longitudinal dispersivity was obtained by fitting the Uranine breakthrough
in PDT-3. To estimate surface sorption, the geometric mean of laboratory Ka-values
were used (Andersson et al., 1997), based on the geometric surface after 1 day and 14
days. The predicted breakthrough curves were found to reach a higher maximum value
than the experimental curves. The predicted maximum value was also reached much
earlier than in the experiment.
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Tracer test STT-1b

The predictions for STT-1b were made with the same model, transmissivity distribution
and boundary conditions as for STT-1. The fracture aperture and longitudinal
dispersivity were derived from fitting the breakthrough in PDT-4. The surface sorption
coefficients (Ka) for Na-22, Sr-85 and Rb-86 were obtained from the evaluation of the
results from the STT-1 test. These Ka-values were between 3.4 and 4 times higher than
the Ka-values derived from laboratory data that were used in the prediction of STT-1.
The predicted curve showed reasonable agreement with the measured curve, but the tail
tended to decline much faster than in the experiment.

Tracer test STT-2

The three-dimensional model was used for the predictions of STT-2, thereby including
the effect of matrix diffusion and sorption. The transmissivity distribution in the fracture
and the boundary conditions were the same as in the previous predictions. The fracture
aperture and longitudinal dispersivity was obtained by fitting the Uranine breakthrough
in PDT-2. The effective diffusivities in the rock matrix, the surface sorption coefficients
and matrix sorption coefficients were obtained by fitting the results of the STT-1
experiment using the three-dimensional model. The predicted breakthrough curves
showed a higher maximum value that was reached earlier than in the experimental
curves.

3.2.2 JNC/Golder

The modelling team from the Japanese Nuclear Cycle Development Institute (JNC) and
Golder Associates has participated in Tasks 4E and 4F with the purpose of improving
the understanding of flow and transport of sorbing radionuclides in discrete fracture
networks with the focus on transport and the role of fracture connectivity. Special issues
addressed were the role of flowpath networks and the effect of immobile zones
(Dershowitz et al., 2000).

The JNC/Golder group has based their predictive calculations on stochastic discrete
fracture network models (DFN). The DFN model covers a 50 x 50 x 50 m block
containing a limited number of deterministic features in a stochastically generated
network of fractures. The present model included Feature A, Feature A* (a high
permeability feature between KXTT2 and KXTT3) and Feature NW-2, and about 350
stochastic background fractures. Flow simulations with the DFN-models provided
simulated drawdown and transport pathways. The transport of non-sorbing and sorbing
tracers in these pathways have been simulated using a variety of transport models.

Tracer test STT-1

For the STT-1 predictions, multiple DFN realisations of the geologic conceptual model
containing Feature A were generated. Three models of heterogeneity within Feature A
were tested. In the first a constant transmissivity was used, set somewhat lower then
previously used in the predictions of Task 4D. In the second the transmissivity field was
conditioned to borehole transmissivities and interpolated between the known values. In
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the third POCS-model the transmissivity field conditioned to known values in boreholes
and a fractal roughness between boreholes was assigned. The three models did not give
significantly different results in the calibration and only the model with constant
transmissivity and the POCS-model were used for the predictions.

Flow simulations of the DFN models provided simulated drawdown and, via particle
tracking, simulated non-sorbing tracer breakthrough curves.  Nearly 100 simulations
were made to calibrate the transmissivity and transport aperture to fit the results of the
PDT-1, PDT-2 and PDT-3 tests. The calibrated model was then conditioned on the
PDT-3 test. Of the 50 realisations performed 10-20 gave acceptable results of drawdown
and breakthrough for non-sorbing tracers compared with the PDT-3 test. The accepted
realisations were then used to predict STT-1.

Solute transport was simulated by particle tracking using the MAFIC model.
Retardation of sorbing tracers was modelled by estimating a relative velocity for each
tracer based on the surface sorption coefficients determined from the laboratory
experiments (Andersson et al., 1997). The relative velocity was 100% for Uranine, 80%
for Na, Ca and Sr, 10% for Rb and Ba and 1% for Cs. Tracer breakthrough was
calculated by injecting about 10 000 particles in a step-pulse. The tracer injection in
STT-1 was simulated by slug superpositioning of the breakthrough curve with the
measured injection concentration curve.

The experimental breakthrough curves showed an earlier initial breakthrough and a
more pronounced tailing than the predicted curves indicating the possible importance of
matrix diffusion or other immobile zone exchange processes. Thus, the STT-1
evaluation focussed on the effect of these processes testing different conceptual models.

Tracer test STT-1b

Based on the evaluation of the STT-1 predictions, the modelling strategy was somewhat
revised for the predictions of STT-1b. In order to evaluate the importance of multiple
pathways a Laplace Transform Galerkin solute transport model (LTG) was applied.

As a first step a DFN simulation with MAFIC was made to simulate the drawdown and
non-sorbing tracer breakthrough in the PDT-4 test. Several modifications were made in
the DFN model for the predictions of the STT-1b tracer test. In this case the
transmissivity field of Feature A was conditioned to the measured values at the
boreholes and a refined mesh was used to avoid problems during the particle tracking. A
lower transmissivity was used for the background fractures in order to reduce the flow
through the background fracture network. As this made the storativity of the background
features less accessible, the storativity of the background features as well as of Feature
A was increased.

In the next step a single flowpath and a two flowpath model was set up with LTG. These
models were calibrated to fit the non-sorbing tracer breakthrough of PDT-4. Although
the two path model did not provide a significantly better fit than the one path model it
was still considered as the preferred model. The reason being an unrealistically high
porosity in the one path model and that the experience from the STT-1 evaluation
showed that a better fit for sorbing tracers could be obtained with a two path model.
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Tracer transport was evaluated taking into consideration surface sorption and matrix
diffusion and sorption. Experimental values of surface sorption (Crushed material,
geometric surface, 1 day) and matrix sorption (Äspö diorite) were used (Byegård et al.,
1995), except for Co were field values from other sites were applied.

Tracer test STT-2

The model used for prediction of STT-2 was essentially the same as that used to predict
the previous tracer tests. However, in this case a pipe network for the transport
modelling consisting of nine pipes was derived from the DFN-model. The nine
pathways were based on background fracture intersections with Feature A. Seven of the
pathways remain in Feature A between the two wells, while the remaining two go
through background fractures near the well. The basis for using multiple pipes was the
complex form of the breakthrough curve of PDT-2.

Solute transport in the nine pathways was modelled using the LTG-model. The model
takes into consideration advection-dispersion in multiple pathways, surface sorption,
diffusive exchange between mobile and immobile zones, matrix diffusion and sorption.
Calibration was made to the PDT-2 breakthrough curve by adjusting fracture aperture,
matrix porosity and diffusion distance of the pathways.

As a result of the evaluation of the previous tracer tests the surface sorption coefficients
for Na, Sr and Rb were increased about 2.5 times compared to the values used for the
STT-1b predictions. For Ca, Br and Cs the values taken from Andersson et al. (1997)
were retained. The value for Ba was taken from Ohlsson and Neretnieks (1995). The
matrix sorption coefficients were derived from the surface sorption coefficients, which
resulted in somewhat higher values for the more sorbing radionuclides than previously
used.

3.2.3 SKB/KTH-ChE

The Royal Institute of Technology/Department of Chemical Engineering (KTH-ChE) of
Sweden on assignment of the Swedish Nuclear Fuel and Waste Management Co (SKB)
has participated in Tasks 4E and 4F with the purpose of increasing the knowledge about
transport of sorbing species in fractured rock (Moreno, 2001). An additional purpose
was testing of the model CHAN3D by applying it to experiments with sorbing species.

The modelling team focussed on the flow and transport in a network of flow paths
(channels) in the fractured rock volume using the code CHAN3D (Gylling et al, 1999).
The code is based on the Channel Network model developed by Moreno and Neretnieks
(1993), where flow and transport is presumed to take place in a three-dimensional
network of channels. The structure of the grid is cubical, with six channels meeting at
the connections. The length and hydraulic conductivity of the individual channels were
described by a hydraulic conductance, assigned from a statistical distribution. The
transport was simulated by a particle-following technique where the total residence time
of a particle is the sum of its residence time in the channels it has passed through. In
order to estimate the residence time for non-sorbing tracers a channel volume is needed.
The effect of diffusion into the rock matrix and sorption was simulated by assigning the
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residence time of a particle in the individual channels from a distribution derived from
an analytical equation for advection with matrix diffusion and sorption. In this case also
the flow wetted surface must be provided. Hydrodynamic dispersion within the channels
was neglected, only matrix diffusion and sorption and the presence of different flow
paths will thus cause dispersion.

The SKB/KTH-ChE team has modelled a rock block of 30 x 30 x 40 metres including
part of the tunnel, the niche, the boreholes and Features A and B. The discrete features
were described by assigning a specific conductance distribution to the channels
belonging to a particular feature. Feature A was extended to the boundaries while
Feature B was considered as a confined plane. A channel length of 0.7 metres was used
giving a network of 350 000 channels.

A constant hydraulic head was assigned at the top, bottom and the vertical side away
from the tunnel. On the opposite vertical side the part containing the tunnel and the
niche was assigned the hydraulic head in the tunnel, while the remainder of that side
was treated as a no flow boundary. Also the vertical sides perpendicular to the tunnel
were treated as no flow boundaries.

The conductance of the channel members was assumed log-normally distributed and
non-correlated in space. The mean values of the conductance distribution of channels
belonging to Features A and B were assigned from measured transmissivities and
calibrated to fit drawdown of preceding preliminary tracer tests. No conditioning of the
transmissivity was made at the intersecting boreholes. The mean conductance of the
channels in the surrounding bedrock was calculated from the hydraulic conductivity of
the rock mass. A lognormal standard deviation of 1 was used for all features based on
measurements at the Äspö site (Gylling et al., 1994). The conductance of the channels
connecting to the tunnel was reduced by a factor of 10 to simulate the skin effect. The
flow porosity (total volume of the channels included in Feature A) was matched against
the results of the preliminary design tests, see below. The volumes of the individual
channels were estimated assuming that the conductance is proportional to the cube of
the channel aperture. The channels in the rock were assumed to have lower flow
porosity than those in the features. The specific flow wetted surface was estimated to be
1 m2/m3, which for a channel length of 0.7 m corresponding to a channel width of
0.25 m.

Tracer test STT-1

The preliminary tracer tests PDT-1 – PDT-3 were used to calibrate the model. The
conductance of the channels belonging to Feature A was varied in order to match the
drawdown observed in these tests. The reduction of the conductivity in the channels
intersecting the tunnel was varied in order to match the observed tracer recovery. The
void volume was calibrated to fit the breakthrough time for Uranine in the PDT-3 test.

The matrix sorption coefficients and diffusion coefficients were taken from the provided
laboratory data (Andersson et al., 1997).
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Tracer test STT-1b

No recalibration was made of the channel conductances for the predictions of STT-1b.
However, the void volume of the channels was calibrated to fit the breakthrough time
for Uranine in the PDT-4 test.

In the evaluation of STT-1b it was found that the predicted travel times for the sorbing
tracers were considerably shorter than those observed in the experiment. The cause of
this difference was studied and several possible causes for the difference were
identified:

− Either the diffusion and/or sorption into the rock close to the fracture is more
prominent than was evaluated from the laboratory data.

− The water flow rate through which the tracers were transported was smaller than the
average value, which would increase the efficiency of matrix diffusion and sorption.

− Sorption occurs also on fracture surfaces, filling material or gauge material.

− Diffusion occurs into zones with stagnant water, which may be important if the
transport paths are narrow and the fracture aperture is large.

It was found that in order to simulate the experimental results the product of the matrix
sorption coefficient and matrix diffusivity should be 900 times larger than the value
obtained from the laboratory data (Andersson et al., 1997). Alternatively, the flow rate
in the part of the fracture where transport occurs should be a factor 30 lower than the
average flow rate.

Tracer test STT-2

The preliminary tracer test PDT-2 was used to calibrate the model. The conductance of
the channels belonging to Feature A was varied in order to match the drawdown
observed in PDT-2. The void volume was adjusted to fit the breakthrough in PDT-2.
The reduction of the conductivity in the channels intersecting the tunnel was varied in
order to match the observed tracer recovery.

In an evaluation of the predictive modelling various explanations for the deviations
between predicted and observed breakthrough curves were investigated. This evaluation
is further discussed in Chapter 5.

3.2.4 Posiva/VTT

The modelling team from Posiva Oy and VTT Energy of Finland participated in the task
for the purpose of increasing the knowledge of flow and transport in a heterogeneous
single fracture as a basis for performance assessment. A carefully conducted set of tracer
tests in a hydraulically well characterised fracture with accurately measured source
terms and varied pumping was expected to reveal essential features of the flow and
transport processes. A main issue was how the flow heterogeneity (channeling),
especially the flow rate distribution over the fracture plane, influenced the interaction of
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transported solutes with the fracture walls in various parts of the fracture. This is a
prerequisite for matrix interactions.

The Posiva/VTT team used different modelling approaches to predict the tracer
experiments (Poteri, 2000). Various analytical expressions have also been used to
evaluate the importance of various transport processes. Two different conceptual models
were applied to predict the three tracer tests. The first two tests (STT-1 and STT-1b)
were modelled assuming transport in a two-dimensional heterogeneous fracture, while
the last test (STT-2) was modelled assuming transport in flow channels. In both cases
the breakthrough curve for a pulse injection of a non-sorbing tracer was first simulated.
The non-sorbing tracer breakthrough was divided into a discrete set of streamtubes.
Each streamtube was assumed to have identical properties, but with a different flow-
rate. The effect of sorption and matrix diffusion was evaluated for each streamtube and
the total release was evaluated by integrating the release from the individual
streamtubes. Finally, the predicted tracer release was evaluated by convolution with the
experimental injection curve.

Processes considered in the modelling were advection, Taylor dispersion, surface
sorption, diffusion into zones of stagnant water, diffusion into the rock matrix with
subsequent sorption.

Tracer tests STT-1 and STT-1b

The two-dimensional heterogeneous fracture plane used in STT-1 and STT-1b was
modelled using the stochastic continuum approach (Poteri, 2000). No intersecting
fractures or background fractures were  included. The hydraulic head field in Feature A
was calculated by solving the flow equation in two dimensions. The modelled plane had
the dimensions 15 x 11 meters, which was judged to be large enough to have fixed head
boundary conditions at the outer edges. The grid consisted of about 15 000 equally sized
elements with a side of about 0.1 m. An isotropic transmissivity field was generated
based on a lognormal transmissivity distribution and a spherical correlation function.
The transmissivity field was not directly conditioned to the measured borehole
transmissivities.

The finite element code FETRA was used to solve the hydraulic head field using linear
two-dimensional elements. The boundary conditions were extrapolated from head
values measured before the PDT-3 test. The transmissivity fields used in the transport
calculations were calibrated against drawdown data from ten different tracer tests
previously performed in Feature A. Calculations were made with a total of 799
realisations of the transmissivity field.  Based on the results of the preliminary tracer test
a standard deviation of the log transmissivity in the range σ = 1.5 - 2 was expected.
However, as was the case for the simulations for Tasks 4C and 4D the head field
solution became unreliable using such high standard deviation. Therefore a fixed
standard deviation of σ = 1 was used. The mean transmissivity was calibrated to fit the
mean drawdown in the injection holes of all radial tests. This gave a mean log
transmissivity of  µ=-6.8, which is close to the value obtained in the interference test.

The 30 realisations that had the least sum of the squared difference between measured
and simulated drawdown were selected for the predictive modelling. This approach
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gives a conditioning of the transmissivity field within a distance from the boreholes
corresponding to the correlation length. Furthermore, the part of the fracture closer than
0.1 metres to the pumping hole was assigned a high transmissivity value (5·10-5 m2/s) in
order to ensure a sufficient hydraulic conductivity between the boreholes and the rest of
the fracture plane.

Tracer transport was calculated using the particle tracking method. The water velocity
was calculated with a parallel plate model (cubic law) using the local transmissivity and
the gradient of the hydraulic head estimated by a bicubic fit of the solved hydraulic head
field. The tracer particle velocity was calculated by multiplying the water velocity by a
factor of 11, obtained from the calibration to the results of the PDT-3 test. Dispersion of
the tracer due to hydrodynamic dispersion in the fracture plane was taken into account.
The dispersion caused by molecular diffusion was estimated to be considerably smaller
than that due to hydrodynamic dispersion. Hydrodynamic dispersion should in principle
be modelled explicitly by the heterogeneous flow field.  However, it was judged that the
description of the variable flow field was not detailed enough to simulate the local scale
variation flow velocities in order to obtain a reasonable value for the dispersion. Thus,
in the predictive modelling hydrodynamic dispersion was modelled by applying a
dispersion coefficient of 10-4 m2/s, obtained by fitting the results of the PDT-3 test. The
dispersion was described by adding a random component to the particle displacement.

The breakthrough curves were calculated for a Dirac pulse injection using 2000 tracked
particles. The non-sorbing tracer breakthrough was divided into a discrete set of
streamtubes. Each streamtube was assumed to have identical properties, but with a
different flow-rate. The effect of sorption and matrix diffusion was evaluated for each
streamtube and the total release was evaluated by integrating the release from the
individual streamtubes. The sorption parameters Ka, Kd and the diffusivities were
selected from the laboratory data provided to the modelling groups (Anderson et al.,
1997). The experimental breakthrough curves were simulated by convoluting the
calculated pulse response with the measured time series of the tracer concentration in
the injection boreholes.

Tracer test STT-2

An alternative modelling approach was applied to the STT-2 tracer test, which only
looked at transport and did not predict the drawdown. This approach is based on the
assumption that only a few channels dominate the transport. The water velocity in such
a channel will due to variations in aperture vary over the width of the channel. These
velocity variations will cause a dispersion of the tracer, analogous to Taylor dispersion.
The Taylor dispersion due to velocity variations over the aperture of the channel was
considered to be of little importance since molecular diffusion will even out the
concentration gradient perpendicular to the flow direction in a short time. In the model
the velocity profile over the width of the fracture was assumed to vary linearly from a
maximum value at the centre to zero at the edges. The average concentration over the
channel width was solved analytically.

In a first step the breakthrough curve for a pulse injection of a non-sorbing tracer was
simulated. The effect of diffusion into stagnant zones, sorption and matrix diffusion was
evaluated using the same method as for the fracture model. The non-sorbing tracer



38

breakthrough was divided into a discrete set of streamtubes and the effect of diffusion
and sorption was evaluated for each streamtube. Total release was evaluated by
integrating the release from the individual streamtubes. Finally, the predicted tracer
release was evaluated by convolution with the injection curve.

For STT-2 the transport parameters were fitted to the results from the STT-1 test rather
than obtained from the laboratory data. The surface sorption retardation factor was
calculated from the rising slope of the STT-1 breakthrough curve. The u-parameters,
describing the effect of matrix diffusion and sorption and diffusion into zones with
stagnant water, were fitted to the STT-1 breakthrough curves. The fitted u-parameter
was adjusted to the lower flow rate in the injection section during STT-2.

3.2.5 BMWi/BGR

The Federal Institute of Geosciences and Natural Resources (BGR) supported by the
Federal Ministry for Economics and Technology (BMWi) of Germany has participated
in the Task 4E/4F modelling work with the purpose of understanding transport
mechanisms for radioactive solutes in fractured rock and testing numerical models
developed for this purpose. An additional purpose of participating was the possibility to
exchange experience with international partners, e.g. from the in-situ experiments
performed at the Grimsel site in Switzerland where BMWi/BGR has participated. The
modelling group especially wants to test their knowledge about sorption of tracers in
fractured rock, for example to what extent the Kd-parameter is suitable for describing
the sorption reactions.

The geometrical model of the features within the TRUE-1 block used in Task 4E and 4F
(Shao and Liedtke, 1999) was basically the same as used in Tasks 4C/4D (Liedtke and
Shao, 1997), where Features A and B have been treated as two-dimensional planar
structures. However, the hydraulic influence of Feature B on Feature A was found to be
negligible, due to the large difference in transmissivity. Feature A was modelled using a
uniform grid with dimensions 20 x 20 m with varying hydraulic conductivity and
fracture aperture. For the STT-1 predictions a 2D-fracture model was used. In the
evaluation of the experiment, the grid describing the feature was extended to a 3-
dimensional fracture-matrix model, in order to describe matrix diffusion and sorption.
For STT-1b and STT-2 the 3D-model was simplified so that each 2D fracture element
was connected to a 1D matrix element attached perpendicular to the fracture plane. The
depth of the fracture matrix was 0.1 m.

The flow in the feature was obtained by solving the flow equation. A heterogeneous
model was used where different parts of the fracture were assigned hydraulic properties
by calibrating to the results from previous experiments using an iterative trial and error
technique, i.e. not a statistical procedure. The model of Feature A was twice the
experimental area, which was judged to be large enough not to be influenced by the
pumping. The natural flow field was simulated by setting a fixed head at parts of the
model boundaries, while the remainder of the boundaries had no flow. The boundary
conditions used where the same as in Tasks 4C/4D. The injection and pumping was
simulated be assigning a prescribed flow rate at the location of the wells.
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The tracer transport was simulated with the advection-dispersion equation using the
calculated water velocity field from the flow model. Hydrodynamic dispersion and
molecular diffusion were  described as a Fickian process. The finite element
discretisation (0.5 – 1 m) was in the same order as the dispersion lengths used (0.6 –
0.9 m). Diffusion into the rock matrix was included in the matrix models. The injection
of tracer was modelled using a time dependent concentration at boundary representing
the injection segments corresponding to the experimental concentrations.

Tracer test STT-1

Two meshes were used in the predictions of STT-1 with different spatial distribution of
the hydraulic conductivity.  The hydraulic conductivity in Mesh 1 was calibrated against
the hydraulic data from all the previously performed dipole tests while Mesh 2 was
calibrated only using results from the tracer tests with the same test configuration as
STT-1 (DP-6, PDT-2 and PDT-3). The transport parameters were calibrated using the
breakthrough of Uranine from previous tracer tests, with focus on the tracer tests
performed in the same configuration. In the predictive calculations sorption was
modelled as equilibrium sorption on material in the fracture. The Kd-values were varied
within the range obtained for Äspö diorite from the laboratory experiments (Andersson
et al., 1997).

The evaluation of the predictions showed that for non-sorbing and weakly sorbing
tracers the experimental results were within the predictions made with the range of Kd-
values reported from experiments. However, for moderately sorbing tracers (Cs-137,
Rb-86) no satisfactory results could be found even using a wide spectrum of Kd-values.
In order to interpret the results for sorbing tracer a matrix model was introduced, where
3-D elements representing the rock matrix where connected to the 2D fracture elements.
Transport was assumed to occur by advection-dispersion in the fracture and diffusion in
the matrix. Sorption was assumed to occur both on the fracture surfaces and in the rock
matrix.

Tracer test STT-1b

Before the prediction calculations for STT-1b, the model was calibrated against the
hydraulic data and tracer transport information obtained from the PDT-4 test, performed
with the same configuration. The hydraulic conductivity, the fracture aperture and the
effective porosity in the fracture near borehole KXTT1 were varied. The calibrated
model was tested by simulating the breakthrough of Uranine in the PDT-1, PDT-2 and
PDT-4 tests. Based on the experience from the STT-1 test, the fracture model was used
to predict the breakthrough of non-sorbing tracers and a matrix model to predict the
breakthrough of moderately sorbing tracers. However, since the 3D-model used for
STT-1 was very demanding in terms of computer capacity a different approach was
used. In the new model – the Brush model – 1D finite elements representing the matrix
were attached to each 2D fracture element. The cross-sectional area of the 1D elements
was set to be equivalent to the corresponding fracture element. Due to symmetry only
half of the fracture aperture was considered.
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In the evaluation of the STT-1 predictions it was found that the prediction of the non-
sorbing and weakly sorbing tracers were satisfactory, while the Kd-values for the more
sorbing tracers needed to be adjusted to obtain a reasonable fit.

Tracer test STT-2

The predictive modelling of STT-2 was performed using the same model as for STT-1b,
except for a slight modification of the dispersivity done with respect to the modelling of
PDT-2. The modelling group also performed a model variation in order to evaluate the
influence of a fracture intersecting KXTT4 R3 subparallel to Feature A. The conclusions
were that the subparallel fracture caused a slight reduction in dispersivity, but did not
have any major influence on the shape of the breakthrough curve. The predictions for
STT-2 were therefore based on the single fracture model.

3.2.6 SKB/KTH-TRUE

The modelling team from Royal Institute of Technology/Water Resources Engineering
of Sweden and SKB was part of the TRUE Project team. The predictions for Tasks
4E/4F are a part of the predictions/evaluations made within the TRUE programme
(Cvetkovic et al., 2000). The SKB/TRUE team especially wished to address the
possibility to increase the understanding of mass transfer processes in Feature A.

Feature A was modelled as a single two-dimensional plane with dimensions 20 by 20
metres. The flow in the feature was described by the two-dimensional flow equation
using a spatially variable transmissivity with an assumed distribution and correlation
length (stochastic continuum approach). The calculations were performed using the
computer code MODFLOW on an equidistant mesh with an element size of 0.4 meters.
The transmissivity field was conditioned on measured transmissivity values and steady-
state heads prior to and during the pumping for the tracer test RC-1. A constant head of -
46.5 m was set at the boundaries. A spatial distribution with a mean mY=-7.7, a variance
of σ2

Y = 0.4 and a correlation length of 1 metre was used as a starting point of the
conditioning. A spatially variable aperture was derived by assuming that transmissivity
and aperture are related through the cubic law.

Transport was assumed to take place in a single fracture with spatially variable aperture.
The transport in the feature was described by a Lagrangian travel time approach where
surface sorption, matrix diffusion and sorption and diffusion into stagnant zones affect
the transported solute. Dispersion within a single streamline was not considered, but
will be due to variation between different streamlines.

In the Lagrangian Stochastic Advection Reaction (LaSAR) framework two random
parameters are introduced β and τ, which depend on the aperture heterogeneity. The β-
parameter which is a flow-dependent parameter controlling the tracer diffusion into the
rock matrix and is an integral entity describing the ratio flow wetted surface to water
flow rate along a streamline. The τ-parameter is the water residence time.
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Tracer test STT-1

For the predictions of the STT-1 test the transport times were evaluated using particle
tracking in the velocity field obtained with the spatially variable transmissivity and
aperture. The transport times were calibrated to the experimental transport times
obtained in the RC-1 tracer test using a calibration factor of 9. The number of particles
was 100. Transport modelled using analytical solution for pulse injection with surface
sorption, matrix diffusion and sorption. The simulated breakthrough curves were
obtained by convolution with injection curves for the different tracers. An effective
value of the β-parameter was determined as the expected value for each realisation.

Surface sorption coefficients (Ka-values) were taken from laboratory measurements
(14 d, geometric surface). Matrix sorption and diffusion data were taken from the
through diffusion experiments on Äspö diorite. Matrix sorption was determined to be of
minor importance for the present case and thus only the effect of surface sorption was
considered in the predictions.

In the evaluation of the STT-1 experiment it was found that the predictions for the more
strongly sorbing tracer differed considerably from the experimental results.

Tracer test STT-1b

The same numerical tools as in the STT-1 simulations were used. However, for the
predictions of the STT-1b tracer test kinetic sorption on fault gauge and diffusion into
stagnant zones was introduced. A linear relationship between β and τ was used, derived
from calculating the correlation between β and τ in multiple realisations. The cross-
section area for diffusion into stagnant zones was derived assuming the pathline width
corresponding to the borehole diameter. The surface and matrix sorption coefficients
and diffusivities were taken from the laboratory measurements, while the sorption
coefficients for the gouge material and the rate constant for the kinetic sorption were
derived from the evaluation of the STT-1 test.

In the evaluation of STT-1 and STT-1b the water residence time distribution was
derived by deconvolution of the breakthrough curve for the non-sorbing tracer HTO
assuming an inverse Gaussian distribution. The sorbing tracer breakthrough was derived
from the water residence time distribution using a calibration factor for the matrix
diffusion and sorption and by adding sorption to the gouge material. The calibration
factor for matrix diffusion and sorption can imply higher values for the diffusivity, or of
the matrix sorption coefficient. The calibration factor needed to enhance matrix
diffusion and sorption was found to vary between 40 and 50 for the tracer in STT-1 and
between 32 and 34 for the tracer in STT-1b.

Tracer test STT-2

In the predictions of the STT-2 tracer test, the water residence time distribution was
derived by calibrating the calculated breakthrough against the experimental data from
PDT-2, assuming an inverse Gaussian distribution. From the evaluation of STT-1 it was
found that the effect of matrix diffusion and sorption needed to be increased in order to
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explain the experimental data. The enhancement factor f and the parameters for kinetic
sorption on the gouge material derived for STT-1 were used for the prediction of STT-2.

The SKB/KTH-TRUE team has performed an extensive evaluation of the tracer tests as
a part of the TRUE work. This evaluation will be further discussed in Chapter 5.

3.2.7 ANDRA/CEA-DMT

The Agence Nationale pour la Gestion des Déchets Radioactifs / Commissariat a
l’Energie Atomique Direction des Reacteurs Nucleaires-Departement de Mécanique et
de Technologie (ANDRA/CEA-DMT) has participated in the Task 4 modelling work
presenting predictive results for the STT-1 (Mouche et al., 1998) and STT-2 (Grenier
and Mouche, 1999) tracer tests. No predictions were made for STT-1b.

The ANDRA/CEA-DMT team has modelled the Feature A as a two-dimensional
fracture using a deterministic approach. Both analytical and numerical models were
used. The numerical model is based on the mixed hybrid finite element code
CASTEM2000.

Tracer test STT-1

In the predictions of the STT-1 tracer test Feature A was assumed to be homogeneous
with a log transmissivity of -7.4, a fracture aperture of 1.4 mm and a dispersion length
of 1.6 meters based on the PDT-2 and PDT-3 tracer tests.

The approximation of Lenda and Zuber (1970) was used for the transport model,
whereby the breakthrough curve in a radially converging flow field can be approximated
by the breakthrough curve in a uniform flow field with the same travel time. The
approximation was made, due to numerical problems solving the transport equation in a
radially converging flow field. Based on the pumping rate and the fracture aperture, the
mean flow velocity was calculated as 3.2 10-4 m/s. The transport model takes into
account surface sorption and matrix diffusion and sorption. The surface sorption and
matrix sorption coefficients were taken from laboratory data (Andersson et al., 1997).
The model was checked against the breakthrough curve of the PDT-3 test, but it was not
possible to satisfactory simulate the large tailing observed in the experimental
breakthrough curve. However, due to time constraints a calibration could not be done
and the parameter values were kept for the prediction of the STT-1 non-sorbing and
sorbing tracers.

Tracer test STT-2

A somewhat different approach was used for the predictive modelling of the STT-2 test.
The purpose was to investigate the reason for the high dispersivity observed in the flow
path used for STT-1 and STT-2, which could be caused by the presence of multiple
pathways or to matrix diffusion effects. In a first step, the effect of the natural gradient
and heterogeneity in the transmissivity field was evaluated. Calculations of the flow
field using the numerical code were done for cases with a homogeneous transmissivity
field with and without the natural flow field. Comparing the flow paths obtained for the
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two cases it was found that the natural flow field was of secondary importance. In the
second step, kriged maps of heterogeneous transmissivity fields were created. In the first
cases kriging was based only on measured transmissivity data and in the second case on
transmissivity data and natural flow head data. For the second case the flow paths were
strongly affected by the heterogeneity.

The transport model considered advection, dispersion and enhanced matrix diffusion
due to fracture gouge material, altered crystalline rock, stagnant pores or the presence of
flowpaths increasing the effective contact area between mobile and immobile water
zones. The predictions of tracer breakthrough were made using a uniform flow field
based on the approximation of Lenda and Zuber. Preliminary evaluations of the PDT-3
tracer breakthrough using an analytical model indicated that diffusion into matrix zones
could account for a large part of the tailing observed in the experiments.

For the predictions of the STT-2 tracer breakthrough values for the dispersion length,
matrix porosity and matrix diffusivity were obtained by calibrating on the PDT-3
breakthrough curve. Data for surface sorption and matrix sorption were taken from the
laboratory experiments, but assuming an increased area for matrix diffusion and surface
sorption. Predictions were only made for non-sorbing and weakly sorbing tracers.

3.2.8 DOE/Sandia

The United States Department of Energy (DOE) and Sandia National Laboratories
joined the Task Force at the Task 4F and have thus performed evaluation modelling of
STT-1 and STT-1b (McKenna, 1999a and 1999b) and predictive modelling only of
STT-2 (McKenna, 1999c). The group has focussed on transport modelling applying the
multirate mass transfer model STAMMT-L (Haggerty and Reeves, 1998). The model
considers advection, hydrodynamic dispersion and mass transfer caused by diffusion and
sorption. Multirate mass transfer may be due to variability in the geometrical, geological
and geochemical properities of the fracture, fracture filling material and the rock matrix,
e.g. the presence of gauge material, alteration zones, zones with stagnant water. This
will give rise to simultaneously acting multirate transfer processes.

The model considers advection-dispersion along a one-dimensional transport pathway
where the fracture is conceptualised as having a mobile zone and an immobile zone. The
mobile zone contains the flowing water in the fracture whereas the immobile zone refers
to the matrix. Mass transfer processes control the transport of solute mass between the
two zones. In the TRUE-1 application multirate diffusion and sorption rates were
described by a lognormal distribution of mass rate coefficients, implying a structure of
layered blocks. The parameters for the mass transfer have been defined in such a way
that it is due diffusion and sorption in a matrix.

The model can be used for estimating parameters from experimental data using a least
square algorithm to minimise the difference between the observed and modelled data. In
the current version it is possible to estimate a total of seven variables describing: the
total mass uptake capacity, the mean and standard deviation of the log-normal
distribution of diffusion rate coefficients, the retardation factor of the immobile zone,
the hydrodynamic dispersion, the dilution factor and the water velocity in the fracture. In



44

order to perform the parameter estimation a smoothing of the source term was
performed using a moving filter with additional manual smoothing.

Tracer test STT-1b

For the STT-1b three sets of parameter estimations were performed using the
experimental breakthrough curves. In the first set six of the parameters were estimated
for all of the studied tracers, with the water velocity estimated from the breakthrough of
HTO assuming it to act as a fully conservative tracer. In the second set both velocity and
dispersivity were estimated from the HTO breakthrough and used for all tracers. The
remaining five parameters were estimated from the breakthrough from respective tracer.
In the third set, a single rate for mass transfer was assumed eliminating the standard
deviation of the mass transfer rate distribution, thus leaving four parameters for the
estimation.

The parameter estimations using single rate mass transfer produced fits of similar
quality to those using multirate mass transfer with the exception of Rb-86 were no
reasonable fit could be obtained with the single rate model. The parameter estimation
was to some degree affected by the shape of the source term, which masked off some of
the mass transfer processes occurring.

Tracer test STT-2

Predictive modelling of the STT-2 test was performed with the multirate transfer model.
The predictions were based on parameter estimations made for the STT-1 test. The
parameters for total mass uptake capacity, mean and standard deviation of the lognormal
distribution of diffusion rate coefficients were estimated using fixed values for the
dispersion length, retardation factor for the mobile zone, dilution factor and water
velocity.

The water velocity and the dilution factor were modified in order to account for the
lower pumping rate in STT-2.

3.2.9 Nagra/PSI

The Nagra/PSI modelling team participated in Tasks 4E and 4F (Jakob and Heer, 1998a,
1998b, 1999 and 2000) using a simple model for flow and contaminant transport already
successfully applied to the modelling of field migration experiments at Finnsjön and
Grimsel. The specific objectives were to explore how information on structural geology
could be used in the model, if up-scaling of transport parameters from laboratory
experiments is feasible and to obtain information regarding advantages and
disadvantages of different competing models, especially concerning the degree of
sophistication in the description of the hydrology.

The hydrological part of the model was based on a two-dimensional streamtube concept
with the assumption of a homogeneous and isotropic transmissivity field. When
evaluating the water flow the fractures were assumed to be an equivalent porous
medium with homogeneous flow porosity. An averaged uniform steady-state natural
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background flow-field was taken into account. Furthermore, constant injection and
pumping rates were assumed.

As a consequence of the high pumping rate in the extraction bore hole the capture zone
between the injection and extraction boreholes were considered to be very narrow, in the
order of a few centimetres only.

Tracer transport was modelled using a one-dimensional dual porosity approach and
using averaged values of the transport parameters constant in space and time. Matrix
diffusion was assumed to occur in a limited porous zone adjacent to the fractures with
linear sorption to the external surfaces and in the matrix. The character of the sorption
surfaces were derived from the geological investigations, considering high porosity fault
gouge and lower porosity cataclasite, mylonite and altered rock.

Tracer test STT-1

For the predictions of STT-1 the model was calibrated by fitting the Uranine
breakthrough curve from the PDT-3 tracer test. The shape of the trailing edge of the
curve indicated a marked effect of matrix diffusion, which was consistent with former
findings of fault gouge material in the vicinity of Feature A. For the blind predictions of
the STT-1 test a single family of fractures with a one-sided limited diffusion into fault
gouge was assumed. The extent of the diffusion accessible zone was assumed to be
1 mm. Matrix sorption coefficients based on laboratory investigations were rescaled to
account for crushing in the batch sorption experiments and to extrapolate to crushed
mylonite which was considered to be the material closest to the fault gouge. The values
for the pore diffusivities were extrapolated from that for Uranine and using nuclide
dependent values for the diffusivity in free water.

A very good fit was obtained for the non-sorbing and weakly sorbing tracers, while the
breakthrough time was overpredicted for strongly sorbing tracers such as Rb and Cs.

In the evaluation of the experiments it was found that the assumed value for the
thickness of the fault gouge material was too small and needed to be adjusted to 5 mm.
The model was first adjusted for the non-sorbing tracer Uranine, then all the other
tracers were simulated keeping the nuclide independent parameters constant only the
nuclide dependent sorption coefficients were adjusted. However, especially for the more
strongly sorbing tracer the early breakthrough found in the experiment could not be
simulated. Only when a second flowpath was included could the rising edge be
simulated. However, for cesium a significant tracer loss of about 50% had to be
assumed.

Tracer test STT-1b

An update of the model was made for the predictions of the STT-1b test. The update
was based on the evaluation of the STT-1 test and a calibration of the Uranine break-
through obtained in the PDT-4 tracer test. A refinement was made of the geometry for
flow and transport considering a second independent family of fractures bounded by a
less porous cataclasite, in addition to the family of fractures bounded by fault gouge.
Furthermore, the flow width was reduced. The sorption coefficients used for the
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predictions were derived from the evaluation of the STT-1 test and differed a maximum
by a factor of five from the laboratory data obtained for Äspö diorite.

In the evaluation of the STT-1b test it was observed that for non-sorbing and weakly
sorbing tracers a sufficiently good representation could be made considering only a
single family of flow paths while for the more sorbing tracers the addition of a second
fracture family provided a slightly better fit. 

Tracer test STT-2

Predictions of the STT-2 test were made with the refined geometrical model (two
independent fracture families) used for the predictions of STT-1b. The flow field was
evaluated from the pumping rate in the extraction hole, the estimated flow rate in the
injection bore hole and the natural background flow field as measured on 15th December
1998. The values of the flowpath, diffusivity and sorption parameters were derived from
the best-fit obtained from inverse modelling of the STT-1 tracer test.

In the subsequent evaluation it was found that the double peak observed for non-sorbing
and weakly sorbing tracers in the experimental breakthrough was not represented in the
predictions. However, by adjusting the mean water velocities and weights of the two
fracture families and fine-tuning of the remaining transport parameters a very good
agreement between measured and calculated breakthrough curves could be obtained.
The exception was Cs were again a loss of about 30-50% of the tracer had to be taken
into account.
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4 Results

4.1 Modelling results

This section gives a brief overview of the modelling results. A more comprehensive
compilation of results of STT-1 is given in Ström (1998), of STT-1b in Morosini
(1999a), of STT-2 in Morosini (1999b) and in the ICR reports written by the modelling
groups.

Most of the modelling groups have used deterministic models, while a few have used
stochastic models, consequently some results were given with percentile intervals and
some as point estimates. To facilitate the comparison between stochastic and
deterministic model approaches the results from the stochastic models are represented as
the 50-percentile of the ensemble of predictions. Table 4-1 shows the modelling
approach the different groups have used.

Table 4-1 Model approach used by the different modelling groups.

Modelling group Stochastic Deterministic
CRIEPI X
JNC/Golder X
SKB/KTH-ChE X
Posiva/VTT X
BMWi/BGR X
SKB/KTH TRUE X
ANDRA-CEA X
DOE / Sandia X
Nagra/PSI X

The modelling groups have presented their results according to the instructions from the
SKB Task Force Secretariat, i.e. breakthrough curves for the performed measurements
with listing of t5 (first breakthrough), t50 (median breakthrough), t95 (tail breakthrough)
and mass recovery. The groups using a stochastic approach present their results for the
5-percentile, 50-percentile and the 95-percentile. Not all groups have models that
predict drawdown and thus steady state drawdown in the pumping and injection sections
is presented only for a selection of groups.

The objectives of the evaluation of STT-1, STT-1b and STT-2 were to increase
understanding of transport of sorbing tracers in the studied feature and up to nine
different sorbing tracers have been predicted. Figure 4-1, 4-2 and 4-3 shows examples of
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the results for the prediction of the moderately sorbing tracer Rubidium-86 for STT-1,
STT-1b and STT-2 respectively.
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Figure 4-1 Predicted breakthrough for Rubidium-86 from in the STT-1 test.
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Figure 4-3 Predicted breakthrough for Rubidium-86 in the STT-2 test.

4.2 Experimental results

4.2.1 Tracer test STT-1

The injection concentrations versus time for the different tracers in STT-1 are shown in
logarithmic scale in Figure 4-4. In the borehole section KXTT4 R3 eight tracers were
injected, two considered as non-sorbing (Uranine and tritiated water) and six weakly to
moderately radioactive sorbing tracers (22Na, 47Ca, 85Sr, 133Ba, 86Rb, 137Cs). There is a
sharp increase in concentration during the initial part of the injection, followed by a
decline in concentration due to dilution by the flow through the borehole section. The
decline is more pronounced for the sorbing radionuclides most likely due to sorption on
the borehole walls. After four hours the injection fluid was exchanged with unlabelled
water which gives a rapid decrease in concentration. This is followed by an increase in
concentration probably due to tracers remaining in a stagnant zone within the injection
section. Finally, the concentration declines due to dilution.
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Figure 4-4 Injection flux of tracers in STT-1.

In STT-1 all of the injected tracers were recovered in the pumping section KXTT3 R2.
Figure 4-5 shows the breakthrough concentration as a function of time in a logarithmic
scale. For Na-22, Sr-85, HTO and Uranine breakthrough occurs at a similar time and the
curves also have similar shape. For these tracers there is an indication of a second peak
occurring after the primary. The tracers Ba-133, Rb-86 and Cs-137 show a varying
degree of retardation in the breakthrough.
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Figure 4-5 Breakthrough curves from STT-1 between KXTT4 R3 and KXTT3 R2.
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4.2.2 Tracer test STT-1b

The injection curves in STT-1b have a shape similar to those of STT-1, see Figure 4-6.
In the borehole section KXTT1 R2 ten tracers were injected, four non-sorbing (Uranine,
HTO, 82Br, 131I) and six weakly to moderately sorbing (22Na, 42K, 85Sr, 86Rb, 58Co,
99mTc). As in STT-1 the injection curves show an initial peak with a duration of 4 hours
ending with a rapid decline in concentration due to the exchange of water in the
injections section. This is followed by an increase in concentration probably due to
tracer present in stagnant water in the injection section. The main difference between
STT-1 and STT-1b is that in STT-1b there is an additional decline in concentration after
about 7 hours, caused by a second exchange in the injection section.
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Figure 4-6 Injection flux of tracers in STT-1b.

In the tracer test STT-1b, recovery was obtained for nine of the injected tracers, but not
for Tc-99m. Figure 4-7 shows the breakthrough curves as a function of time in a
logarithmic scale. Also in STT-1b the curves for HTO, Uranine and Na-22 have a
similar shape. A somewhat more pronounced delay of Sr-85 than in STT-1 can be
observed. The breakthrough curve of K-42 is rather oscillating and contains only few
points. The breakthrough of Rb-86 and Co-58 is considerably delayed.
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Figure 4-7 Breakthrough curves from STT-1b between KXTT1 R2 and KXTT3 R2.

4.2.3 Tracer test STT-2
The injection procedure in STT-2 was performed in the same way as in STT-1b. The
injection curves in STT-2 have a shape similar to those of STT-1b, see Figure 4-8. In the
borehole section KXTT4 R3 twelve different tracers were injected, three non-sorbing
(Uranine, HTO, 82Br) and nine weakly to moderately radioactive sorbing tracers (22Na,
42K, 47Ca, 85Sr, 99mTc, 131Ba, 133Ba, 86Rb and 137Cs).

1.0E-01

1.0E+00

1.0E+01

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

0 0 1 10 100 1000 10000

Elapsed time [h]

A
ct

iv
ity

 F
lu

x 
[B

q/
h]

Br-82
Na-22
Ca-47
Sr-85
Rb-86
Ba-131
Ba-133
Cs-134
HTO
Uranine (µg/h)

STT-2  injection in KXTT4 R3

Figure 4-8 Injection flux of tracers in STT-2.



53

In STT-2 all of the injected tracers except Tc-99m and K-42 were recovered in the
pumping section KXTT3 R2. Figure 4-9 shows the breakthrough as a function of time in
a logarithmic scale. For HTO, Br-82 and Uranine breakthrough occurs at a similar time
and the curves also have a similar shape. For these tracers breakthrough consists of two
peaks. The breakthrough for Na-22, Ca-47 and Sr-85 occurs a little bit later but still with
a clear indication of two peaks. For Rb-86, Ba-131, Ba-133 and Cs-134 the
breakthrough occurs at a later time and no double peak can be identified in the
breakthrough curves.
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Figure 4-9 Breakthrough curves from STT-2 between KXTT4 R3 and KXTT3 R2.

4.3 Comparison of results

4.3.1 Performance measures

To facilitate the comparison between the experimental values and the predictions a
number of performance measures were defined by the Äspö Task Force. The error in the
prediction of a variable X, originally called measure of accuracy, was defined as:

m

pm

X
XX

A
)( −

= (4-1)

where:

Xm is the measured value.

Xp is the point estimate predicted by a deterministic model or the 50-percentile of
the ensemble of predictions made with a stochastic model.
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With this definition of the accuracy measure a significant underprediction has less effect
on the accuracy measure than a significant overprediction. For underpredictions the
accuracy measure can never be greater than 1, while for overpredictions large negative
values can be obtained.

Furthermore, for each experiment the predicted and the experimental breakthrough time
values are plotted against each other in a log-log diagram. The breakthrough time values
are represented by the breakthrough times for the recovery of 5, 50 and 95 % of the
injected mass. If the predicted breakthrough values correspond to the experimental
values they coincide to the diagonal of the log-log diagram. If a value is above the
diagonal line the actual model overpredict the breakthrough time and opposite if the
value is under the diagonal line the model underpredict the breakthrough time.

To facilitate the performance measurement the predictions are represented by three
tracers with different characteristics, one non-sorbing, one weakly sorbing and one
moderately sorbing tracer, i.e. Uranine, Strontium-85 and Rubidium-86.

4.3.2 Tracer test STT-1

Drawdown

The modelling groups presenting drawdown values generally made good predictions of
the drawdown in the observation wells, but generally underpredicted the drawdown in
the pumping well. Note that there was considerable variation in the measured drawdown
during the experiment.

Table 4-2 Predicted and observed drawdown (meters) in STT-1. Median values
used for the stochastic models. Pumping in KXTT3.

MODELS KXTT1 KXTT2 KXTT4 KA3005A KXTT3
CRIEPI 5.45
JNC/Golder 2.2 4 1.7 1.4 5.3
Posiva/VTT 2 13
BMWi/BGR 1.2 8.2
Experimental 2.6 - 5 7 - 12 1.1 - 3.5 1.6 - 5 9 - 14

Mass Recovery

During the experimental time complete recovery was obtained for Uranine from the
injection hole, KXTT4, while Sr-85 was almost complete recovered (91%). The
moderately sorbing tracer Rb-86 was recovered with 60 %. Table 4-3 shows the
predictions made by the modelling groups. A direct comparison is in this case difficult
to make, since the percentage recovered was evaluated at different times. For example,
JNC/Golder and Nagra/PSI evaluated the recovery after 100 hours which explains the
lower predicted recovery. The SKB/KTH-ChE team evaluated the recovery after about
8000 hours, which results in almost full recovery of all tracers.
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Table 4-3 Predicted and observed mass recovery (%) in STT-1. Median values
used for the stochastic models.

MODELS Uranine Strontium 85 Rubidium-86
ANDRA / CEA - - -
BMWi / BGR 40 36 36
CRIEPI 99 99 99
NAGRA / PSI 84 83 2
JNC / Golder 75 67 1
POSIVA / VTT 100 100 88
SKB / KTH-ChE 97 99 99
SKB / KTH-TRUE - - -
Experimental 100 91 60
Sampling time 360 h 526 h 526 h

Breakthrough

For the non-sorbing tracer Uranine most of the models achieve a good prediction of the
breakthrough times, see Figure 4-10. However, the JNC/Golder model underpredicts the
time for arrival of the 50 and 95% of the injected mass.
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Figure 4-10 Predictions of breakthrough time for Uranine in STT-1.

Since the recovery of Strontium-85 was less than 95%, performance measures are only
made for the time for arrival of 5 and 50% of the injected mass, see Figure 4-11. The
breakthrough time for Sr-85 was generally underpredicted for all models except for the
SKB/KTH-ChE model, which slightly overpredicted the time for arrival of 5% of the
injected mass.
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Figure 4-11 Predictions of breakthrough time for Strontium in STT-1.

The breakthrough time (t5 and t50) for Rubidium-86 was significantly underpredicted for
most of the models (Figure 4-12). However, for the arrival of 5% of the injected mass
JNC/Golder and NAGRA/PSI showed an overprediction, while the t50-value for
NAGRA/PSI was very close to the experimental value.
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Figure 4-12 Predictions of breakthrough time for Rubidium in STT-1.



57

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Uranine Sr-85 Rb-86

ANDRA/CEA

BMWi/BGR 2

CRIEPI

NAGRA/PSI

JNC/Golder 2

POSIVA/VTT

SKB/KTH-ChE

SKB/KTH-TRUE

STT-1 Breakthrough in KXTT3
Accuracy for breakthrough time for arrival 
of 50 % of the total mass.

Figure 4-13 Accuracy for predicted time for arrival of 50% of the injected mass for
STT-1.

4.3.3 Tracer test STT-1b

Drawdown

The modelling groups presenting drawdown values generally made good predictions of
the drawdown in the observation wells, but with a slight underprediction of the
drawdown in the pumping well. Note that there was considerable variation in the
measured drawdown during the experiment.

Table 4-4 Predicted and observed drawdown (meters) in STT-1b. Median values
used for the stochastic models.

MODELS KXTT1 KXTT2 KXTT4 KA3005A KXTT3
CRIEPI 5.45
JNC/Golder 4.6 10.8 5.9 4.2 12
SKB/KTH-ChE 3.4 3.0 4.0 2.4 11.4
Posiva/VTT 2 13
BMWi/BGR 1.47 2.76 0.41 10.84
Experimental 4 12 2.4 2.3 15

Mass Recovery

During the experimental time complete recovery was obtained for Uranine from the
injection hole, KXTT4, while the moderately sorbing tracer Rubidium-86 was almost
complete recovered (93%). The weakly sorbing tracer Strontium-85 was recovered with
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81 %. The predictions of recovery were in this case made for the same time as the
experimental sampling time. As shown in Table 4-5 most of the modelling groups
predicted almost full recovery of Uranine. For Sr-85 all the modelling groups
overpredicted the mass recovery except BMWi/BGR which was very close to the
experimental value. For Rb-86 most groups underpredicted the mass recovery, only
CRIEPI and POSIVA/VTT made a slight overpredicition.

Table 4-5 Predicted and observed mass recovery (%) at T100 in STT-1b. Median
values used for the stochastic models.

MODELS Uranine Strontium-85 Rubidium-86
BMWi / BGR 86 82 69
CRIEPI 100 100 100
NAGRA / PSI 97 100 71
JNC / Golder 98 97 81
POSIVA / VTT 100 100 100
SKB / KTH-Che 98 99 66
SKB / TRUE 106 100 86
Experimental 100 81 93
T100 195 505 553

Breakthrough

For the non-sorbing tracer Uranine most of the models slightly overpredicted the
breakthrough times except for the JNC/Golder and CRIEPI model which achieve a good
accuracy, see Figure 4-14. POSIVA/VTT slightly underpredict the breakthrough times.
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Figure 4-14 Predictions of breakthrough time for Uranine in STT-1b.
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The time for arrival of 5 and 50% of the injected mass for Strontium-85 is generally
underpredicted (Figure 4-15). However, the NAGRA/PSI model prediction is close to
the experimental. The recovery of Sr-85 was less than 95% of the injected mass.

The breakthrough time (t5 and t50) for Rubidium-86 was underpredicted in a varying
degree for most of the models except for CRIEPI which achieve a good accuracy with
only a slight overprediction, see Figure 4-16.
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Figure 4-15 Predictions of breakthrough time Strontium in STT-1b.
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Figure 4-16 Predictions of breakthrough time for Rubidium in STT-1b.
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Figure 4-17 Accuracy for predicted time for arrival of 50% of the injected mass for
STT-1b.

4.3.4 Tracer test STT-2

Drawdown

The modelling groups presenting drawdown values generally made good predictions of
the drawdown in the observation wells (KXTT1 and KXTT4), but generally
underpredicted the drawdown in KXTT2. The drawdown in the pumping well (KXTT3)
was slightly underestimated. Note that there was considerable variation in the measured
drawdown during the experiment.

Table 4-6 Predicted and observed drawdown (meters) in STT-2. Median values
used for the stochastic models.

MODELS KXTT1 KXTT2 KXTT4 KA3005A KXTT3
BMWi / BGR 0.74 1.38 0.20 5.42
CRIEPI 1.77 1.16 1.83 0.56 2.73
JNC / Golder 0.14 2.4 0.8 0.29 3.1
SKB / KTH-ChE 1.7 1.5 2.0 1.2 5.7
Experimental 2.0 5.4 1.3 1.2 6.7
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Mass Recovery

Almost complete recovery for Uranine (96 %) and a recovery of 79 % for strontium was
obtained during the STT-2 experimental time, Table 4-7. For rubidium the recovery was
49 %. All the modelling groups predicted full or high recovery of both Uranine and
strontium. For strontium most of the modelling groups overpredicted the mass recovery.
For rubidium the results from the different modelling groups showed varying results
with both over- and underpredictions, but mainly overpredictions.

Table 4-7 Predicted and observed mass recovery (%) at T100 in STT-2. Median
values used for the stochastic models.

MODELS Uranine Strontium 85 Rubidium-86
ANDRA / CEA 100 96
BMWi / BGR 100 93 14
CRIEPI 100 96 61
DOE / SANDIA 99 98 70
JNC / Golder 100 90 8
NAGRA / PSI 100 100 71
POSIVA / VTT 99 95 70
SKB / KTH-ChE 83 80 26
SKB / KTH-TRUE 100 67
Experimental 96 79 49
T100 885 h 3078 h 1322 h

Breakthrough

For the time arrival of 5 and 50% of the injected mass for Uranine most of the models
achieved a good prediction except for BMWi/BGR that makes a slight overprediction,
see Figure 4-18. However, for all models the final part of the breakthrough time (t95) is
overpredicted.
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Figure 4-18 Predictions of breakthrough time for Uranine in STT-2.
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The breakthrough time (t5 and t50) for Strontium-85 is underpredicted for most of the
models (see Figure 4-19). The recovery of Sr-85 was less than the 95% of the injected
mass. For the arrival of 5% of the injected mass JNC/Golder, SKB/KTH-ChE and
BMWi/BGR showed an overprediction, see Figure 4-20. The other models underpredict
the breakthrough time (t5) except for DOE/Sandia which achieved a good accuracy.
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Figure 4-19 Predictions of breakthrough time for Strontium in STT-2.
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Figure 4-21 Accuracy for predicted time for arrival of 50% of the injected mass for
Uranine and Sr-85 and 5% for Rb-86 in STT-2.

4.4 Deconvolution as an evaluation approach

4.4.1 Introduction

Convolution and deconvolution techniques are used in signal processing and in other
areas to analyse linear systems where the output function is given by an input function
and a unit response function. For evaluation of tracer transport convolution can be used
to obtain a breakthrough curve for a given injection curve when the unit response
function is known, see Figure 4-22. Convolution is often used in mathematical
modelling of solute transport. In this case a single unit response function for a system is
calculated and then used to derive breakthrough curves for arbitrary input functions.

t

Q Injection curve

t

Q Breakthrough curve

CONVOLUTION

t

Q Unit response function

Figure 4-22 Principle of convolution.
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The inverse of convolution is called deconvolution and can be used to find the unit
response function from the injection curve and the breakthrough curve. The unit
response function describes how the breakthrough curve would look like if the injection
curve was a Dirac delta function, i.e. a pulse with unit mass and zero duration. In
Figure 4-23 the deconvolution principle is described schematically.

DECONVOLUTION
t

Q Injection curve

t

Q Breakthrough curve

t

Q Unit response function

t

Q
Delta function tracer input

Figure 4-23 Principle of deconvolution.

The unit response function describes the characteristic features of the particular flow
and transport problem determined by the transport mechanisms along the flowpaths.

For the Task 4E and 4F many of the models derive unit response functions as a part of
the transport calculations, or give such output functions. In this section comparison is
made between deconvoluted unit response functions from the STT-2 experiment and
predicted output functions based on Dirac pulse injections.

4.4.2 Evaluation

Deconvolution has been performed of the experimental results of the tracer tests STT-1
and STT-1b (Elert and Svensson, 1999) and STT-2 (Elert and Svensson, 2000). Unit
response functions have been derived from the experimental injection and breakthrough
curves using the Toeplitz method (Tsang et al., 1991). Since deconvolution is an
illconditioned problem, were small experimental errors give rise to oscillations, various
types of filtering has been applied. However, oscillation in the tails is still apparent in
many cases.

In Figure 4-24 the unit response functions the non-sorbing tracer Uranine, the weakly
sorbing tracer Strontium-85 and the moderately sorbing tracer Rubidium-86 from STT-2
have been compiled. The double peak is apparent in the unit response functions of
Uranine and an indication of a double peak is also apparent for Sr-85. There are a
number of oscillations in the unit response function of Rb-86, making identification of a
double peak difficult.
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Figure 4-24 Unit response functions for tracers in STT-2.

If matrix diffusion and sorption is the main retardation process, the tail will have a slope
of –3/2 in a log-log scale. The deconvoluted unit response curve of Uranine has a slope
that is roughly –3/2, while the slope for Sr-85 is slightly steeper. For Rb-86 the slope is
cut-off before any characteristic slope has developed.

Figures 4-25 to 4-27 show a comparison between the predicted cumulative breakthrough
curves obtained from the Dirac pulse modelling and the cumulative unit response curve
obtained from deconvolution of the experimental results.
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Figure 4-25 Predicted cumulative breakthrough curves based on Dirac pulse modelling
for Uranine in the STT-2 experiment.
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Figure 4-26 Predicted cumulative breakthrough curves based on Dirac pulse modelling
for Strontium-85 in the STT-2 experiment.
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Figure 4-27 Predicted cumulative breakthrough curves based on Dirac pulse modelling
for Rubidium-86 in the STT-2 experiment.
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5 Discussion

5.1 Model geometry and structural model

The modelling groups have basically retained the model geometry and structural model
used in the predictions of the non-sorbing tracer experiments in Task 4C and 4D. This
model is based on the available structural-hydraulic model of the TRUE-1 site
(Winberg, 1996). The majority of groups have treated Feature A as an isolated single
feature, with some exceptions. The JNC/Golder team that used a discrete fracture model
including three deterministic features and stochastic background fractures in a
considerably larger domain. The SKB/KTH-ChE team included also channels in
fractures in the surrounding rock, the nearby Feature B and the tunnel. Feature B was
also included in the model of the BMWi/BGR, but was found to have negligible
influence on the flow in Feature A.

The more detailed description of Feature A given in Winberg et al. (1998) giving
information on geological, structural and hydraulic characteristics of Feature A came at
a late stage in the task and has to some extent been incorporated into the models. This
has been done by including different types of geological materials (gouge material,
altered rock, cataclasite, etc.) in the vicinity of the fracture into which tracers can
diffuse. The need to include matrix diffusion has lead to model development in several
cases. CRIEPI has extended their model to three dimension including a matrix part
extending perpendicular to Feature A. BMWi/BGR started with a similar approach, but
found it too computationally demanding and therefore changed to a 2D fracture model
with 1D matrix element attached perpendicular to the fracture plane to represent the
matrix.

5.2 Modelling of processes

The focus of Task 4E and 4F has been on the transport processes especially those of
importance for sorbing tracers. Generally, less effort has been put on the hydrological
modelling, a subject extensively covered in the previous Tasks 4C and 4D. The water
flow is modelled as Darcy flow determined by head gradients and transmissivity or
hydraulic conductivity. However, there are considerable differences between the
modelling groups in the degree of detail in the hydrological modelling and in the way it
is connected to the transport modelling.
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Hydrological modelling

A homogeneous transmissivity field in Feature A was assumed in the modelling
performed by the Nagra/PSI team and the ANDRA/CEA team. The DOE/Sandia team
did not perform any hydrological modelling, instead they derived a water velocity from
parameter estimation on previous tracer experiments. The Posiva/VTT team did not
perform any hydrological modelling in Task 4F, but derived the water velocity from
previously performed tracer tests.

The modelling groups investigating heterogeneous flow in the preceding tasks have
based their modelling on previous work, in some cases making modifications or
additional calibration. The JNC/Golder team has for Tasks 4E and 4F included a
heterogeneous transmissivity field in Feature A, studying different models for
generating the field and also comparing it with a homogeneous field. The ANDRA/CEA
team has also studied the effect of various methods to generate a heterogeneous
transmissivity field in Task 4F. The SKB/KTH-TRUE team used a stochastic continuum
model for the flow calculations that included a spatially variable fracture aperture,
which was believed to reduce the need for calibration of tracer travel time. The CRIEPI
and Posiva/VTT teams have retained their methods for generating the heterogeneous
transmissivity field and the BMWi/BGR team uses the same method as in previous tasks
of generating a heterogeneous transmissivity field using an iterative deterministic
technique. Also the SKB/KTH-ChE team retained their method for generating the
conductances in their channel network model.

Coupling hydrology to transport

The coupling between hydrology and transport differs between the different modelling
teams. The CRIEPI and BMWi/BGR teams have performed transport calculations using
the advection-dispersion equation in the two-dimensional flow field obtained from the
hydrological calculations. The SKB/KTH-TRUE and Posiva/VTT teams have used
particle tracking to determine residence time distributions of non-sorbing tracers which
is used as input in the transport models for sorbing tracers. The JNC/Golder team has
used a pathway analysis to determine tracer flowpaths. The SKB/KTH-ChE team used a
particle following technique for non-sorbing as well as sorbing tracers. The
ANDRA/CEA, Nagra/PSI, DOE/Sandia and Posiva/VTT (Task 4F) used calculated
water velocities and in the case of Nagra/PSI and Posiva/VTT also flowpath
dimensions.

Transport modelling

Advection is the main transport process in all the used transport models. Dispersion is
explicitly modelled using a dispersion length or random component in the particle
tracking by the CRIEPI, JNC/Golder, Nagra/PSI, BMWi/BGR, DOE/Sandia and
ANDRA/CEA modelling teams. The JNC/Golder and Nagra/PSI teams also included
several discrete pathways which gives rise to dispersion. The Posiva/VTT team used an
implicit description of dispersion obtained from particle tracking in a heterogeneous
flow field, but added a random component to the particle displacement to enhance
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dispersion. It was judged that the description of the flow field was not detailed enough
to simulate local scale velocity variations. The two SKB teams have only considered the
hydrodynamic dispersion implicitly due to the presence of several flow paths with
different residence time.

Considerable model development has taken place to better describe the effects of matrix
diffusion and sorption. Five of eight modelling teams considered matrix diffusion and
sorption in the predictions of the STT-1 tracer test. The remaining teams modelled only
surface sorption. During the evolution of the tasks it was found that matrix diffusion
needed to be incorporated in order to simulate the tails of the breakthrough curves.
Thus, for the prediction of STT-2 all of the modelling groups had incorporated matrix
diffusion and sorption. Although the principle for matrix diffusion is similar in all
models it is implemented in very different ways, where most models are based on
solving the diffusion equation. The ANDRA/CEA, BMWi/BGR, CRIEPI and Nagra/PSI
teams consider matrix diffusion in a limited matrix penetration depth. The Nagra/PSI
team furthermore can take into account matrices with different properties. The
implementation of the JNC/Golder, Posiva/VTT, SKB/KTH-TRUE and SKB/KTH-ChE
teams assumes an infinite matrix. The approach applied by the DOE/Sandia team is
based on the use of distribution of mass-transfer rates where a limited penetration depth
is implied, although it is not explicitly given as a parameter. The method for choosing
parameters for matrix diffusion and sorption is discussed in Section 5.3.

Most modelling teams have included surface sorption in addition to matrix diffusion and
matrix sorption. The exception is the SKB/KTH-ChE team that in their predictions only
consider matrix diffusion and sorption. However, in their evaluation work the effect of
surface sorption was studied. All team have considered surface sorption as a linear
equilibrium process except the SKB/KTH-TRUE team which has included a kinetic
effect for representing the sorption on the fracture gouge material.

All transport models include assumptions of the relationship between the surface area
available for surface sorption and matrix diffusion, and the water flowing in the fracture.
The relationship is not always explicitly stated, but inherent in the assumption used
concerning flowpath geometry. Several teams have studied this relationship in detail.
Their models rely on that constant effective relationship between surface area available
for sorption and matrix diffusion and the water flow may be derived for a flow path.
This can for example be expressed as the LW/Q-parameter group used by the
SKB/KTH-ChE team, the β-parameter used by the SKB/KTH-TRUE team and the u-
parameter used by the Posiva/VTT team. In Section 5.3 an overview of the used values
is given.

Several of the modelling groups also considered diffusion of water into zones with
immobile water (SKB/KTH-TRUE, Posiva/VTT, JNC/Golder). Tracers are in this case
able to diffuse from the flowpath into adjacent areas of the fracture with stagnant water.
Thus, the area available for diffusion depends strongly on the flowpath dimensions a
factor that is largely unknown.
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Numerical approach

Modelling of advection-dispersion with matrix diffusion in a two-dimensional geometry
requires large computational efforts if it is performed explicitly. A geometrical
description is required of the fracture as well as the matrix blocks, thus resulting in a
three-dimensional geometry. Large differences in time constants for fracture elements
and matrix elements often lead to numerical problems and extreme computation times.
The three-dimensional approach was used by the CRIEPI team and the BMWi/BGR
team in their simulations of STT-1. In the predictions of the two last tracer tests, the
BMWi/BGR team simplified their model by treating the matrix as an independent 1D
structure, thus significantly reducing the number of connections in their model.

The other modelling teams have reduced the transport modelling to a 1D-problem by
applying a streamtube or pathline approach. This approach assumes that transport occurs
through independent flowpaths with negligible interaction between the flow paths.
Various methods have been used to derive the length, width and water flow within these
streamtubes, simple hydrological modelling, particle tracking and pathway analysis. The
transport within each flowpath either by explicitly modelling the fracture and the matrix
block, e.g. ANDRA/CEA, or using a dual-porosity approach.

Several teams (e.g. the SKB teams, Posiva/VTT) have made use of the linear nature of
the transport equation to simplify the problem. Analytical functions have been derived
that describes the effects of matrix diffusion and sorption, Taylor dispersion in the
fracture and kinetic surface sorption. By using convolution techniques the combined
effect of several processes may be simulated for a case with a complex source term.

5.3 Model parameters

Hydrology

The hydrological parameters used for modelling of Feature A are based on the results of
performed site characterisation and the evaluation of previously performed tracer tests.
Thus, the modellers have a large database and considerable experience in deriving
hydrological parameter suitable for their models. The modelling groups have thus only
made minor modifications to the data used in Task 4C and 4D.

Transmissivity - Conductivity

The ANDRA/CEA models used a constant transmissivity for Feature A corresponding
to the geometric mean of the measured transmissivities in the boreholes logT = -7.44.
Nagra/PSI used a fracture conductivity of 7.1·10-4 m/s derived from the DP1-DP4 tracer
tests.

In the homogeneous cases JNC/Golder used a transmissivity in Feature A of 7·10-8 and
1.25·10-7 m2/s in the STT-1 and STT-2 test, respectively, based on an analysis of the
flow logging in the boreholes from Dershowitz et al. (1996) and an evaluation of
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Task 4D. In the heterogeneous cases the transmissivity field was conditioned on the
values in the boreholes measured in the pressure build-up tests.

CRIEPI have evaluated the transmissivities in the borehole section by calibrating against
observed drawdown in the preceding tracer tests. The transmissivity field is assumed to
have a lognormal distribution. This approach results in a considerably higher
transmissivity in KXTT3 than obtained from other measurements.

The BMWi/BGR team calibrated the hydraulic conductivity in the areas around the
boreholes to fit the measured drawdown in the previously performed tracer tests using
an iterative trial and error technique. The fracture aperture was kept constant throughout
the feature. The calibration resulted in an increased transmissivity around boreholes
KXTT2, KXTT3 and KXTT4, a slight decrease around KXTT1 and a considerably
lower value around KA3005A.

The Posiva/VTT team started using a transmissivity distribution with a log10 mean, mY,
of -8 and a standard deviation of 1. Calibration on the measured drawdown in ten
previously performed tracer tests indicated that the mean transmissivity should be
higher. A mean of the log10 transmissivity of –6.8 was used for the predictions. Based
on the head differences and mean transport time in the preliminary tracer experiment it
was concluded that a suitable value for the standard deviation would be between 1.5 and
2.0. However, due to numerical difficulties the simulations were performed using a
standard deviation of 1. No conditioning of the transmissivity field to the measured
borehole transmissivities was made.

The SKB/KTH-TRUE team used the geometric mean of the transmissivity of the
borehole sections (mY=-7.7) estimated from the pressure response in the interference
test. These estimates were different from those given in Winberg (1996) due to a
different evaluation model. A variance derived from the transmissivity of the borehole
sections (σ2

Y=0.4) was used. However, the conditioning procedure changed the
transmissivity statistics giving a higher mean and variance.

In the channel network model used by the SKB/KTH-ChE team, the conductances of
channels belonging to Feature A were assigned a distribution with a mean value which
matches a transmissivity of 1.4·10-7 m2/s.

Correlation length

Very little information on the correlation length was available for the modellers. As a
first approximation a correlation length of 0.3 - 0.4 m was assumed in the site
characterisation report (Winberg, 1996). This value was based on the dispersivity
obtained in the preliminary tracer test.  The Posiva/VTT team used a value of 0.4 m,
while the SKB/KTH-TRUE and the CRIEPI team used a correlation length of 1 m.

Fracture aperture

The fracture aperture is generally based on calibration on the non-sorbing tracer
breakthrough in previous tracer tests. BMWi/BGR introduced a fracture porosity. The
JNC/Golder DFN-model used transport apertures based on the transmissivity using an
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empirical relationship (Uchida et al., 1994) in their predictions for STT-1, but changed
it to a constant aperture for the predictions of STT-1b and STT-2.  In the stochastic
continuum models used by the SKB/KTH-TRUE and the Posiva/VTT team a variable
hydraulic aperture was derived from the local transmissivity using the cubic law.
However, to correctly simulate the breakthrough curves from previous tracer tests a
local transport aperture 9 - 15 times higher than the hydraulic aperture was used. The
SKB/KTH-ChE team derived their fracture aperture from the channel conductivity
based on the cubic law. The proportionality constant was obtained by calibration on
previous tracer tests.

Boundary conditions

Generally, less attention was given to the hydrological boundary conditions than in
Tasks 4C and 4D. Tests indicated that boundary conditions had small effect on the
tracer flow. Also the background changes in the hydraulic head was smaller between the
STT-tests than between the RC-1 and DP1- DP4 tests.

All of the models assumed that the hydraulic head at some distance, roughly 10 to 15 m,
from the experimental site was unaffected by the pumping. In most cases the heads were
fixed on the boundaries, generally as hydrostatic heads or by extrapolating heads
measured in the boreholes before the experiments out to the boundaries.

Transport

Transport parameters were to a large extent given or suggested to the modellers, e.g. the
modelling input data set containing sorption coefficients, pore matrix diffusivities,
matrix porosity and density derived from laboratory experiments (Andersson et al.,
1997; Byegård et al., 1998). Other parameters were evaluated from previously
performed tracer tests, flow velocities, dispersion coefficients.

Water residence time - Flow velocity

The water residence time or water flow velocity governs the advective transport of non-
sorbing tracers. These parameter were in most cases calculated from the hydrological
modelling, and calibrated to values observed in previous tracer tests by fitting the
fracture aperture, see above. In the cases where no hydrological modelling has been
performed the flow velocity is fitted to values derived from the evaluation of previous
tests.

Dispersion

The transport models based on the advection-dispersion model (CRIEPI, BMWi/BGR,
JNC/Golder, Nagra/PSI, ANDRA/CEA) have used a longitudinal dispersivity obtained
from the calibration on the PDT tracer tests experiments performed in the same
flowpath. For STT-1 the values varied between 0.11 to 1.6 m, for STT-1b between 0.12
and 0.9 m and for STT-2 between 0.1 and 1.42 m. In general, the models taking into
account an enhanced matrix diffusion (ANDRA/CEA: STT-2 and Nagra/PSI) used
values for the dispersivity in the lower range.
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Flow path dimensions.

The length and width of the flowpaths are either given as explicit parameters on given
implicitly in the geometrical description. In some cases the actual dimensions of the
flowpath depends on the solution, e.g. for the models using a 2D advection-dispersion
model. The length of the flowpath is always set to a value close to the geometrical
distance between injection and pumping boreholes. The width of the flowpath was
generally considered to be small (0.05 – 0.1 m), but in some cases surface enlarging
effects were considered, e.g. multiple parallel fractures.

Several of the modelling teams include the relationship between the surface area
available for surface sorption and matrix diffusion, and the water flowing in the fracture.
Since, the flowrate varies this relationship usually also varies and is therefore difficult to
compare between models. Instead a comparison is made of the flow wetted surface per
volume of water or specific interface area. The SKB/KTH-TRUE team has tested a
range of different methods to determine this parameter (in the used terminology k0) ,
arriving at values between 950 and 33 000 m-1. For the predictions a value of 3400 m-1

was used, derived from correlations of data from simulated streamlines. The SKB/KTH-
ChE team uses a flow wetted surface per volume of rock of 1 m2/m3, which with the
flow porosity used corresponds to a k0 in the order of 2500 – 3000 m-1. The Nagra/PSI
team gives a specific interaction area corresponding to a k0 of 7000 to 22 000 m-1, with
the lower value used for the STT-1b predictions. CRIEPI have used fracture apertures
corresponding to a k0 in the range 4000 – 6000 m-1. JNC/Golder have used fracture
apertures corresponding to a k0 in the range 500 – 10 000 m-1. In the Posiva/VTT
predictions for STT-1 and STT-1b the fracture aperture was depending on the local
transmissivity. Based on the transmissivity field the values for k0 is estimated to be in
the range 1000 – 4000 m-1.  In the predictions for STT-2 a fracture aperture of 1 mm
was used which corresponds to a k0 of 2000 m-1. However, in the transport model a
fitted parameter u containing the value of k0 was used. BMWi/BGR used an
approximately constant fracture aperture of 1.4 mm (locally variable in the range 0.3 -
1 mm) which corresponds to a k0 of 1400 m-1.

Surface sorption

The modelling teams were provided with estimates of surface sorption coefficients, Ka,
for Na, Ca, Sr, Ba, Rb, Cs evaluated from batch sorption experiments on crushed
material. Most of the modelling teams also used data based on 14 days contact time and
the geometric area of the crushed samples for their predictions of the STT-1 test.
Exceptions are the SKB/KTH-ChE team that did not include surface sorption in their
predictions, the CRIEPI team that used the geometric mean of the values derived after
1 day and 14 days contact time. The BMWi/BGR team modelled the sorption in the
fracture as an instantaneous equilibrium sorption on material in the fracture using the
Kd-values from the modelling data set.

In the predictions for the STT-1b and STT-2 tests several modelling groups have
modified the surface sorption coefficients by calibration on the previous tests.
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Matrix diffusivity

The modelling data set also contained recommended values for the effective diffusivity
in Äspö-diorite for the different tracers. These values have been used as a basis for the
STT-1 predictions made by the modelling groups including matrix diffusion. The
Nagra/PSI group considered diffusion into fault gouge material and for this purpose
used an increased diffusivity based on calibration of the Uranine breakthrough in the
PDT-3 test and derived values for the other tracer by assuming proportionality to the
diffusivity in free water and using a nuclide independent geometry factor.

The effective diffusivity has to a large extent been calibrated in the predictions of the
STT-1b and STT-2 tracer tests.

Matrix sorption

The modelling groups were provided with values of matrix sorption coefficients (Kd) for
Na, Ca, Sr, Ba, Rb, Cs from batch experiments on crushed Äspö diorite, mylonite and
altered diorite and from through-diffusion experiments on Äspö diorite. The modelling
groups considering matrix diffusion and sorption in their predictions of STT-1 used the
Kd-values derived from the through diffusion experiments. For the predictions of
STT-1b and STT-2 many groups derived Kd-values from calibration on the earlier tests.

5.4 Model calibration and development

During the evolution of Task 4E and 4F considerable efforts have been made to improve
the predictive capabilities of the used models. The main concern has been the transport
of the sorbing tracers. Modifications have been made both of model parameters and in
the model itself. A summary of the modifications made is given in Table 5-1.

Table 5-1 Summary of modifications made to take into account sorbing tracers.
ANDRA
CEA

BMWi
BGR

CRIEPI DOE
Sandia

JNC
Golder

NAGRA
PSI

POSIVA
VTT

SKB/KTH-
ChE

SKB/KTH-
TRUE

STT-1 Surface
sorption
Matrix
diffusion

Sorption on
fracture
material

Surface
sorption

Surface
sorption

Surface
sorption
Diffusion &
sorption
fault gauge

Surface
sorption
Matrix
diffusion

Matrix
diffusion

Surface
sorption
(matrix
diffusion)

STT-1b + Matrix
diffusion

Increased
Ka

+ Matrix
sorption
2 pathways

+Diffusion in
cataclasite
2 pathways
Adjusted Dp,
Ka, Kd

Diffusion
into
stagnant
zones

Increased
Kd*De

+ Diffusion
into fault
gouge &
stagnant
water

STT-2 Increased
De &
specific
surface

Increased
Ka, Kd

+ Matrix
diffusion
Adjusted Ka,
Kd

Total
capacity for
mass
transfer
from STT-1

Adjusted Kd
Stagnant
zones
9 pathways

Adjusted
diffusivities
and Kd

Adjusted Kd,
Ka
Channels
with varying
velocity

Reduced
flow rate in
flow path

Enhanced
diffusion
sorption
factor

Most of the modelling groups had participated in Tasks 4C and 4D and had thereby
considerable experience in predicting non-sorbing tracer transport in Feature A. Before
the predictions of STT-1 the modelling groups had also the results of the preliminary
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design tests with non-sorbing tracers (PDT-1, PDT-2 and PDT-3). Laboratory
measurements of sorption coefficients and matrix diffusivities for relevant materials
were also distributed. However, no tracer test data were available for calibration of the
sorbing tracers. After the predictions of STT-1 were submitted, the experimental results
were revealed. Generally, the predictions for the non-sorbing tracers were close to the
experimental results. However, many modelling groups had problems representing the
tailing observed in the experiment. For the sorbing tracers the predictions generally
underestimated the breakthrough time. In the evaluation work the modelling groups
revised their models to obtain a better fit. Matrix diffusion and sorption were included
in models that previously had only considered surface sorption or linear equilibrium
sorption on fracture material. In some cases parameters were modified to enhance the
effect of matrix diffusion and sorption. The JNC/Golder modelling group introduced
multiple pathways to account for the observed tailing. Nagra/PSI included a second
fracture type in order to account for the fast tracer breakthrough observed, especially for
the moderately sorbing tracers barium and rubidium.

In the next step, the results of the model development were applied to the prediction of
the STT-1b test. Considerable improvement was achieved, but still most of the
modelling groups underestimated the breakthrough time for the more sorbing tracers. In
the subsequent evaluation, further model calibration and development was performed. It
was apparent that the laboratory values for sorption and matrix diffusion could not
predict the sorbing tracer breakthrough without adjustment. Alternatively, the surface
area available for surface sorption and matrix diffusion was much greater than originally
expected. Also alternative processes were investigated, such as diffusion into zones with
stagnant water.

Task 4F involved predicitions of the STT-2 tracer test. This test was performed in the
same flowpath as STT-1 from which the modelling teams had results for sorbing tracers.
All of the modelling groups had now included matrix diffusion and sorption.
Furthermore, sorption coefficients and/or diffusivities were calibrated on the results of
the previous tests. As a consequence, the predictions of the sorbing tracer were in
general agreement with the experimental results, see Figure 4-3. A summary of the
modelling groups’ usage of the data delivered for STT-2 is given in Table 5-2.

A good example of how geological information was used in the modelling is the work
performed by the Nagra/PSI team. When setting up the model for prediction of the
STT-1, the team found that the large amount of tailing observed in preliminary design
test PDT-3 could not be explained by the low values of matrix diffusivity and porosity
obtained from the laboratory measurements on Äspö-Diorite. A matrix form with
considerably higher diffusivity and porosity must be present. Based on experiences from
the Grimsel site in Switzerland and structural geological investigations performed at
Äspö (Mazurek et al., 1996), they concluded that presence of fault gouge could explain
the breakthrough seen in the tracer tests, i.e. crushed and ground-up rock produced by
friction between the two sides of a fault. However, no data where available for sorption
and diffusion in the gouge material, and sorption was thus extrapolated from the
measurements on Äspö-diorite and the diffusivity evaluated from the breakthrough of
non-sorbing tracers in previous tests. The initial predictions were good for non-sorbing
and weakly sorbing tracers, but tended to overestimate the breakthrough time for the
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more sorbing tracers such as Rb and Cs. As a consequence of this the interpretation of
the geological model was revised and flowpaths also interfacing cataclasite were
included for the predictions of STT-1b and STT-2. The approach used by Nagra/PSI was
also to some extent adopted by other modelling teams, e.g. the SKB/KTH-TRUE and
the Andra/CEA teams.

Table 5-2 Summary of the modelling team's usage of the delivered data.

Modelling group BMWi/
BGR CRIEPI NAGRA/

PSI
POSIVA/

VTT
SKB/

KTH-ChE

SKB/
KTH-
TRUE

Task SST-2 STT-2 STT-2 STT-2 STT-2 STT-2
Data delivery No 1 for task No 4F Dec 98:

Updated structural model of the TRUE-1
block and detailed description of Feature A.
Technical Memo,  TASKS 4E/4F

X m X p, M P

Structural geology of the TRUE-1 site X - P - M X
Fracture orientation X - - - M X
Fracture intensity X - - - M X
Parameters for DFN modelling - - - - X X
Structural model of the TRUE-1 Block - - m X M X
Hydraulic head P P p m p P
Cross-hole interference data M - X - P X

Groundwater flow data from tracer dilution
tests P - X - P m

Results of transport experiments P P P P P P
Conceptual model of Feature A X M m m M P
Transport parameters from the laboratory
Diffusivity P P X P P P

Transport parameters from the laboratory
Distribution coefficients P p X P P P

Transport parameters from the laboratory
Porosity p P X P P P

Notes:
P = data of great importance for quantitative estimation of model parameters
p = data of less importance for quantitative estimation of model parameters
M = data of great importance used qualitatively for setting up model
m = data of less importance used qualitatively for setting up model
X = data useful as general background information
- = data not used

In their evaluation of the Task 4E and 4F experiments the SKB/KTH-ChE team found
that the retardation caused by diffusion into the rock matrix and sorption within the
matrix needed to be about 30 times larger then was obtained in the predictions based on
the laboratory data (Moreno, 2001). Several possible explanations for this were investi-
gated. With the relationship used to model the matrix retardation effect this implies that
the product of the matrix sorption coefficient and the matrix diffusivity needs to be 900
times larger, or that the interaction area between the matrix and the flowing water needs
to be 30 times larger. An evaluation of the sorption experiments was made considering
also new data available on the sorption on mylonite, altered Äspö diorite and altered
fine grained granite (Byegård et al., 1998). The equilibrium sorption coefficients were
estimated based on the fraction sorbed and the contact time of the batch sorption
experiment. This resulted in matrix sorption coefficients that were 10-25 times higher
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for most tracers and 500 times higher for Cs. Thus, this could not be the only explana-
tion for the difference between predictions and observations. It was further noted that
the altered rim zone of the fractures was found to have an increased porosity. Values
between 2 - 3% were estimated for the part of the zone accessible to the tracers during
the tests. This would imply a matrix diffusivity 10-20 times larger than measured in the
rock mass. An alternative explanation would be if the flow rate in the transport path was
less than predicted or if the ratio flow wetted surface over water flow rate was consider-
ably larger. This could be the case if there is an uneven flow distribution around the
extraction section, with a high transmissivity zone conducting most of the water pumped
in the extraction section. There are indications of a high conductive zone between
KXTT2 and KXTT3. Water from the injection sections may thus travel long distances in
Feature A in low flow rate paths before entering the extraction hole or the high
conductive zone. Simulations carried out in two-dimensional fractures indicate that a
flow rate a factor 5-10 lower is possible.

The SKB/KTH-TRUE modelling team has performed an extensive evaluation of the
STT tracer tests (Cvetcovic et al., 2000). In order to simulate the tracer test with the
laboratory data on sorption, diffusivity and porosity an enhancement factor for the rock
interaction effects needed to be introduced. The value for the enhancement factor is in
the range 50 - 65 for the different tracers and tests, i.e. somewhat higher than the
enhancement factor of 30 introduced by the SKB/KTH-ChE team. An analysis was
made of various explanations for the enhancement factor, which indicated that the rim
zone of Feature A may have a 5-10 times larger porosity than the unaltered rock. This
may give a factor of a 100 higher effective diffusivity in the rim zone. Also the sorption
coefficients in the rim zone were estimated to be 4-50 times larger. The increased
retention parameter thus obtained in the rim zone could explain the enhancement factor.
The evaluation further indicated that gouge material present in the fracture contributes
to the increased retention, but is not of primary importance. The analysis made of flow-
wetted surface per volume of water indicated that a very large flow-wetted surface was
unlikely and that the value chosen for the simulations (3400 m-1) is within a realistic
range of (3000 - 6000 m-1). An analysis of the effect of diffusion into stagnant zones
concluded that this could cause an enhanced retention, but would not give consistent
results for the different tracers.

5.5 Lessons learned - Unresolved issues

Experimental site characterisation

Generally, the experimental site was considered to be well characterised. The need for a
detailed characterisation after the end of the test period was emphasised, e.g. the
measurement of the spatial aperture distribution of the fracture by a resin experiment.
Flow rate measurements were proposed to estimate the sensitivity of the test
arrangement to disturbances in the injection or background flow field.
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The modelling teams were provided with laboratory measurements of diffusivity and
sorption on different rock materials from the Äspö site, such as fresh granite and weakly
altered materials. However, several of the modelling teams found that altered material
near the fracture surface or fault gouge material had an important role in the tracer
retention. The lack of measurements on these materials restricted the possibilities of
evaluation of the tracer experiments. Additional measurements of sorption properties of
the tested fracture and fracture filling material were therefore strongly suggested.

Experimental design

The experiments were considered well conducted providing a sufficient recovery for
analysing the breakthrough. A problem identified by several of the modelling teams
concerned the injection technique. The long injection tail obtained due to insufficient
exchange influences the tail of the breakthrough curve and thereby hides important
information on tracer-rock interaction. Furthermore, the extension of the tail of the
breakthrough curve was not monitored long enough to evaluate any limitations of the
porous zone available for diffusing tracers.

It was identified that the relatively high pumping rate needed to achieve a reasonable
recovery implies short travel times for the tracers. Thus, the interaction with the rock
matrix is relatively small. Since most of the used tracers are weakly sorbing, transport is
controlled by flow velocity. Suggestions were therefore given to use slightly more
sorbing tracers which would be more affected by the interaction with the rock.

Additional suggestions given concerned the use of dipole tests in both the forward and
reverse directions.

Performance measures

The performance measures were generally considered sufficient. The final presentation
format, which considers tracer flow normalised to total injected mass, makes a
consistent intercomparison between different nuclides and between different models
possible. It was recommended that a comparison should be made using breakthrough
curves calculated for the Dirac source term as well as using the deconvoluted
experimental unit response curve for analysis of the tracer test. A suggestion was made
to deliver values for the total injected tracer masses as well as for the injection flow rate
to avoid unnecessary discrepancies between models and experiments.

Suggestions for additional data and analysis

The suggestions put forward concerned further investigations on the detailed structure of
the feature. Information on structural geology on the detailed scale (mm to cm) helps
refining a given model and provides limits for transport parameters. Further
measurements of the sorptive properties of the rock in the fracture walls and filling
material were requested. The difficulty in characterising the fracture with respect to the
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details of the flow field was recognised. However, some information could be obtained
from measurements of the spatial aperture distribution in Feature A. 

Additional generic research required.

The modelling teams have also identified areas were additional research is required.
These are to large extent related to how to obtain information about the flow-wetted
surface and how this parameter can be correlated to the water-flow rate and water
residence time. This will require both experimental and theoretical research.
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6 Conclusions

6.1 Tasks 4E and 4F as a testing exercise

The modelling Tasks 4E and 4F were defined with the objectives to develop the
understanding of radionuclide migration and retention in fractured rock, and to evaluate
the usefulness and feasibility of different approaches to model radionuclide migration of
sorbing species based on in situ and laboratory experiments from the TRUE-1 site.

Three tracer tests with sorbing tracers were included in the tasks, all in a radially
converging geometry over a distance about 5 meters. Two of the tests (STT-1 and
STT-2) were performed over the same flowpath, but with a different pumping rate. The
third test (STT-1b) used the same pumping hole, but a different injection hole. The
sorbing tracer tests had been preceded by tracer tests using non-sorbing tracers. For each
of the two flow paths results from six tracer tests with non-sorbing tracers were
available. Thus, a large amount of data on hydrology and non-sorbing tracer
breakthrough was available. Laboratory measurements of sorption coefficients and
matrix diffusivities for materials from the site were also distributed. However, no tracer
test data were available for calibration of the sorbing tracers. In that sense the
predictions made of sorbing tracer breakthrough can be considered as "blind".

An important part in the Task 4E and 4F work was the evaluation done after the results
of the experiment were revealed. The modelling groups have put a lot of effort in the
evaluation, calibrating model parameters, modifying and adapting models and testing
alternative approaches. This has proved to be a successful strategy for evaluating the
importance of different transport and retardation processes. The interaction with the
TRUE project has also proved to be very valuable, where discussions between modellers
and experimentalists have provided additional information about geological and
geochemical conditions at the site.

The injection method used in the experiment has also been improved. This has resulted
in a better-defined source term in comparison with the source term in RC-1 and DP1-
DP4 tests modelled within Task 4C and 4D. However, the injection tail that still is
present tends to hide information on tracer-rock interaction processes.

The predictions of the sorbing tracer breakthrough in the initial tracer test (STT-1) were
not satisfactory. It was apparent that the active processes were more complex than
initially anticipated and that the application of laboratory data was not straightforward.
As a result of model calibration and modification the predictions were considerably
improved for the latter tracer tests (STT-1b and STT-2). During the course of the task,
the models also became more similar, concerning the processes that were considered.
For the predictions of STT-2 matrix sorption and diffusion was included in all the
models, whereas only half of the modelling groups used matrix diffusion and sorption in
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their predictions for STT-1. However, there were still substantial differences between
the different models used for the prediction of STT-2.

Task 4E and 4F has proved to be very valuable in increasing the understanding of non-
sorbing tracer transport in fractured rock. There is a general consensus on the major
processes responsible for transport and retardation and also how these processes can be
described in a mathematical model. However, there are still a number unresolved
questions concerning the application of laboratory data to tracer tests, the extrapolation
of tracer tests to other distances and time scales and the application of results to other
sites.

6.2 Modelling and data

Several different types of models were used within Task 4E and 4F. The models were
generally process oriented were the effect of transport and retention processes could be
derived from the provided laboratory measurements. The DOE/Sandia model used a
somewhat different approach using a statistically distributed diffusion rate coefficient
determined by parameter estimation. The diffusion rate coefficient is a lumped
parameter, but can be examined in order to compare with laboratory data.

The coupling between the hydrology modelling and the transport modelling is done
several different ways, depending on the model structure. The CRIEPI and BMWi/BGR
teams solve both hydrology and transport in the same computational grid. The
advantage of such a method is the direct coupling between hydrology and transport,
which could be valuable in two-dimensional flow-fields. However, the method is
computationally demanding and also makes the incorporation of new transport
processes difficult. As an example the inclusion of matrix diffusion requires grid
modifications, the use of two types of matrix materials would result in very complex
geometry. The SKB/KTH-ChE team solves hydrology and transport in the same discrete
representation of channels. Transport within each segment is then treated as a one-
dimensional problem. The particle following technique used to account for tracer
retention is very efficient, but the tracer retention model is not readily adjustable, e.g. by
introducing limited diffusion depth. The method deriving discrete flowpaths from
streamtubes or streamlines used by the SKB/KTH-TRUE, Posiva/VTT, JNC/Golder,
Nagra/PSI teams is efficient and allows for a transport model including a number of
retention processes. This approach relies on a number of assumptions, e.g. that the
mixing between the pathlines is small.

The work with in Task 4E and 4F has identified a number of problems related to the
transfer of laboratory data to field scale experiments. Laboratory measurements have
been made on samples from the studied feature. However, the heterogeneity of
Feature A adds uncertainty to the evaluation. This concerns the various rock types with
different mineralogy and porosity that are in contact with the flowing water along the
fracture, and also the variation that is expected in the rim zone of the fracture. Within
the time scale of the performed tracer tests only a fraction of a millimetre of the rock
will be available for interaction for the more strongly sorbing tracers and only a few
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millimetres for the weakly sorbing tracers. There is indications that there is a strong
gradient in porosity in the rim zone and thereby also in diffusivity and sorption
properties. This has been acknowledged in the TRUE-1 programme and methods to
characterise the rim zone has been developed. However, there are still unresolved issues
in how to define effective parameters for diffusion and sorption in an adequate way.

6.3 Perspective to future tasks

The modelling Tasks 4E and 4F dealt with transport of sorbing radionuclides in a single
feature over distances of 5 metres. The time scale of the tracer tests extended to at the
most a few months. The transfer of the information obtained from this work to a
performance assessment scale requires extrapolation in time and space. Furthermore,
many of the important radionuclides considered in performance assessment are
considerably more sorbing than the most sorbing tracers used in the TRUE-1 tests.

The relatively strong retention observed in the TRUE-1 sorbing tracer experiments are
believed to a large extent depend on alterations in the rim zone of the fracture leading to
an increased matrix porosity, diffusivity and sorption. Thus, the sorbing tracer retention
could not accurately be predicted by direct application of the provided laboratory data.
Since the importance of the rim zone will diminish with time it may still be appropriate
to apply laboratory data to performance scale modelling. However, the modelling
performed in Tasks 4E and 4F were not conclusive concerning to what extent the
increased retention could be attributed to enhanced matrix mass-transfer. Alternative
explanations have been put forward, e.g. that the increased retention to some extent is
caused by a large ratio between the surface area available for matrix diffusion and the
flow rate, or that velocity field in the channels is very heterogeneous leading to the
formation of stagnant zones. These alternative explanations will give very different
results when extrapolated to performance assessment scales.

Investigations in how to use site characterisation investigations for performance
assessment is important for the future licensing of deep underground repositories.
Further investigations of sorbing tracer transport on larger scales will provide additional
information on how to extrapolate data. In the TRUE Block Scale experiment tracer
tests have been performed in connected fractures on a scale up to 50 metres. In the
planned Task 6 flow and transport at two spatial scales will be modelled for both site
characterisation conditions and for conditions relevant to performance assessment. The
overall objective of Task 6 is to provide a bridge between site characterisation and
performance assessment approaches to solute transport in fractured rock. The work
performed within Task 4E and 4F constitutes an important basis for this task.



85

7 Acknowledgements

This evaluation report is based on the hard and dedicated work of the modellers of
Tasks 4E and 4F for which they deserve many thanks. Many thanks are also given to the
Task Force delegates for valuable discussions during the Task Force meetings. I would
also like to acknowledge the members of the Äspö Modelling Task Force and the Task
Force Secretaries for their contribution of ideas, suggestions and comments.



87

References

Abelin H, Neretnieks I, Tunbrant S and Moreno L (1985): Final report of the migration
in a single fissure - Experimental results and evaluation, Swedish Nuclear Fuel and
Waste Management Co., Stripa Project Technical Report 85-03.

Abelin H, Birgersson L, Widén H and Ågren T (1990): Channeling experiments,
Swedish Nuclear Fuel and Waste Management Co, Stripa Report 85-03.

Andersson P, Byegård J, Cvetkovic V, Johansson H, Nordqvist R, Selroos J-O and
Winberg A (1997): Äspö Hard Rock Laboratory, TRUE 1st stage tracer test programme,
experimental plan for tests with sorbing tracers at the TRUE-1 site, Swedish Nuclear
Fuel and Waste Management Co, HRL-97-07.

Andersson P and Wass E (1998a): Äspö Hard Rock Laboratory, TRUE 1st stage tracer
test programme, Preliminary design tests for tests with radioactive sorbing tracers
(PDT-1, PDT-2, PDT-3), Experimental description and preliminary ecaluation, Swedish
Nuclear Fuel and Waste Management Co, HRL-98-13.

Andersson P, Johansson H, Nordqvist R, Skarnemark G, Skålberg M and Wass E
(1998b): True 1st stage tracer test programme, Tracer test with sorbing tracers, STT-1,
Experimental description and preliminary evaluation, Äspö Hard Rock Laboratory,
International Progress Report IPR-00-XX.

Andersson P (1998c): TRUE 1st stage tracer test programme, Radially converging tracer
test, RC-3, GEOSIGMA, PM-98039.

Andersson P, Wass E, Johansson H, Skarnemark G and Skålberg M (1999a): Äspö Hard
Rock Laboratory, True 1st Tracer test programme, tracer tests with sorbing tracers, STT-
1b, Experimental description and preliminary evaluation, Swedish Nuclear Fuel and
Waste Management Co, IPR-99-12.

Andersson P, Wass E, Byegård J, Johansson H and Skarnemark G (1999b): TRUE 1st
stage tracer test programme, Tracer tests with sorbing tracers, STT-2, Experimental
description and preliminary evaluation, Swedish Nuclear Fuel and Waste Management
AB, IPR-99-15.

Bossart, J, Hermanson, J and Mazurek, M (in prep): Classification and characterization
of water-conducting features at Äspö - Results of Phase III investigations. SKB Tech.
Rep.

Bourke P J (1987): Channeling of flow through fractures in rocks, Ed: A Larsson,
Proceedings from GEOVAL-1987 symposium, Swedish Nuclear Power Inspectorate,
167-177.



88

Byegård J, Skarnemark G and Skålberg M, (1995): The use of ion-exchange sorbing
tracer cations in in-situ experiment in high-saline groundwaters, Mat. Res. Soc. Symp.
Proc., vol. 353, pp. 1077-1084.

Byegård J, Johansson H, Skålberg M and Tullborg E-L (1998): The interaction of
sorbing and non-sorbing tracers with different Äspö rock types, Sorption and diffusion
experiments in the laboratory scale, Swedish Nuclear Fuel and Waste Management Co,
TR-98-18.

Bäckblom G and Olsson O (1994): Program for Tracer Retention Understanding
Experiments, Swedish Nuclear Fuel and Waste Management, PR 25-94-24.

Cvetkovic V, Cheng H and Selroos J-O (2000): First TRUE Stage, Evaluation of Tracer
Retention Understanding Experiments (first stage) at Äspö, Swedish Nuclear Fuel and
Waste management Co, ICR-00-01.

Dershowitz W, Thomas A and Busse R (1996): Discrete fracture analysis in support of
the Äspö Tracer Retention Understanding Experiment (TRUE-1), Swedish Nuclear Fuel
and Waste Management Co, ICR 96-05.

Dershowitz W S, Cladouhos T T and Uchida M (2000): Tracer tests with sorbing
tracers, Task 4E-I STT-1 Blind prediction, Task 4E-II: Analysis of STT-1 blind
prediction, Task 4E-III: Predictions for STT-1b and Task 4F: Prediction for STT-2,
Swedish Nuclear Fuel and Waste Management Co, ICR-01-02.

Elert M and Svensson H (1999): Äspö Hard Rock Laboratory, Deconvolution of
breakthrough curves from TRUE-1 tracer tests (STT-1 and STT-1b) with sorbing
tracers, Äspö Task Force, Task 4E, Swedish Nuclear Fuel and Waste Management Co,
IPR-99-35.

Elert M (1999): Evaluation of modelling of the TRUE-1 radially converging tests with
conservative tracers, The Äspö Task Force on Modelling of Groundwater Flow and
Transport of Solutes, Task 4C and 4D, Swedish Nuclear Fuel and waste management
Co, TR-99-04.

Elert M and Svensson H (2000): Äspö Hard Rock  Laboratory, Deconvolution of
breakthrough curves from TRUE-1 tracer tests (STT-2) with sorbing tracers, Äspö Task
Force, Task 4F, Swedish Nuclear Fuel and Waste Management Co, IPR-00-22.

Grenier C and Mouche E (1999): TRUE task 4E: Predictions for sorbing tracer tests
STT2, In: Morosini, 1999b (Appendix A), Swedish Nuclear Fuel and Waste
Management Co, IPR-99-22.

Gylling B, Birgersson L, Moreno L and Neretnieks I (1994): Analysis of LPT2 using the
Channel Network model, Swedish Nuclear Fuel and Waste Management Co, ICR 94-05.

Gylling B, Moreno L and Neretnieks I, (1999): The Channel Network Model - A tool
for transport simulation in fractured media, Groundwater, Vol. 37(3), pp. 367-375.



89

Haggerty R and Reeves P (1998): STAMMT-L, Solute Transport And Multirate Mass
Transfer in Linear coordinates: A FORTRAN code for modeling and analyzing multiple
rates of diffusive mass transfer and one-dimensional transport, Sandia National
Laboratories, Albuquerque, New Mexico, Sandia National Laboratories Report.

Jakob A and Heer W (1998a): Blind-predictions of the Task 4E tracer migration
experiments at the TRUE-1 site, In: Ström, 1998 (Appendix B), Swedish Nuclear Fuel
and Waste Management Co, HRL-98-01.

Jakob A and Heer W (1998b): Modelling and blind-predictions for STT1b tracer tests,
In: Morosini, 1999a (Appendix B), Swedish Nuclear Fuel and Waste Management Co,
IPR-99-02.

Jakob A and Heer W (1999): Blind-predictions for the Task 4F (STT2) tracer migration
experiment at the Äspö TRUE-1 site, In: Morosini, 1999b (Appendix A), Swedish
Nuclear Fuel and Waste Management Co, IPR-99-22.

Jakob A and Heer W (2000): Summary of work done by the PSI modelling team for the
Äspö migration experiments, Tasks 4e and 4f, Paul Scherrer Institut, Switzerland, TM-
44-00-01.

Lenda A and Zuber A (1970): Tracer dispersion in groundwater experiments, Isotope
hydrology, IAEA, Vienna, Austria,

Liedtke L and Shao H (1997): Modelling of the tracer experiments in Feature A at Äspö
HRL, Swedish Nuclear Fuel and Waste Management Co, ICR 98-02.

Mazurek M, Bossart P and Eliasson T (1996): Classification and characterization of
water-conducting features at Äspö: Results of investigations on the outcrop scale,
Swedish Nuclear Fuel and Waste Management Co, ICR 97-01.

Mazurek, M., Bossart, P.,  & Hermanson, J. (2001): Classification and characterization
of water-conducting features at Äspö. In: Proc. Intern. Seminar First TRUE Stage, Äspö
Hard Rock Laboratory, Sweden, September 11-13, 2000.

McKenna S A (1999a): Solute Transport Modeling of the Äspö STT-1 Tracer Tests with
Multiple Rates of Mass Transfer, In: Morosini, 1999b (Appendix A), Swedish Nuclear
Fuel and Waste Management Co, IPR-99-22.

McKenna S A (1999b): Solute transport modelling of the Äspö STT-1b tracer tests with
multiple rates of mass transfer, Task 4E, Äspö Task Force on Modelling of
Groundwater Flow and Transport of Solutes, Swedish Nuclear Fuel and Waste
Management Co, ICR-99-02.

McKenna S A (1999c): Prediction of STT-2 tracer tests, application of the multirate
model, In: Morosini 1999b (Appendix A), Swedish Nuclear Fuel and Waste
Management Co, IPR-99-22.



90

Moreno L and Neretnieks I, (1993): Fluid flow and solute transport in a network of
channels, Journal of Contaminant Hydrology, Vol. 14, pp. 163-192.

Moreno L (2001): Evaluation of sorbing tracer tests using The Channel Network Model,
Äspö Task Force - Tasks 4E and 4F, Swedish Nuclear Fuel and Waste Management Co,
ICR-01-03.

Morosini M (1999a): Äspö Hard Rock Laboratory, Äspö Task Force on Modelling of
Groundwater Flow and Transport of Solutes, Proceedings from the 11th Task Force
meeting at Äspö, Sweden, September 1-3, 1998, Swedish Nuclear Fuel and Waste
Management Co, IPR-99-02.

Morosini M (1999b): Äspö Hard Rock Laboratory, Äspö Task Force on Modelling of
Groundwater Flow and Transport of Solutes, Proceedings from the 12th Task Force
meeting at Gimo, Sweden, April 20-22, 1999, Part 1of 3:Description and result
compilation, Swedish Nuclear Fuel and Waste Management Co, IPR-99-22.

Morosini M (2000): Äspö Hard Rock Laboratory, Äspö Task Force on Modelling of
Groundwater Flow and Transport of Solutes, Proceedings from the 13th Task Force
meeting at Carlsbad, NM, USA, February 8-11, 2000, Part 1of 2: Description and
Task 4 contributions, Swedish Nuclear Fuel and Waste Management AB, IPR-00-16.

Mouche E, Treille E, Grenier C, Dewiere L and Tevissen E (1998): Scoping calculations
on sorbing tracer tests STT1, In: Ström, 1998 (Appendix B), Swedish Nuclear Fuel and
Waste Management Co, HRL-98-01.

Ohlsson Y and Neretnieks I (1995): Literature survey of matrix diffusion theory and of
experiments and data including natural analogues, Swedish Nuclear Fuel and Waste
Management Co, TR-95-12.

Poteri A (2000): Modelling of the TRUE-1 sorbing tracer tests, Swedish Nuclear Fuel
and Waste Management, ICR-01-01.

Shao H and Liedtke L (1999): Modelling the reactive - radioactive and sorbing tracer
tests in fractured rock, Äspö Task Force, Task 4E and 4F, Swedish Nuclear Fuel and
Waste Management Co, ICR-99-03.

Ström A (1998): Äspö Hard Rock Laboratory, Äspö Task Force on modelling of
groundwater flow and transport of solutes, Proceedings of the 10th meeting in
Kamaishi, Japan, November 11-13, 1997, Swedish Nuclear Fuel and Waste
Management Co, HRL-98-01.

Tanaka Y, Igarashi T and Hasegawa T (2000): Numerical Analysis with FEGM/FERM
for TRUE-1 Sorbing Tracer Tests, Evaluation of Task 4E and 4F, Swedish Nuclear Fuel
and Waste Management Co, ICR-report (In preparation).



91

Tsang C F, Tsang Y W and Hale F V (1991): Tracer transport in fractures: Analysis of
field-data based on a variable-aperture channel model, Water Resour. Res., 27, 3095-
3106.

Uchida M, Doe T, Dershowitz W, Thomas A, Wallmann P and Sawada A (1994):
Discrete-fracture modelling of the Äspö LPT-2, Large-scale pumping and tracer test,
Swedish Nuclear Fuel and Waste Management Co, ICR 94-09.

Winberg A, (ed.) (1996): First TRUE Stage-Tracer Retention Understanding
Experiments, Descriptive structural-hydraulic models on block and detailed scales of the
TRUE-1 site, Swedish Nuclear Fuel and Waste Management Co, ICR 96-04.

Winberg A, Andersson P, Hermanson J and Byegård J (1998): First True stage, Updated
structural model of the TRUE-1 block and detailed description of Feature A, A technical
memorandum prepared for the Äspö Task Force, Tasks 4E/4F, Final draft.

Winberg A, Andersson P, Hermanson J, Byegård J, Cvetkovic V and Birgersson L
(2000): Äspö Hard Rock Laboratory, Final report of the first stage of the tracer retention
understanding experiments, Swedish Nuclear Fuel and Waste Management Co,
TR-00-07.



93

Appendix 1 Data distributed to modelling groups

Task 4E: Data distribution 1 to 6:

Data delivery no 1:

• Data set for PDT-1 and PDT-2 (breakthrough and injection curves for Uranine and
Amino G) and hydraulic data (head and pump rate ) as well as electrical conductivity
of pumped water.

Data delivery no 2:

• Data set for PDT-3 (injection and breakthrough curves for Uranine) and injection
data for STT-1.

Data delivery no 3:

• Data set for PDT-4 (breakthrough curve and injection curves for Uranine) and for
STT-1 (breakthrough curves).

Data delivery no 4:

• Report “Preliminary design tests for test with radioactive sorbing tracers (PDT-1,
PDT-2, PDT-3)” Progress Report HRL 98-13 (Andersson et al., 1998a)

• Report “Tracer tests with sorbing tracers, STT-1” Draft (Andersson et al., 1998b)

• Data file: Injection concentration versus time for Uranine, HTO, 82Br, 22Na, 42K,
85Sr, 86Rb, 58Co, STT-1b

• Pump flow rate

Data delivery no5:

• Report “Radially converging tracer test, RC-3” PM, (Andersson, 1998c)

• Data file: Injection concentration for Uranine, RC-3

• Data file: Breakthrough concentration for Uranine, RC-3

• Pump flow rate

Data delivery no 6:

• Data file: Breakthrough concentration for Uranine, HTO, 82Br, 22Na, 42K, 85Sr, 86Rb,
58Co, STT-1b
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• Data file: Hydraulic head, STT-1b

• Pump flow rate

Task 4F: Data distribution 1 to 2:

Data delivery no1:

• Report “Updated structural model of the TRUE-1 block and detailed description of
feature A” Draft version

• Data file: Injection concentration for Uranine, HTO, 82Br, 22Na, 47Ca, 85Sr, 131Ba,
133Ba, 86Rb and 137Cs, STT-2

Data delivery no2:

• Data file: Breakthrough concentration for Uranine, HTO, 82Br, 22Na, 47Ca, 85Sr,
131Ba, 133Ba, 86Rb and 137Cs, STT-2

• Data file: Hydraulic head, STT-2

• Pumping flow rate
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Appendix 2 Questionnaire
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