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Foreword 

Currently, radioactive waste management programmes in OECD countries cover a wide range 
of activities aiming at the gradual implementation of disposal concepts for various types of 
waste. This concerns, in particular, the institutional and regulatory framework as well as 
research and development activities. In some countries, site selection and characterisation 
programmes for high-level waste disposal are at a relatively advanced stage. Several countries 
already have repositories for low-level waste in operation. Among these activities, safety issues 
are a common concern, and, therefore, enjoy a high priority in international co-operative 
programmes. 

INTRA VAL is an international project concerned with the use of mathematical models for 
predicting the potential transport of radioactive substances in the geosphere. Such models are 
used to help assess the long-term safety of radioactive waste disposal systems. The INTRA VAL 
project was established to evaluate the validity of these models. Results from a set of selected 
laboratory and field experiments as well as studies of occurences of radioactive substances in 
nature (natural analogues) are compared in a systematic way with model predictions. 
Discrepancies between observations and predictions are discussed and analysed. 

Twenty-two organisations from thirteen OECD countries participate in INTRA VAL. The 
Swedish Nuclear Power Inspectorate (SKI) is the managing participant and the OECD/Nuclear 
Energy Agency, Her Majesty's Inspectorate of Pollution (HMIP/DOE), United Kingdom, and 
Kemakta Consultant Co., participate in the Project Secretariat. 

INTRAVAL finished its first phase in 1990. Phase 1 of the project was comprised of seventeen 
test cases, and thirteen of these have been extensively analysed. This report was prepared to 
give an overview of the experiments behind the test cases. The integrated results and overall 
conclusions of INTRAVAL Phase 1 are given in a series of eleven Technical Reports and a 
Summary Report. 

A second phase of the INTRAVAL project was initiated in 1990. Phase 2 of the study will 
conclude the INTRAVAL project in 1994. 
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Abstract 

This report contains a description of the test cases adopted in Phase 1 of the international 
cooperation project INTRA VAL. Seventeen test cases based on laboratory experiments, field 
experiments and natural analogue studies have been included in the study. The test cases are 
described in terms of experimental design and types of available data. In addition, some 
quantitative examples of available data are given as well as references to more extensive 
documentation of the experiments on which the test cases are based. 
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1, Introduction 

This report contains a description of the test cases adopted in Phase 1 of the INTR/VAL 
project. Seventeen test cases have been included in the study. Several of the cases are based 
on international experimental programmes, such as the Stripa Project, the Alligator Rivers 
Analogue Project (ARAP), and the Po?os de Caldas Project. A Pilot Group was appointed for 
each of the test cases. The responsibility of the Pilot Group has been to compile data and 
propose formulations of the test cases in such a way that it is possible to simulate the 
experiments with model calculations. 

A short description of the INTRA VAL project is given in this chapter, and the test cases are 
described in the following chapters. The description of the test cases given in this report is 
mainly based on the test case definition documents prepared by the different Pilot Groups. It 
is not possible in this report to present all the data that have been given to the modellers. The 
intention is to mention all types of data that have been available and to give some quantitative 
examples. Such information that may have been made available on informal communications, 
e.g. during the workshops, is not necessarily contained in this report. 

1.1 INTRA VAL Objective and Strategy 

The international cooperation project INTRA VAL, managed by the Swedish Nuclear Power 
Inspectorate (SKI), was started in October 1987. The project was prepared by an ad-hoc group 
in terms of clarifying the prerequisites for future work in validation of geosphere performance 
assessment models [1-1] and to propose a frame and format for the project [1-2]. 

The main objective of the study is to increase the understanding of how various geophysical, 
hydrogeological and geochemical phenomena of importance for radionuclide transport in the 
geosphere can be described by mathematical models developed for this purpose. This is being 
done with a systematic use of information from laboratory and field experiments as well as 
from natural analogue studies. 

Besides the main objective it is expected that results from the project can feed back to 
experimental programmes in the form of suggestions for improved or new experiments better 
suited for validation purposes. The project will also give an opportunity for informal exchange 
of experiences and ideas in the field of performance assessment with the focus on geosphere 
modelling. 

For validation of a performance assessment model, information from laboratory experiments, 
field experiments and natural analogue studies is needed. Laboratory experiments help in the 
understanding of processes and mechanisms under well defined conditions, as well as to 
provide data which are needed in evaluation and interpretation of field experiments and natural 
analogue studies. Field experiments are important in order to identify processes which influence 
the geosphere radionuclide transport. Furthermore, field experiments and observations are 
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necessary in the validation of model structures in terms of heterogeneities, large-scale property 
variations, and boundary conditions. It is important that parameter values determined in the 
laboratory are applied to field experiments in order to demonstrate the mechanistic 
understanding of the transport processes. 

Field and laboratory experiments yield information on relatively short time scales. However, 
natural geological systems have developed over longer time scales, and as a result they have 
the potential to provide important insight into the behaviour of radionuclides over the long 
times that are relevant to repository safety assessments. They would then serve as natural 
analogues to transport processes expected to be evaluated h the performance assessment of 
radioactive waste repositories. Unfortunately, many of the conditions prevailing during the time 
of interest are likely to be poorly characterised. The INTRAVAL test cases based on natural 
analogues, P050S de Caldas and Alligator Rivers, are associated with substantia] amounts of 
data collected over many years. It has therefore been judged necessary to restrict the definition 
of the INTRAVAL test case to a limited topic. 

In addition to the laboratory experiments, the field experiments and the natural analogue 
studies, a test case based on a synthetic data base is included in the INTRAVAL study. The 
advantages of a synthetic data base compared to 'real world' experiments are that the processes 
involved are well defined so that different testing procedures can be systematically examined 
on the same piece of computerised geosphere. In addition, it could help in understanding the 
minimum amount of data required to characterise a site. 

1.2 Selection Criteria for Test Cases 

The selection of experiments (laboratory experiments, field experiments, natural analogue 
studies) that are included as test cases in Phase 1 of the INTRAVAL project is based on the 
following criteria: 

- The phenomena involved in the experiment should be relevant to the process of the transport 
of radionuclides in the geosphere surrounding a repository. 

- The experiments should be well documented to ensure that the modelling teams are well 
acquainted with the experiment and to make it possible to achieve as comprehensive a data 
base as possible. 

- It should be possible to acquire additional information on the experiment. Therefore, a person 
or a group of persons with detailed knowledge of the experiment should be available to the 
project. 

- The experiment should include as many independently determined data as possible so as to 
avoid the modelling ending simply as a parameter fitting exercise. 

In addition, there would be many advantages if additional experiments could be undertaken. 
Then feed back from the modelling teams could be considered in the design of these additional 
experiments. 

The INTRAVAL test cases have deliberately been chosen to represent radionuclide transport 
in different geological media at different time scales and length scales. The experiments on 
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which the test cases are based are designed to study a number of transport processes. As they 
have been selected partly on the basis that the experimental results should be available to the 
INTRAVAL participants before the start of the study, they are not necessarily designed for 
model validation. 
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2. Test Case la. Mass Transfer Through Clay 
by Diffusion and Advection 

2.1 Purpose 

This test case is based on a set of laboratory experiments performed at Harwell Laboratory in 
the L1C [2-1, 2-2, 2-3, 2-4]. These experiments were selected as a test case because they 
address a number of processes and geometrical structures relevant for radionuclide transport 
in clay-rich sedimentary formations, such as diffusion, dispersion, ion-exclusion, preferential 
pathways for transport, effects of stress changes on hydraulic conductivity and diffusivity. 

2.2 Overview 

Transient and steady state experiments were performed to determine the diffusivity, 
permeability, dispersivity and porosity of London clay. The clay samples were taken from an 
unweathered horizon located 28 - 33 m below ground level. The length scales of the 
experiments are up to a few centimetres, and the duration is up to a few months. 

London clay is a marine deposit of Lower Eocene age (c. 50 Myr), which outcrops in the 
south east of England. It is a stiff grey/green silty clay, and a compactional fabric is evident 
by the slight fissility parallel to the bedding planes. Approximately 60% of the unweathered 
London clay consists of "clay" size material (< 2 \un) and the remainder is of "silt" grade (2-
75 |xm). The coarser silt fractions are dominated by quartz, feldspars and dolomite, and the 
clay fractions are dominated by illite, smectite, kaolinite and minor chlorite. 

The primary set of experiments includes in-diffusion experiments, through-diffusion experiments 
and permeation experiments, of which the two latter ones were performed both parallel and 
perpendicular to the plane of bedding. The tracers used were deuterated water, tritiated water 
and sodium iodide. 

In addition, results from a number of complementary experiments are available. Information 
related to the mineralogical content of the clay samples has been provided from X-ray 
diffraction (XRD) analyses, and pore-size distributions have been obtained by mercury-intrusion 
porosimetry. The total moisture content and porosity of the samples was determined by oven-
drying, and small angle neutron scattering (SANS) was used to obtain information on the size 
and distribution of the porosity, and on the accessibility of the pore space to deuterated water. 
The hydraulic conductivity in the clay as a function of stress was determined by performing 
constant-head experiments and uniaxial consolidation experiments. 
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23 Experimental Design 

2.3.1 In-diffusion experiments 

Six or seven replicate cylindrical samples of clay with the axis perpendicular to the plane of 
bedding and with a diameter of 20 mm were confined in the central port of Perspex diffusion 
cells (Figure 2.1). To prevent disaggregation, 0.8 mm thick stainless steel sintered discs were 
placed on each side of the sample. The porosity of the sinter is approximately 0.3, and the 
steady-state diffusion coefficient for the simer is 2.110"10 m2/s, measured using KI as a tracer. 

The sample, of approximately 15 mm length, was stressed using the ring which tightens onto 
the surface of the sample until the clay was sealed into the holder (Figure 2.1). At the start 
of the experiment, both measurement cell and reservoir for each diffusion celi were filled with 
simulated clay water containing 103 M Nal and deuterated water (Figure 2.2). Thus, diffusion 
takes place axially into each end of the clay sample. Reservoir and measurement cell 
concentrations were maintained at a constant value throughout the experiment. 

Measurement 
cell 

jr'-n 

Sample 
holder 

Blanking nut 
to seal 
sampling port 

Clay sample 

31 

Reservoir 

xr-rj. 
M 

'0' ring seals 

0 6mm stainless 
steel sinter*-' discs 

M4 screws 

Ring to stress 
sample 

Figure 2.1 Perspex diffusion cell used in the in-diffusion experiments and in the 
through-diffusion experiments for measuring of the vertical diffusivity. 

The diffusion cells were dismantled in turn, with the last cell dismantled after 900 hours. The 
sample was removed from the cell and placed in a known volume of simulated clay 
groundwater where it was disaggregated. After a period of approximately 300 hours the 
concentration of tracer in the water was determined. From this concentration the porosity 
accessed by the tracer was calculated. 
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Figure 2.2 Schematic illustration of the in-diffusion experiment. 

The composition of the artificial clay groundwater, given in Table 2.1, was based on analyses 
of water squeezed from a sample of Lower Oxford Clay. The major inorganic components of 
this groundwater were synthesised but no attempt was made to buffer the pH of the solution 
or to add trace levels of organic material. 

Table Composition of the artificial clay groundwater 

Element 

Ca2+ 

Mg2+ 

Na+ 

K+ 

S04
2" 

HCO,-
CI 
N03 

PH 

Concentration 
[ppm] 

25.5 
31.4 
715 
13.0 
892 
293 
264 
3.2 

9.0 

[M] 

6.3710^ 
I.3103 

0.03 
3.310"' 
9.4-103 

3.9 103 

7.4-103 

5.5104 
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2.3.2 Through-diffusion experiments 

To determine the vertical component of the diffusivity, a cylindrical sample with the axis 
perpendicular to the plane of the bedding was confined in the central port of the Perspex 
diffusion cell shown in Figure 2.1. As in the in-diffusion experiments, 0.8 mm thick stainless 
steel sinters were placed on each side of the sample. The samples used in these experiments 
had a diameter of 20 mm and a length of approximately 15 mm. 

After the sample had been stressed until the clay sealed into the holder, the reservoir was filled 
with a simulated clay groundwater containing either deuterated water, tritiated water or sodium 
iodide, or a combination of these tracers. The measurement cell was filled with simulated clay 
groundwater only. 

The solution in the reservoir was maintained at the initial concentration (plus or minus 4%) 
during the experiment. Samples were withdrawn from the measurement cell at regular intervals, 
and the tracer concentrations determined. An equal volume of simulated clay groundwater was 
replaced in the measurement cell immediately after sampling, to maintain a constant volume. 

At the end of the experiment, the sample was removed from the cell and placed in a known 
volume of simulated clay groundwater. The sample was disaggregated and the concentration 
of tracer in the water was determined after a period of approximately 300 hours. From this 
concentration the porosity accessible to the tracer was calculated. 

To determine the horizontal component of the diffusivity, a cylindrical sample with the axis of 
the cylinder lying in the plane of the bedding was sealed into a large diffusion cell (Figure 
2.3). The sample, 52 mm in diameter and length between 20-30 mm, was confined between 
1.5 mm thick stainless steel sintered discs of diffusivity 1.2-10"'° m2/s and porosity 
approximately 0.3 (measured using KI as the tracer). By applying a force to the piston the 
sample was stressed uniaxially which caused the clay to seal in the cylinder. 

After consolidation of the sample was complete, one face of the sample was contacted with 
simulated clay groundwater containing the tracers (HTO and NaT) and the other face was 
contacted with the same water but without any tracer. The solutions were circulated through 
groove systems in the piston and base of the cell (Figure 2.4) so that a uniform concentration 
was established over the surface of the sintered discs. The increase in concentration of tracer 
in the measurement cell as a function of time was monitored by sampling in the measurement 
cell. The method of sampling was the same as was used for the vertical diffusivity 
measurements. 

During the experiment the reservoir and measurement cell solutions were well stirred. The 
circulation of the solutions against the faces of the sample was maintained using low flow (1.5 
ml/min) pumps. The maximum head that may be generated by these pumps was determined 
to be 0.3 m of water. In practice, it was believed that a much smaller, negligible, head was 
generated by the pumps. 
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Figure 2.3 Diffusion/hydraulic conductivity cell. 

Figure 2.4 Pattern of grooves in the upper surface of the base of the diffusion/hydraulic 
conductivity cell. 
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2.3.3 Hydrodynamic dispersion experiments 

To determine the vertical component of the hydrodynamic dispersion, a high pressure stainless 
steel cell was used (Figure 2.5). A 10 mm diameter sample of length approximately 10 mm 
was sealed between 1.5 mm thick stainless steel sinters in the cylinder of the cell. The 
permeability of the sinters is approximately six orders of magnitude higher than that of the 
clay. The experimental circuit is shown in Figure 2.6. Simulated clay groundwater containing 
the tracers was circulated against the face of one sinter at a pressure of approximately 10 MPa, 
which caused additional consolidation of the sample. The solution in the measurement cell, 
which initially was free from tracers, was circulated against the low pressure face of the clay 
sample. Samples were withdrawn from the measurement cell and replaced by equal volumes 
of groundwater without tracer to maintain the measurement cell at constant volume. In one 
experiment with Nal as tracer, this sampling technique was not used. Instead the concentration 
of iodide was measured directly in the measurement cell by an ion selective electrode. The 
flow rate through the sample was determined from constant head hydraulic conductivity 
measurements, both before and after the experiment. 

To measure the horizontal component of the hydrodynamic dispersivity, a clay sample was 
confined in the large diffusion cell shown in Figure 2.3. A "pipe-inflow/pipe-outflow" condition 
was used with no recirculation against the sample faces (Figure 2.7). The eluate was collected 
directly, and the concentration of tracer in the eluates determined. 

Ctll piston 

MS rod and nuts-

'0 ' ring stal . 

Ctll cyl inder. 

Cell bos* 

' 0 ' ring s»ai 

Stamltss 
s t t t i smttr 

.Stainless 
st»«l sinter 

£0t> 

Clay sarnpl* 

Figure 2.5 Stainless steel pressure vessel for high pressure penneation experiments. 
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Figure 2.6 Apparatus for detennination of the vertical component of the hydrodynamic 
dispersivity. 
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Figure 2.7 Apparatus for determination of the horizontal component of the hydrodynamic 
dispersivity. 
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2.3.4 Complementary experiments 

Two types of hydraulic conductivity experiments were performed: fixed head experiments and 
uniaxial consolidation experiments. In the fixed head experiments using the large diffusion cell 
a water pressure of up to 1035 kPa was generated using standard soil mechanics equipment 
(Figure 2.8). This equipment allows high pressure water, unsaturated with respect to dissolved 
gases, to flow through the sample. This precludes the possibility of air coming out of solution 
as the water pressures decreases during flow. The water flow was measured by monitoring the 
movement of a paraffin-water interface in a 1 mm precision bore borosilicate glass capillary 
tube. 

In the fixed head experiments using the high pressure stainless steel cell, a water pressure of 
6-20 MPa was generated using a piston pump. These hydraulic pressures exceeded the stress 
transmitted to the sample by the piston. By progressively increasing the water pressure a further 
consolidation of the sample did occur, and the hydraulic conductivity as a function of confining 
stress was determined. 

Uniaxial consolidation tests were performed using a 3.8 cm diameter fixed ring consolidation 
cell, and following the procedures detailed in BS1377 [2-5]. Briefly, this involved the loading 
of a cylindrical clay sample in the ring of a consolidation cell (Figure 2.9), the assembly and 
saturation of this cell, and the determination of the strain-time and stress-strain relationship of 
the sample. These relationships give parameters which define the rate and amount of 
consolidation, and the hydraulic conductivity is empirically determined from these parameters. 
In addition, porosity as a function of confining stress can be calculated. 

The porosity of the clay was determined by an oven drying technique. Volume and weight were 
measured of duplicate samples to the samples used in the primary experiments. After drying 
for 24 hours in an oven at 105°C the dry weight was measured, and the porosity was 
calculated from the volume of water in the sample and the total volume of the sample. 

Information on the size and distribution of the porosity, and on the accessibility of the pore 
space to deuterated water has been obtained by small angle neutron scattering (SANS). These 
measurements have not been carried out on the same clay as used in the primary experiments, 
but on a similar clay (Oxford clay) from another horizon. A description of these experiments 
is given by Allen et al [2-6, 2-7, 2-8]. 

2.4 Available Results 

2.4.1 In-diffusion experiments 

Results from three sets of in-diffusion experiments have been given to the project teams [2-
4J. Each set contained seven replicate samples which had been in contact with the tracer 
solution during different times. The tracers used were deuterated water and sodium iodide. 
Primary data available for each sample in the set are: 
- sample length and diameter, 
- contact time with tracer solution, 
- tracer concentration in the reservoir during the experiment, 
- volume of solution into which the sample was placed for out-diffusion, 
- concentration of solute out-diffused into known volume of solution. 
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Figure 2.8 Experimental apparatus used in the fixed head experiments for measuring 
the hydraulic conductivity. 
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Figure 2.9 Experimental apparatus used in the uniaxial consolidation experiments. 
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From die primary data the porosity of each sample accessed by the tracer during die in-
diffusion experiment has been calculated. These porosities are also given. The accessible 
porosity as a function of contact time for one set of samples is shown in Figure 2.10. 

The porosities and moisture contents determined by the oven drying technique on duplicate 
samples to those in each set in the in-diffusion experiments are also available. 
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Figure 2.10 Results from in-diffusion experiments, set including cells 16-22. 

2.4.2 Through-diffusion experiments 

Results from eight through-diffusion experiments with transport perpendicular to the bedding 
under aerobic conditions have been presented [2-4]. Deuterated water and tritiated water were 
used as tracers in four of the experiments, deuterated water and sodium iodide in three of the 
experiments, and only deuterated water in one of the experiments. In addition, results have 
been given from two experiments with deuterated water as tracer performed under anaerobic 
conditions. 

Results from five experiments, where high purity water was used instead of simulated clay 
groundwater, have also been given. One of these was performed under aerobic conditions with 
transport of tritiated water parallel to the bedding. The other four were anaerobic experiments 
with transport perpendicular to the bedding plane and using l25I as a tracer with different 
concentrations of iodide. 
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Primary data given for the above mentioned through-diffusion experiments are: 
- sample length and diameter, 
- tracer concentration in the reservoir during the experiment, 
- volume of the measurement cell, 
- time for sampling in the measurement cell, 
- volume of each sample taken in the measurement cell, 
- concentration of tracer in each sample. 

The tracer concentrations in the measurement cell at each sampling time are also given. These 
values are corrected for the dilution due to the replenishment after sampling with an equal 
volume of simulated clay groundwater or high purity water. An example of the concentration 
in the measurement cell versus time for an experiment with transport perpendicular to the 
bedding under aerobic conditions (cell 8) is shown in Figure 2.11. 
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Figure 2.11 Result from a through-diffusion experiment with transport perpendicular to 
the bedding under aerobic conditions (cell 8). 

The porosity of the samples used in the through-diffusion experiment, determined by measuring 
the out-diffusion of tracer after the end of the through-diffusion experiment, has also been 
presented. Furthermore, porosities and moisture contents determined by the oven drying 
technique on replicate samples to those used in the diffusion experiments are also available. 
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2.4.3 Dispersion experiments 

Results from four dispersion experiments under aerobic conditions with transport perpendicular 
to the plane of bedding have been made available [2-4]. In two of the experiments tritiated 
water and sodium iodide were used as tracers, in one deuterated water and sodium iodide, and 
in one only sodium iodide. 

Results have also been presented from two experiments with transport parallel to the bedding, 
one with triiiated water and sodium iodide as tracers and the other with only tritiated water 
as i tracer. These experiments were performed under aerobic conditions using ultra high purity 
water and with "pipe-inflow/pipe-outflow" boundary conditions. 

Primary data from the dispersion experiments that have been given to the project teams are: 
- sample length and diameter, 
- tracer concentration in the reservoir during the experiment, 
- volume of the measurement cell, 
- applied pressure on the reservoir side of the sample, 
- flow rate through the sample before and after the experiment, average flow rate during the 

experiment for the cases with "pipe-inflow/pipe-outflow" boundary conditions, 
- time for sampling in the measurement cell, 
- volume of each sample taken in the measurement cell, 
- concentration of tracer in each sample, 
- concentration of tracer in the measurement cell for cases where an ion selective electrode 

was used. 

Calculated hydraulic conductivities in the samples have been included in the data compilation. 
For the cases where the measurement ceil was replenished after sampling with simulated clay 
groundwater or ultra high purity water, concentrations in the measurement cell corrected for 
the dilution have also been given. Figure 2.12 shows a breakthrough curve from an experiment 
with transport perpendicular to the bedding under aerobic conditions (cell A12). 

2.5 Supporting Data 

Data from two constant head experiments and three uniaxial consolidation experiments have 
been available for the project teams. The results are given as hydraulic conductivity versus 
effective consolidation stress. From the uniaxial consolidation experiments also porosity versus 
effective consolidation stress have been given. 

The mineralogical content of the London clay determined by X-Ray Diffraction has been given 
as weight% mineral in relevant size fraction and as weight% mineral in bulk sample. 

The mean cumulative pore size distribution in London clay determined by mercury intrusion 
porosimetry has been given in graphical form. 

Result from a single through-diffusion experiment under varying confining stresses has been 
reported as a reduction in intrinsic (effective) diffusivity of 8.110'" to 5.110'" m2/s over a 
stress range of 0.7 to 6.9 MPa. 
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Figure 2.12 Result from a dispersion experiment with transport perpendicular to the 
bedding under aerobic conditions (cell Al?). 

Supporting data on size and distribution of the porosity and on the accessibility of the pore 
space to deuteiated water in a similar clay (Oxford clay) have also been available [2-6. 2-7, 
2-8]. 

- 25 -



3. Test Case lb. Uranium Migration in Crystalline Bore Cores, 
Small Scale Pressure Infiltration Experiments 

3.1 Purpose 

This test case is based on laboratory experiments performed at the Paul Scherrer Institute in 
Switzerland [3-1, 3-2]. The experiments address important phenomena in radionuclide transport 
in crystalline rocks, such as sorption, possible matrix diffusion, dispersion, geometry of water 
flow paths, and effects of stress changes. 

3.2 Overview 

Small scale pressure infiltration experiments on intact crystalline rock cores from the NAGRA 
deep drilling programme in Northern Switzerland were performed. The length scales of the 
experiments are up to a few centimetres and the duration on the order of ISO to 350 hours. 

In the primary experiments, breakthrough curves of uranium-235 in four cores were established. 
In addition, the tracer, immobilised in the cores, was registered by autoradiography after the 
cores had been sliced. Two of the rock samples originate from the upper (hydrothermally 
altered) Bottstein granite at 856 to 857 metres depth (BOE 856R and BOE 856R2), whereas 
the third was fresh biotite-rich granite from the lower part of Bottstein at about 1094 metres 
depth (BOE 1093). The fourth sample was a biotite-gneiss sample taken from the drill core of 
the Kaisten borehole at a depth of about 818 metres (KAI 817). This sample was chosen 
because it exhibited a well characterised microfissure. 

Other properties of the rocks such as hydraulic conductivity, and porosity were also measured 
for various confining and infiltration pressures. Independent measurements of uranium sorption 
on crushed rocks from the same and other Swiss locations have also been made [3-3, 3-4, 3-
5]. 

3.3 Experimental Design 

3.3.1 Hydraulic conductivity and porosity measurements 

A schematic description of the equipment is shown in Figure 3.1. The core sample (B) was 
tightly assembled with two end pieces (E) by a flexible sleeve of rubber (F). The end pieces 
consist of stainless steel cylinders having a central bore which leads to a spiral groove at the 
contacting face. The end pieces and the grooves distribute axial stress and infiltration fluid, 
respectively, over the upstream face of the sample. After placing the core assembly into the 
pressure vessel (D) the confining pressure was set to the desired starting level by a hydraulic 
pump (P). The infiltration pressure was slowly raised by another hydraulic pump (P) to such 
a level that a steady state flow rate of 1 to 5 uJ/min was reached. At the output of the 
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infiltration line the electrical conductivity was continuously measured (L). The outflowing 
solution was collected dropwise in fractions in a fraction sampler (S), triggered by a drop 
counter (T). Drop and fraction events as well as pressures were recorded. The mean drop 
volume was recorded periodically by weighing. 

r i 

—©—& -® 

—O-i 

I > ' ' •' ~r-> ' > > A Core assembly with (B) core sample, 
(E) end pieces, (F) flexible sleeve 

(P) Hydraulic pumps, 
(M) Manometers, 
(V) Injection valve, 
(L) Electrical conductivity probe 
(T) Droplet counter, 
(S) Fraction/droplet sampler 
(D) Pressure vessel 

(Pc) Confining pressure (0-60 MPa), 
(Pa) Infiltration pressure (0-23 MPa), 
(Pm) Pore pressure 

Figure 3.1 Schematic illustration of the pressure infiltration apparatus. 

As infiltration fluid a natural granitic groundwater from Badquelle Sackingen was used. The 
water from Badquelle Sackingen has a high salinity, see Table 3.1, and was not equilibrated 
with the rock samples prior to the experiments. This water was selected as a reference granitic 
ground water since the pore water chemistry cf the rock samples was not known. 

The flow rate through the sample as a function of time at levels of increased confining 
pressures was monitored. The hydraulic conductivity at each pressure level was then determined 
from the flow rate and the infiltration pressure. The dynamic porosity of the sample at each 
level of confining pressure was determined by introducing a pulse of distilled water into the 
infiltration line by the injection valve (V) (Figure 3.1). The dynamic porosity was calculated 
from the electrical conductivity curve registered at the exit of the pressure cell and the dead 
volume of the flow system. 

Prior to the assembly of the pressure cell the effective porosity (sum of dynamic and stagnant 
porosities) of the sample was determined. The sample was dried at 60°C in vacuo (1 Torr) 
until constant weight. The sample was then saturated with Sackingen water, and the porosity 
was determined from the difference in wet and diy weight. 
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Table 3.1 Composition of the Badquelle Sackingen water 

Species Mean concentration Relative standard deviation 

Cations 
Li 
Na 
K 
Rb 
Cs 
Mg 
Ca 
Sr 
Ba 
U 

Amws 
F 
a 
Br 
S04 
N03 
HCO3 

Undiss. comp. 
H2Si03 
H3BO3 

Pi?s. gases 
0 2 

co 2 

Residue after drving 

pH in-situ 
pH after calcite saturation 

[mg/1] 

5.72 
983.2 

81.4 
0.9 
0.4 

14.r 
144 

5.9 
0.11 
0.011 

2.84 
1653 

4.7 
120 

5.9 
293.3 

39.6 
17.2 

1.24 
1.02 

109 
103 

3274 

pH after atmospheric contact 
Ionic strength [mole/1] 
Conductivity [fiS/cm] (20°C) 

5.7-6.5 
6.1-7.1 
7.9-8.1 
0.05 
3920-5350 

[%] 

6.3 
6.3 
5.8 

7.8 
8.3 
9.7 

10.6 
6.9 

4.3 
18.6 
1.3 

6.4 
4.4 

27 
44 
40 
19.3 

5.6 

3.3.2 Uranium infiltration experiments 

At a desired level of the confining pressure 233U was introduced into the infiltration line. A 
tracer pulse, of short duration compared to the transport time, was established at the sample 
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inlet by the injection valve. The outflowing solution was collected dropwise in fractions and 
the activity of the tracer in each fraction was measured. 

In all infiltration runs the flow rate decreased with time at a constant pressure setting. In order 
to limit the duration of the experiment, the infiltration and confining pressure were adjusted 
once or twice during two of the runs. 

After terminating the uranium infiltration experiment the sample was taken out from the 
pressure cell and cut into slices of about 1 mm thickness. The surface of each slice was then 
autoradiographed in order to obtain information on flow paths and sorption sites. 

3.3.3 Complementary experiments 

The static sorption of uranium(VI) on granite powder of the Bottstein location was measured 
using the same reference groundwater as in the uranium infiltration experiments [3-3]. A size 
fraction of the granite powder of 0 - 500 um was used, and the liquid to solid ratio in the 
batch sorption experiments was 2:1. The solution contained natural uranium spiked with ^ U 
giving a total initial uranium concentration of 100 ng/ml. After S weeks of sorption, the solid 
and liquid phases were separated and the solid was dried in vacuo at 50°C. The dried granite 
pov ier was then mixed with reference groundwater without added uranium in order to 
determine the desorption of uranium. The duration of the desorption experiment was 4 weeks. 

The sorption/desorption of uranium on granite from the Grimsel site has also been investigated 
[3-4, 3-5]. Batch experiments where granite powder, particle size <300 fxm, was contacted with 
natural Sackingen groundwater with initial uranium concentrations ranging from 1 to 100 ug/1. 
The liquid to solid ratio was 2:1, and the duration of the sorption experiments was 14 days. 
After decanting the solution fresh groundwater was added to the solid phase for uranium 
desorption during 14 days. The results from the sorption/desorption experiments were used to 
determine diffusion kinetics into the particles and the concentration dependence of the sorption. 

3.4 Available Results 

Results from experiments on 4 different cores have been available to the project teams. Primary 
data from the uranium infiltration experiments are: 
- diameter and length of the cylindrical sample, 
- confining pressure on sample, 
- infiltration pressure (= pore pressure at inlet interface of the sample), 
- total number of fractions collected, 
- number of drops per fraction, 
- mean drop volume, 
- mean flow rate, 
- volume of tracer spike, 
- input concentration of tracer, 
- concentration of tracer in each fraction, 
- ot-track distribution of sectioned sample. 

The activity of the collected fractions transfened from a volume to a time related tracer 
breakthrough, normalised to the input concentration, are also given for each sample. This 
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breakthrough curve for sample BOE1093 from Bottstein is shown in Figure 3.2. The measured 
a-track distribution in some sections of the same sample is shown in Figure 3.3. 

Hydraulic conductivities and dynamic porosities of the samples at different combinations of 
infiltration pressure and confining pressure are available as well as determined effective 
porosities. Determined hydraulic conductivities at various pressures for sample BOE1093 from 
Bottstein are given in Table 3.2. The pressures at which the uranium infiltration experiment 
was run are marked in the table. 

A decreasing fluid flow rate was observed in the infiltration experiments for all four samples. 
In the experiments with the sample from Kaisten and one of the altered samples from Bottstein 
the infiltration pressure was increased in order to limit the duration of the experiment. The 
decrease in flow rate might be explained by the non-constant stress over the length of the 
sample, causing irreversible changes of permeability. Another explanation could be precipitation 
of infiltration fluid constituents. Precipitation of uranium is unlikely since the recovery was 
almost 100 %. 
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Figure 3.2 Breakthrough curve for uranium in sample from Bottstein, BOE1093. 
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Table 3.2 Hydraulic conductivities, Bottstein sample BOE 1093 13-1] 

Pressure, 
confining 

50 
150 
150 
150 
250 
300 
350 
250 
150 
50 

150 
150 
250 
350 

[bar] 
infiltration 

30 
30 

100 
100 
100 
100 
100 
100 
100 
30 

100 
100 
100 
100 

Accumulated 
time, [hours] 

141.83 
168.92 
186.57 

Hydraulic conductivity1* 

no flow measurement for 
69.38 

117.08 
141.70 
173.88 
273.02 
267.98 
286.98 

no flow measurement for 
28.63 
99.85 

'> hydr. cond. = 208.M0-9(L/D2)(vl/Pa) where 

[1013 m/s] 

4700-3270 
1150 

13302) 

ca 300 hours 
460 
344 
258 
339 
700 
1360 
700 

ca 17 hours 
382 
202 

L = sample 
D = ! 
v, = i 
P .= 

sample 

Dynamic 
Porosity 

0.005 + 0.001 

0.006 ± 0.0005 

length [cm] 
diameter [cm] 

[low rate [ml/min] 
infiltr. press, [bar] 

2) pressure at which the uranium infiltration experiment was performed 

3.5 Supporting Data 

Results from batch sorption experiments on finely ground Bottstein granite are given as re
values ranging from 2 to 15 ml/g at uranium concentrations in the interval 20 to 110 ng/ml 
[3-3]. Results from batch sorption/desorption experiments on finely ground Grimsel granite are 
also available [3-4, 3-5], showing that uranium sorption and desorption are concentration 
dependent, exhibiting a Freundlich isotherm. 

Mineralogical characterisation of the rock used in the infiltration experiments are also given 
[3-1]. 

3.6 Error Estimates 

Estimates of the error in some of the data are reported. The errors in the reported pressure 
values are ± 2.5 bar. The errors in the determination of uranium concentration is ± 0.1 ng 
which results in an error of ± 210'5 in trie relative concentration (concentration in 
fraction/input concentration). The reported flow rates have an estimated error of ± 10%. Errors 
in the time axis are different in the various experiments and also varies with time. The errors 
in the beginning and in trw end of the infiltration experiments are estimated to + 10%. The 
errors in between might be larger but have not been quantified. 
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Figure 3.3 Activity distributions in some cross sections of the deep Bdttstein sample 
(BOE 1093). 
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4. Test Case 2. Radionuclide Migration in Single Natural 
Fractures in Granite 

4.1 Purpose 

Test case 2 is based on a set of laboratory experiments performed at the Department of 
Nuclear Chemistry of the Royal Institute of Technology, Stockholm, Sweden [4-1, 4-2, 4-3, 4-
4, 4-5, 4-6]. Tracer dispersion, sorption, matrix diffusion, and channelling effects were studied, 
and the fracture aperture was determined. Experimental results were used for fitting of models, 
taking into consideration channelling and hydrodynamic dispersion. Another objective of the 
experiments was to estimate to what extent independently measured diffusivities and distribution 
ratios could be used in modelling and interpretation of tracer migration experiments. These 
experiments were selected as a test case because of their relevance to the study of fluid flow 
in natural fractures. 

4.2 Overview 

Migration experiments were performed in granite cores from the Stripa mine, located in central 
Sweden. Each core contained a single natural fracture running parallel to the core axis. These 
experiments were intended to characterise both sorption, and matrix diffusion in such fractures. 
Background information on core composition, geochemical, geophysical, and geological data 
can be found in the general reports of the Stripa Project 14-7, 4-8, 4-9, 4-10]. 

The experiments were performed using non-sorbing (NaLS, 3H, , 3 ,I), moderately sorbing (MSr 
and 13*Cs), and strongly sorbing tracers (l52Eu, ^ N p , 237Pu, "'Am, and 9*Tc). Artificial 
groundwater with a tracer was introduced into the fracture at one end of the core, and the 
tracer breakthrough curve at the other end of the core was monitored. The spatial scales of the 
experiments were of the order of 20 - 30 cm (moderately sorbing tracers), and 8 - 10 cm 
(strongly sorbing tracers). The duration of the experiments was from minutes to hours in the 
case of moderately sorbing tracers, and up to several weeks in the case of strongly sorbing 
tracers. 

When strongly sorbing tracers were used, the tracer distribution inside the core was determined 
at the end of each experiment. 

Complementary sorption experiments with crushed granite, with material from the lining of 
fractures, as well as on intact fissure surfaces were also performed [4-4]. Distribution ratios 
were calculated for 85Sr, l34Cs, and ,52Eu. The material used for these experiments was also 
extracted from the Stripa mine at a similar depth. 

-33 -



43 Experimental Design 

4.3.1 General 

The samples were cylindrical cores of granite from the Stripa mine, taken at a depth of 360 
m below ground level. The core surfaces were sealed with a coating of urethane lacquer to 
prevent water leaving the core at other locations than the end outlet. The coated granite 
cylinders were mounted between two plexiglas endplates containing shallow inlet and outlet 
channels slightly wider than the aperture of the fractures. Figure 4.1 shows the experimental 
setup. 
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Figure 4.1 Experimental setup. 

Prior to each experiment, a synthetic ground water (with the composition described in Table 
4.1) was pumped through the bore core until equilibrium was established with the fracture 
surface. 

In the tracer tests artificial groundwater with a tracer was fed into the inlet channel by means 
of a four-channel peristaltic pump. In the case of low flow rates, flushing water was 
simultaneously fed by the same pump through the output channel to reduce the time delay due 
to the channel volume of the end piece. The effluent was continuously fed to a fractional 
collector for analysis of the tracer concentration. 
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Table 4.1 Composition of the artificial groundwater 

Species 

HC03 

H4SJO4" 
so4

2 

a 
Ca2+ 

Mg2* 
K+ 

Na+ 

PH 
Eh 

Concentration 
mole/1 

2.014103 

2.05610"* 
1.00010"4 

1.973103 

4.47710"* 
1.77410"4 

1.00010-* 
2.83610"3 

8 - 8.2 
260 mV 

ppm 

123 
12 
9.6 

70 
18 
4.3 
3.9 

65 

4.3.2 Moderately sorbing tracers 

Tests with the non-sorbing lignosulphonate ion LS' and with 3H , and the moderately sorbing 
ions wSr and ,34Cs were performed in rock sample L (a 30 cm long core with a diameter of 
20 cm). Experiments using the non-sorbing tracers 3H, ,3,I, 82Br, and the moderately sorbing 
tracer 85Sr, were performed in rock samples 5 (18 cm long with a diameter of 10 cm) and 6 
(27 cm long widi a diameter of 10 cm). 

The water flow in the fracture was characterised by feeding a solution of a non-sorbing tracer 
to the inlet channel. The injection flow rates of these tracers were between 0.03 and 0.18 
ml/min (sample L) and between 0.22 and 1.62 ml/min (samples 5 and 6). The moderately 
sorbing tracers were added either by continuous feed, or as a pulse of adequate duration 
(normally 15 minutes). The flow rates in these tests were between 0.08 and 1.05 ml/min 
(sample L) and between 0.75 and 1.25 ml/min (samples 5 and 6). After a pulse injection, 
artificial ground water was pumped through the fissure. 

A fraction collector was used to continuously collect the effluent. Based on preliminary 
experiments, the sampling time was set to be short compared to the rise of the breakthrough 
curve. When a tracer solution pulse was used, the pulse duration was kept short compared to 
the tracer residence time in the rock sample. 

4.3.3 Strongly-sorbing tracers (Actinides) 

The strongly-sorbing tracers, l52Eu(III), 235Np(V), 237Pu(IV), 24,Am(III), "Tc(VII), and "Tc(IV), 
were used in conjunction with some smaller rock samples (8 to 10.5 cm long with a diameter 
of 8 cm). Also in these experiments, the flow in the fracture was characterised by injecting the 
non-sorbing tracer NaLS. The tracers were added as 15 minute pulses in the manner described 
previously. A steady flow through the fissure of about 0.1 to 0.12 ml/min was used. Artificial 
ground water was thereafter pumped through the fracture. After several hundred fracture-
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volumes had passed the fracture, the cores were cracked open and the tracer distribution on 
the fracture surfaces measured. 

4.3.4 Complementary experiments 

Independent sorption experiments on crus.ied granite and fracture-surface material, using S5Sr, 
l34Cs, and IS2Eu as tracers, were performed on material from a similar location to the bore 
cores used in the migration experiments [4-4]. The granite samples were crushed and sorted 
according to size by wet sieving. The radionuclide solutions were prepared by dilution of acid 
stock tracer solutions with the same artificial ground water as described in Table 4.1. 

To determine the distribution ratios, Rd, 100 mg of crushed and sieved material were brought 
into contact with 3 cm3 of ground water in polypropylene tubes and gently agitated. Tracers 
were added to give concentrations (moles/liter) of 2.5-10"" for ,5Sr, 1.110"' for l34Cs, and 
5-10"* for ,52Eu. Activity measuring at regular intervals of time of both the solid phase and the 
solution, allowed distribution ratios to be determined. 

For the sorption on intact rock, a number of 1.2 cm2 surfaces were sealed off and brought into 
contact with solutions of radionuclides as shown in Figure 4.2. After 48 hours, the activity on 
each surface was measured with the Nal detector. 

glas-tube 

Tracer sol. 

silicon rubber seal 

Figure 4.2 Setup for measuring radionuclide sorption on intact fissure surfaces. 

In addition, the cation exchange capacity (CEC) was measured by isotope dilution (22Na as 
tracer, planar 2x2 inches Nal detector). Samples containing 100 mg of crushed material and 
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3 cm of a O.S mole/liter NaQ spiked with Na were brought to equilibrium and 
vacuumfiltered through a O.S \un polypropylene filter. The activity of the solution was then 
measured with the Nal detector. 

4.4 Available Results 

4.4.1 Moderately sorbing tracers 

The migration experiments produced breakthrough curves for each of the tracers used (relative 
concentration as a fun^ion of time). The tracer concentration in the solutions was directly 
obtained by measuring the optical absorption (lignosulphonate) or by activity counting. 

Several runs were performed with the non-sorbing and moderately sorbing tracers for each of 
the three cores described above. The tracers were: 

- NaLS, 3H, MSr, and ,34Cs for core sample L, and 
- NaLS, 3H, ,5Sr, ,3 II, and wBr(NH4Br) for sample 5 and 6. 

The primary data that are available from each run are: 
- sample diameter and length, 
- pump-flow and flush-flow, 
- tracer concentration of inlet solution, 
- standard activity of the inlet solutions, 
- optical absorption of the inlet solutions, 
- collection time between each sampling, 
- activity in outlet solutions as a function of time, 
- optical absorption in the oudet solutions as a function of time. 

An example of breakthrough curves for the non-sorbing ion LS' and the moderately sorbing 
strontium ion in rock core 5 is shown in Figure 4.3. In both runs the injection flow rate is 
1.25 ml/min. 

4.4.2 Strongly-sorbing tracer 

Migration experiments performed with strong sorbing tracers (,,2Eu(III), 235Np(V), 237Pu(IV), 
^'AnKIII), and 9*Tc(IV)) generated effluent concentration versus time curves as well as the 
radionuclide distribution on the fracture surfaces. Examples of a breakthrough curve and the 
final distribution of the "'Am tracer on die fracture surface, 122.5 hours after start of tracer 
injection, are shown in Figure 4.4 and 4.5. The breakthrough curve corresponds to a tracer 
pulse of 15 minute duration and 0.12 ml/min injection flow rate in a 94 mm long core with 
a diameter of 38 mm. Figure 4.4 also shows the corresponding breakthrough curve for the 
water flow characterising tracer LS'. 

A small fraction (less than a few percent) of the total activity of l52Eu, 235Np, 24lAm, and 
99mTc(W) was transported through the fissure with nearly the same velocity as water (see 
Figure 4.4). Inserting a 0.21ujn filter between the tracer solution reservoir and the inlet channel 
greatly reduced the fast-moving fraction, clearly indicating that the activity was carried by 
particulate matter. No fast-moving fraction was observed with 237Pu, The results available are 
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Figure 4.3 Breakthrough curve for the non-sorbing NaLS and the sorbing Sr in rock 
core 5. Injection flow rate in both runs is 1.2S ml/min. 

from experiments without the 0.21 um filter. 

The fracture volume, Vf, is also given. It was calculated from the LS' data using the formula: 
Vf = qw tw where qw is the water flow (ml/min) and tw the residence time of LS' in the 
fracture (minutes). 

4.5 Supporting Data 

Results from the complementary sorption experiments, using crushed granite and fissure-filling 
materials from the same location as the cores used in the tracer experiments, are available as 
cation exchange capacity and distribution ratios (amount sorbed/ amount in solution) [4-4]. The 
cation exchange capacity of crushed granite and the distribution ratio of MSr as a function of 
1/d (d is the mean diameter of the particle size range) are shown in Figures 4.6 ?nd 4.7, 
respectively. From these types of graphs, distribution ratios for sorption of 8*Sr, l34Cs and ,S2Eu 
to the inner surfaces and to the outer surfaces of the rock materials were evaluated. 
Distribution ratios versus contact time are also available. 
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Figure 4.4 Breakthrough curves for the non-sorbing NaLS and the sorbing MIAm. 

Additional information about the Stripa granite, such as geological, geochemical, and 
geophysical data, can be found in the general information reports from the Stripa Project [4-
7, 4-8, 4-9, 4-10]. 

4.6 Error Estimates 

The enors associated with the analysis of the lignosulphonate concentrations were estimated 
to be about ±2% in the optical absorption data. The error in each activity measurement is given 
by N0-5, where N is the number of counts. The flow rates were measured several times during 
each run, and the variation in flow rate during a run was less than ±2%. 

In the experiments the rock cores were clamped by two steel bands, and the outer surfaces 
were covered with a coating of urethane lacquer. Hence the rock samples were not 100% 
rigidly fixed, which may have caused some slight variation in the flow paths in the fractures. 
Another possible source of error is that air bubbles may have formed in the system. 
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Figure 4.5 Spatial distribution of "'Am on the fissure surface after 122.4 hours of 
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Figure 4.6 Cation exchange capacity (CEC) as a function of 1/d, where d is the mean 
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5. Test Case 3. Tracer Tests in a Deep Basalt Flow Top 

5.1 Purpose 

This test case is based on a set of field experiments performed at the DC-7/8 site on the 
Hanford Site, located in South-Central Washington, USA (Figure 5.1) [5-1, 5-2, 5-3, 5-4]. The 
experimental work was performed by Science Applications Inc.(1979) and Rockwell 
International (1982) as a part of the U.S. Department of Energy's Basalt Waste Isolation 
Project, BWIP. 

The experiments were designed for study of homogenous or heterogenous porous media flow, 
fracture flow and dispersion. These are important issues related to radioactive waste disposal 
in deep underground repositories. 

This test case was formulated at a time when disposal in basalt was one option in the U.S. 
waste disposal programme. One valuable aspect of this test case was a possibility to go back 
to the site and perform complementary measurements. Because of the discontinuation of the 
U.S. basalt programme the experimental site has subsequently been decommissioned and the 
possibility of complementary measurements no longer exists. 

5.2 Overview 

Two recirculating tracer experiments were performed using the wells DC-7 and DC-8 on the 
Hanford Site to determine effective thickness (i.e. effective porosity time aquifer thickness) and 
longitudinal dispersivity. Two conservative tracers, l3lI and KSCN, were added through pulse-
injection. 

The two wells are about 17 in apart and the horizon selected for the tracer tests was in the 
McCoy Canyon flow top between 1043 and 1055 m below land surface. 

The temporal scale associated with the tracer tests as measured by delay between tracer 
injection and first tracer detection was 472 and 1250 minutes respectively for the two tracer 
tests. It should be noted that the transit time in the apparatus in the first experiment was 400 
minutes. 

5.3 Description of the Site 

The test site is situated within the southeastern portion of the Cold Creek synclinical structure. 
The syncline is in the Pasco Basin, one of several structural and topographic basins located 
within the Columbia Plateau. The Columbia Plateau is defined by the distribution of Miocene 
flood basalts of the Columbia Intennontane Physiographic Province, fonned between 17 and 
6 million years ago. The basalt flows arc voluminous, generally 10 to 30 km3, and range in 

-42 -



150 KHOMITfllS 

-n. 
counnuk Mvf * 
• M M T O J K X * 

\ 
icoiuMtu n*tt*ui 

" " - | 1 r 
L . M O L 
V B M M b u t g 

. •» 

- ) 

^ . Y a U m * 

V v 

. \ 

t IS 

1 I. . 
1 
0 

-

L-l 1 L 

\ l ( 1 1 1 1 I " T I • 1 
V R . S L * . » t . 

Vantaov O^k 

c *** • J L ^ AMMO* 

JO 
1 

T 
10 

^dC 

W W . . . COlOCftl lK 1 V 
L0CA1WM «C J ^ fVMCUNf 1 \ 

n H H f / KafMWWidl ^^kw 

M 40 K M M n t R S ^ * * o - » f " 

- I 1 ^^f^ 

» M M I ^ ^ 

> ^ * ^ ^ " ^ » ^ ^ 
^ ^ ^ 0 UmoWt 

1 1 1 1 — 1 ' ' ' 1 _ L 

1 

4 C 0 I A U M 
M W O M T 

T — 

P 
^•^ 

^ 

— i — n 
ft.301. 

4 7 -

1 " 
• N -

| * " . 

T. I O N . 

-

^ *4UA IllVt* ""^ 

1 

T.»K. 

NCff107-211N 
1 — i 1_: 

Figure 5.1. Location of the Colombia Plateau, Hanford Site and the Test Site. 
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thickness from a few centimeters to more than 90 meters. 

Land surface elevation at the site is approximately 166 m above mean sea level. The two 
boreholes used for the experiments, DC-7/8, penetrate the top of the Columbia River Basalt 
Group at about 214 m below land surface. Three formations of the Colombia River Basalt 
Group are present at the test site; Grande Ronde, Wanapum and saddle Mountains Basalts. 

The horizon selected for tracer testing is the McCoy Canyon flow top, a high porosity zone 
within the Grande Ronde Basalt between 1043 and 1054 m below land surface. The flow top 
is physically bounded above and below by much denser basalt occupying the interior portions 
of individual flows. The flow interiors are characterised by a system of vertical-to-fanning, 
primary fractures or joints formed by shrinkage of the original molten rock mass as it cooled. 
Most of these joints are filled with secondary minerals and are hydraulically tight. 

5.4 Experimental Design 

Two wells were drilled into the test site. The distance between boreholes was ascertained from 
gyroscopic surveys to approximately 17 m. A water-inflatable packer system was used to 
provide isolation both above and below the flow top. It should be noted that the total length 
of the tubing in the experiments was about 2040 m as compared to the distance of about 17 
m between the boreholes. 

Two injection-withdrawal experiments with recirculation was performed, the first in 1979 and 
the second in 1982. The major differences between the two experiments were the tracers and 
the details regarding the recirculation. 

5.4.1 First experiment (see Figure 5.2) 

During the first test, water was withdrawn from DC-7 using a submersible pump. The water 
could be routed to DC-8 for reinjection or diverted to a nearby pit. The flow rates, both to 
DC-8 and to the pit were monitored. 

Recirculation of water (pumping rate of approximately 4.9 I/min) was maintained for two days 
prior to injection of the water soluble I tracer material. From the start of tracer injection 
until the first tracer arrival at the well head of DC-7, between 30% and 60% of the total DC-
7 discharge was diverted to the surface pit. 

The tracer was injected by dropping two vials of water soluble ,3 ,I (47.0 mCi) into the DC-
8 well. The iodine tracer was detected by means of a gamma radiation counter at the DC-7 
well head. Following detection of the tracer, all water pumped from DC-7 was reinjected into 
DC-8. During the entire test, downhole pressure response was continuously monitored. The time 
until the tracer showed up at the DC-7 well head was approximately 8 hours. 

In the first test the flow rate varied between 7.5-13.01 1/min and approximately 2/3 of the 
water pumped from well DC-7 was reinjected into DC-8. 
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Figure 5.2 Experimental setup of the first experiment performed in 1979. 

5.4.2 Second experiment (see Figure 5.3) 

During the second experiment, water was withdrawn from DC-7, routed through a 5 urn 
filtration system and a flow totaliser, before entering a return line to die injection well DC-
8. A near-constant flow was maintained by an in-line flow regulator. A small sample split was 
made, withdrawing about 5 ml/min to the tracer detection apparatus. 

A series of field trials was used to determine an optimal rate of ground-water circulation, to 
find a circulation rate that would most closely emulate a steady-state balance with respect to 
the drawdown and impression in both wells. These trials showed that an essentially constant 
flow rate of 3.8 1/min could be recirculated in a closed loop. This circulation was maintained 
and monitored for about 2 days before initiating the tracer experiment. The drawdown at DC-
7 stabilised at about 23.5 in and the ground-water mound in DC-8 built up to 0.6 m, both in 
reference to the original static levels. The apparent hydraulic gradient between the wells 
induced was about 1.4 (vertical/horizontal), or approximately 1 000 to 10 000 times the 
ambient gradient. However, due to thermal mixing that occurred during the discharging and 
recharging in the boreholes, the true hydraulic gradient cannot be ascertained from water level 
data alone. 

The tracer tests were initiated by rapidly pouring 3.8 1 of aqueous potassium thiocyanate 
(92470 ppm KSCN) into the open surface tubing at DC-8. Tracer arrival was monitored 
continuously using a UV adsorption detector. 
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Figure 5.3 Experimental setup of the second experiment performed in 1982, 

- 4 6 -



In addition to the straddle packers, water-inflatable bridge plugs, set about 35.7 m below the 
lower straddle packer, provided additional ability to monitor for vertical leakage within the 
boreholes. 

5.5 Available Results 

5.5.1 First experiment 

Data that are available from the first tracer experiment are: 
- injection flow rates as a function of time, 
- I concentrations as a function of time, 
- pressures in both wells as a function of time. 

In addition to this, pressure responses to constant rate pump tests and slug tests performed 
prior to the tracer test are given. 

Figures 5-4 shows me breakthrough curve of ,3 ,I. 

5.5.2 Second experiment 

Data that are available from the second tracer experiment are: 
- flow rates as a function of time, 
- surface pressure transducer data, 
- downhole pressure transducer data for both holes, 
- temperature in both holes as a function of time, 
- concentration of Na+, K+ and SCN" as a function of time. 

The observed breakthrough curves of Na+, K+ and SCN' are depicted in Figure 5.5. 

5.6 Supporting Data 

Extensive studies concerning the geological, hydrological, geochemical and geophysical 
properties of the site were conducted as a part of the U.S. Department of Energy's Basalt 
Project, BWIP. Geological data that are available are results from both surface and subsurface 
fracture logging in terms of fracture frequencies, relationship between well spacing and fracture 
spacing, number of filled versus unfilled fractures as a function of the fracture width, and 
calculated volume percent of filled and unfilled fractures for several different basalt flow tops. 

Results from a series of hydrologic tests are also available. Observed pre-pumping water level 
within the test horizon was approximately 42 m below land surface. Estimates of the 
transmissivity are in the range of 4.3-10"7 to 9.HO"7 m2/s (0.4 to 0.85 frVday), and estimates 
of the storativity ranged between 1.1-10"5 to 4.110'5. 

The hydrochemical properties of composite Grande Ronde groundwater taken from borehole 
DC-7/8 as well as the average Grande Ronde water composition for all samples taken at the 
Hanford site are reported and are given in Table 5.1. 
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Table 5.1 Concentration (ppm) of major constituents in deep basalt groundwater at the 
Hanford Site. 

Major constituents 

Alk (HC03) 
HCO3-
CO32-
ci-
F 
SO^ 
Na+ 

K* 
Mg2+ 

Si02 

pH 

Composite sample 
from DC-7/8 

198 
82 
42 

127 
37 
74 

235 
3.1 

<0.01 
98 

9.8 

Average of Grande 
Ronde samples 

157 
69 
95 

221 
27 
92 

269 
9.7 
0.04 

108 

9.7 
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experiment. 
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6. Test Case 4. Flow and Tracer Experiment in Crystalline Rock 
Based on the Stripa 3-D Experiment 

6.1 Purpose 

This test case is based on a field experiment performed at the Stripa mine [6-1, 6-2, 6-3, 6-4], 
located in Central Sweden (Figure 6.1). The experiment forms a part of the "Stripa Project", 
an international study of various geologic and hydrologic properties at the site, sponsored by 
OECD/NEA (the Nuclear Energy Agency of the Organisation for Economic Co-operation and 
Development). 

This experiment is relevant to the INTRAVAL project because it addresses phenomena 
important for transport in fractured rock such as dispersion, dilution, channeling, geometry of 
water pathways and matrix diffusion. To determine flow porosity and to develop techniques 
for large scale tracer experiments in low-permeability fractured rock were additional objectives 
of the experiment. 

Figure 6.1 The location of the Stripa mine in Central Sweden. 

- 5 0 -



62. Overview 

The test site where the tracer experiment was performed is located at 360 m depth in the 
Stripa mine (Figure 6.2). It consists of a 75 m long main drift and a crossing arm, 25 in in 
length. The whole ceiling and upper part of the walls were covered with approximately 375 
individual plastic sheets (2 m2 each) to collect water seeping into the gallery from the 
surrounding rock and thereby measure the flow rate distribution into the drift. 

Three vertical boreholes for tracer injection were drilled from the ceiling of the experimental 
drift, and tracers were injected for nearly two years at nine locations. The injection points were 
located at distances varying between 10 and 56 m from the ceiling of the drift. The tracers 
were then monitored as they reached the experimental drift by sampling in all sheets carrying 
water. The measurements of water flows and tracer concentrations lasted for more than two 
years. 

In addition, ventilation tests were performed to determine the water inflow to the lower part 
of the experimental drift and to die access tunnel (Figure 6.2). The hydraulic heads in the 
vertical injection holes were also measured. Supporting laboratory experiments to determine die 
diffusivity in the rock matrix of the tracers used were also carried out. 

During previous parts of the Stripa Project, large amounts of data characterising the mine area 
were collected. All core drilled holes and most of the test sites have been mapped for fractures, 
and rock stress measurements as well as hydraulic testing have been performed. 

Figure 6.2 Test site with surroundings. 
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6 3 Description of the Site 

In the old mining area of the Stripa iron mine, not in commercial use since die 1970's, there 
are several mine galleries at depths down to 410 m below the surface level. The 3-D migration 
experiment was performed in an adjacent body of granite at the 360 m level. The granite 
extends to the surface and the water table is a few meters below the surface. The water head 
measured at the 360 m level was several MPa, which ensured natural water flow into drifts 
and runnels. The experimental drift was excavated starting about 100 m from die nearest old 
tunnel and extending 75 m further into the undisturbed granite (Figure 6.2). 

6.4 Experimental Design 

The experimental drift is 75 m long and has two cross arms, each 12.5 m in length (Figure 
6.3). When the site had been characterised, the ceiling, as well as the upper portion of die 
walls were covered by approximately 375 plastic sheets, glued to the rock surface. Each plastic 
sheet that carried water was connected via a drainage tube to a fractional collector. Water 
inflow monitoring was started several weeks before die drilling of die injection holes and 
continued for 26 months. 

Figure 6.3 Schematic diagram of die experimental drift. 

Three vertical boreholes for injection of tracers were drilled into the ceiling of die main drift 
(Figure 6.3). Each hole was hydraulically tested in 2-meter sections by inflow measurements. 
In addition, core logging and TV-inspection were made. Radar measurements were also 
conducted to detect any significant features which might have hydraulic effects near the test 
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site. Nine of the identified conductive zones were selected for tracer injection, and die injection 
holes were fitted with a bentonite packer system which sealed the holes efficiendy except for 
die 2.S m long injection intervals. The injection sections were located at distances varying from 
10 to 56 meters from die ceiling of die main drift (Figure 6.4). 
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Figure 6.4 Location of the injection points and die tracers injected at each point. 

Nine different conservative tracers were continuously injected, one in each injection section, 
for more man 20 months (Figure 6.4). Two additional tracers, STR-7, a high molecular weight 
tracer, and Fluoride, were added to die Uranine injection after 5000 hours. The injections were 
carried out using a constant overpressure, approximately 10% above the natural pressure, which 
was supplied by compressed nitrogen. Figure 6.5 shows a schematic picture of die injection 
system. The injection concentration of die tracers and die injection pressures and flow rates in 
the injection sections are given in Table 6.1. The total flow of injected solution was less than 
10% of die flow into die plastic sheets in die experimental drift. 

Injecting with a constant overpressure will result in a decreased injection flow rate with time 
due to pressure build up in the adjacent rock. Opening or closing of adjacent boreholes will 
also affect die injection flow rates. An example of die variation in flow rate during injection 
of Eosin B is shown in Figure 6.6. If die injection flow rate decreased below a certain level, 
die injection pressure was increased to get an acceptable mass inflow rate of tracers. 
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Figure 6.5 The injection system. 

Table 6.1 Tracer injection data 

Tracer 

Uranine 
STR-7 
Fluoride 
Eosin Y 
Phloxine B 
Acid Red Y 
Elbenyl 
Duasyn 
Iodide 
Eosin B 
Bromide 

Inj. cone. 
[ppm] 

1000 
4O0OO3) 

400003) 

1000 
1500 
1500 
2000 
1500 
2000 
1500 
2000 

Inj. pressure 
[MPa] 

1.9 

1.4 
2.1 
1.8 
1.2 
2.0 
2.2 
2.1 
2.1 

Flow rates [ml/h] 
naturall) 

181 

75 
2414 

95 
20 

1966 
1102 
1489 
734 

injection2' 

5 

2.5 
8 
2 
0.4 

15 
10 
2 
3 

" inflow to injection section monitored before start of injection 
2) average injection flow rate 
J) added to Uranine after 5000 hours 

Water entering the drift was sampled for tracers during the injection time of 20 months and 
for an additional period of 6 months after the end of injection. Water samples were taken every 
16 hours from all sampling areas with significant inflow of water During the last six months, 
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Figure 6.6 Injection flow rate of Eosin B. 

water samples were taken once a month only at locations of interest. 

6S Complementary Experiments 

To determine the outward transport of water by the ventilation air present in the test site, a 
ventilation experiment was carried out. In this experiment wooden walls were built at the 
entrance of the access drift and at the entrance of the migration experiment drift. The relative 
humidity, temperature and velocity of the air in the ventilation tube for incoming air and in 
the air exiting the excavated site were measured during a period of 6 months, both in the 
access drift and in the migration experiment drift. 

Complementary laboratory experiments to determine the diffusivity in the matrix of the granite 
in Stripa were performed. Eight of the tracers used in the migration experiment in the mine 
were selected. Rock samples, 10 mm thick, were cut from a drill core from the site. The 
samples were placed between two reservoirs, and one of the reservoirs was filled with a tracer 
solution and the other with a sodium nitrate solution. The tracer solution consisted of a mixture 
of two or three tracers. From the increase in tracer concentration with time in the sodium 
nitrate solution, the effective diffusivity of the tracers in the rock matrix was evaluated. 

The porosity of the rock samples was also determined from the difference in wet and dry 
weight of the samples. 
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6.6 Available Results 

A summary of the performed measurements with references to location (see Figure 6.2) is 
given in Table 6.2. 

Table 6.2 Summary of performed measurements with references to location. 

Pilot hole Deviation measurements 
3D-P1 Core logging 

TV-logging 
Water inflow measurements 
Radar measurements 
Tracer occurrence 

Access drift Limited water inflow measurements 
BP1 Ventilation experiment 

Tracer occurrence 
Water chemistry 
Tritium measurements 

Test site Fracture mapping (100 most prominent) 
Nl Water inflow monitoring (375 points, 2 years) 

Water chemistry (12 points, 2 times) 
Tracer occurrence (ca.70 points, 2 years) 
Ventilation test (2 points, 0.S years) 
Tritium measurements (7 points, 2 times) 

Injection holes Deviation measurements 
Core logging (3 holes, 210 meters) 
TV-logging (no success) 
Water inflow measurements (2 meter zones) 
Radar measurements (3 holes) 
Pressure monitoring (12 points) 
Tritium measurements (2 points) 

Nl, 310 meter level, At some locations; water flow measurements, and 
BP1, BMT area, at all locations; tracer occurrence, 
extensiometer drift, 
N2, N3, N4, Wl, W2 

A very large volume of information was gathered and presented in three reports [6-1, 6-2, 6-3]. 
The data that are available are: 
- water flow rates, 
- tracer concentrations in the groundwater collected in the drift, 
- rock characteristics and fracture data, 
- groundwater chemistry, 
- injection pressures and flow rates, 
- hydrostatic pressures, 
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- daily logs. 

6.6.1 Water flow rates 

In the pilot hole, drilled prior to the excavation of the test site, water inflow rates were 
measured over 7.5 m intervals. The total inflow to the 190 m long pilot hole was 6.5 1/h, and 
in the part of the hole that coincides with the test site the inflow was 3.0 1/h. Calculated 
hydraulic conductivities ranged from less than 10"" to 5-10"10 m/s. 

Water flow rates into the experimental drift, measured prior to the drilling of the injection 
holes as well as during the time before sealing the holes with packer systems and during the 
tracer experiment, are available. The flow rate distribution measured prior to the drilling of the 
three injection holes is shown in Figure 6.7. Figure 6.8 shows the total flow rate as a function 
of time during the time the injection holes were open (-6000 h to - 1000 h) and during the 
tracer experiment. The flow rates into each individual plastic sheet as a function of time are 
also available. 

The water inflow to the injection holes were measured in 2 m intervals. The result showed a 
very uneven distribution of the water inflow rate. The total inflow rates to the injection holes 
were approximately 1 1/h (hole I), 4 1/h (hole II) and 17 1/h (hole HI). 

The water inflow rate to the floor of the experimental drift was estimated to 0.4 1/h. 

Figure 6.7 Water inflow rates to the test site prior to the drilling of the injection holes. 
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Figure 6.8 Total flow rate as a function of time for the whole test site, main drift and 
arm. Time zero is when the injection started. 

6.6.2 Tracer breakthrough 

Seven of the injected tracers were detected in approximately 65 different sampling sheets. Due 
to disturbances in the analysis of one of these tracers, bromide, the results obtained for this 
tracer could only be used to a very limited extent. Figure 6.9 shows the locations where the 
individual tracers emerged. In total, approximately 200 tracer breakthrough curves are available. 
Breakthrough curves for the tracer elbenyl in some of the plastic sheets are shown in Figure 
6.10. 

The total amount of tracer recovered in each sheet is also given as well as the recovery of the 
different tracers as a function of time. The total recovery of the different tracers is summarised 
in Table 6.3. 

6.6.3 Rock characteristics and fracture data 

All cores from the drilling (pilot hole and 3 injection holes), totally 400 meters, were logged 
for: rock composition, fracture frequency, fracture direction relative to the core, fracture filling 
and coating, as well as signs of water flow. 

Radar measurements and TV-logs have been performed in both the pilot hole and the three 
injection holes. The TV-logs were of poor quality and could not be used for orienting the 
cores. Deviation measurements were performed in all four bore holes. 
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Figure 6.9 Tracer occurrence in the main drift. 

- 5 9 -



2 0 -

15-

T '-a. a. 

C 
V 

• > 
». 1 0 -
o 

C
o

n
ce

n
tr

o
ti

o
n

 

0 -

Elbenyl injected ot 35*° and 9-

\/f JV*— *-* • • • • < i " 1 -

1 i i i | i i i | i i i | i 
0 2000 4000 6000 

-11m above the test site 

<HM»O 35 * " ' 
• M M 33 ' ' 

31 (-0 

i i i i i 29 |*°i 
2 7 • 

• M M 27 * 
***** 25 '*' 

10 '"" (-Oppm) 

— — — ~ — — — '•—• i i I i i i I i i i I i i i l i i i l i i i I i 
8000 10000 12000 14000 16000 18000 

Time (h) 

Figure 6.10 Elbenyl breakthrough curves in different sheets from injection in hole II, 9-
11m above the test site. The injection hole is located in sheet 35+0, where the 
first digit gives the location in meters along the main drift towards the cross 
arm and the last digit, the location to the left (-) or to the right (+) of the 
center of the drift. 

Table 6.3 Total recovery of tracers 

Tracer 

Uranine 
Eosin Y 
Elbenyl 
Duasyn 
Iodide 
Eosin B 
Bromide 

Recovery [%] 

(not 

3 
34 
66 
0.002 

12 
5 

analysed) 
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The test site was mapped for fractures both visually and by photographing. For each of the 
mapped fractures the location and extension, the direction and dip, infilling and coating 
materials, surface characterisation, and signs of water flow are given. 

6.6.4 Water chemistry 

Water samples were taken from both sampling sheets and injection holes. Samples taken at 12 
different locations.before tracer injection and six months after start of injection, were analysed. 
Table 6.4 contains compiled data for all the samples taken at the test site. 

Analysis of tritium in water samples from both the site and from the injection holes was 
performed. This was done to determine if surface water had penetrated down to the site. In 
samples from two of the plastic sheets tritium concentrations of about 5 to 7 Tritium Units 
were detected. 

Table 6.4 Groundwater composition at the test site. Based on results from two different 
sampling occasions. 

Specie Concentration [ppm] 
min. max. 

Al 
Ca 

a F 
Fe2+ 

Fc,ot 
HC03 

I 
K 
Mg 
Mn 
N(NH4) 
Na 
N03 
N02 
P(P04) 
Si 
so4 
TOC 
Conductivity 
PH 

8»> 
18 
18 
3.0 

<0.01 
0.020 

18 
<0.010 

0.11 
0.0330 

<0.02 
<0.01 
31 
<0.01 

0.001 
0.02 
9.31 
1.6 
1.9 

22.92 

7.2 

52» 
32 
92 
3.6 

<0.01 
0.97 

93 
0.01 
0.28 
0.22 
0.05 
0.02 

60 
0.16 
0.062 
0.07 
8.0 
2.8 
5.0 

48.72 

8.2 

in ppb 2) in mS/m 
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6.6.S Injection pressures and flow rates 

The tracers were injected at "constant" pressure. The injection pressures were logged on the 
average of every 2 hours and injected volumes were measured every workday. Injection 
pressures and injection flow rates in all injection sections are given as a function of time. 

6.6.6 Hydrostatic pressures 

The hydrostatic pressures in each of the top zones in the injection holes (about 70 meters from 
the site) were monitored over the whole experimental period. Pressures at the injection points 
were monitored for a period of three weeks before the start of injection. The monitoring of the 
pressures, at the top zones as well as the injection points, were continued for five months after 
the end of injection of the tracers. 

6.6.7 Daily logs 

Daily logs contain the daily status such as: injection pressures, injected volumes, condition of 
plastic sheets and tubing, status of fractional collectors and flow switches, ambient temperature, 
other activities in the mine that could effect the conditions at the test site. 

6.7 Supporting Data 

To determine the total water inflow to the experimental drift and the access drift a ventilation 
experiment was carried out. The water quantity present in the air coming from the experimental 
drift was found to be on the average 2 1/h. The amount of water in the air from the access 
drift and the experimental drift was about twice as much, i.e. about 4 1/h. 

Rock matrix diffusivities and porosities of the Stripa granite, determined in the laboratory, are 
also available. The effective diffusivity of iodide and bromide was estimated to 1.1-10'13 -
3.1 •10'1-' m2/s, while the dyes (Uranine, Elbenyl, Eosin) were found to have lower diffusivities; 
HO'14 - 810"14 m2/s. The porosities of the rock samples varied between 0.48 and 0.70%. 

Additional background information on geology, geochemistry, hydrology etc, are found in the 
large number of reports that are published within the Stripa Project since 1980. 

- 6 2 -



7. Test Case 5. Tracer Experiments in a Fracture Zone at 
the Finnsjon Research Area 

7.1 Purpose 

This test case is based on one hydraulic interference test and two tracer experiments performed 
at the Finnsjon research area located in northern Uppland in central Sweden (Figure 7.1) [7-1, 
7-2, 7-3, 7-4]. The main objectives with the experiments were to determine parameters 
important for the understanding of radionuclide transport in major fracture zones and to utilise 
the results for calibration and verification of radionuclide transport models. An additional 
objective was to develop and improve equipment and experimental methods for application in 
future field experiments. 
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Figure 7.1 Location of the Brandan area, Finnsjon study site. 

These experiments were selected as a test case in the INTRA VAL project since they were 
designed to study phenomena important in geosphere transport such as advection, dispersion, 
channeling, dilution, matrix diffusion, and heterogeneity in a rather large geometrical scale. 
Another important aspect of the experiments was that at die start of the INTRAVA» project 
the tracer tests were still in a planning stage, which made it possible for INTRA VAL 
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participants to comment on the design of the experiments and also to carry outpredictive 
modelling of the tracer tests. 

12 Overview 

These experiments constitute Phase 3 of the Fracture Zone Project which was started 1984. 
Phase 1 and 2 of the project were devoted to a detailed characterisation of the major fracture 
zones in the area. The fracture zone chosen for the tracer experiments, Zone 2, is located in 
a granodioritic rock in the Brandan area at the Finnsjon study site. In the area where the tracer 
tests were performed the zone is almost planar with the upper surface located between 100 and 
240 m below ground. In general, the zone has a thickness of about 100 m, but most of the 
flow appears to take place in three subzones. 

Two tracer experiments were carried out, one in a radially converging flow geometry and one 
in a dipole flow geometry. In the radially converging experiment, tracer injections were made 
in three peripheral boreholes situated in different directions from a withdrawal hole. The 
distance from the injection holes to the withdrawal hole is in the order of 150 to 200 m. 
Tracers were injected in 9 different intervals of the zone during 5-7 weeks, and first arrival 
times in the withdrawal hole ranged from 22 to 3500 hours. 

The dipole experiment was performed following the radially converging experiment using the 
same hole for withdrawal and one of the other holes for injection. The two remaining holes 
used for injection in the radially converging test were used as observation holes in the dipole 
experiment. During a 7 weeks period, pulse injection of tracers were made and the first 
breakthrough in the withdrawal hole was registered after 20 to 25 hours. The water pumped 
from the withdrawal hole was recirculated to the injection hole. 

Prior to the start of the radially converging test, a series of hydraulic interference tests was 
performed in order to determine the hydraulic properties of Zone 2. Pressure responses were 
registered in packed-off sections in all bore holes in the Brandan area during pumping of the 
hole later used as withdrawal hole in the tracer experiments. In conjunction with the 
interference tests a preliminary tracer test was made in order to optimise the design and 
performance of the planned radially converging tracer experiment. 

In addition to the results from the interference test and tracer tests performed during Phase 3 
of the Fracture Zone Project, background information on geology, hydrology and geochemistry 
from investigations of the Brandan area is available. Laboratory measurements of porosities and 
diffusivities on drill core samples from the site were also performed. 

7.3 Description of the Site 

The general geological, geophysical and hydrological characteristics of the Finnsjon study site 
are summarised in [7-5, 7-6]. At the main investigation site two major fracture zones were 
identified, the Brandan fracture zone, Zone 1, and a low-angle zone, Zone 2 (Figures 7.2, 7.3). 
The geohydrology of the site is dominated by these two highly conductive zones. Zone 1 has 
a NNE strike with a dip of about 75° to the east, and the thickness of the zone is about 20 
m. The hydraulic conductivity varies between MO"6 and 510'5 m/s as compared to M0'7 m/s 
in the country rock (2 m test intervals). 
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Figure 7.2 Borehole location in the Brendan area. 

Zone 2, which is the zone used for the tracer tests, is trending north with a dip of about 16° 
to the west and consists of sections with high fracture frequency and tectonisation. The zone 
is well defined in 7 boreholes (Figure 7.4) located within an area of about 500x500 m. In this 
area the fracture zone is almost planar with the upper surface located between 100 and 240 m 
below ground. The zone is about 100 m wide and seems to consist of three subzones with 
hydraulic conductivities of 2-10"4, M0"4 and MO'5 m/s (2 m test intervals) going from the 
uppermost zone downwards. The parts in between the sub zones have hydraulic conductivities 
similar to the country rock. Within the fracture zone the mean value is 510"* m/s. The 
direction of the groundwater gradient in Zone 2 is towards ENE, and varies in magnitude from 
1/350 to 1/150 m/m. 

The rock where Zone 2 is located is dominated by granodiorite. The rock is medium-grained 
and red in color. The fracture infillings are dominated by calcite. Other minerals present are 
hematite, laumontite, asphaltite and clay minerals. 
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The composition of the groundwater above Zone 2 differs from that in Zone 2 and below Zone 
2. The water above Zone 2 is a younger near-surface water, and the water below Zone 2 is 
an old saline water characterised by a high content of species in solution such as Na, Ca and 
CI. The water in Zone 2 is a mixture of these two waters which indicates the appearance of 
two circulating groundwater systems, one above and one below Zone 2. Bom are drained into 
Zone 2 in the area where Zone 2 is most deeply located and the water is discharged from the 
shallow parts of Zone 2 into die Brandan zone, Zone 1. 

7.4 Experimental Design 

7.4.1 Hydraulic interference tests and preliminary tracer test 

Three hydraulic interference tests were carried out by withdrawal from diffeient isolated 
intervals in borehole BFI02 within Zone 2 (Figures 7.2 and 7.4), i.e. the lower and upper parts 
(test 1 and 2, respectively) and from the entire zone (test 3B) [7-2]. In tests 1 and 2, a double 
packer assembly with a packer spacing of 24 m was isolating die respective subzones from die 
above and below lying rock. In test 3B a single packer isolated the interval between 193 m 
and the borehole bottom (288.69 m). The flow rate during tests 1 and 2 was approximately 500 
1/min and in test 3B approximately 7001/min. The drawdown phases of the tests had a duration 
of 4-8 days. 

The pressure responses were registered in 3-6 intervals in all boreholes in the Brandan area 
and also in 6 boreholes outside the Brandan area up to 1500 m from die pumping well. During 
the tests, the flow rate of the discharged water during pumping, electrical conductivity and 
temperature of the discharged water and the atmospheric pressure was also measured. 
Registrations of the groundwater table in the observation holes were also undertaken. 

During interference test 2 a preliminary tracer test was performed in order to optimise the 
design and performance of the planned radially converging experiment. Tracers were injected 
as pulses in the upper highly conductive subzone of Zone 2 in boreholes BFI01 (Uranine), 
KFI06 (Amino G Acid) and KFI11 (Iodide). Tracer breakthroughs were monitored in the 
pumping well BFI02. Before injection of tracer slugs (50-125 1) die natural piezometric head 
in the borehole section was registered. In order to force the tracer some distance into the 
fractures, flushing with groundwater and distilled water (50-125 1) was done after injection. 
When natural piezometric head was reached in all sections, pumping in borehole BFI02 was 
started. 

7.4.2 Radially converging experiment 

In the radially converging experiment, hole BFI02 was used as a withdrawal hole and tracer 
injections into Zone 2 were made in three peripheral holes, BFI01, KFI06 and KF11 (Figures 
7.2, 7.4) [7-3]. The distances along Zone 2 between the withdrawal hole and B^TOl, KFI06 
and KFI11 are 168, 189 and 155 m, respectively. In each injection hole three sections were 
packed off, one in the upper highly conductive part of Zone 2, one at the lower boundary of 
Zone 2 and one at the most highly conductive part in between. In the withdrawal hole the 
packed-off section enclosed the whole thickness of Zone 2. 
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Figure 7.4 Cross section through the Brandan area shewing Zone 2. 

Totally 11 different tracers were injected, 8 of them continuously for 5-7 weeks, and three as 
pulses. The injection intervals in each injection hole and the tracers injected are given in Table 
7.1. The tracers selected, DTP A- and EDTA complexes, fluorescent dyes and anions, a-e stable 
and non-sorbing. 

The injection of tracer was carried out by injecting trace.- solution with a constant flow rate 
into a closed system circulating water from a packed-off section to the ground and back to the 
packed-off section (Figure 7.5). At trie same time, water was discharged from the system with 
a constant flow rate to avoid pressure build up in the system. In order to obtain good initial 
mixing of the tracer in the injection section, the volume of concentrated tracer solution 
necessary to get the desired tracer concentration in the injection section was added during the 
first circulation cycle of the system. After that time, the tracer solution was added with the 
constant flow rate chosen for the continuous injection, about 2 ml/Vnin. 

In order to determine the initial concentration of tracer solution to be added for obtaining the 
desired concentration in the injection section in the borehole, information about the groundwater 
flow rate through the injection section is needed. This flow rate was estimated by inttoducing 
a tracer pulse into the circulation system and measure the dilution of the tracer versus time. 
This measurement was perfonned one week before start of the continuous injection. 

During the continuous pulse injection the injection flow rate was registered as injected volume 
of tracer solution versus time. The water volumes discharged from the injection system were 
also measured and sampled in order to determine the facer concentration in the injection 
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Figure 7.5 Injection and circulation system, radially converging experiment, 

section. 

Table 7.1 Injection intervals and tracers in the radially converging test. 

Hole 

BFI01 

KFI06 

KFI11 

Interval 
[m] 

Upper; 241.5 • 
Middle; 263.5 • 
Lower; 351.5 

Upper; 212.0 
Middle; 236.5 
Lower; 252.5 

Upper; 221.5 

Middle; 287.5 
Lower; 329.5 

• 246.5 
• 266.5 
• 356.5 

- 217.0 
- 239.5 
- 271.5 

- 226.5 

- 294.5 
- 338.5 

Tracer 

In-EDTA 
Uranme 
Ho-EDTA 

IodiJe 
Yb-EDTA 
Re04" 

Gd-DTPA 
Tm-EDTA 
Amino G 
Er-EDTA 
Dy-EDTA 

Type of 
Injection 

Continuous 
Continuous 
Continuous 

Pulse 
Continuous 
Continuous 

Continuous 
Pulse 
Pulse 
Continuous 
Continuous 
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Pulse injections of tracers were performed after the continuous injection of tracers had been 
terminated except in the case of iodide which started as a continuous injection but ended up 
as a pulse injection due to equipment failure. The pulse injection was carried out by 
simultaneously discharging water from the top of the packed-off section and injecting tracer 
solution at the bottom with the same flow rates. When the section was filled with tracer 
solution, the solution was circulated in the same manner as in the continuous injections to 
maintain a homogeneously distributed tracer solution. The circulating solution was sampled in 
order to determine the decay of tracer concentration versus time. 

The tracer withdrawal was made by pumping at a rate of 2.0 1/s in hole BFI02 from a packed-
off section covering the whole thickness of Zone 2. In order to obtain steady state prior to the 
tracer injection, pumping in the withdrawal hole started approximately 6 weeks before the start 
of the tracer injection. The water discharged from the hole was continuously sampled for tracer 
analysis during the time period of tracer injection (Figure 7.6). The hydraulic head in the 
pumped section and also the groundwater level was registered. After the end of tracer injection 
a detailed sampling of the wimdrawal hole was made in order to determine possible 
interconnections between highly conductive intervals of Zone 2. This sampling was made 52 
days after the start of injection by using a double packer system to stepwise discharge and 
sample water from 7 sections of Zone 2, each time covering 2 m of the zone. After the initial 
detailed sampling, the withdrawal and sampling of water from the entire thickness of Zone 2 
was continu:'* 

7.4.3 Dip"le tracer experiment 

The dipole experiment was performed in a recirculating system between BFI01 (injection) and 
BFI02 (withdrawal) [7-4]. The high flow rates needed to create a dipole flow field in the scale 
oe 168 m m «de it necessary to recirculate the water. Holes KFI06 and K.FI11 were used as 
observation holes. 

In the dipole experiment onl}' the upper highly conductive part of Zone 2 was used for tracer 
injection in hole BFI01, the same upper section as was used in the radially converging 
experiment. The tw^ observation holes were packed-off in the same manner as in the radially 
converging test. Water from the packed-off section in the withdrawal hole BFI02 was 
revircuLtted to the injection section in BFI01 through a pipe system, and tracers were injected 
into the sys'sm where the pipe entered the injection hole (Figure 7.7). Two tracer injections 
were ah" made in the upper section of the observation hole KFI11. 

In total 15 injections of tracers were made during 7 weeks. Both radioactive and non
radioactive tracers were used. The radiotracers included both non-sorbing and sorbing species. 
The combination of racers used in the injections and the sequence of the injections are 
presented in Table 7.2. Tht tracer injections in hole BFI01 were made during approximately 
4 minuter The duration of the two injections perfonned in hole KFI11 was approximately 60 
minutes. 

The tracers were sampled in the upper part of Zone 2 in holes BFI02 and KFI11 with 
automatic samplers in the same way as in the radially converging test. Occasionally samples 
were also *aken in the water from the lower intervals of hole KFI11 and in 

- 7 0 -



Pip* siring 
for MOltr 
disdurgt 0 Y-

Wottr ctmral 
soapling unit 

inmmmi 

=///-///=///=///=///=///=///E///=///=///=///= 

Autoaotk regulation 
w l w . 

Figure 7.6 Withdrawal equipment, radially converging experiment. 

the water from the sections in hole KFI06. 

For the sorting tracers the chemistry of the circulating water is of imponance and therefore 
a comprehensive chemical analysis of the sampled water was made at the end of the dipole 
experiment. During the experiment the temperature of the water entering the injection hole 
BFI01 was measured, and also the oxidation-reduction potential showing that the conditions 
were stable and reducing (-200 mV). The electrical conductivity and the temperature of the 
water discharged from the withdrawal hole BFI02 were registered every day during the 
experiment. 

During the pumping period the pumping rate was measured once a day. Hydraulic heads in 9 
different boreholes in the area were measured almost every day during the pumping period and 
measurements were also made prior to the start of the dipole pumping and one week after 
terminating the pumping. 
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Figure 7.7 Experimental design of the dipole experiment. 
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Table 7.2 Tracers and injection schedule in die dipole experiment. 

Injection 

A 

1 

2 

3 

4 

5 

6 

7 

8 

B 

9* 

10* 

C 

D 

E 

Day after 
pump start 

14 

23 

24 

26 

31 

32 

35 

39 

43 

44 

46 

47 

48 

49 

54 

Tracer 

Rhodarnine WT 

82Br(I)-

""TcOTCIJCV 
1MRe(Vn)04-

I3,I(I)-

"TcCVIIXV 

58Co(II)+ 

"Rbflf 

24Na(I)+ 

82BR(I)" 
TcCVIIjO/ mw 
,86Re(Vn)04-

20,T1(I)+ 

5,Cr(ni)-EDTA 
IMIn(in)-EDTA 
l40La(m)-DOTA 
16(>rb(ffl)-EDTA 
169Yb(ffl).EDTA 
l77Lu(ffl)-EDTA 

58Co(IH)-EDTA 

Blue Dextran 2000 

,3,I(I)-

,3,I(I)-

In-EDTA 

Gd-DTPA 
Tm-EDTA 

Rhodamine WT 

Half-life 

Dye tracer 

1.47 d 

6.01 h 
3.78 d 

8.04 d 

6.01 h 

70.92 d 
18.66 d 

14.66 h 
1.47 d 
6.01 h 
8.04 d 
3.78 d 
3.05 d 

27.70 d 
2.81 d 
1.68 d 

72.1 d 
32.0 d 

6.71 d 

70.92 d 

Macro molecule 

8.04 d 

8.04 d 

Metal complex 

Metal complex 
Metal complex 

Dye tracer 

* Injection in hole KFI11, upper section 

-73 -



7.4.4 Complementary experiments 

Laboratory measurements of the porosity and diffusivity were performed on drillcore samples 
from boreholes KFI06 and KFI11 [7-7]. The samples were taken at different distances from 
a fracture surface. The porosity was determined from the difference in dry and wet weight of 
the sample. The diffusivity was determined by placing a sample between two reservoirs, one 
containing a tracer solution (iodide or Uranine) and the other initially free from tracer, and 
measuring the concentration increase of the tracer in the low concentration reservoir. 

75 Available Results 

7.S.1 Interference tests and preliminary tracer test 

Results from the hydraulic interference tests [7-2] are given as primary drawdown responses 
in the boreholes within Zone 2 during the time of pumping in hole BFI02. Graphs of the 
recovery of the groundwater head in the boreholes after stop of pumping are also available. 
In addition, graphs of the flow rate, electrical conductivity and temperature of the water 
discharged from BFI02 are given as well as the barometric pressure. 

Drawdown of the primary responses are given as a function of distance from the pumping hole 
BFI02. The drawdown curves, both time dependent and distance dependent, were used to 
evaluate hydraulic parameters such as transmissivities and storativities. These data are also 
available and they indicate that the upper and lower subzones of Zone 2 have a high hydraulic 
diffusivity (high transmissivity and low storativity) and that there exists a vertical leakage 
between the subzones and between Zone 2 and the surrounding rock. 

Primary data available from the tracer test performed in conjunction with interference test 2 
are: concentration and volumes of tracers injected, volumes of borehole sections and tubing, 
duration of tracer injection, pumping capacity and duration of pumping in BFI02 and tracer 
concentration versus time in BFI02. The tracer breakthrough curves were used to evaluate 
hydraulic parameters, such as hydraulic fracture conductivity, fracture aperture, flow porosity 
and dispersivity, which also are given. 

7.5.2 Radially converging experiment 

Breakthrough curves monitored in the withdrawal hole BFI02 for all eleven tracers injected at 
nine locations, three in each injection hole, are available as tracer concentration versus time 
from start of injection [7-3]. Also the tracer concentrations in the injection sections during the 
time of continuous injection are available. An example is given in Figure 7.8 showing the 
breakthrough curve for ln-EDTA in the withdrawal hole BFI02 and the injection concentration 
of In-EDTA in the upper section of hole BFIOI. 
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Figure 7.8 Breakthrough curve for In-EDTA (top) and concentration in the injection 
section as a function of time (bottom). 
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Other data available from the radially converging test are: 
- volumes of the injection sections and the tubing in the injection systems, 
- initial concentration of the tracers injected, 
- volumes of tracer solution in the storage tanks versus time and calculated mean injection flow 

rates, 
- mean discharge rate of water from the injection system, 
- first arrival of the tracers in the withdrawal hole (Table 7.3), 
- total mass of tracers injected and the tracer recovery (Table 7.3), 
- groundwater levels in the boreholes as a function of elapsed time, 
- relative hydraulic head differences versus elapsed time between the pumped interval in the 

withdrawal hole and the injection sections in the injection holes, and calculated mean head 
differences before and after the detailed sampling in the withdrawal hole BFI02, 

- pump capacity in hole BFI02, and temperature and electrical conductivity in the pumped 
water as a function of time, 

- groundwater flow rates versus time in the injection intervals during injection, and calculated 
mean values, 

- groundwater flow rates in die injection intervals prior to and after the injection of tracers, 
- log of events. 

Table 7.3 First arrival and recovery of tracers in BFI02, radially converging experiment. 

Tracer First arrival Recovery Elapsed time 
[hours] [%] [hours] 

In-EDTA 
Uranine 
Ho-EDTA 
Iodide 
Yb-EDTA 
ReGy 
Gd-DTPA 
Tm-EDTA** 
Amino G** 
Er-EDTA 
Dy-EDTA 

75 
700 

1250* 
106 

1250* 
194 
24 
23 
23 

850 
3600* 

97.6 
18.0 
6.1 

69.7 
11.8 
65.3 
88.6 
72.1 
86.7 

1.9 
0.7 

* first arrival after the detailed sampling of BFI02 

4510 
4510 
4510 
3119 
4510 
4510 
4510 
860 
600 

4510 
4510 

pulse injection 

Results from the detailed sampling in hole BFI02 are given as tracer concentration in samples 
from all seven sections pumped, four samples from each section taken during a time period 
of four to seven hours. An example is given in Figure 7.9 showing the concentration of In-
EDTA in the different section of hole BFI02. Decreasing concentration versus time in a section 
indicates contamination from the previous sampled section while increasing or a high, constant 
concentration indicates that the sampled section contains a main flow path. 
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Figure 7.9 Results from detailed sampling in BFI02 during the radially converging 
experiment. Concentration of In-EDTA. 

7.5.3 Dipole experiment 

In the dipole experiment tracers were detected in both the withdrawal hole BFI02 and in the 
two observation holes KF106 and KFI11. Breakthrough curves for the 19 injected tracers are 
available as concentration normalised to injection concentration versus elapsed time after 
injection [7-4]. Figure 7.10 shows the breakthrough curve for l3lI (injection 3) in the 
withdrawal hole BFI02 and in the observation hole KFIU. 

Other available data from the experiment are: 
- initial tracer concentration in the injected solution and volume of that solution injected, 
- duration of injected tracer pulse, 
- tracer first arrivals, mean residence time and peak concentrations for breakthrough in the 

withdrawal hole BFI02 and in the observation holes KFI06 and KFI11 (Table 7.4), 
- the recovery of tracers in the three holes at different times, 
- hydraulic heads and groundwater levels in 9 different boreholes as a function of time since 

the start of pumping in hole BFI02, and hydraulic head differences between the different 
holes and the pumped section in BFI02, 

- pumping rate in BF102 versus time, and the mean value over die period 0-1485 hours which 
was 120.2 1/min, 

- electrical conductivity, temperature and redox-potential of the pumped water during the 
experiment. 

Breakthrough curves in the withdrawal hole from two tracer injections in the observation hole 
KFI11 are also available as weU as results from a tracer dilution test performed in hole KFI11. 
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The dilution measurement showed that the groundwater flow rate through the packed off 
section in KFI11 was 519 ml/min. 

7.6 Supporting Data 

Geological data from a surface survey of the Brandan area as well as from borehole 
investigations are reported in [7-5, 7-6]. The type of data recorded in these investigations are 
rock type, rock alteration, fracture frequency, fracture orientation, fracture infillings, etc. 

Hydraulic data resulting from comprehensive hydraulic testing of the Brandan area are 
available. The hydraulic conductivity was determined by means of a large number of hydraulic 
single hole tests, and a statistical analysis of the hydraulic conductivity data based on the 
concept of conductive fracture frequency was made [7-8, 7-9]. A first series of interference 
tests were performed during the drilling of borehole BFI01 using the air-flush system of the 
drilling rig as a high capacity pump, and measuring the pressure response in all boreholes 
within the Brandan area [7-6]. These tests provided data on storativities and transmissivities 
in Zone 2. 

Results from analyses of surface water, drilling water and deep hole groundwater are also 
reported [7-5] as well as results from ground geophysical investigations and geophysical 
logging in all boreholes within the Brandan area [7-5, 7-6]. Examples of the geophysical 
information available are: resistivity, borehole deviation, temperature and natural gamma 
radiation. 

Data on porosities and diffusivities determined in the laboratory on samples from boreholes 
KFI06 and KFI11 are available [7-7]. Measured porosities ranged from 1.5 to 5.4%, and 
effective diffusivities varied between 10"13 and 2-10'12 m2/s for iodide and between 10'14 and 
410 1 3 m2/s for Uranine. 
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Table 7.4 First arrival, mean residence time and peak concentration for breakthrough in 
the withdrawal hole BFI02 and in the observation hole KFI11. 

Inj. Tracer First arrival Mean residence Peak concentration 
[hours] time, [hours] C/CQ 

Withdrawal hole BFI02 
1 
2 
3 
6 

7 

8 
A 
C 
D 

E 

82Br 
,MRe 
,3'I 
MBr 
13IJ 
,wRe 
s,Cr 
'"In 
,40La 
loon, 
'»Yb 
,77Lu 
"Co 
Rhodamine WT 
In-EDTA 
Gd-DTPA 
Tm-EDTA 
Rhodamine WT 

FD 
(24) 
20 
20 
20 
20 
20 
20 

(34) 
(24) 
(24) 
30 
20 
22 
20 
20 
20 
22 

FD 
(24) 
45 
46 
44 
45 
42 
45 
FD 
(36) 
(40) 
49 

(37) 
50 
45 
41 
41 
50 

FP 
(6.31ff*) 
8.210-* 
8.6-lff4 

8.2-lff4 

6.6-lff4 

6.010-* 
7.0-HT* 

(6.4-104) 
2.5-lff4 

8.610-* 
3.8-lff4 

5.310-* 
5.3-10-* 
M-lff4 

2.010"4 

2.810-4 

4.8-10"4 

Observation hole KFI11 
1 
2 
3 
6 

7 

8 
A 
C 
D 

E 

82Br 
,MRe 
13IT 

MNa 
82Br 
131, 
,MRe 
5,Cr 
'"In 
1 4 0U 
'«Tb 
.60y b 

, 7 7Lu 
"Co 
Rhodamine WT 
In-EDTA 
Tm-EDTA 
Gd-DTPA 
Rhodamine WT 

FD 
10 
10 
12 
11 
10 
10 

(10) 
(10) 
13 

(10) 
(10) 
12 

(10) 
FD 
11 
10 
10 
12 

FD 
21 
20 
21 
20 
19 
19 
20 
22 
22 
18 
20 
30 
20 
FD 
21 
19 
19 
26 

FD 
2.910"3 

4.710"3 

2.610"3 

4.510"3 

4.010-3 

4.M0"3 

2.910"3 

3.6-10"3 

2.210"3 

1.9KT3 

4.510-3 

1.2 tO'3 

2.610-3 

FD 
0.7-10"3 

1.6-Iff3 

1.5-lff3 

1.7-Iff3 

FD = Few Data points ( ) = Uncertain values 
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8. Test Case 6. Synthetic Data Base, Based on Single Fracture 
Migration Experiments in Grimsel Rock Laboratory 

8.1 Purpose 

This test case is based on simulated hydraulic and tracer experiments at a synthetic test site 
patterned after the tracer migration experiment at the Grimsel Rock Laboratory in Switzerland. 
The generation of the data base has been conducted jointly by the U.S.Nuclear Regulatory 
Commission, Battelle Pacific Northwest Laboratories, U.S.A., and NAGRA, Switzerland [8-1]. 

The synthetic experiments are designed to improve the understanding of the "identifiability 
problem", an important part of the validation process. Identifiability problems arise because of 
the variability (both spatial and temporal) in geometry, parameters, boundary conditions, and 
competing processes (e.g., that they produce similar effects of the observable transport results). 
This is important to studies related to the validation of modelling of radioactive waste disposal 
sites in deep geological formations. 

The spatial scale covered by these experiments is in the order of tens of meters. The time-
scale involved ranges from seconds to weeks. 

8.2 Overview 

The synthetic migration experiment is designed to test the ability of groundwater flow and 
transport modelling strategies to interpret and characterise transport of tracers through a large 
fracture zone on the bases of a sparse number of borehole hydraulic tests, dipole tracer tests 
and other observations. The test also include an assessment of the uncertainty in the 
interpretation, and ability to predict based on this uncertain interpretation. 

A highly detailed, realistic but synthetic geosphere was developed, with geometry, processes 
and parameter ranges conditioned in a broad sense with both quantitative and qualitative data 
from a real-world site, the Grimsel Rock Laboratory in Switzerland. A number of hydraulic 
and tracer migration experiments were conducted through numerical simulations with the 
synthetic geosphere. Data are provided in the form of simulated measurements from the 
numerical experiments along with qualitative information of the type used to design the 
numerical experiments. Data from the hydraulic tests and the dipole tracer tests are used for 
calibration purposes. The model validation exercise is to predict the breakthrough of tracers in 
boreholes and drift for a synthetic tracer experiment and to compare the results to the "true" 
results calculated by using the complete synthetic geosphere. 
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8 3 Description of the Site 

The site is positioned in the mountainside on a scale of kilometers (Figure 8.1). Two water 
bodies bound the site on either side of the mountain. The rock laboratory is shown positioned 
within Figure 8.1. The plane to be studied is an essentially vertical two dimensional fracture. 
Figure 8.2 illustrates the migration fracture at a scale of several hundred meters. It was 
assumed that the individual tunnels are open to the atmosphere, and the potential to their 
surface is therefore equal to their elevation. Figure 8.3 shows the migration fracture on a scale 
of tens of meters. The location of the boreholes in relation to the experimental shaft are given 
on this scale. The locations of boreholes, shafts and tunnels correspond as nearly as possible 
to the actual locations in the Grimsel Rock Laboratory. 

8.4 Generation of the Synthetic Geosphere 

8.4.1 Assumptions 

Synthetic experiments cannot determine the correct mathematical formulation for the laws that 
are operative in nature. Therefore assumptions regarding processes and mathematical 
formulations were made when generating the synthetic geosphere. Wherever possible, the laws 
of nature for the synthetic geosphere are, however, similar to laws that govern the processes 
in the real world. The assumptions made are given below. 

- The entire modelled domain is two dimensional, in that flow is considered to take place in 
a single fracture zone. 

- Advective flow in the fracture follows Darcy's Law, and transport is assumed to be 
dominated by flow in open spaces rather than through porous media. 

- The synthetic universe is isothermal at 2S°C. 

- Fluid properties are considered to be constant. Density of the water with and without tracers 
is constant at 1000 kg/m3. 

- The tracer moves strictly in the fracture plane. It does not diffuse into the rock, nor is it 
retarded by sorption. 

- Tunnels and drifts are at atmospheric pressure, so that the hydraulic potential at this boundary 
is equal to the elevation. The open boreholes are connected to tubes whose outlets are at the 
center of the experimental drift. The head in open boreholes is therefore zero. 

8.4.2 Modelling procedure 

A four step modelling procedure was used for generating the synthetic geosphere. 

1. The first step is to calculate the hydraulic head on the scale of distance between the 
water bodies, about 5000 m. This is accomplished with a finite difference computer 
program using a 107 x 47 uniform grid with spacing of 45.5 m, and the boundary 
conditions shown in Figure 8.1. The effect of the tunnels is taken into account by sink 
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terms in which the flow rate is estimated from analytical formulas. The transmissivity 
is assumed to be uniform throughout the grid at this scale. The hydraulic head is 
considered to be equal to the land or water surface elevation along the top boundaries 
and no-flow on the other three boundaries. The purpose of the solution is to specify 
boundary conditions for the next finer resolution solution. 

Figure 8.1 Large scale description with boundary conditions. All locations and heads in 
meters relative to experimental tunnel. 

2. The second model deals with the intermediate scale problem shown in Figure 8.2. The 
domain is 182x182 m, and is discretised into a rectangular finite difference grid of 
dimensions 513x513 grid cells. The transmissivity field is taken from a 4096x4096 
fractal data set by arithmetic averaging. The topographic data are conditioned to 
approximately agree with the mean, variance and spatial scales for transmissivities 
measured at the Grimsel site. Boundary conditions of hydraulic head on the boundary 
of the domain are taken from the coarse scale model. The hydraulic heads of the 
tunnels are specified to be equal to the elevation. The results of this calculation are 
used to set the boundary conditions for the finest scale model, and to estimate flows 
in some of the tunnels. The heads are solved in a 5-level multigrid finite difference 
program. 

3. The finest scale model is represented by a 29x22.75 m area discretised into a 673x513 
grid (Figure 8.3). Boreholes are modelled separately in a radial coordinate system, with 
a one cm resolution, and matched to '* rectangular grid. Each borehole is 8.6 cm in 
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Figure 8.2 Intermediate scale description with boundary conditions. 

diameter. A fixed head is specified at the borehole radius in the radial system. 
Boundary conditions on the edges of the rectangular domain are specified by the output 
of the intermediate scale model. The finest-level solution is used to simulate dipole 
tracer tests, and to calculate the steady state inflow in the experimental tunnel and 
boreholes. It also supplies the head field for the tracer migration calculations. The heads 
are solved in a 4-level multigrid program. 

4. Borehole tests are simulated with a transient model. For the sake of computer run 
times, the transient hydraulic tests are performed in a grid twice as coarse (337 x 257). 
This appeared to give only minor differences from the finer grid results. Transient 
responses are limited to about 100 seconds of simulated time. 

8.5 Generated Synthetic Data 

Three types of data were generated, namely: 
- steady state hydraulic test data, 
- transient hydraulic test data, and 
- tracer breakthrough data. 

Tracer breakthrough data are both from simulated tracer dipole tests, to be used for calibration, 
and from model validation migration experiments. 
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Figure 8.3 Small scale description with placement of boreholes relative to the 
experimental tunnel. 

8.5.1 Steady state hydraulic data 

The steady state hydraulic data consist of steady state head for all boreholes closed, steady 
state head for opening one or two boreholes at a time, outflow or inflow to the boreholes 
when opened, and outflow at the tunnels. Table 8.1 gives the steady state flow rates in 
response to opening boreholes. 

8.5.2 Transient hydraulic test data 

For each test, a borehole is opened, setting its head to zero. The outflow or inflow of water 
from the open borehole and the pressure response in several nearby closed boreholes are 
presented as a function of time. 

8.5.3 Breakthrough data 

The generated breakthrough data consist of the arrival time distribution for diffusionless tracer 
introduced instantaneously in a dipole experiment. Figure 8.4 shows the result from a test 
between boreholes 9 and 7, with injection of 0.2 1/min in borehole 9 and extraction of 
0.4 1/min at borehole 7. Recovery in borehole 7 is 47.5%, with the rest of the tracer arriving 
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at the experimental drift. The breakthrough curve for arrival at the drift is also given in Figure 
8.4. 

8.6 Model Validation Test 

The model validation test is on the basis of breakthrough curves at open boreholes and the 
experimental drift for tracers introduced at boreholes 4, S and 11 (only one borehole at a time). 
Tracers are introduced instantaneously with a flow rate at the injection boreholes of 0.05 1/min. 
Collection boreholes are 6, 7, 8 and 9. Flows at the collection boreholes are limited to 
0.1 1/min or the normal outflow, whichever is less. 

Table 8.1 Steady state flow rate (m3/s) in response to opening boreholes. Positive values 
means flow in, and negative flow out. 

Location 

Exp. drift 

Tunnel 5 
Tunnel 7 
Tunnel 8 

Borehole 4 
Borehole 5 

Borehole 6 
Borehole 7 

Borehole 8 
Borehole 9 

Borehole 10 

Closed 

+3.877-10"5 

+4.055-10"5 

+4.79-10-* 
+3.7- W6 

Open 4&5 

+3.808-10"5 

-2.94-10* 
-2.52-10"7 

Open 6&7 

+3.662-10"5 

-1.64-10"6 

-3.7810"6 

Open 8&9 

+3.826-10"5 

-1.86 10-7 

-1.3210-6 

Open 10 

+3.889ia5 

+2.2510'7 
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9. Test Case 7. Natural Analogue Studies at Pocos de Caldas, 
Minais Gerais, Brazil 

Test Case 7a. Redox-Front and Radionuclide Movement in an Open Pit Uranium Mine 

9.1 Purpose 

This test case is based on work conducted within the international P090S de Caldas Project. 
This project started in 1986 with participants from Sweden (SKB), United Kingdom (UK 
DoE), Switzerland (NAGRA), United States (US DOE), and Brazil (Federal University of Rio 
de Janeiro and University of Sao Paolo). 

Two sites located near the city of P090S de Caldas in Minais Gerais, Brazil, were studied. The 
Osamu Utsumi Mine, a uranium mineralisation, was investigated with the purpose to evaluate 
the transport and speciation of natural radionuclides and rare-earth elements in a fissure flow 
system in crystalline rock at oxidising and reducing conditions. At the other site, a thorium and 
rare earth mineralisation (Morro do Ferro), colloid formation and mobility in natural 
groundwaters and the rate of colloids in element transport were studied (Figure 9.1). 

For the INTRAVAL study, two test cases were initially defined. Test case 7a is based on the 
observations at the Osamu Utsumi Mine. The objective is to model the past movement of a 
redox front as it progressed into the rock, and to model the associated migration of uranium 
and other radionuclides [9-1]. 

Test case 7b was designed to study the &eochemical and physical properties of colloids and 
their role in transporting Th and Rare Earth Elements (REE) in groundwaters by using 
information and data collected at Morro do Ferro [9-2]. During the course of the P090S de 
Caldas Project, no evidence of colloidal transport of Th and REE's were found. This test case 
was therefore withdrawn from the INTRA VAL study. 

9.2 Overview 

The uranium mine Osamu Utsumi is a large open pit mine. The deeper portions below the 
surface of the mine are strongly reducing, while the rock closer to the surface has become 
oxidised by oxygen in infiltrating rain water. 

It is understood, that the uranium in the reduced rock is present as U(IV)-oxides. As the 
uranium is reached by surficial water, it is oxidised to U(VI), dissolved, and transported by the 
water, and through diffusion, into the reducing sections of the rock where it is reduced to 
U(IV). The "re-reduced" uranium has a very low solubility leading to its precipitation. 

The mine was mapped for presence of uranium, and the movement of the redox front, at 
different levels in the mine. The studies were made in parallel to the mining activities. The 
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Figure 9.1 Location of the Osamu Utsumi mine and the Mono do Ferro study sites. 

mapping was performed continuously as the floor of the open pit was excavated. In this way, 
an exact picture of the uranium deposits can be assessed in three dimensions. 

9 3 Description of the Site 

9.3.1 Geology 

The open pit uranium mine (Osamu Utsumi) is at present several hundreds of meters wide, 
nearly 1 km long, and at some locations more than hundred meters deep. The walls of the 
mine are near vertical and terraced and the floor of the mine is flat. 

Borecores have shown that fracturing of the bedrock is widespread, especially close to the 
surface. Fracturing at greater depths is less uniform and there is a trend towards more discrete 
fractures or highly porous zones, often hydraulically conductive and lined with fresh pyrite 
indicating a dominantly reducing groundwater environment. There is a clear distinction between 
higher porosity (ca. 15-20%) rocks reaching down to about 50 - 70 m, and rocks with lower 
porosity (<5%) below this depth. 
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The bedrock at the site is crystalline and consists mainly of phonolites and nephline syenites. 
The deeper portions of the rock contain about 2% by weight of pyrite (FeS2) and are strongly 
reducing. The upper portions of the rock have become oxidised by oxygen in infiltrating rain 
water. Pyrite has been oxidised to ferric oxy-hydroxides of varying degree of crystallinity. 

The sharp boundary of the redox front, delineating the upper oxidised rock from the deeper 
lying reduced rock deviates from the horizontal plane. Many "fingers" of oxidised rock extend 
much further downward than the average depth of the front (Figure 9.2). This "fingering" is 
often associated with the fractures and fracture zones which have higher permeability than the 
main rock matrix. The fractures are sloping at various angles so that the front and fingers are 
often moving at some angle to the vertical. 

Pitchblende nodules with typical sizes between 0.5 - 1.0 cm, and nearly spherical in shape, are 
found in many places just below the redox front in the reduced rock. It is thought that the 
uranium which is present as U(TV)-oxides in die reduced rock was oxidised to U(VT). The 
latter, being much more soluble, was dissolved out of the now oxidised rock and moved with 
the flowing water or by diffusion into the reducing sections of the rock where it was reduced 
to U(IV) by reaction with the pyrite. The "re-reduced" uranium having a low solubility was 
then precipitated. 

The porosity of the rock matrix is 4 - 20%. The hydraulic conductivity of the matrix is an 
order of magnitude lower than that of the overall rock including the fractures. 

9.3.2 Hydrology 

The topography of the Osamu Utsumi mine region prior to its development shows a series of 
quite deeply incised, steep-sided valleys containing ephemeral streams [9-3]. Groundwater flow 
would have recharged on the interfiuves and upper valley sides and discharged into streams 
along valley bottoms. Exploitation of the ore started with underground galleries and proceeded 
to the open-cast method now employed. These activities have lowered the local water-table and 
greatly disturbed the old groundwater flow patterns. 

Hydrogeological investigations carried out at the Osamu Utsumi mine have produced 
information on the hydraulic conductivity and permeability of the rock, its capacity to transport 
fluids, and water levels or pressures, which give flow direction and flow rates. 

The distribution of hydraulic conductivity was found to be relatively uniform (mosdy around 
10'7 to 10"6 m/s) in the deeper regions. This indicated that the bedrock can be generally 
regarded as a porous medium. More highly conductive zones/horizons, however, can still be 
identified. Pressure heads indicated the groundwater flow to have an upward vertical component 
throughout the mine area. 

The upper 10 - 15 m horizon, which combines high conductivity (10"4 m/s) with a lateral to 
downward groundwater component, is in complete contrast to the deeper areas. 
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Figure 9.2 Cross-section of the Osamu Utsumi Mine showing the geology, geochemistry 
and geohydrology at the site. 

-91 -



9.3.3 Groundwater chemistry 

The mine groundwaters form part of a dynamic hydrogeological environment with chemical 
variations due to seasonal fluctuations in precipitation. These variations are seen as "pulses" 
of shallower, less reducing groundwaters, which have been forced by increasing hydraulic 
pressures to greater depths in the bedrock as a response to the sudden, and often dramatic, 
build-up of the wet season in this part of sub-tropical Brazil. These effects are more evident 
in the shallower hydrogeological environments. 

The highest concentrations of iron, uranium, fluoride, and sulphate are found at the surface. 
These waters also exhibit the lowest pH and low alkalinity. Pyrite is dispersed throughout the 
hydrothermalry altered rock, and oxidation of the pyrite has produced acid mine waters at and 
near the surface. 

With depth the concentrations of iron, uranium, fluoride, and sulphate all decrease and the pH 
and alkalinity increase. Typical groundwaters below 20 m range from pH 5-6 and contain 10-
30 mg HCOj/1- Uranium concentrations decrease considerably with depth to about 1 (j.g/1 below 
50 m. 

The concentration changes with depth suggest strongly oxidising and very active circulation of 
groundwaters in the top 10 m layer and then perhaps, moderately oxidising conditions 
combined with less active groundwater circulation down to about 50 m. depth. 

9.4 Experimental Investigations 

The Nuclebras company, which has operated the mine since 1975, has made sets of maps for 
every 2 m depth and also for every 2 to 4 m sections of the vertical walls. These maps show 
where the redox front is in great detail, and also the concentration profiles of the uranium. 

In addition to the Nuclebras data, the Pocos de Caldas Project, has gathered substantial 
information on rock chemistry, mineralogy, petrography, physical properties, uranium series 
disequilibrium, as well as the chemistry of waters at different depths in boreholes, which 
extend to about 100 m below the present mine bottom. 

Hydraulic conductivities were measured in deep boreholes and of the rock matrix. Porosities 
and diffusivities in the rock matrix were also determined. The compositions of many 
groundwater samples were determined. The contents of colloids and their composition were also 
studied, as well as tht microbial activity in the mine. 

9.5 Available Results 

The data for the test case have not yet been available to the modelling groups of INTRAVAL. 
The data are still being processed by the Po^os de Caldas Project and will be made available 
if this test case is continued in INTRAVAL phase 2. 

- 9 2 -



10. Test Case 8. Natural Analogue Studies at the Koongarra Site in 
the Alligator Rivers Area of the Northern Territory, Australia 

10.1 Purpose 

This test case is based on work conducted at the Koongana site in the Alligator Rivers Region 
of the Northern Territory in Australia (Figure 10.1) [10-1, 10-2]. The Alligator Rivers Region 
is located about 200 km east of Darwin, with the Koongarra uranium ore deposit being 
approximately 25 km south of Jabiru, the principal town. 

The international Alligator Rivers Analogue Project (ARAP) was set up in 1987 under the 
auspices of the OECD Nuclear Energy Agency with participants from Australia (ANSTO), 
Japan (JAERI and PNC), Sweden (SKI), United Kingdom (UK DoE), and the United States 
(US NRC). 

Figure 10.1 Location of the Koongarra Site 
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The objective of the ARAP is to study this natural deposit of uranium to assist in the long-
tenn prediction of the rate of transport of radionuclides through the geosphere. Specific aims 
are to evaluate the significance of processes which may play an important pail >n radionuclide 
transport and to establish a radiochemical database. The objective of the ARAP tesi case in 
INTRAVAL is to develop a consistent picture of the processes that have controlled the 
transport in the weathered zone and the time-scale over which they have operated. 

10.2 Overview 

At the Koongarra site, a natural uranium mineralisation occurs in two distinct ore bodies 
separated by a barren gap (Figure 10.2). The main ore bodv (No 1), which is the subject of 
this study, has a strike length of 450 m and persists to 100 m depth. The primary ore consists 
of uraninite veins that crosscut the quartz-chlorite schists Alteration and oxidation of uraninite 
within the primary zone have produced secondary uranium minerals, particularly uranyl 
silicates. From near the surface down to a depth of 25-30 m the schist is weathered and in this 
weathered zone another secondary uranium mineralisation, uranyl phosphates, forms a tongue
like fan. Away from the tail of the fan, uranium is dispersed in the weathered schists and 
adsorbed onto clays and iron oxides. The dispersion fan of ore grade materials extends down-
slope for about 80 m. The transformation of the original primary mineralisation zones into the 
present secondary minerals is perceived to have taken place during well over a nullum years. 

The upper extension of No 2 ore body is located at about 30 m below surface, which is below 
the base of weathering. Consequently no weathering of this ore body has occurred and there 
is no known mobilisation of uranium. No 2 ore body has therefore not been studied further. 

The work that is carried out can be divided into four broad categories: 
- radionuclide distribution in the rock matrix and fractures, 
- the role of groundwater and colloids in radionuclide transport, 
- the production and dispersion of the fission products 129I and ^Tc, and transuranics 239Pu, 
- development of modelling codes and evaluation of the Koongarra Site for modelling studies. 

10.3 Description of the Site 

10.3.1 Geology 

The uranium mineralisation occurs in two distinct but clearly related ore bodies, separated by 
about 100 m of barren schists. Both bodies consist of primary zones containing uraninite veins 
within a zone of steeply-dipping, sheared quartz-chlorite schists of the lower member of the 
Cahill Formation. The Koongarra Reverse Fault brings the schists into contact with the 
Kombolgie sandstone (Figure 10.3). A graphitic quartz-chlorite schist forms a distinctive 
hanging wall unit in the primary zone. 

The No 1 ore body, which is the subject of the study, has a strike length of 450 m and 
persists to a depth of about 100 m. Secondary uranium mineralisation is present from ihr 
surface down to the base of weathering some 25 m down, and forms a tongue-like body of 
ore grade material dispersing downslope for about 80 m to the southeast. There is little 
indication of secondary mineralisation in the No 2 ore body as the zone of weathering has not 
yet intersected the top of this ore body. 

-94 -



fault 
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x \ i ^ ^ ^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **r^r 
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x v x x x x x x * ^ _^™ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * - - -- -•*- -^™ 
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ***************************************** 
x x x x x x x x x x x x x x x x x * x x x x x x x x x x x x \ x x x x * x x x x x < . < . < * < . . f ^m^^^m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * / / ^ S B B I v «_ . A x x x x x x x x x x x x x x x x x ^ x x x x x x x x x x x x x x x x x x x x x x x x x x ' X . ^ B B B B P ^ ^ f\T&T\r\t\\t O 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **, * ^ B H B P ^ ^ ^ U i c i X J u V £ 
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X _ ^ ^ ^ • • ^ ^ ^ ** X*W^WX*J *> ******************************* ' * ' - - - - * - - -'̂  ̂ ^^ 
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x > 
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x ^ ******************************* 
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x * ******************************* 
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x * ********************** * * * ** * * * * 
* * * * * * * * * * * * * * * * * * * * * * * * * *^* * * * * , . , "w»~ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Jfy 

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Y_S ******************************** *_rf 
x x x x x x x x x x x x x x x x x x x x x * x x x x x x x x x x » "rf ************** **************** i^Lm * 
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x » * V -*************************** t~* ̂ 5 ^ 
X X X X X X X * » X X X X X X X X X X X X ' X X X * . \ J * V ^ ^ ^ * * * * * * * * * * * * * * * * * * * * * * * * * 4***^*^ _^eah _. x % x x x x x x x x x x x x x x x x x x x x x x x x ^ ^ . ^ ^ • • • • j A r o k / y J i i "| 
x ' x V x V x V x V x V x V x ' x V \ V x V x V x ' x > > ^ ^ i ^ i ^ H j l ' ^W^AJ J • 
* * * # # * * * * * * * * * * * * * * * * * -J*-* - ^ ^ ^ ^ ^ ^ ^ ^ ^ - ^ 

* , . * * * * * * * * * * * *J v sandstone <v.w,v,v,«' 
x x x x x x x x x x x x x v x x r - - ,^^^^^^^^^^. *&r x **************** 
x x x x x x x x t x x x x x x x i 
x' ' *x'x* * * 'x'x'x'x'x' ' ̂ ^* 

graphite _>^»*.*i- * quartz-chloriteschist 
schist 

Figure 10.2 Plan view of the Koongana ore bodies, projected to the surface. 
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The primary mineralisation zone is largely confined to quartz-chlorite schists immediately above 
the fault zone. The width of the primary ore zone averages 30 m at the top of the unweathered 
schists, tapering out along strike, and down dip to about 100 m below surface. The strongest 
mineralisation, with most assay values in excess of 1% uranium has a thickness of several 
meters just below the graphitic hanging wall schist unit. The primary ore consists of 
pitchblende (or uraninite - uranium oxide) veins and veinlets which either follow or cross
cut the layering in the schist. Associated with the high grade ore are minor amounts of 
scattered sulphide minerals but also some rare native gold. 

Oxidation of the primary uranium mineralisation has resulted in the formation of secondary 
minerals, uranyl silicates and phosphates. Uranyl silicates are found within the top of the 
primary zone just below the weathered zone and at the bottom of the primary zones along and 
just above the fault. These have been formed by the in situ oxidation of pitchblende. Uranyl 
phosphate minerals occur in the weathered zone, in and downslope from what was the upward 
extension of the primary ore zone as well as in the tail of the dispersion fan. Intersection of 
the zone of surface weathering with the top of the primary ore zone has resulted in the 
leaching and decomposition of both pitchblende and uranyl silicates to form the uranyl 
phosphates in the weathered zone. In the weathered zone dissolved uranium has been dispersed 
by the moving groundwater and included in or adsorbed to minerals formed by the weathering 
of the quartz-chlorite schist. The dominant minerals in the weathered zone are iron oxides, 
vermiculite, kaolinite and smectite. 

10.3.2 Hydrology 

The study region, in common with much of northern Australia, has a monsoonal climate with 
almost all rainfall occurring in a wet season between November and March. This causes 
fluctuations in the water table on the order of 5 to 10 m between the wet and dry season. 

Recharge of groundwaters to the weathered Cahill schists occur via downflow parallel to, and 
in close proximity to, the reverse fault in both the underlying Kombolgie sandstone and the 
schists. Although the fault zone breccia was found to be practically impermeable, some water 
flows from the Kombolgie sandstone into the schists via cross fractures which offset the fault. 
Once in the schist groundwater flow is towards the south-east, away from the sandstone cliffs 
behind the deposit. The weathered zone essentially act as an aquitard or capping that prevents 
downwards percolation of surficial waters. Nevertheless there is a separate flow of surficial 
groundwaters within the weathered zone, again flowing downslope towards the south-east away 
from the sandstone cliffs. Groundwater discharge takes place by evapotranspiration and direct 
discharge into a stream in the southern part of the site during the wet season. 

It must be emphasised that the hydrology at the site still is under investigation. 
Hydrogeological modelling is currently being undertaken, both within the ARAP and by 
INTRAVAL participants, in order to increase the understanding of the present day situation as 
well as of the past. 

10.3.3 Groundwater chemistry 

Groundwater chemical data are available for more than 70 boreholes in the vicinity of 
Koongarra. The samples are from packed off sections of the boreholes, and give a general 
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understanding of the groundwater chemistry and show a geochemical evolution as it passes 
along aquifer paths. The major sources of groundwater entering the flow-system of the deposit 
are (a) direct infiltration from the surface, and (b) movement across the fault from the footwall 
aquifer in the Kombolgie formation. The samples fall into several zones, each with a 
characteristic chemistry (Figure 10.4). 

The groundwater chemistry changes as the groundwater moves from the Kombolgie (Zone I) 
into the orebody (Zone II) and to the east and west of the No 1 orebody (Zones III, IV(E) and 
rV(W)). The chemistry of these groundwaters is similar to Zone II but do not have greatly 
elevated uranium concentrations. The uranium dispersion fan in the weathered zone appears to 
be towards the south (Zone VI), although groundwaters from this zone have a different 
character from those of the orebody. This may be a result of mixing down-gradient, or of a 
slightly different orientation of groundwater flow patterns. The chemistry of groundwaters from 
Zone V is very similar to the orebody and suggests a more southerly direction of flow or the 
presence of a dispersed uranium source in this vicinity. The possibility of movement from Zone 
II to Zone V is supported by data from pumping tests and helium levels, and by groundwater 
uranium and magnesium concentrations. Data on uranium levels in the groundwater as a 
function of distance show a sharp increase in uranium concentration when the groundwater 
intersects the orebody, then a gradual drop to background levels over a distance of some 
200 m. 

10.3.4 Uranium Distribution in Rocks 

Uranium concentrations greater than 200 g U/g follow the base of weathering on the transition 
zone for about 80 m from the primary zone. Beyond this point in this cross section, the 
deposited uranium is concentrated in the top 3 - 10 m under the surficial sands. Figure 10.5 
shows in plan view the contours for uranium concentration in the weathered zone, using the 
maximum average uranium content for a 5 m interval in each drill hole. Transported uranium 
seems to have mainly been deposited toward the south of the orebody, with elevated levels 
being detected in the weathered zone about 300 m from the primary source. 

The uranium series nuclides activity ratios show that the areas of greatest leaching are near the 
top of DDH52 in the upstream zone of the orebody. Most rapid accumulation seems to have 
occurred near the centre of the dispersion fan and near the base of weathering to the edge of 
the fan. 

10.4 Experimental Investigations 

An extensive experimental program, including both field and laboratory investigations has 
resulted in a large number of data characterising the site. Hydrogeologic data are from 
drawdown and recovery tests and water pressure tests made to help characterise the flow 
system in the bedrock. 

Geologic data is based on the mineralogic and uranium assay logs of 140 percussion holes and 
107 drill cores in the immediate vicinity of the uranium deposit. 
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Figure 10.4 Division of the Koongarra site into different zones based on groundwater 
chemistry. 
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Figure 10.5 Plan view of the site, showing contours of maximum 5 m average U 
concentration. 
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An extensive set of groundwater chemical data has been accumulated from more than 70 
boreholes. All recent data are from packed off sections at different depths in the boreholes, 
both in the weathered and in the unweathered zone. Earlier data were from pumping and 
sampling over the entire depth of the holes. 

The distribution of uranium, thorium, and radium isotopes has been determined in the different 
mineralisation zones at the site. Also the phase distribution of uranium and thorium in the 
weathered zone has been studied. 

Laboratory sorption experiments have been performed, using samples from bore cores retrieved 
at the Koongarra site. Distribution coefficients have also been measured on natural particles in 
Koongarra groundwater. 

10.5 Available Data 

In the following sections die types of data available are listed. 

10.5.1 Hydrogeology 

- Climatologic data, including rainfall and temperature. 
- Surface water measurements, including stream flow. 
- Location, elevation, geologic logs, casing and perforation details of all test holes and wells. 
- Map, showing test holes and wells, as well as land-surface contours. 
- Aquifer test results including water-level drawdowns, discharge measurements, and water 

quality of discharge. 
- Periodic water level measurements which show seasonal fluctuations and regional gradients. 
- Results of geophysical surveys and back-hoe pits which show thickness of upper deposits. 
- Results of packer tests in upper part of the bedrock, and resistivity traverses. 
• Results from porosity and permeability measurements on drillcore samples. 

10.5.2 Hydrochemistry 

- pH, Eh, D.O., conductivity and temperature in groundwaters. 
- Groundwater concentrations of cations: Mg, Na, Al, Si, S, K, Ca, Ti, Mn, Fe. 
- Groundwater concentrations of anions: F, HC03 ', S04, CI, P04. 
- Groundwater concentrations of trace metals: Cd, Cr, Cu, Pb, Mn, Mo, Ni, Zn, etc. 
- Groundwater concentrations of uranium series nuclides: U, Th, Ra, Rn, Pb. 
- Groundwater concentrations of isotopes: 3H, I4C, 6,3C, 36C1/C1, ,29I. 

10.5.3 Geology, mineralogy, radiochemical 

- Uranium concentration distribution assay (247 drilling locations) in core pi'lp and soil 
3amples. Uranium series radioisotope activity ratios data for selected samples in the ore zone. 

- Results from chemical analyses of core samples in terms of concentrations of Al, Si, Mg, K, 
Ca, Ti, Fe, Mn, etc., and U and Rare Earth Elements. 

- Mineralogical composition of samples. 
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- Concentrations and activity ratios of uranium and thorium in crystals of secondary uranium 
mineral. 

- Concentrations and activity ratios of uranium and thorium in different mineral phases. 
- Concentrations of , 2 9I, 36C1, 9*Tc, and 239Pu in rock samples. 
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11. Test Case 9. Large Block Migration Experiments 
in a Block of Crystalline Rock 

11.1 Purpose 

This test case is based on experiments in a natural fracture in a large block of granite, 
performed at the Whiteshell laboratory of AECL 111-1, 11-2] (Manitoba, Canada). The 
experiments were designed to quantify the migration of tracers in a single natural fracture. In 
addition, a numerical simulation of the results was performed by Battelle/OWTD [11-1]) to 
calibrate the analytical code FRACFLO [11-3], a code for prediction of radionuclide transport 
in idealised fractured rock. These experiments were chosen as a test case because they address 
important phenomena of radionuclide transport in the geosphere, e.g. sorption, channelling, 
dispersion, matrix diffusion and fracture properties. 

11.2 Overview 

Tracer migration experiments were performed in a quarried block of granite with a natural 
fracture. The block was obtained from a surface quarry near Lac du Bonnet, Manitoba 
(Canada). The block (LB-2) is 91.5 cm long (in the direction of the fracture), 86.5 cm wide, 
and 49.0 cm high. The fracture aperture was estimated to be about 800 Jim. The tracers used 
were non-sorbing (Uranine) as well as sorbing (cesium), and the duration of the experiments 
were 60 and 360 hours, respectively (2.5 and 15 days). 

Synthetic granite groundwater was pumped through the fracture. When a fixed volumetric flow 
rate was established, a solution of known tracer concentration was introduced into the fracture. 
The outlet concentration was continuously analysed and breakthrough graphs made. 
Hydrodynamic dispersion was studied using die non-sorbing tracer. The results together with 
independent measured parameters enabled simulation of the experiments with sorbing tracer. 
These parameters are surface and bulk adsorption coefficients, determined by static batch 
experiments, as well as average rock porosity. 

11.3 Experimental Design 

The granite block was positioned with the natural fracture in a horizontal position. The outside 
of the block were coated with a silicone-based rubber to avoid evaporation-induced movement 
of the transport solution through the interconnected pore space of the granite. 

Inlet and outlet reservoirs were designed and attached to the short sides of the block, thereby 
covering the fracture where it intersected these surfaces of the block. This was done to 
minimise the concentration variations across the width of the fracture (Figure 11.1). 
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Figure 11.1 The granite block with inlet reservoir. 

The inlet reservoir consisted of a 86.5 cm long acrylic tube cut lengthwise and with two semi
circular end pieces. The tube was fitted to the fracture, and four inlets to the reservoir were 
made. In addition, a rubber septum was located at the center of the reservoir so that a syringe 
could be inserted into the fracture to perform point-source injections. 

In order to ensure a steady flow rate an HPLC-type pump was used to inject the transport 
solution into the fracture. In retrospect, it was found through two-dimensional y-scanning of 
the fracture surfaces that although the inlet reservoir spanned the width of the block, the 
varying aperture of the fracture probably forced the solution to enter predominantly at one 
location. 

The outlet reservoir consisted of a shallow channel cut into a Plexiglas plate following the 
outlet of the fracture. This channel was divided into five equal compartments equipped with 
valved inlet and outlet ports. Each outlet port was connected to a separate fraction collector 
as shown in Figures 11.2 and 11.3. To minimize channelling in the fracture, the transport 
solution flow was allocated equally to these five compartments. This was accomplished by 
placing solenoid valves in the lines connecting each outlet port and its companion fraction 
collector. The flow rate of the groundwater through the five different channels vas not 
identical, and this may have lead to a very slight increase in the fracture aperture as a result 
of changes in the resistivity of a particular channel. 

The solenoid valves were triggered in sequence after a given number of drop'- have been 
collected in each fraction collector. With an average flow velocity of 20 ml/li chosen and a 
volume of 1 ml (20 drops) collected in each vial for analysis, an average of 15 minutes were 
required to complete one sampling cycle including all five fraction collectors. 
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Figure 11.2 Schematic view of the arrangement of inlet and outlet reservoirs. 

Figure 11.3 Outlet face of the block showing eluate collection arrangement. 
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The groundwater used in the experiments is a standard type synthetic granite ground water used 
by AECL. Its composition, minimizing the chemical potential gradient between fluid and rock, 
is shown in Table 11.1. 

Table 11.1 Synthetic groundwater composition. 

Species Concentration [mg/1] 

F 0.1 
NO,2" 0.62 
SO/" 8.6 
CI" 5.0 
Ca2" 13.0 
Mg2* 3.9 
K+ 3.5 
Na+ 8.3 

pH 7.3 

In the first experiment, a 20-10'5 mole/1 solution of Na-fluorescein (Uranine) was injected 
continuously at a flow rate of 20 ml/h. The tracer was introduced across the entire width of 
the fracture to minimise the effects of transverse dispersion and thereby enable a determination 
of the longitudinal dispersivity. The injection and sampling lasted for 60 hours. 

In the second experiment a tracer solution containing 1.2-106 Bq/1 of 137Cs was injected at the 
same flow rate of 20 ml/h. 1000 mg/1 of inactive cesium was also added to reduce retardation 
by taking advantage of the non-linear sorption of ,37Cs [11-2]. This reduced the time for the 
experiment. The outlet concentrations were determined by y-spectroscopy with a Ge(Li) 
detector. This experiment lasted approximately 360 hours. 

11.4 Complementary Experiments 

Static sorption experiments were performed on fracture surfaces from representative natural 
granite from the same area as the block, used in the migration experiments. Sorption was 
studied as a function of cesium concentration (10,100, 1000 mg Cs/I), surface area-to-volume 
ratio (0.54, 0.81, 1.62 cm"1), and time (0.1, 0.3, 1.3, 10, 30, and 100 days) with an 
experimental method described in [11-4], 

Additional migration experiments have been performed, along with corresponding simulations 
[11-5], in a block of natural granite with smooth machined fracture surfaces. The dimensions 
of the block were 10x10x50 cm, and it was obtained from the same vicinity as the block used 
in the main experiments. 
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11.5 Available Data 

Primary data available from the migration experiments are: 
- block, and fracture dimensions, 
- water flow rates, 
- concentration of Uranine and Cesium in injection solution, 
- concentration of Uranine in eluate, relative to injection concentration, as a function of time 

for each of the five outlet ports, 
- concentration of Cesium in eluate, relative to injection concentration, as a function of time 

for each of the five outlet ports. 

Experimental breakthrough graphs for each of the five fraction collectors in the longitudinal 
dispersivity experiment with Uranine and in the l37Cs migration experiments are shown in 
Figures 11.4 and 11.5. Different elution profiles for the different fraction collectors indicate 
that, as expected for a natural fracture, the aperture is not constant across the entire width. 
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Figure 11.4 Experimental Uranine elution profiles. A through E refer to the sampling 
locations shown in Figure 11.2. 
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Figure 11.5 Experimental elution profiles for Cs migration. A through E refer to the 
sampling locations shown in Figure 11.2. 

The average fracture aperture was estimated from the Uranine elution profiles. It was assumed 
that the total fracture volume could be divided into subvolumes of equal width with equal flow 
rates. The values obtained at the different outlet ports A, B, C, D, and E were 580, 475, 570, 
655, and 835 urn. 

Comparison between velocities found for the different channels and the two tracers gave an 
average retardation factor of 3.27 for cesium. This value corresponds to a surface sorption 
coefficient, K,, of 0.071 cm. 

11.6 Supporting Data 

Calculated K, values for 1000 mg Cs/1 solution are available from the static cesium sorption 
experiments carried out with representative granite from the same location as the large block. 
These values are given in Table 11.2. The bulk adsorption coefficient, K,, was estimated to be 
0.34 cmtyg. 
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The mineralogic composition of the actual block used in the experiments are not available. 
However, other samples of the medium- to coarse-grained pink granite from the quarry area 
were analysed, giving both mineralogic and chemical composition [11-6]. These data are 
available. 

Measurements of porosity and density were made on a granite block similar to the block LB-2 
[11-7]. Measured values of porosity was 2.72-10'3 for the first cm of rock next to the fracture 
surface and the average porosity for the next 9 cm was 1.9610"3. The density of the rock was 
determined to be 2.65 g/ml. 

Table 11.2 Calculated surface sorption coefficients, K, [cm], at a concentration of 
1000 mg Cs/1. 

Time [days] Surface area/volume [cm*1] 
0.54 0.81 1.62 

0.1 0.13 
0.3 0.11 0.19 
1.0 0.03 
3.0 0.14 0.06 0.14 

10.0 0.12 0.09 0.29 
30.0 0.21 0.18 0.34 

100.0 0.44 0.38 0.53 
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12. Test Case 10. Unsaturated Flow and Transport Experiments 
Performed at Las Cruces, New Mexico, USA 

12.1 Purpose 

Field and laboratory studies involving transport of moisture and solute in unsaturated soil are 
being conducted at New Mexico State University College Ranch at Las Cruces, New Mexico 
[12-1, 12-2, 12-3, 12-4]. The experimental work is performed by the University of Arizona and 
New Mexico State University and funded by the U.S. Nuclear Regulatory Commission. 

The purpose of the experiments was to provide a data base that can be used to validate 
deterministic and stochastic models, for the movement of water and chemicals through 
unsaturated soil profiles at large scales. The experiments were adopted as a test case in 
INTRAVAL since they were designed by modellers and experimentalists to act as catalyst in 
the development of validation methodologies and in the testing of water flow and transport 
models for spatially variable soils. 

12.2 Overview 

The field experiments were designed to study the large-scale multidimensional movement of 
water and solutes into the initially dry soil. The experiments involved the uniform application 
of a known flux of water and solute to the natural soil system in the field. Relatively low 
water flow rates were studied (< 2 cm/day). The natural soil systems are heterogeneous but 
well characterised hydrologically. The spatial variability of the important hydraulic parameters 
of the site has been carefully characterised on a fine scale. 

Two infiltration and redistribution experiments were carried out. Water and tracers were applied 
in a controlled fashion to the surface of the experimental plots. The motion of water and the 
transport of various tracers through the vadose zone were monitored, allowing the coupling 
between these two phenomena to be investigated. 

The purpose of experiment 1 was to test the feasibility of using tensiometers and solute 
samplers in very dry soils and to develop and test the data acquisition methods used in later 
experiments. Water containing tritium was applied to an area adjacent to the south side of the 
trench. Tritium movement and tension were monitored during infiltration and water content was 
monitored during infiltration and redistribution. 

During experiment 2a, water was applied to an area north of the trench. Tritium and bromide 
was applied during the fust part of the infiltration period. The movement of the tracers was 
monitored through solute samplers and the water movement through tensiometers and neutron 
readings. 
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12J Site Description 

The field site is located at the New Mexico State University College Ranch, 40 km northeast 
of Las Cruces, NM, USA. The site is on a basin slope of Mount Summerford, which is at the 
north end of the Dona Ana Mountains. The Dona Ana Mountains form a domal uplift complex 
of the younger rhyolitic and the older andesitic volcanics intruded by monzonite. The sediments 
on the mid-piedmont have young soils (6500 to 4000 years B. C.) of the Dona Ana and Onite 
series (coarse-loamy Typic Haplargids). Sediments on the lower-piedmont slopes are older soils 
(mid-late Pleistocene) dominated by the Berino series (fine-loamy Typic Harplargids). The 
geologic features, Oeomorphic surfaces, soil series and vegetation types found in the area 
around the field test area are typical of many areas of southern New Mexico and are similar 
to arid and semiarid areas of the southwestern United States. 

The climate in the region is characterised by an abundance of sunshine, low relative humidity 
and an average Class A pan evaporation of 239 cm/yr. Average annual precipitation is 23 cm 
with 52% of the rainfall occurring between July 1 and September 30. The average monthly 
maximum air temperature is highest in June at 36°C and lowest in January at 13°C. Under 
these warm, arid conditions the unsaturated soil profile is areally extensive and deep, extending 
to tens or hundreds of meters below the ground surface. The natural soil moisture content is 
low, typically less than 10 percent by volume. 

A trench 26.5 m long, 4.8 m wide and 6.0 m deep was dug in undisturbed soil. The walls of 
the trench were excavated vertically and reinforced to prevent cave-in. During the construction 
of the trench, the physical properties of the soil at the site were determined in sufficient detail 
to allow estimation of many of the statistical parameters needed in the stochastic and 
deterministic models. The irrigated areas are located adjacent to the trench (see Figure 12.1). 

A more detailed presentation of the site is given in [12-1]. 

12.4 Material Characterisation Experiments 

During excavation of the trench, relatively undisturbed soil cores were collected by driving 
metal core rings into the natural soil. In addition, small grab samples were collected at the core 
locations for analysis of particle size distribution. Based on visual observations of the soil 
profile, nine strata were identified. Core samples were collected along the length of the trench 
within each identified soil horizon. The samples were taken at horizontal intervals of 0.5 m. 
In, addition, soil samples were taken at 20 cm intervals to a depth of 6.1 m along three 
vertical transects. During the characterisation experiments, approximately 600 core samples and 
600 disturbed soil samples were taken to the laboratory to determine soil-water retention and 
saturated hydraulic conductivity. The saturated hydraulic conductivity was also determined in 
situ through borehole permeameter tests at a similar number of locations. In addition, the bulk 
density and some chemical properties of the soil were measured. 

12.4.1 Saturated hydraulic conductivity 

In situ saturated hydraulic conductivity values were determined with the borehole method 
(Guelph permearreter method) adjacent to each site where the core samples were taken. For 
this test, an uncased hole was drilled by hand into the undisturbed soil. The Guelph 
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Figure 12.1 Top view of the experimental trench. 

permeameter was then used to maintain a constant water level in the hole and to measure the 
rate of water flow out of the hole. Based on these results, a value of the field saturated 
hydraulic conductivity was estimated and associated with each of die core samples collected. 
These data were used to estimate die vertical correlation length of the field saturated 
conductivity, required for die two-dimensional numerical simulation of die stochastic theory. 

In addition, the saturated hydraulic conductivity was determined using relatively undisturbed 
cores. The soil cores were slowly saturated in a water bath and then the rate of upward flow 
through each core was measured volumetrically under a constant head difference. 

12.4.2 Water retention parameters 

The wet range of the soil water retention curves (0 to 0.4 bar) was determined using a pressure 
chamber. The relatively undisturbed cores were saturated from below with 0.01 CaCl2 solution. 
The samples were then subjected to step-increases of pressure in the chamber, and the outflow 
at each pressure was measured volumetrically. The dryer range of the moisture retention curves 
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were determined using pressure plate apparatus. Air-dried soil samples were used in a 5-bar 
pressure plate extractor apparatus for the pressure range 0.4 to 5 bar, and a 15-bar ceramic 
plate extractor was used for the range 5 to IS bar. The water held at each pressure step was 
calculated based on the outflow volumes and the final water content. 

12.5 Experimental Design 

12.S.1 Irrigation system 

The irrigation system consisted of parallel trickle lines laid out on a fixed frame suspended 
several inches above the soil surface (Figure 12.2). For the first experiment, drip holes were 
located approximately 6 inches apart in the square grid over the entire irrigation area. A known 
flux of water and solute were supplied from a timer-controlled pump and storage tank system 
designed for intermittent irrigation during several periods throughout the day. The application 
rate was 1.82 cm/day. The irrigation plot and surrounding areas, including the trench, were 
covered with plastic and other materials to prevent evaporation from the soil surface and to 
eliminate the input of rainfall or storm runoff water. To minimise evaporation from the exposed 
face of the trench adjacent to the irrigated area, humidified air was circulated inside the 
covered trench and the wetted face was covered with plasty. A similar set-up was used for 
the second trench experiment. During the second experiment water was applied at a rate of 
0.43 cm/day over a 1.2x12 m area. 

12.5.2 Moisture content measurement 

Tensiometers placed adjacent to solution samplers were used to monitor tensions (soil suction) 
and operated reasonably well after the wetting front had passed. The tensiometers have septum 
stoppers at the top for use with a handhold pressure transducer. These units do not work in 
dry soil. Water tensions in dry soil must be inferred by the water retention characteristics taken 
from the characterisation data. Since tensiometers only operate in the wet range, the majority 
of the data will be in a range where tensions are not too large (< 150 cm H20). This will tend 
to bias the tensiometer readings towards wetter environments than are normally not experienced 
in arid regions. In contrast, neutron probes can measure very small water contents but are poor 
to define sharp wetting fronts due to the relatively large effective area of the probe 
measurement. The neutron probes were calibrated in situ by taking simultaneous measurements 
of water content of the soil. These measurements were obtained by gravimetric sampling during 
and after installation of the access tubes and by taking neutron count rates in the access tubes. 
The bulk density of the soil was obtained from core samples taken from each of the soil 
horizons during excavation of the trench. 

Both tensiometers and neutron-probe logging was used to monitor the changes in moisture 
content during and after irrigation [12-4], 

12.5.3 Solution sampling 

The solution samplers are tensiometer cups that are connected to a vacuum line (sometimes 
called suction lysimeters). The solution samplers consist of 1 cm outside diameter by 8 cm 
long porous ceramic cups attached to 1 cm outside diameter plastic pipe, and were installed 
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Figure 12.2 Irrigation system layout for trench experiment 1. 

through the trench wall. These units are used to collect small (2-10 ml) quantities of solution 
as the water infiltrates into the soil profile. Tracer pulses can be analysed by periodic collection 
of samples. The solution samplers were tested during trench experiment 1. A ten day pulse of 
tritium was used to trace the transport of water in a preliminary infiltration test performed on 
the south side of the trench face. The results indicated that die use of solution samplers is a 
viable technique for monitoring solute transport in unsaturated soils, particularly when the 
tensions were less than ISO cm. At higher suction the water transmission rate is too low to 
obtain sufficient quantities of sample to monitor. These samplers were also used during the 
trench experiment 2a and will be used during a forthcoming 2b experiment. 

12.5.4 Trench experiment 1 

This initial (preliminary) infiltration was conducted in early spring and summer of 1987. The 
irrigated area measured 4 by 9 m and is adjacent to the trench. The walls of the trench were 
excavated vertically and reinforced to prevent cave-ins. The trench and the adjacent irrigated 
area were covered to prevent rainfall and surface runoff recharge and to minimise evaporation. 
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The irrigation period started on May 27, 1987, and continued for 85.75 days. The water was 
applied at a controlled rate of 1.82 cm/day. During the initial 10 days of the irrigation period 
a conservative tracer, tritium (0.01 uCi/ml) was added to the applied water. 

The drip irrigation system, similar to the one shown if Figure 12.2, consisted of 60 irrigation 
lines placed parallel to the trench face, 0.15 meters apart. Each irrigation line contained 13 
drippers 0.30 meters apart. The irrigation system ran four times a day for a period of 10 
minutes. The amount of water applied was measured to allow for water balance equations. 

Because of the extensive layering of the soil, it was expected that water and solute movement 
would occur horizontally, as well as vertically. The movement of water below the soil surface 
was monitored with neutron probes and tensiometers, and also by visual observation of the 
water movement on the trench wall. In addition, soil solution samples were taken to determine 
the movement of the tracer in the soil. The neutron access tubes were installed vertically in 
two rows parallel to the trench face (Figure 12.1). The first row was 0.5 m from the trench 
wall and the second row 4.5 m from the wall. There was a third row of neutron access tubes 
positioned perpendicular to the trench and along the center of die irrigated area. All the tubes 
were spaced at 2 m intervals. The total number of access tubes were 23. Tensiometers and 
solution samplers (suction lysimeters) were installed in a vertical plane 0.5 m from the trench 
wall, see Figure 12.3. A total of 86 tensiometers and 30 solution samplers were used during 
the experiment. Additional details of the experimental setup are given in [12-1, 12-5]. 
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during experiment 1. 
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12.S.S Trench experiment 2a 

An irrigated area measuring 1.2 m by 12 m is located adjacent to the trench. The trench and 
the adjacent irrigated area were covered to prevent surface runoff and recharge due to rainfall 
and to minimise evaporation (Figure 12.1). 

The irrigation period started August 7, 1988, and continued for 75 days. The water was applied 
at a controlled rate of 0.43 cm/day. During the initial 11.5 days of the irrigation period two 
tracers, tritium and bromide were added to the applied water. The tracer concentrations were 
0.1 uCi/ml tritium and 939 mg/1 bromide. 

The drip irrigation system consisted of 40 irrigation lines placed parallel to the trench face with 
each irrigation line containing 4 drippers. Laboratory and field uniformity tests of the drip 
irrigation system prior to experiment 2a indicated extremely small non-uniformities. The amount 
of water applied was measured to allow for water balance calculations. 

The water content in the soil was determined with neutron probes and tensiometers. In addition 
solute samplers were installed to collect water for further analysis of tritium and bromide 
concentration. The neutron access tubes were installed vertically in three rows parallel to the 
trench face (Figure 12.1). The rows were 2.0, 6.0, and 10.0 m from the trench wall 
respectively. There were 11 neutron access tubes per row, spaced 1 m apart. In addition, there 
was a fourth row of neutron access tubes positioned perpendicular to the trench wall and along 
the center of the irrigated area. These tubes were spaced at either 1 or 2 meter intervals. A 
total of 43 neutron access tubes were used. Tensiometers and solute samplers (suction 
lysimeters) were installed in a vertical plane (plane 0 in Figure 12.1) situated only 0.5 meters 
from the trench wall (Figure 12.4). A total of 61 tensiometers were used during the experiment. 
Additional details of the experimental setup are found in [12-1, 12-6]. 

12.6 Available Data 

12.6.1 Trench experiment 1 

The experimental results are available as data files [12-1]. These files contains water and solute 
application rate information, and measurements of the volumetric water contents, tensions, and 
relative tritium concentrations. In addition, some data are reported in [12-7]. The advancing 
wetting front observed on the trench face is shown in Figure 12.5. Simultaneously, the weff'ng 
front advance and moisture content distribution were interpreted from daily tensiometer and 
neutron probe data. Figure 12.6 show the progress of the wetting front using tensiometer data. 

12.6.2 Trench experiment 2a 

The experimental results are available as data files [12-6]. These files contain water and solute 
application rate information, measurements of volumetric water contents, tensions, and relative 
tritium and bromide concentrations. In addition, some preliminary results are given by the 
experimental group. The measured initial water content and the increase in water content at 
planes 1, 2, and 3, after 71 days of irrigation, are shown in Figures 12.7 and 12.8. 
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Figure 12.6 Plot of advancing wetting front using tension data from tensiometers 0.5 
meters into and parallel to the trench face for experiment 1. 

12.6.3 Material characteristics 

The soil samples were classified as loamy sand, sandy loam or sand. 

For each soil sample collected at the trench site, the laboratory analysis described above 
provide the saturated hydraulic conductivity and eleven data points of the moisture content 
versus tension. The van Genuchten parameters, a and r», were fitted to these data to develop 
a moisture retention curve and an unsaturated hydraulic conductivity curve for each sample. 
In addition, all data for each soil layer were lumped together and the same fitting procedure 
was used to develop "composite" curves for each soil strata. 

A nonlinear least-square curve-fitting algorithm was used to fit a known function to the 
measured soil water retention data. The soil water retention curve proposed by van Genuchten 
[12-8] has the form: 

e = er + (e , -e f ) [ 1 -T^]n 

m = I " H 
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where 6r is the residual water content; 0, is the saturated soil water content; y is the tension; 
and a, m, and n, are unknown parameters. 

Experimental values for 6, and 6r were used to estimate the van Genuchten parameters a and 
n (assuming that m = 1 - 1/n). 6r is the residual moisture content at a pressure of IS bar. The 
estimated van Genuchten water retention parameters a and n range over three and one order 
of magnitude, respectively. There appears to be no complex discontinuities such as faults or 
fracture network. Effective values determined for each layer are shown in Table 12.1. Detailed 
results of the curve-fitting procedures are presented in [12-9, 12-10]. 

Table 12.1 Effective values of van Genuchten Parameters for the Las Cruces test site: 
Layered and uniform soil model. 

Layer 

1 
2 
3 
4 
5 
6 
7 
8 
9 
uniform 

Depth [cm] 

0 to 20 
20 to 120 
120 to 180 
180 to 250 
250 to 290 
290 to 350 
350 to 450 
450 to 530 
530 to 600 
0 to 600 

e. 
0.3483 
0.343* 
0.3359 
0.3129 
0.3021 
0.2942 
0.3104 
0.3248 
0.3061 
0.3209 

e, 
0.0949 
0.0914 
0.0849 
0.0714 
0.0716 
0.0896 
0.0769 
0.0834 
0.0778 
0.0828 

a [cm1] 

0.04194 
0.06237 
0.05960 
0.06772 
0.04039 
0.07029 
0.02719 
0.04110 
0.04679 
0.C5501 

n 

1.9026 
1.5278 
1.5742 
1.5373 
1.5496 
1.7117 
1.4177 
1.3826 
1.4315 
1.5093 

K, [cm/day] 

539.2 
250.0 
266.9 
299.8 
250.0 
334.0 
220.6 
171.5 
225.9 
270.1 

Given the above model for the water retention curve, the unsaturated hydraulic conductivity, 
K, may be approximated by: 

K -- K, Se
a5 [1 -(1 - Se

,/m)m ] 2 

S - 9 - 9 -

where K, is the saturated hydraulic conductivity. 

The in situ saturated conductivity values range from a minimum of 9 cm/day to a maximum 
exceeding 50 000 cm/day. This suggests a wiae range (i.e. more than three orders of 
magnitude). 
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13. Test Case 11. Flow and Transport Experiment in 
Unsaturated Fractured Rock Performed at 

the Apache Leap Tuff Site, Arizona 

13.1 Purpose 

This test case is based on three sets of experiments carried out at the Apache Leap Tuff Site 
near Superior, Arizona [13-1, 13-2, 13-3, 13-4, 13-5, 13-6]. The experimental work is made 
by the Department of Hydrology at the University of Arizona, and funded by the U.S. Nuclear 
Regulatory Commission. These experiments were selected as a test case because they address 
processes relevant for high level waste (HLW) storage in unsaturated fractured rock. 

13.2 Overview 

The test case consists of three sets of experiments on flow and transport in unsaturated welded 
and non-welded tuff. The first set of experiments are field experiments, the second is a set of 
laboratory block experiments and the third a set of laboratory core experiments. 

The rock at the Apache Leap Tuff Site consists of ash-flow tuff. Being a pyro-clastic deposit, 
the ash-flow tuff results from the deposition, compaction and consolidation f a mobile, high-
density suspension of hot glass shards, pumice, rock fragments and crystals with particle 
diameters less than 0.4 mm. This airborne suspension can travel long distances. Where 
deposited, an ash-flow tuff begins to compact. The entire formation originally covered 
1000 km2 with a maximum thickness of 600 m, but has weathered at places to a thickness of 
approximately ISO m. Based on chemical composition, the tuff is classified as a porphyritic, 
quartz latite of middle Miocene age (about 19 million years old) [13-1]. 

A multistage experimental plan is set up to estimate parameters related to hydraulic, pneumatic, 
thermal, and solute transport. The effect of variable fluid saturation on the parameters is being 
evaluated for a wide range of matric suctions, from oven-dry to saturated. Also, the effect of 
fractures on bulk properties at various scales is being determined. Table 13.1 presents the 
stages, scales and processes to be incorporated in the experiments. 

The field experiments are performed in a piece of rock mass with the dimension 10x30x30 m. 
Nine inclined boreholes were installed in three rows of three boreholes per row. This general 
set up allows for a set of different experiments such as water injection tests and tracer tests. 
Interval measurements were made to evaluate changes in the conditions. These measurements 
include water content, temperature and saturated hydraulic conductivity measurements. 

The field experiments are supplemented with laboratory studies on 105 small cores tc give a 
better characterisation of the rock. These core studies include physical, hydraulic, pneumatic 
and thermal characterisation. 
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A series of laboratory experinvnts, including hydraulic and tracer tests, are performed in blocks 
of rock. The blocks were removed from the field site and shaped into regular solids containing 
a single fracture in the middle. In addition, laboratory experiments in drillcores are carried out, 
where thermal, solute, liquid and air/vapor transport due to a thermal gradient are studied. 

Table 13.1 Experimental stages designed to predict fluid flow and solute transport through 
unsaturated fractured rock. Each stage introduces additional complexity. 

Stage 

I 

n 

ni 

rv 

V 

Scale 

cm 

cm 

m 

cm 

m 

Medium 

Matrix 
(core) 

Matrix/Fracture 
(block) 

Matrix/Fracture 
(in situ) 

Matrix 
(core) 

Matrix/Fracture 

(in situ) 

Processes 

- Liquid, gas, thermal flow 
- Gas diffusion 

- Matrix, fracture flow 
- Solute transport 

- Matrix, fracture flow 
- Solute transport 

- Nonisothermal matrix flow 
- Coupled liquid, vapor, air, 

solute and heat flow 

- Nonisothermal matrix/fracture 
flow 

- Coupled liquid, vapor, air, 
solute and heat flow 

Current status 
(May 1990) 

Completed 

Partially completed 

Partially completed 

In progress 

Planned 

133 Experimental Design 

13.3.1 Field experiments 

Nine inclined boreholes were installed in three rows of three boreholes per row. The boreholes 
within a row are echelon at 10 m intervals. The rows are 5 m apart, see Figure 13.1. 
Boreholes were drilled to a maximum depth of 30 m and at a vertical angle of 45° for the 
purpose of intersecting vertical fractures at the site. The surface of the site was covered with 
a plastic sheet to reduce natural infiltration and evaporation. 

The focus of the study is two related field experiments, one with and the other without 
imposed temperature gradients. The experimental site with an undisturbed thermal regime has 
been under study for tfiree years (1990). 

The nine boreholes were installed and used for in situ site characterisation, while the obtained 
cores are used for logging the fractures and characterising the rock matrix. 
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Figure 13.1 Borehole configuration at Apache Leap Tuff Site 

To evaluate the spatial variability of moisture dependent hydraulic parameters a sampling 
interval of three meters were selected. Samples of oriented cores from the boreholes were 
extracted at the specified locations and field tests were also conducted at these locations. Rock 
matrix and rock characterisation parameters were determined using field and laboratory data. 
Characterisation parameters for core segments of three sizes collected at approximately three 
meter intervals were estimated for 105 "amples. The three core segment sizes are: 
- 1 cm long by 1 cm in diameter, 
- 2.5 cm long by 2.5 cm in diameter, and 
- 5 cm long by 6 cm in diameter. 

Field parameters were obtained at the same three meters interval centered on the position where 
the core segments were collected. The field and laboratory tests were of the following types: 

- Rock matrix physical properties, consisting of bulk and skeletal densities, effective porosity, 
pore surface area, and pore size distributions, collected from the core segments. 

- Rock fracture physical properties, consisting of fracture location, density, and orientation, 
collected from oriented cores. 

- Rock matrix hydraulic properties, consisting of the laboratory measured saturated hydraulic 
conductivity, moisture characteristic curves, and unsaturated hydraulic conductivity curves 
measured in core segments, as well as field measured saturated hydraulic conductivity 
determined from borehole interval testing. 

- Time series of field borehole water contents derived from neutron count measurements. 
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- Water content dependent pneumatic permeability of unfractured rock cores for a range of 
water contents, as well as the air permeability of fractured rock at ambient water contents. 

- Water content dependent thermal conductivity and specific heat of unfractured rock core 
segments. 

Water and gas injection-recovery tests were made at the site to determine temporal and spatial 
responses. A long-term water injection-recovery experiment is planned. 

Experiments in an abandoned road tunnel and mine haulage tunnel provide additional data of 
welded tuff. Regional geochemical experiments are also being performed which provide 
supplementary data sets. 

13.3.2 Block experiments 

Several laboratory experiments were conducted on blocks of partially welded tuff containing 
a single fracture. The blocks were removed from outcrops located near the Apache Leap Tuff 
Site and subsequently shaped so that the fracture was located at the center of the block. To 
date, two different blocks have been used for flow and transport experiments. A third partially 
welded tuff block is being proposed for future experiments. 

Preliminary flow and transport experiments were performed on BLOCK 1 with the purpose of 
refining the experimental set-up as well as testing and calibrating instrumentation. The other 
blocks are one block of partially welded tuff, BLOCK 2, (66.1x20.1x20.1 cm) and one block 
of densely welded tuff, BLOCK 3, (48.1x30.1x20.1 cm). 

The preparation of the test block involved installing the block in two frames to hold die 
fracture together, tightening the fracture aperture, drilling the matrix and fracture sampling 
ports, drilling the holes that held the linear variable differential transformers (LVDTs) and 
assembling the test block in its test location. The test blocks were set up in the laboratory 
such that the test fracture lay in the vertical plane and were instrumented with custom-made 
porous ceramic plates, linear variable displacement transformers (displacement transducers or 
LVDTs) and a microtensiometer. The general experimental block setup is given in Figure 13.2. 
To minimise evaporation, it was necessary to enclose the test block assembly in a plastic 
canopy. The upper surface of the test block was fit with specially designed rectangular porous 
ceramic plates to provide a water source under controlled pressure head. The plates covering 
the matrix were about 20x9 cm and the plate covering the fracture about 20x3 cm all of them 
with a thickness of 0.7 cm. The constant-head reservoirs supplying test solution to the ceramic 
plates consisted of Mariotte reservoirs. Flow rate measurements were performed with a pipet 
flow tube. Water potential measurement in the test block was made with a microtensiometer. 
Linear variable differential transformers (LVDTs) were used to measure displacement 
perpendicular to the fracture plane, i.e. monitoring of fracture movement. The sampling ports 
in BLOCK 2 are shown in Figure 13.3 for the fracture and in Figure 13.4 for the matrix. Rock 
characterisation tests were performed on sample cuts from the shaping process of BLOCK 1 
and BLOCK 2. Analysis were made to determine: dry bulk density, effective porosity and 
saturated hydraulic conductivity. Additionally, moisture release curves were prepared. 
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Figure 13.2 Block number 2 setup. 
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BLOCK 2: Inhibition tests 

An initial potential of 15 cm suction was applied beneath the porous ceramic plates at the top. 
The bottom of the block was left open to the atmosphere allowing fluid to leave the block. 
Visual wetting front locations were measured through time. The wetting front advanced to the 
bottom of the block (66.6 cm) after 239 days. The infiltration at each of the three plates 
together with the applied suction were measured. 

BLOCK 2: Tracer tests 

Four slug tests and one step test were conducted. For each test the concentration of the CaCl2 

solution was changed from 0.001 M to 0.1 M. For the slug test the solution was changed back 
to 0.001 M. A small suction was applied at the top while th«. ottom of the block was left 
open to the atmosphere. The relative concentration at all sampling ports was measured during 
the experiment. The applied suction was varied in the different tests. 

BLOCK 3 

The proposed experiment involves transient flow and transport into a dry tuff block. A constant 
unsaturated flux to the fracture will be imposed while the matrix is initially dry. The boundary 
conditions will be better controlled and additional techniques will be used to monitor the water 
movement with time in the block. This experiment will test the same issues as the BLOCK 
2 experiments, but under transient infiltration conditions. 

13.3.3 Drillcore experiments 

The experiment was performed on a non-welded tuff core, 12.99 cm in length and 6.4 cm in 
diameter. The core was prepared for heating experiments by heating at 110°C to drive off all 
the residual water within the core. Heating continued until the weight was constant. 
Thermocouple ports were drilled into the core, five equally spaced thermocouples were used. 
The next step was to wet the core with an iodide solution. This was accomplished with the 
aid of a vacuum pump. 

When the core reached an intermediate wetness, about 48% saturation, it was sealed and 
attached in a horizontal position to the heating apparatus, see Figure 13.5. The heating 
apparatus consisted of two reservoirs for circulating heated and cooled water. These reservoirs 
were attached to a carriage that could be rolled along a track through a gamma beam to 
measure the water content within the core. To seal the core, a spray-on compound, Plasti-dip 
spray, was applied in four layers to retain the core water. After the Plasti-dip dried, the core 
was coated with epoxy to strengthen the plastic seal. The core was then epoxied to the 
aluminum endplates of the two fluid reservoirs. 

The sealed core was heated continuously for 32 days. The temperature at the ends were about 
70°C at the hot end and 5°C at the cold end. During the heating, nearly daily water content 
measurements were taken. The core readings were taken at 1 cm intervals. After heating, the 
core was pried from the heating apparatus and sliced into eight sections, each cut in an upper 
and a lower half. The sections were heated to evaporate the core water. Thereafter the slices 
were crushed and water was added and after three weeks of equilibration the iodide 
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Figure 13.5 A diagram of the apparatus used to heat rock cores in the laboratory. 

concentration was measured using high performance liquid chromatography. 

Two additional heated core experiments were performed, one experiment with a vertically 
heated non-welded tuff core of length 12.72 cm and diameter 6.4 cm and one experiment with 
a core of densely welded tuff with length 12.20 cm and diameter 9.5 cm in horizontal position. 

13.4 Available Results 

13.4.1 Field experiments 

The results from the field experiments include: 

- Rock characterisation data frc;n studies of 105 small cores in terms of: 
bulk density, effective porosity, skeletal density, pore surface area, pore size distribution, 
fracture location, fracture density and spacing, fracture orientation, saturated matrix 
conductivity, moisture characteristic curve, unsaturated hydraulic conductivity, pneumatic 
permeability, thermal permeability dependence of saturation. Initial water contents of the rock 
matrix are also available. 

- Data from the field, including hydraulic conductivity and air permeability. 

- Time series of water injection volumes in four boreholes are available. Water was maintained 
at a constant total head within the inclined boreholes for more than three weeks. Injection 
volumes were measured approximately every 20 hours. 
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13.4.2 Block experiments 

The results from the block experiments include: 
- dimensions of the block and sample port locations, 
- rock matrix and hydraulic properties including porosity, bulk density, and moisture 

characteristic curve, unsaturated hydraulic conductivity, 
- time series of matric potentials in fracture and rock matrix, 
- flow rates and fluid potentials in the matrix and fracture at the inflow and outflow surfaces, 
- time series of solute concentrations at interior sampling ports and at the outflow surface, 
- applied suction, 
- relative concentrations at the sample ports during experiment, 
- estimated evaporation. 

There are no hydraulic matrix property measurements for BLOCK 2, but five core samples 
collected from the same outcrop were analysed for saturated hydraulic conductivity, moisture 
retention relationship, and porosity. 

In Figure 13.6 the wetting front advance for BLOCK 2 is shown. The four faces of the block 
are depicted. Two outer plates at plate positions 1-A and 1-C covered the rock matrix only 
while a third plate covered the fracture and some of the immediately adjacent matrix. 
Infiltration data points are plotted by plate position as flux versus time in Figure 13.7. The 
Figures show a fairly constant value of flux for the two matrix plate positions, approaching the 
saturated hydraulic conductivity as determined from the rock characterisation tests. The 
measured flux beneath the plate position 1-B indicates that matrix controlled flow persisted 
until the applied suction was lower than 2.3 cm, when the flux through the middle plate 
exceeded the flux of plate positions 1-A and 1-C. 

For the tracer tests the relative concentration of chloride versus time was plotted for each test 
and sampling port. An example is given in Figure 13.8. The data consistently suggests that 
flow preferentially takes place in one half of the fracture closest to face five. Figure 13.9 
contours six data points selected at time equal to 672 hours and demonstrates the preferential 
flow. 

13.4.3 Drillcore experiments 

The results from the drillcore experiment include: 
- sample diameter and length, 
- bulk densities, 
- water content at 1 cm intervals during the experiment, 
- temperature through the core during experiment, 
- iodine concentration, initially and finally. 

Figure 13.10 depict experimental results along the drillcore length including: steady-state 
temperature profile, initial and final water contents, and initial and final solute amounts. 

The bulk densities and water content has been calculated from gamma ray measurements at 
1 cm intervals. The dry bulk density of the entire core was calculated gravimetrically. 
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Figure 13.10 Experimental results for drillcore experiment, recorded along the drillcore 
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14. Test Case 12. Experiments in Partially Saturated Tuffaceous 
Rocks in the G-Tunnel Underground Facility 

at the Nevada Test Site, USA 
14.1 Purpose 

This test case is based on experiments performed in the G-Tunnel Underground Facility at the 
Nevada Test Site, located about 110 km north of Las Vegas, Nevada USA. The experiments 
were designed to investigate the relative influence of dry drilling on moisture content as 
opposed to wet drilling by studying the propagation of the disturbance in hydrologic conditions 
imposed by the drilling, as well as the long-term recovery and reequilibration of the system 
following disturbance termination [14-1], 

14.2 Overview 

Paired sets of bore holes were drilled into a non-welded tuff unit and into a fractured welded 
tuff unit at sites within drifts of the G-Tunnel Underground Facility. Each borehole is 
approximately 10 m in length with a borehole separation of about 6 m. Of each pair of bore 
holes, one was drilled using air as drilling fluid and the other was drilled using water as 
drilling fluid. The transient disturbance of local, ambient hydrologic conditions that propagates 
into the rock as drilling operations proceeded was studied. The hydrologic monitoring in 
selected packed-off sections in each hole was continued after termination of drilling. In 
addition, laboratory imbibition and moisture release experiments were performed on rock-
matrix core plugs of approximately 3 cm in diameter and 5 cm in length. 

14.3 Description of the Site 

The G-Tunnel Underground Facility (GTUF) at the Nevada Test Site has been mined into 
Ranier Mesa and intersects the non-welded Tunnel Bed 4 and Tunnel Bed 5 members, and the 
fractured Welded Grouse Canyon Member of the Belted Range Tuff of Miocene age. The 
Tunnel Bed 4 and Tunnel Bed 5 Members generally are gray glassy and yellow zeolitic fine
grained ash-fall tuffs, whereas the Grouse Canyon Member is a compound cooling unit of 
highly fractured, densely welded devitrified ash-flow tuff. The beds within GTUF generally are 
of low eastward dip and are transected by numerous high-angle faults that for the most part 
have been sealed with gouge, clay, and silica deposition. 

The rocks within GTUF are partially saturated, although the prevailing hydrologic conditions 
and the rock-matrix hydrologic properties of these rocks remain largely unknown. Muck-pile 
samples of the Grouse Canyon Member yielded a mean matrix porosity of 0.169 and an in-
situ saturation of 0.79. 
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14.4 Experimental Design 

The basic field experimental design consists of continuously coring pairs of horizontal bore 
holes into the non-welded Tunnel Bed 5 tuff and into the fractured, welded Grouse Canyon 
tuff at sites within drifts of the GTUF (Figure 14.1). The bore holes are about 10 m in length 
and 10 cm in diameter with a separation between the holes of about 6 m. 
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Figure 14.1 Schematic plan view of horizontal borehole pair in Grouse Canyon 
Tuff instrumented for long-term monitoring. 

As coring proceeded, the cores were encased in a plastic sheath in order to minimise drilling 
fluid contact with the core. One of each pair of bore holes was drilled using air as drilling 
fluid and the other using water as drilling fluid. Gas-phase tracers were injected into the air 
and water drilling fluids in order to test for possible cross-hole hydrologic connections. Drilling 
fluid losses, inflow and outflow temperatures and inflow and outflow tracer concentrations were 
monitored. In addition, each borehole was neutron-moisture and temperature logged during 
periods when the borehole was accessible. The dry-cored bore holes were emplaced and 
instrumented prior to the drilling of the wet-cored holes. 

For the long-term monitoring, thermocouple psychrometers to measure ambient matric potential, 
pressure transducers to measure air pressure, and thermal sensors were installed in each 
borehole in packed-off intervals as depicted schematically in Figure 14.1. In addition, gas-
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sampling tubes were installed within each packed-off interval to permit pore-gas samples to be 
obtained to measure gas-tracer concentrations. The sampling of and the output from the various 
sensors were controlled and collected by an automated data acquisition system for each 
borehole. 

The core recovered from each borehole was sampled for the detennination of rock-matrix 
physical and hydrologic properties such as bulk density, grain density, porosity, water content, 
saturated and unsaturated hydraulic conductivity, heat capacity and thermal conductivity. Core 
samples transected by fractures were examined to determine fracture orientation, saturated 
hydraulic conductivity values and approximate physical apertures. 

14.5 Complementary Experiments 

The effects of capillary hysteresis were investigated in a suite of imbibition and moisture-
release experiments conducted in the laboratory on selected core samples. A dried sample was 
allowed to imbibe water vertically within a controlled environment until an equilibrium 
saturation was reached. After that the sample was allowed to dry to its initial saturation. These 
experiments provided time-dependent saturations and matric potentials. 

14.6 Available Data 

The data available from the drilling and borehole monitoring are: 
• borehole drilling and coring histories, 
- time and spatial variation of psychrometric matric potential, air pressure, temperature, and 

tracer concentration in gas samples. 

Results from laboratory measurements of rock-matrix properties from borehole core samples 
include: 
- porosity, 
- bulk density, 
- grain density, 
- in-situ volumetric water content, 
- in-situ matric potential, 
- saturated hydraulic conductivity, 
- relative permeability characteristic curves, 
- matric potential characteristic curves, 
- thermal conductivity at ambient saturation, 
- specific heat capacity at ambient saturation. 

Time-dependent saturations and matric potentials from the complementary imbibition and 
moisture release experiments performed on selected cores samples from the bore holes are also 
available. 
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15. Test Case 13. Experimental Study of Brine Transport 
in Porous Media 

15.1 Purpose 

This test case is based on a set of laboratory experiments performed at the Soil and 
Groundwater Research Laboratory of the National Institute of Public Health and Environmental 
Protection (RIVM), in Bilthoven, the Netherlands [15-1, 15-2]. 

The experiments ate designed for study of flow and mass transport in high-concentration 
situations. This is important to studies related to radioactive waste disposal in deep geological 
formations where high concentrations of dissolved salts are encountered in the host rock and 
in overlaying aquifers. Important phenomena studied in these experiments are density dependent 
flow and dispersion. 

15.2 Overview 

The experunents were conducted in a column fdled with glass beads, the column was 
connected to two separate circuits, one with fresh and the other with salt water. Fluid was 
circulated through the bed. The pressure head along the bed was monitored, as well as the salt 
concentration of the fluid. 

Two sets of experiments were performed. One set with low salt concentration differences to 
measure porosity, permeability and dispersivity of the porous medium and another set with high 
salt concentration differences to record the salt mass fraction and pressure along die bed. The 
dimensions of the porous medium were 60 cm by 114 cm with a thickness of 1 cm. The 
duration of the experiments was from 2 to 5 hours. 

15.3 Experimental Design 

The experimental column consists of two Plexiglas plates spaced 1 cm apart, the width is 
60 cm and the height is 120 cm (Figure 15.1). There is a row of nine inlet/outlet holes at the 
top and bottom of the column connected to two separate flow circuits, one for fresh water and 
one for salt water. By regulating the 3-way valves (Figure 15.1) circulation of fresh or salt 
water can be achieved. 

The column is tightly packed with glass beads with diameters between 0.40 and 0.52 mm up 
to a height of 114 cm, leaving the upper portion of the column open. To obtain optimum 
packing, the column was partially filled with water and vibrated as the glass beads were added. 
After adding the beads, the column was drained from water, C02 was introduced from the 
bottom to displace the air. When no air was detected at the top of the column, water was 
added from below and the column was kept sealed. 
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Figure 1S.1 Schematic drawing of the experimental setup. 

Fluid from the inflow reservoirs was injected at the bottom of the column. A pump fed the 
reservoir containing an overflow system to keep a fixed level of the fluid in the reservoir. The 
fluid from the main reservoirs was filtered before entering the pump to prevent solid particles 
from entering the system. 

During an experiment, the volumetric flow rate was measured in the inflow tube, and at the 
outflow end of the column. The pressure head along the column was monitored by nine sets 
of manometers as well as three electric pressure transducers at different levels of the column. 
Each set consists of two manometer connections, one at the far left and one at the far right 
side of the column. 

An electrical conductivity meter was used to determine the salt concentration of the solution 
flowing into and out of the column. Salt concentrations of the fluid inside the column was 
measured at 16 points by 5 rows of electrodes. The location and numbering of the electrodes 
are shown in Figure 15.2. The electrodes are built into the Plexiglas plates so as not to disturb 
the fluid flow. The salt concentration was recorded by a computerised data acquisition system, 
making it possible to obtain data at intervals as short as 5 seconds at all 16 points 
simultaneously. The fluid temperature was recorded at the same time. 

This experimental setup enables study of one-dimensional flow in the porous media. Two-
dimensional flow is induced by reducing the number of inlet holes to only a few. 
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Figure 15.2 Location of electrodes and inlet/outlet holes. All dimensions given are in mm. 

Two sets of experiments have been performed, one with low concentrations of salt (~2 g/1) and 
the other with high concentrations (up to 280 g/1). In both sets of experiments, the column was 
first flushed with fresh water for about a day. During that time, salt water was continuously 
pumped into the salt water inflow reservoir to overflow back into die main reservoir, this was 
done to acquire a continuous mixing. 

The experiment was started by turning the 3-way valve from fresh water inflow to salt water 
inflow. The duration of displacement experiment was from 2 - 5 hours. 

ISA AvaUable Results 

Breakthrough curves for salt were monitored at several sections along the experimental column. 
Salt mass fraction and brine pressures were measured continuously at a number of positions 
within the column. An example of die measured mass fraction of salt at different locations in 
the column during a low concentration experiment is shown in Figure 15.3, and during a high 
concentration experiment in Figure 15.4. The rates of inflow and outflow of the column were 
also measured continuously. 
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Figure 15.3 Breakthrough curves and flow rate in a low concentration experiment 
(L1D01). For electrode locations see Figure IS.2. 

Data from seven complete experiments are available for the modellers. In three of the 
experiments, one-dimensional flow of a low-concentration fluid was studied. Two of the 
experiments were performed with one-dimensional flow of a high-concentration fluid. Two-
dimensional flow experiments were also performed, one with a low-concentration fluid, and the 
other with a high-concentration fluid. 
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Figure 15.4 Breakthrough curves and flow rate in a high concentration experiment 
(H1D02). For electrode locations see Figure 15.2. 

The following type of data are available: 
- initial mass fraction of salt in fluid, 
• mass fraction of salt as a function of time at 16 measuring points, 
- flow rates as a function of time, 
- average temperature. 

A value of average permeability is also available to the modellers. This value was calculated 
based on the measurements with low concentrations of salt in the circulating fluid. 

- 143 -



16. Test Case 14. Groundwater Flow in the Vicinity of the 
Gorleben Salt Dome, Federal Republic of Germany 

16.1 Purpose 

Two test cases, 14a and 14b, are based on field investigations performed in the vicinity of the 
Gorleben salt dome, a salt formation located about 2S0 m below surface [16-1]. The site is 
situated in the northern part of Lower Saxony, Federal Republic of Germany (Figure 16.1). An 
erosional channel crosses the salt dome from south to north. 

Test case 14a is based on a pumping test carried out in a section of this channel. The purpose 
of the experiment was to obtain a qualitative description of the site in terms of boundaries, 
hydrogeological structure of the area, connections between different aquifers etc., and to 
evaluate hydraulic parameters like permeability, storage and leakage coefficients, and their 
distribution in the pumped area. 

Test case 14b is concerned with saline groundwater movement in the same channel. The 
objective with this test case is to describe the regional complex groundwater flow system in 
the Gorleben area with models that include density variations. 

16.2 Overview 

The Gorleben salt dome is approximately 14 km long, up to 4 km wide and its base is more 
than 3000 m below surface. The geological and hydrogeological situation in the aquifer system 
in the sediments above the dome have been investigated extensively in an area of about 300 
km2 providing large amounts of background information. 

The erosional channel crossing the Gorleben salt dome is more than 10 km long and its width 
varies between 1 and 2 km. In the lower aquifer of this channel, which is overlain by a 
complex of silt and clay, highly saline groundwater is found. 

Pumping tests were carried out at two locations within this channel. One of these areas, located 
about 2 km southeast of the small village of Gorleben, is called "Weisses Moor" (Figure 16.2). 
The well used for pumping was drilled into the deeper aquifer filled with saline water. 

A long term pumping test was conducted over a period of 3 weeks. Observation wells 
surrounding the pumping well were monitored over a longer period of time. Parameters 
measured were, for instance, pumping rates, degree of salinity (i.e. conductivity), and changes 
in the water levels of the observation wells. Responses were observed in all observation wells 
in the erosional channel which had screens in the lower aquifer. 
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Figure 16.1 Location of the Oorleben salt dome. 
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Figure 16.2 Pumping test area "Weisses Moor". 

16.3 Description of the Site 

An aquifer system up to 300 m thick is found above the salt dome. Layers of boulder clay, 
silt, and clay are intercalated in the aquifer system. Often it is possible to divide them roughly 
into a lower and an upper aquifer. The lower one consists either of sandy deposits in erosional 
channels or of lignite sand. 

One such channel, the "Gorieben channel", crosses the area of the salt dome and the erosion 
along this channel extends down to the cap rock or the salt in some places. 

Below the freshwater body, closer to the surface, saline groundwater can be found throughout 
the study area. The salt content usually increases with depth and, especially above the salt 
dome, reaches saturation at depths larger than 220 m below the mean surface level. In some 
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parts of the area, rather high salinity is observed near the surface. At some places, saline 
waters overlies fresh water. 

The area is quite flat with differences in elevation of 5 to 15 m between gentle hills and the 
receiving streams. A local recharge mount is present south of the dome. The regional 
groundwater flow is predominant from the southeast towards the northwest (Figure 16.1). 

16.4 Test Case 14a. Pumping Test in a Highly Saline Groundwater 

16.4.1 Experimental design 

The pumped well penetrates the entire deeper aquifer in the erosional channel filled with saline 
water. The aquifer is between 20 and 100 m thick. The top of die aquifer consists of silty or 
clayey layers, while its base consists of gypsum or clay and in some parts the salt itself 
(Figure 16.3). 

The long-term pumping test was conducted with a pumping rate of 30 m3/h over a period of 
3 weeks. All of die relevant observation wells were monitored more than once a day for 5 
weeks and after that up to two times a week. At the beginning of the drawdown and die 
recovery, the water levels in the closest observation wells were monitored with an ultrasonic 
apparatus with a precision better than 1 mm. 

At the beginning and die end of die pumping test, electrical conductivity logs were made in 
all the observation wells involved to obtain information on any changes in the salinity 
distribution in the wells. The amount of water extracted from each screen of the pumped well 
was determined from pump meter logs. The amount ox water from the pumping well was 
continuously monitored as well as other parameters, e.g. the electrical conductivity of the water 
which indicated a density of approximately 1100 kg/m3. 

16.4.2 Complementary experiments 

The pumping tests were part of an extensive hydrogeological study which was conducted in 
an area of about 300 km2 around the Gorleben salt dome. Large quantities of data were 
acquired on: 
- the geology, 
- porosity from geophysical log evaluation and core samples, 
- permeability from core samples and pumping tests (also providing values for storativity), 
- chemical composition, density, electrical conductivity and isotopic composition of the 

groundwater, 
- electrical conductivity distribution with depth around selected boreholes and vertical 

temperature profiles at all boreholes, 
- groundwater levels and electrical conductivity distribution in the wells, 
- pore water pressure in the screens of some of the observation wells. 
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Figure 16.3 Hydrogeological cross-section at the pumped well. 

16.4.3 Experimental results 

Results from the pumping test conducted in 1984 are available. However, all data is not in the 
form that is directly useful for a test case. Preparation of the data is still in progress, and no 
data have been submitted to INTRAVAL participants during Phase 1 of the INTRAVAL study.. 
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16.5 Test Case 14b. Saline Groundwater Movement in an Erosional Channel Crossing 
a Salt Dome 

16.S.1 Description of the case 

The test case concerns the description of the regional complex groundwater flow system in the 
Gorleben area, including variable density of the groundwater due to salinity. 

The first step could be to describe die present flow situation in the erosional channel crossing 
the salt dome. This could uien be followed by simulations of behavior of the salt/fresh water 
system as a whole during the next thousand years to check whedier die modelling of the 
present situation was sufficient as no significant short term changes in the flow system of salt 
transport are expected. 

Another approach could be to begin the simulations with fresh water and an appropriate source 
term for die rate of salt dissolution. The calculation could be made for non-steady state 
conditions until the model corresponds to the present situation. If I4C values from water 
samples are included in the data base, transport calculations based on a density-dependent flow 
system can also be performed. 

Figure 16.4 shows a map of the proposed model area. The southern boundary is given by a 
groundwater divide. At this boundary the water is still no more than brackish at depth. This 
divide is also suggested as the southern boundary for the deeper aquifer. 

In the upper aquifer, which contains fresh water, and locally brackish water, two of the flow 
lines derived from the contour map of the groundwater table are suggested as the eastern and 
western boundaries. The definition of diese boundaries for the lower aquifer, where the water 
is saline to concentrated brine, is not so easy. However, this situation is not found along the 
whole boundary. On both sides of the southern end of the channel there is a good connection 
between sands of the channel and thick sandy layers surrounding the salt dome. On the western 
boundary further to the north, a side channel branches off from the main channel. Moreover, 
on the western boundary in the northern part of the salt dome there may be a connection with 
the sands north of the salt dome, possibly via a thin sandy layer. 

The hydrology of the Gorleben area and the erosional channel is well known on the south side 
of the Elbe River. Very little information is available about the situation at the other side of 
the river, because Elbe has formed the boundary between the Federal Republic of Germany and 
the former German Democratic Republic. The discharge area for the groundwater in the lower 
aquifer is the topological lowest part of the region, which is north of die Elbe River. 

16.5.2 Available data 

All information collected during the extensive hydrogeological study, previously mentioned in 
section 16.4.2, forms the basis for this test case. Additional work needs, however, to be done 
preparing the existing raw data for validation work. No data have therefore been submitted to 
INTRAVAL participants during the course of Phase 1 of the INTRAVAL study. 
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